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Chapter I
Light-matter interaction in plasmonic
nanoantennas

I.1 Introduction

How light interacts with matter at nanoscale level is nowadays an active field of research in
the development of new quantum devices oriented to quantum information and communi-
cation protocols. The progress in fabrication technologies combined with the conception
of individual sources of light have led to explore light-matter interaction at individual
scale using metallic or dielectric nanostructures. One of the principal advantages in such
nanostructures lies in its capacity to confine the electromagnetic field in dimensions well
below the incident wavelength. In particular, metallic nanostructures made of noble met-
als such as gold or silver present plasmonic resonances in the visible and near-infrared
region of the electromagnetic spectrum.

This interaction between a single nanoemitter with respect to its environment is de-
scribed by the Fermi gold rule which states that the spontaneous emission of one emitter
is not dependent only of its intrinsic properties. The interaction is governed by external
factors like the polarization of the incident electric field and the available local density of
photonic states which modify the photon emission rate of the emitter

Γ = 2π
~

∣∣∣〈~d · ~E(r)〉
∣∣∣2 ρ(r, ω)

where ρ(r, ω) is the local density of photonic states and ~d is the orientation of the dipole
emitter. In order to quantify the strength of this interaction, it is commonly use the
Purcell factor which normalize the strength of interaction with respect to an homogeneous
environment

FPurcell = Γ
Γ0
∝ Q

V

where Γ0 is the total decay rate of the emitter in homogeneous environment. The Purcell

1
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factor is proportional to the quality factor of the cavity Q divided by its mode volume
V . In plasmonic resonant nanostructures, the modification of the spontaneous emission
is obtained thanks to the confinement of electromagnetic field close to the metal nanos-
tructure, reducing the mode volume of the cavity. This work thesis aims to control the
spontaneous emission of a single nanocrystal by means of metallic nanostructures.

I.2 State-of-the-art for coupling single emitters with plasmonic
nanoantennas

I.2.1 Not deterministic coupling

Several research groups have demonstrated the coupling of single nanoemitters with plas-
monic nanoantennas. Some of them were initially conceived to probe fundamental quan-
tum properties, like wave-particle duality in surface plasmons polaritons (SPP’s). One of
those works was conducted by Akimov and collegues in 2007 [1]. They showed the bosonic
nature of surface plasmons by using a single colloidal CdSe quantum dot coupled to a
silver nanowire. In such experiment, an acceleration of fluorescence emission of 2.5-fold
was obtained when the nanocrystal was positioned in the middle of the nanowire. Two
years later, Kolesov and collegues [2], achieved similar factor in acceleration of emission
but using a single nitrogen-vacancy (NV) defects as single-photon source. In both ex-
perimental demonstrations, the coupling between the emitter and the nanostructure was
performed in a non-deterministic way.

In 2009, Moerner and colleagues have demonstrated that, by overlapping the scatter-
ing properties of a gold bow-tie antenna with the emission properties of a single molecule,
a fluorescence brightness enhancement factor fF (defined as the ratio between the fluo-
rescence signal of the molecule with and without nanoantenna), can reach values higher
than 103. In such experiment, the exact position and orientation of the molecule was not
known as the deposition of the molecules was random [12].

I.2.2 Deterministic coupling

In the context of deterministic coupling, several lithography techniques have been devel-
oped with the purpose of positioning single nanoemitters in deterministic fashion [5], [6].
For instance, in the group led by Niek. F. van Hulst, they have coupled single nanocrystals
to a Yagi-Uda nanoantenna by using a two-step electron beam lithography technique [7].
The Yagi-Uda antenna has demonstrated the capacity to transform fluorescence emission
of a single emitter into a directional light emission.

Another approach for deterministic coupling, has been performed in the group of Edo
Waks using a microfluidic flow to control the position of a single quantum dots along a
silver nanowire [8]. In such experiment, the enhancement of fluorescence emission has
reached a value of 2-fold with an imaging accuracy of 12 nm. In a different approach
for deterministic coupling, Su-Hyun Gong and colleagues have performed deterministic
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coupling by selective growth of pyramidal QDs (InGaN) and thin metal film deposition
[9]. The plasmonic modes excited in the apex of the pyramid nanostructure have provided
an enhancement factor of 22-fold when matching the broad band spectral resonance of
the plasmonic structure with the fluorescence emission of the quantum dot.

More accurate techniques have been developed using scanning near-field optical mi-
croscopy. In 2010, A. Cuche and colleagues, have showed the efficient generation of single
surface plasmons using NV color centers sticked on the apex of an optical fiber tip [10].
The deterministic position of the apex tip excites single plasmons with high accuracy
observed thanks to leakage radiation microscopy. The coupling of a single NV with a
metallic structure by means of an Atomic Force Microscope (AFM) has been demon-
strated by Andersen and colleagues in 2011 [11]. By comparing the fluorescence emission
rate, before and after the coupling, they have demonstrated a Purcell factor between 2.9
to 4.6-fold of a single emitter. More recently, the coupling of quantum emitters with a
metal-dielectric parabolic antenna has demonstrated large directivity and low divergence
[13].

I.2.3 Some applications of optical antennas

The use of plasmonic nanoantennas covers a wide rage of applications [5], [14]. We can no-
tably mention the use of plasmonic antennas to improve the performance of single-photon
sources. Plasmonic nanostructures have been also used in photovoltaic and photodetec-
tion devices. The optical antenna increases the absorption cross-section and hence the
solar light flux than arrives on the detector area. Normally, the thickness of a detector is
limited by the absorption depth of the detector material. The use of metallic nanoanten-
nas reduces the thickness of the detector area and improves performance [15], [16].

Another application of localized surface plasmons is based on the exploitation of the
spectral position resonance which is very sensitive to the properties of the local dielec-
tric environment surrounding the nanoparticle. For instance, in biological systems, the
absorption of molecules on a fuctionalized metal surface can lead to significant spectral
variations. The potential of highly sensitive plasmonic sensors for biological targets has
been demonstrated in [17].

The scattering properties of nanoparticles is useful for labelling and detecting DNA
arrays [18]. The large absorption cross-section of metallic nanoparticles can be also used
for photothermal therapeutic treatment. The treatment starts with the labelling of the
cancerous cell. The labelled cell is then irradiated with light which is absorbed by the
particle and converted to heat. The local heating of the nanoparticle induces structural
damage in the cancerous cells until destruction [19], [20], [21].

I.3 Objective of the thesis
In this thesis, the objective is to establish a protocol for in-situ lithography in order
to fabricate patch nanoantennas with a single colloidal nanocrystal. Then, once several
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active antennas are fabricated, we study their photon emission properties in terms of
dynamics emission, spectroscopy and emission diagram in Fourier plane.

I.3.1 Plasmonic patch nanoantenna

In these systems, the confinement of surface plasmons is produced by two metal-dielectric
interfaces. They are also known as Metal-Insulator-Metal structures (MIM). Such sys-
tems were firstly proposed by Bozhevolnyi in 2007 [22]. The patch nanoantenna studied
in this thesis belongs to such family of nanostructures.

The patch antenna structure consists in an optically thick gold layer, below a thin
dielectric layer (30-40 nm) covered by a optically thin gold patch like a nanodisk. For an
active antenna, emitters are located inside the dielectric layer. Thanks to the emitter,
surface plasmons are excited in both metallic-dielectric interfaces (upper thin Au nano-
disk and bottom Au substrate). Therefore, the field is highly confined inside the antenna.
In a plasmonic patch antenna, short-range surface plasmons are efficiently excited. These
plasmons are characterized by a short propagation length and high confinement of elec-
tromagnetic field inside the insulator. Moreover, thanks to the finite size of the nano-disk
a stationary plasmonic mode of the nanodisk may increase the confinement. In Figure
I.1 we show the absolute value of the Ez component of the electric field of the first three
modes in the patch antenna.

In 2010, Esteban and colleagues proposed the plasmonic patch nanoantenna as a
novel structure to improve the photoluminescence properties of a single-photon emitter
[23]. Three years later, Cherif Belacel (INSP-LPN) and colleagues have experimentally
demonstrated the capacity of the patch antenna to accelerate fluorescent emission rate in
small clusters of Cadmium selenide (CdSe)/Cadmium sulfide (CdS) nanocrystals up to
80-fold factor [24]. In such experimental work, the deterministic position of the nano-disk
was obtained using the in-situ lithography technique reported in [25]. The first realisa-
tion of patch antennas with a single emitter deterministically located in the center of the
antenna has been obtained during the thesis of Amit Raj Dhawan in 2016 [26]. The an-
tennas have shown high Purcell factor (>72-fold) and brightness enhancement by a factor
around 70 (by comparison with the same emitter on a gold layer, without the patch).

I.4 Structure of the thesis manuscript

This thesis is divided into six chapters. In the first chapter (the present one), we have dis-
cussed the physics that governs light-matter interaction in single nanoemitters. Then, we
have presented the state of the art in deterministic coupling between single photon emit-
ters with plasmonic nanostructures. We finish the chapter by describing the plasmonic
properties of metal-insulator-metal structure. In Chapter 2, we will discuss the fluores-
cence emission properties of a single semiconductor CdSe/CdS nanocrystal. We will start
by describing the core-shell heterostructure and then we will discuss the characteristic
blinking behaviour of these nanocrystals. Later on, we will discuss the significance of the
second-order autocorrelation function (g(2)(t0, τ)). In the same chapter, we will discuss
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Fig. I.1 Absolute value of the z-component of the electric field of the first three
modes of the patch structure. The white dash lines represent the limits of the
metallic structures. Adapted from [27].

fluorescence dynamics and photoluminescence spectra of a single nanocrystal. We will
finish by presenting a theoretical model which takes into account exciton and bi-exciton
radiative recombination for describing the evolution of photon emission. In Chapter 3,
we will introduce the confocal fluorescence set-up used for studying nanocrystals at in-
dividual scale. We will discuss the spectral resolution and calibration features of our
spectrophotometer. Afterwards, we will discuss how to construct the decay rate curve
and the second order autocorrelation function from the recording of photo-events in a
row-data table. Then, we will determine the time resolution of our fluorescence experi-
mental set-up. Finally, we will present the experiment set-up which has allowed carrying
out reflectivity measurements on single passive antennas. We will show some experimental
results in passive nanoantennas with different morphological characteristics. By consid-
ering the patch antenna as a system of multiple thin layers, we can recover the spectral
reflectivity signature of the patch antenna. In Chapter 4, we will present the improve-
ments of the in-situ lithography protocol mainly in development and lift-off steps. In
Chapter 5, we will discuss some results of active antennas coupled to single nanocrystals.
We will discuss the super-poissonian emission properties in the emission of some anten-
nas after the application of a temporal fast filter. We will concentrate our discussion
in one antenna which exhibits both super-poissonian photon distribution and coherence
properties emission. Finally, in Chapter 6 we will present the general conclusions of the
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thesis.



Chapter II
Spectroscopy of a single CdSe/CdS
nanocrystal

II.1 Introduction

In this chapter, I will mostly discuss spectroscopic characterization of a single semicon-
ductor Cadmium selenide (CdSe)/Cadmium sulfide (CdS) nanocrystal. The fluorescence
of semiconductor nanocrystals is associated to the fundamental band-edge transition with
emission of single-photons in the visible spectrum range, typically around 630 nm.

Single nanocrystals are not a simple two-level system, as they are constituted with
thousands of atoms. The different excitation states can lead to the generation of one or
multiple electron-hole pairs depending on excitation power. The recombination of multi-
excitons can be either radiative or non-radiative. In semiconductor quantum dots, Auger
mechanisms are associated to non-radiative recombination of multi-excitons, preserving
their single-photon property. When Auger processes become inefficient with respect to
radiative ones, multiexciton can become radiative and several photons are emitted in the
recombination process.

We will present photoluminescence emission of single nanocrystals. In particular we
will discuss the evolution of fluorescence emission at different conditions of excitation
power. The physical characteristics of the nanocrystal studied in this chapter correspond
to a core-shell structure CdSe/CdS (3.3 nm-core, 6 nm-shell thickness).

II.1.1 Structural properties

Semiconductor CdSe/CdS nanocrystals can be found in two stable crystallographic struc-
tures: wurtzite and zinc-blende. Wurtzite is an hexagonal anisotropic structure for which
the crystalline axis (so-called c-axis) is not equivalent to the two remaining axis. The
growth of CdSe-core layer is preferential along the c-axis [28], [29], [30]. In fact, this
asymmetry in the crystal lattice may produce non spherical core/shell nanocrystals. El-
lipticity of aspect ratios close to 1.3 and 1.4 has been reported based on transmission

7
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electron microscopy [31].

On the other hand, CdSe/CdS nanocrystals can also be synthesized with a zinc-blende
cubic structure. In this crystallographic structure, the three axis are equivalent. The
shape of these nanocrystals is almost spherical. The nanocrystals studied in this thesis
have been synthesized with a CdSe-core of zinc-blende structure as reported in [32], [33].

Composed by thousand of atoms, colloidal nanocrystals are commonly considered as
"artificial atoms" or, in quantum information technologies as quantum dots. High-quality
quantum dots may have exceptional photoluminescence properties including excellent
photostability, high quantum yields, broad absorption bands and strong size-dependency
in optical and electronic properties [34], [35], [36]. The narrow photoluminescence emis-
sion of these emitters can be tuned in the complete visible spectra by adjusting the
diameter size of the nanocrystal. In the field of medicine and biology, quantum dots have
been used for labelling living cells and for single particle tracking imaging.

The physical dimensions of the CdSe-core structure is normally below the Bohr ex-
citon radius (rb = 5.6 nm). For such small dimensions, the continuous electronic bands
in the bulk material are reduced into discrete and quantifiable energy bands, similarly
to individual atoms. In excited states, the confined electric carriers (electrons and holes)
occupy discrete levels in the valence and conduction bands. The radiative recombination
in then governed by the band-edge exciton transition.

The first controlled synthesis of semiconductor nanocrystals dates from 1993 by the
group of M. Bawendi from MIT [37]. Consecutively, the group of P. Guyot-Sionnest [38]
report the improvement of photoluminescence properties by including a ZnS capping layer
to passivate the surface and protect from trapping-states of charges. Since those pioneer
works, it has been significant advances in synthesis procedures and surface modification
science to address the improvement of the photoluminescence properties in such confined
systems.

Overcoating of the bare CdSe-core with a shell material with a larger band gap has
been one effective strategy for reducing blinking emission in single quantum dots. The
incorporation of a thin protective shell layer creates a potential difference. Therefore, the
electric charges which are strongly confined in the spherical CdSe-core, mimic the classical
"particle in a box" model of elementary quantum mechanics. In 2008, the group led by
V. I. Klimov has demonstrated this improvement by encapsulating the CdSe-core in a
sufficiently thick inorganic shell layer of Cd, CdS or ZnS. In these studies the reduction
of blinking has been observed in core/shell and core/multishell structures [39], [40].

Beside blinking, quantum yield is another figure of merit that characterize the perfor-
mance of semiconductors nanocrystals. The community of chemical science has centralized
significant efforts to improve this value. In recent years, the group led by B. Dubertret
has successfully synthesized nanocrystals with a composition gradient between the CdSe-
core and the CdS-shell. The fluorescence emission of these quantum dots presents almost
unity quantum yield for monoexciton and biexciton emission in air at room temperature
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a.

c.

b. Zinc-blende

ΔSO=0.42 eV

Fig. II.1 a) Schematic design of a core/shell single nanocrystal CdSe/CdS with
the organic ligands molecules surrounding the structure to provide chemical pas-
sivation of the surface and prevent nanocrystals from aggregating. b) Band
diagram structure of bulk CdSe in zinc-blende crystalline structure. c) Trans-
mission electron micrograph of CdSe/CdS quantum dots. Values of effective
mass are recovered from [41].

[33].

II.1.2 Classification of core/shell heterostructures

Commonly, core/shell heterostructures can be classified as type-I and type-II depending
on the capping material and the band-offset alignments. In type-I heterostructure, the
electron and hole wave functions are both localized inside the core of the heterostructure
(Figure II.2a). The difference in bandgap energy between the capping material and the
core layer benefit the confinement of both electrical charges. The recombination of the
electrical charges is then occurring within the core. CdSe/CdS and CdSe/ZnS nanocrys-
tals represent such kind of heterostructure. The CdSe-core has a bandgap energy of
Eg = 1.7 eV, while ZnS-shell is around Eg = 3.6 eV.

CdSe/CdS nanocrystals can be classified as type-I heterostructure, according to [42].
In Figure II.2a, we show the electronic band structure of type-I heterostructure. From the
Figure II.2a, we can see that the conduction band of CdSe and CdS are nearly aligned,
whereas the valence band are not aligned. Therefore, the electron wave function is less
confined than the hole wave function which is confined within the CdSe core. In core-shell
CdSe/CdS nanocrystals, the hole remains confined inside the core while the electron is
delocalized in the entire structure.
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Fig. II.2 Classification of core/shell heterostructure. a) Type-I heterostructure.
b) Type-II heterostructure. In type-I, the hole remains confined inside the CdSe-
core while the electron is delocalized in the whole structure. In type-II, the hole
wave function is localized within the CdTe-shell and the electron wave function
is confined in the CdSe-core. The solid lines represent the natural conduction
and valence bands of CdSe/CdS (for type-I heterostructure) and CdSe/CdTe (for
type-II heterostructure). In both classifications, the conduction bands are nearly
aligned, whereas the valence bands are not aligned. The dash lines represent the
theoretical electronic bands reported on [42]. In such calculations, the difference
between natural and theoretical electronic bands are explained by strain effects
(tensile and compressive strain). Figure adapted from [42].

In Type-II heterostructures, the difference of energy between valence band and con-
duction band is large. This heterostructure is characterized by the separation of electron
and hole wave functions on different sides of the heterostructure (Figure II.2b). In Type-
II heterostructures, the hole wave function is localized within the shell while the electron
wave function remains confined inside the core. CdTe/CdSe, CdSe/CdTe, ZnSe/CdS are
examples of type-II heterostructure.

II.1.3 Types of Blinking

a) Nanocrystal blinking

Blinking is the random switching of fluorescence emission in a single nanocrystal. It is
characterized by the interruption of fluorescence emission in the commutation of a bright-
state (or on-state) to a dark-state (or off-state). Fluorescence blinking impacts directly
the quantum yield. From all the photoluminescence characteristics of single quantum
dots, blinking has been one of the most important constrains to applications.

In recent years, considerable advances in synthesis protocols has led to a new gener-
ation of single CdSe/CdS nanocrystals with reduced and almost suppressed fluorescence
blinking. The solution has consisted in the incorporation of a thick-shell layer to passivate
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ba

Fig. II.3 Top images: Fluctuations in average lifetime (red line with left-axe)
and photoluminescence intensity (black line with right-axe) as a function of time
for a single core–shell CdSe/CdS nanocrystal exhibiting a) Type-A and b) Type-
B photoluminescence blinking. The bottom images show the correlation between
photoluminescence intensities and lifetimes in a two-dimensional space. The
probability of occupying a given state in this 2-D representation is shown by
false colours which vary from blue to red as the probability increase. Figure
adapted from [45].

the electrical charges trapped at the surface of the CdSe-core. This physical modifica-
tion has improved the photoluminescence and photostability emission, exhibiting high
brightness and an almost unity quantum efficiency. Nevertheless, for some core/shell
nanocrystals, the growth of a thick shell layer has not completely reduced the blinking.
These photoluminescence fluctuations are called flickering (switching between on-state
and gray-state) [43], [44].

The origin of fluorescence blinking is directly linked with the presence of an addi-
tional electrical charge (besides the electron-hole pair). This extra charge can behave
as a delocalized charge surrounding the core of the nanocrystal or, it can restrict the
spatial distribution of its wave function when it is trapped by defects at the CdSe-core
surface. The fluorescence dynamics of a nanocrystal in the presence of the additional
charge is commonly referred to a trion-state. The fluorescence emission of a nanocrystal
in a trion-state might be diminished because of the opening of non-radiative Auger chan-
nels, resulting in the decrease of photoluminescence quantum yield.

In the literature, we can identify two categories of fluorescence blinking, Type-A and
Type-B [45]. Relevant aspects of the two types of blinking are described below:

b) Type-A blinking

In a type-A model, called charging model, we assume that the trapped charge leaves the
core and let it charged. This process corresponds to an ionization. The nanocrystal is
negatively charged. By a new excitation creating an exciton, the recombination energy of
the exciton is non-radiatively via Auger effect, transferred to the delocalized electron. We
have here a new non-radiative channel in competition with the radiative recombination of
exciton. This competition has as a consequence a strong reduction of the quantum yield
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resulting, depending on the efficiency of the Auger process, either in a dark-state or in a
grey-state, for which the fluorescence is drastically reduced. The lifetime becomes much
shorter as well. Indeed, the total decay rate, which is the inverse of the lifetime, is the sum
of three decays corresponding to the large non-radiative ΓAuger and the radiative channels
of recombination of one of the two electrons with the remaining hole. The nanocrystal
switches to the on-state when the hole, the trapped charge returns to the nanocrystal,
which neutralizes it.

In an experimental paper [45], C. Galland and colleges demonstrated that, when ap-
plying a positive potential of V = +0.6 V (injection of holes), the recombination of the
delocalized electrons is beneficial and blinking is strongly reduced (Figure II.3a). Re-
versely, when injecting electrons (V = −0.6 V) the nanocrystals state remains negatively
charged because the electrons surrounding the nanocrystal are recombining with trapped
holes at the surface which prevents the recombination of the delocalized negative charge.

c) Type-B blinking

In a type-B blinking, holes charges are trapped at each excitation cycle. Once they are
trapped, they prefer to recombine non-radiatively with the delocalized charge (e−), be-
cause the non-radiative rate is much larger than the radiative one. At the end of each
cycle, the nanocrystal is neutral, and the cycle can start again. So here, on the contrary
to Type A blinking, we do not have a non-radiative Auger process which competes with
the radiative recombination of the exciton. Here the radiative recombination is in com-
petition with the transfer of hole charge. Therefore, the recombination rate of exciton is
not modified and the lifetime remains constant. The quantum yield is usually very low as
the transfer of hole charge is usually very effective. The off-state stops when the transfer
of charge becomes less efficient, for example because the trap state on the surface has
changed.

In the experimental paper [45], for positive potential V = +0.8 V, the intensity fluctu-
ates between two binary intensity levels but the lifetime remains constant. Switching off
is due to the trapping of electrons in trap states preventing the radiative recombination
of the exciton. When moderate negative potential is applied (V = −1.0 V), the traps
states are filled with electrons and blinking is prevented. As the rate of the recombination
of electrons in the band-edge is higher that the rate of electrons in the trapping states,
radiative recombination is allowed. For even more negative voltage (V = −1.2 V), the
trap states and the band-edge are filled with electrons, implying an emission from the
trion state. Electrons are more likely to be trapped during B-type blinking.

From Figure II.3, we can observe that both types of blinking present a well-define
switching from on-state to off-state and vice versa. The principal difference between
them relies on the fact that trapping process in Type-B doesn’t compete with fluores-
cence. In B-type blinking the average lifetime remains nearly constant independently of
the nanocrystal emission.
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Fig. II.4 a) Conventional model of fluorescence flickering in CdSe/CdS
nanocrystals. b) Top images: Fluctuations in average lifetime (red line left-
axis) and photoluminescence intensity (black line right-axis) as a function of
time for a single core–shell CdSe/CdS nanocrystal. Bottom images: correlation
between photoluminescence intensities and lifetimes in a two-dimensional space.
Adapted from [45].

d) Fluorescence flickering

Beside type-A and type-B blinking observed in [45], the authors differentiate another
photoluminescence blinking that they named flickering. In fluorescence flickering, the
photoluminescence intensity varies from on- to off- states passing through intermediate
grey-states, as it is schematically showed in Figure II.4a. Because the variation of life-
time is associated with the fluctuation of intensity, fluorescence flickering can be seen as
a modified type-A blinking including intermediate gray-states.

Figure II.4b displayed the photoluminescence variations of a nanocrystal exhibiting
flickering. We observe that, without any voltage applied at V = 0 V, photoluminescence
intensity and lifetime present a more continuous distribution with respect to the ordinary
type-A blinking showed in Figure II.3a. The change in blinking behavior is most proba-
bly due to the shortening of the time spent by the nanocrystal in a given charge state,
switching very fast between all the states.

II.1.4 Quantum efficiency
In the study of any individual fluorescence object, one of the figure of merit that accounts
for the photo emission process is the quantum efficiency. We define quantum efficiency
as the ratio of the number of emitted photons divided by the number of absorbed pho-
tons [46]. It determines the balance between radiative process with respect to the total
relaxation mechanisms occurring in the nanocrystal. The quantum efficiency is thus the
proportion

QE = γrad
γrad + γnrad

,
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where γrad is the emission rate of a photon and γnrad accounts for the intrinsic non-
radiative relaxation mechanisms of the emitter, such as thermal dissipation, vibrational
phonons, residual trapped charges, etc.

II.1.5 Second-order autocorrelation function g(2)(t0, τ)

Since the pioneering experiment proposed by Hanbury Brown and Twiss in 1956 to probe
the correlation of photons in two coherent beams of light [47], the autocorrelation inter-
ferometer has been widely used in the scientific community. It is notably used in quantum
optics to probe the single photon emission of different emitting species (individual atoms,
molecules, quantum dots, color centers, etc). The first demonstration of photon anti-
correlation (or commonly said anti-bunching) was performed by Kimble, Dagenais and
Mandel in 1977 [48]. They observed that the fluorescence emission of an individual sodium
atom displayed intensity anti-correlation, phenomena that is understandable only if con-
sidering the light as a quantum object with a quantified electromagnetic field.

Indeed, the original experiment proposed by Hanbury Brown and Twiss in 1956 was
conceived to detect thermal light emission coming from stars and galaxies. After some
difficulties in conceptual interpretation, they decided to test the principle of the exper-
iment in the laboratory using a mercury arc lamp (see Figure II.5). The light emitted
by a mercury lamp is originated from many different atoms. This process is known as
thermal radiation and occurs when a very intense heating source (approximately T= 11
500 K, in the case of a mercury arc lamp), provides enough energy to the free electrons
over the surface to break the bonding with the nuclei atom and escape into the vacuum.
As each radiating atom is emitted with the same amplitude, frequency, but uncorrelated
phases between all atoms, the total emitting wave will present random intensity and phase
fluctuations. This is the reason why light emitting from such discharge lamps are named
chaotic light.

At this point, it is convenient to introduce the concept of coherence in classical theory
of light. The capacity of an electromagnetic wave to interfere with itself it is commonly
named as coherence. We can distinguish between two types of coherence: Temporal
coherence and Spatial coherence. Although both concepts are related to each other,
we will concentrate our discussion in temporal coherence, since the interferometer devel-
oped by Hanbury Brown and Twiss is based on time-detection of the optical signal. The
HBT interferometer provides information about the temporal distribution of light at two
observation points.

The temporal coherence of a light beam is quantified by its coherence time τc. The
coherence time is an inherent property of the source of light. It describes the duration for
which the phase wave train remains stable. For instance, in the violet spectral line of a
mercury lamp, the radiating light of frequency ω of an excited atom will remains constant
until the the atom suffers a collision. The light emitted by a mercury lamp is originated
from many different atoms.
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Fig. II.5 Schemtic representation of the original autocorrelation interferometer
used by Hanbury Brown-Twiss (HBT) in 1956. After [47].

Figure II.6 shows the electric field amplitude of two wave trains emitted by a single
source. The occurrence of a collision is represented by a vertical line accompanied by
a random change in the phase of the wave. During a collision, the energy level of the
radiating atom is slightly shifted, leading to the broadening of the radiation frequency ∆ω.

From the Figure II.6, we define τc as the average period of time corresponding to
evolution of waves independent from collision (undisturbed light). Then, if we know the
phase of the wave train at time t0, we can know with high degree of certainty the phase
of the wave train at a different time t0 + τ at the condition that τ << τc. For the case of
the mercury lamp, the coherence time τc is limited by the occurrence of collisions between

Fig. II.6 Electric field amplitude of the wave train showing the jumps in phase
due to collisions of the atoms. Adapted from [49].
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atoms. The occurrence of collision determines the width of the spectral line ∆ω. These
quantities are inversely proportional

τc ≈
1

∆ω . (II.1)

Equation (II.1) shows that the coherence time is limited by the spectral width of the
source. This implies that, in the ideal case of a perfectly monochromatic light source
with ∆ω = 0, the coherence time will be infinite (perfect coherence). In practice the
sources of light are characterized by a spectral width of frequencies γ = ∆ω which impose
limits in the interference of two electromagnetic waves.

In order to analyze quantitatively the experimental results presented by HBT, we
will now introduce the second-order correlation function g(2)(t0, τ) which investigates the
temporal coherence of the source based on photon statistical properties. The autocorrela-
tion function is not only a convenient tool to probe the quantum nature of light in single
nanocrystals, it also gives insight about the source depending on its photon distribution.

The second-order autocorrelation function is defined as

g(2)(t0, τ) = 〈I(t0)I(t0 + τ)〉
〈I(t0)〉〈I(t0 + τ)〉 ,

where 〈 〉 denotes statistical time average. g(2)(t0, τ) is proportional to the conditional
probability of detecting a second photon at time t = τ , given that has been detected one
at t = t0. g(2)(t0, τ) is useful to prove the non-classical behaviour of fluorescence emitters.
In more precise terms, the second-order autocorrelation function g(2)(t0, τ) is a tool to
classify the light according to the photon statistics or, in another way, the fluctuations
of the electromagnetic field. The classification is based on the value of g(2)(t0, τ) at the
time τ = 0. Figure II.7 illustrates the three main types of photon statistics (poissonian,
super-poissonian and sub-poissonian) for γ = 1.

• g(2)(t0, 0) > 1. This property corresponds to a super-poissonian photon statistics.
g(2)(t0, 0) > 1 means that the probability to detect a photon almost immediately
after the first one has been detected is higher than for longer times. If we con-
sider the poissonian distribution as reference of the random process, g(2)(t0, 0) > 1
means that the light is compacted in shorter intervals of time with respect to the
random poissonian case. The photons arriving in such conditions are said to be
bunched, they arrive in compact groups to the photodetector as it is depicted in
Figure II.7a. Thermal fields radiated from black-body sources exhibit such charac-
teristic emission. Chaotic light from electrical discharge lamps or any incandescent
device in general are some other examples. In Figure II.7b we show the evolution
of g(2)(t0, τ) for two forms of chaotic light: 1) Chaotic light showing a gaussian
frequency distribution (orange curve) and, 2) Chaotic light showing a lorentzian
frequency distribution (yellow curve).
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Anti-bunched,	sub-poissonian	distribution

Random,	poissonian	distribution	

Bunched,	super-poissonian	distribution	a. b.

Fig. II.7 a) Schematic representation for stream of photons showing sub-
poissonian, poissonian and super-poissonian distribution. b) Second-order au-
tocorrelation function g(2)(t0, τ) in the case of a coherent light source, chaotic
light (with gaussian and lorentzian distribution) and non-classical light (anti-
bunching) for ∆ω = γ = 1.

• g(2)(t0, 0) = 1. This property is characteristic for a poissonian distribution. In a
poissonian distribution, the events are uncorrelated and independent. The time in-
terval between two consecutive photons is random. This implies that the probability
of detecting a second photon after detecting the first one, will be the same for all
values of τ . g(2)(t0, 0) = 1 represents the threshold between classical and quantum
sources of light.

• g(2)(t0, 0) < 1. The source of light presents a sub-poissonian distribution. The
photons arriving to the photodiode are "well ordered" in define intervals. The con-
ditional probability of detecting a second photon, immediately after the first one,
is lower than the case of a poissonian distribution. The photons are said to be
antibunched. Photon antibunching represents the signature of single-photon emis-
sion. Photon antibunching is an unambiguous proof of the quantum nature of light.
Sub-poissonian photon statistics has no classical theory counterpart, and it is also
referred as non-classical light. Individual semiconductor nanocrystals studied in this
thesis present such property of antibunching in proper conditions of excitation at
room temperature.

II.1.6 Multiexcitonic Auger recombination in nanocrystals

The transfer of non-radiative energy between electrical charges is commonly referred as
Auger recombination. Auger recombination takes part in direct competition with radia-
tive recombination channels (photon emission). Auger recombination is a highly efficient
process in semiconductor nanocrystals. The excited electrical charges inside the nanocrys-
tal are proned to interact each other through Auger mechanisms occuring at some tens of
picoseconds. One of these Auger mechanisms is conducted via Auger electronic thermal-
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ization, which is the transfer of energy of one excited electron to one other electron. This
excited electron then thermalize to the bottom level of conduction band. This model was
proposed in 1995 by Al. L. Efros et al. for spherical CdSe nanocrystals [50].

In semiconductor quantum dots, Auger mechanisms are at the origin of single-photon
emission property. During the excitation with the blue diode laser (405 nm), several
electron-hole pairs are created inside the nanocrystal (multi-excitons). Because of Auger
effects, most of them recombine non radiatively excluding the last exciton which may
recombine radiatively emitting a single-photon.

Auger mechanisms are in competition with radiative recombination of excitons. There-
fore, when many excitons have been produced by laser excitation, if the Auger processes
are not infinitely efficient, some of the excitons recombine radiatively. Several studies
have demonstrated that Auger recombination processes are enhanced by reducing the
nanocrystal radius. Small nanocrystals are usually single photon sources whereas large
nanocrystals multiexciton has a higher probability to recombine radiatively [51].

II.1.7 Bi-excitonic emission

The bi-excitonic radiative recombination in a nanocrystal can be attained when Auger
mechanisms are not efficient enough to maintain single-photon emission, when radiative
recombination mechanisms become predominant with respect to Auger non-radiative pro-
cesses. In that case, the radiative recombination of a bi-exciton might lead to the emission
of a second photon for the same excitation pulse. In this section, we are going to discuss
the mechanisms that are involved during the relaxation of a bi-excitonic state.

In Figure II.8, we illustrate the situation when most of the electron-hole pairs gen-
erated during pulse excitation have recombined non-radiatively except two excitons (bi-
exciton). In the figure we have used different colors (blue and red) for each excitonic
charge.

There are two channels for the recombination of the bi-exciton. In the first one (left on
Figure II.8), the radiative recombinations of the blue and red excitons lead to the emission
of two successive photons. The first photon is emitted by the recombination of the blue
exciton (XX→X). Then, the second photon is emitted by the recombination of the red
exciton (X→0), as it is shown in Figure II.8. This cascading mechanism will contribute
as one event in the zero-delay peak of the second-order autocorrelation function g(2)(t0, 0).

On the right part of Figure II.8, we present the second channel for recombination
of bi-exciton. The first relaxation process XX→X correspond to Auger non radiative
recombination. The blue exciton transfers its recombination energy to the electron which
reaches a higher energy state. Then, it relaxes to the fundamental band-edge transition
by thermalization. In the consecutive relaxation process X→0, there is just one exciton
left. The radiative recombination of the remaining red exciton leads the emission of only
one photon. In this case, thanks to the highly efficient Auger mechanism, just one single-



II.2 Photoluminescence spectra of a single CdSe/CdS nanocrystal 19

Bi-exciton
E

E

E

E

E

Fig. II.8 Bi-exciton recombination in CdSe/CdS nanocrystals.

photon is emitted by the semiconductor nanocrystal.

Until now, we have discussed the case when a single excitation pulse excites two
electron-hole pairs. However, more than two excitons can be excited and could recombine
radiatively. Multi-excitonic emission can occur when non-radiative channels, like Auger
ones, are less efficient than radiative ones. Non-radiative Auger mechanisms are inversely
proportional to the volume of the nanocrystal. Therefore, multi-excitonic emission will
be more efficient for large nanocrystals than for small ones.

In the next section, we will evidence the multi-excitonic emission in single nanocrystals
for different excitation power. We will show that, for a single nanocrystal, the combination
of photoluminescence decay curves, the second-order correlation function (g(2)(t0, 0)) and
photoluminescence spectra, evidence the multi-excitonic character of single quantum dots.

II.2 Photoluminescence spectra of a single CdSe/CdS nanocrys-
tal

The photoluminescence studies of semiconductor nanocrystal at individual scale bring
quantitative information different from ensemble fluorescence measurements of clusters
systems. First, the fluorescence emission spectra of a single nanocrystal is not affected by
the broadening of linewidth due to the size dispersion in the nanoparticles. Additionally,
by dispersing the nanocrystals, there are some micrometer around each others, so that
the interaction between emitters is absent. Therefore, the fundamental band-edge tran-
sition 1S3/21Se and the dielectric environment will be the most relevant components for
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photoluminescence emission. The emission from higher excited states is generally absent
in low power excitation regime.

The possibility of creating more than one photon per excitation pulse provides addi-
tional interesting properties. Besides exciton emission (X) in quantum dots, the radiative
recombination of multi-excitons (bi-exciton XX, tri-exciton XXX, etc) and charged ex-
citon states (positive or negative trion) brings specific properties which are currently
studied by the scientific community.

Several studies have been conducted to distinguish the different emission linewidths
from the nanocrystals. Most of these studies have been performed in cryogenic conditions
for which the coupling of phonons modes with the optical modes in the nanocrystal are
significantly reduced. At cryogenic temperatures, the very thin linewidths make it pos-
sible to distinguish between exciton, bi-exciton and additional charge states emission in
semiconductor nanocrystals [28], [52], [53].

II.2.1 Multiexcitonic emission of a single CdSe/CdS

In this section we will show the photon emission properties of individual nanocrystals
used as source of light in the patch antenna. All the photoluminescence measurements
were performed at room temperature in core-shell CdSe/CdS nanocrystals (3.3 nm-core,
6 nm-shell thickness).

We diluted 300 000 times the original batch using hexane as solvent. We spin-coated
the nanocrystals in a cleaned coverslip glass assuring sufficient separation between them to
distinguish the nanosources individually. When the colloidal nanocrystals are spin-coated
on a glass substrate, the organic ligands (the long molecules around the nanocrystals
that passivate the surface and ensure a colloidal suspension) cannot protect them from
oxidation any more. We included a thin dielectric layer (2% PMMA diluted in toluene)
that provides 50 nm thickness which serves as protecting layer from air and environmental
contamination, reducing inherent degradation by oxidation and ageing.

We have used a laser scanning fluorescence microscope set-up together with a time-
correlated single photon counting system (TCSPC) to characterize single nanocrystal
fluorescence emission temporally and spectrally. The use of a variable optical density
before the reflection microscope has allowed to control the optical excitation power. The
complete experimental set-up is described in section III.3.

Figure II.9a shows the evolution of photoluminescence decay rate of a single nanocrys-
tal excited with a diode laser 405 nm in pulsed mode (2.5 MHz repetition rate, 50-100 ps
pulse width) when varying the excitation power. From the Figure II.9a we can observe the
modification of lifetime according to the excitation power. The first two decay curves, for
excitation 7 W/cm2 (9 nW ) and 12 W/cm2 (17 nW ), correspond to conditions for which
the nanocrystal emits mainly single-photon (mono-excitonic emission). We can confirm
this assumption by considering the zero-delay peak in the second-order autocorrelation
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a.     b.

Fig. II.9 a) Evolution of the photoluminescence decay rate in a single nanocrys-
tal CdSe/CdS at different excitation power. b) Corresponding second-order au-
tocorrelation function g(2)(τ).

function g(2)(τ) on Figure II.9b for both excitation powers. The small difference in the
slope in the decay rate could be associated to the thermal modification of the local envi-
ronment due to the increase of the excitation power.

When the nanocrystal is excited with a fluence of 56 W/cm2 (79 nW ), the decay
rate curve clearly shows two different decay rates, the fast decay representing the bi-
excitonic recombination (XX→X) and the slow component the mono-excitonic recombi-
nation (X→0). For this excitation power, considering the second-order autocorrelation
function on Figure II.9b, we can notice that the height of the zero-delay peak has raised
up to the height of lateral peaks. This indicate that the nanocrystal doesn’t emit any
more single photons. In the decay curve, bi-excitonic emission presents a characteristic
decay time in the order of hundreds of picoseconds, whereas excitonic emission has a
characteristic time of tens of nanoseconds.

On the decay curves of Figure II.9a, we can observe that for 360 W/cm2 (507 nW )
and 1200 W/cm2 (1.7 µW ) excitation power, an increase in the quick contribution part,
which corresponds to multiexcitonic recombination. The radiative recombination of mul-
tiexciton is as well demonstrated by observing the zero-delay peak in the autocorrelation
g(2)(τ) function which is at the same height than the neighboring peaks.

In Figure II.9a we can note that both decay curves for 360 W/cm2 and 1200 W/cm2

present a second peak around 21 ns. These peaks have not any physical interpretation and
it is only the result of electrical rebound in the TCSPC system. The electrical saturation
observed for a large rate of detection is at the origin of secondary electronic peaks in the
photoluminescence decay curve.
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II.2.2 Post-processing of bi-excitonic emission

Most of the multiexcitonic studies in single colloidal nanocrystals have been performed
using the well-known Hanbury Brown-Twiss interferometer which provides information
on the temporal distribution of the photons emitted by the quantum source. For single
quantum dots, g(2)(τ) can evidence the emission of a single photon for one excitation
pulse (antibunching effect). In the case of multi-exciton emission at very low excitation
rate, we can extract from the second-order autocorrelation function the relative efficiency
between multi-exciton and exciton radiative recombination for very low excitation. The
ratio of the area below the zero-delay peak and the area below neighbouring peak is equal
to QXX/QX , where QXX is the quantum radiative efficiency for bi-exciton and QX the
one for exciton. This relation will be demonstrated in the next section, in the model
developed in II.2.3. In the case of 12 W/cm2 excitation, we estimate the ratio between
the zero-delay peak and the neighbouring peak to 0.28.

At room temperature, the spectral distinction between mono-exciton and bi-exciton
emission is impossible. The linewidth emission of both transitions overlaps almost com-
pletely in the photoluminescence spectra. In this section we will discuss how we can
separate bi-excitonic from mono-excitonic emission by applying a temporal filter in the
decay curve.

Figure II.10a shows the intensity fluorescence lifetime for the case of bi-exciton emis-
sion. We have fitted the curve by a two-exponential function where we have obtained
lifetimes of bi-exciton τBX = 500 ps and mono-exciton τX = 9.8 ns. If we now apply
numerically a temporally fast filter to select only the photo-events registered after 2 ns
in the complete histogram lifetime, we can process the autocorrelation g(2)(τ) function
exclusively for the mono-exciton recombination. Figure II.10b displays the superposition
of g(2)(τ) when we use the complete photoluminescence decay curve (blue line) and the
one which we have removed all the photo-events recorded within the first 2 ns (red line).

From Figure II.10b we observe that the selection of the slow component retrieves the
single-photon emission nature, indicating that we have unambiguously two distinctive
photo emission processes, a "slow one" corresponding to exciton X→0 recombination and
a "rapid one" corresponding to bi-excitonXX→X recombination which is 20 times quicker
than the former one. The selection of the slow component in the fluorescence histogram
reduces the number of effective photo-events used for processing g(2)(t0, t), therefore the
height of the lateral peaks are reduced as well.

Our experimental set-up is composed of two avalanche photodiodes, as a consequence
we can assure the probability of single-photon emission when g(2)(τ) ≈ 0. In order to
precisely count the quantity of photons Nφ emitted by the single nanocrystal for each ex-
citation pulse, one possibility is the use of Nφ+1 photodiodes. However, as the number of
all possible combination events increases significantly with Nφ, the estimation of the quan-
tity of photons by this method would demand an excessive integration time. For instance,
including a third photodiode in order to know if we can have three photons par excitation
pulse, the number of possible combinations will raise to 36 and only 6 combinations would
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a. b.

Fig. II.10 a) Photoluminescence decay rate of a single nanocrystal exhibiting bi-
excitonic emission (XX) excited at 56 W/cm2. b) Second-order autocorrelation
function g(2)(t0, t) with the complete photoluminescence decay and using 2 ns
temporal filter.

contribute to the correlation function proving the recombination process of the tri-exciton.

II.2.3 Model

In this part, we will evaluate the number of photons we can extract from the fluorescence
emission of a single nanocrystal excited by a pulsed laser emitting at the wavelength
λexc = 405 nm, and power Pp, with a pulse width τpulse = 100 ps and repetition rate
Γrep = 2.5 MHz.

a) Mean number of excitons per pulse

We define the intensity of the laser as Ip(r) and

Pp =
∫
Ip(r)dS.

Ip(r)dS is the local power of the laser. As the laser is a gaussian mode, Ip(r) = I0e
−2r2/W2 ,

so that the power Pp can be expressed as

Pp =
∫
I0e
−2r2/W2

2πrdr

after integration, we get Pp = I0
πW2

2 , where W is the waist of the gaussian beam. From
diffraction theory, we can approximate W ≈ 1.22λexc

2NA , where NA is the numerical aperture
of the objective. Therefore, we obtain

Pp = I0λ
2
exc ×

0.6
NA2 .
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Moreover, we can consider that the nanocrystal is very small (diameter of the order of
10 nm) with respect to the size of the beam (≈ 500 nm of diameter). Therefore, when
the laser is centered above the nanocrystal, we can estimate that the nanocrystal sees a
constant intensity equal to I0.

We can now define the pumping rate Γp (in s−1). This is equal to the number of
exciting photons which will be absorbed by the nanocrystal and will create an exciton. In
other words, Γp is the mean number of excitons which will be created per second thanks
to the pumping laser. We can write

Γp = σ × I0
hc/λexc

,

where σ is the absorption cross section of the nanocrystal. The mean number of excitons
which will be excited per pulse is n̄ = Γp

Γrep
(we have Γrep pulses per second)

n̄ = σI0λexc
hc

× 1
Γrep

b) Poissonian distribution

The absorption cross section of the nanocrystal is very low (typically σ ≈ 10−18 m2). As
the consequence we can evaluate the rate of exciting photons which will be absorbed by
the nanocrystal. For a laser of power Pp, the number N of laser photons is N = Ppλexc

hc =
I0×λ2

exc0.6
NA2 × λexc

hc . The number of excitons is Γp = σ×I0
hc/λexc

. We express the ratio R of
absorbed photons per pump photons as

R = Γp
N

= σ ×NA2

0.6× λ2
exc

,

for λexc = 400 nm and NA ≈ 0.5,

R = 10−17

2.4× 1.610−13 = 2.6× 10−5.

We need 1/R pump photons in order to get one exciton. The distribution of photons
inside the pumping laser is generated by a Poisson law. Moreover, as the value of R is
very low, the absorption by the nanocrystal is very low and random (uncorrelated events)
governed also by a poissonian law. Therefore, we can consider that the mean number of
excitons n̄ follows a poissonian law.

If n̄ is the mean number of excitons created by a pulse laser, the poissonian law
indicates the probability of getting k exciton which scales as

P (n̄, k) = n̄k

k! e
−n̄
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We will use now this law to evaluate the number of photons that will be emitted after
each laser pulse.

c) Number of emitted photons Nφ

We consider here that the quantum efficiency for a single exciton is one. In other words,
we consider that the number of photons we get for each recombining exciton is 1.

We calculate η the quantum efficiency corresponding to the first cascading recombi-
nation of a bi-exciton (XX→X). In other words, for each bi-exciton, we will get 1 + η
photons, where η is the photons coming from XX→X process and 1 photon coming
from X→ 0 recombination. We consider here that the recombination of the tri-exciton
(XXX→XX) is very inefficient. We will not consider any radiative recombination except
XX→X and X→0.

We consider that the mean number of excitons that we can be obtained is n̄. Then,
due to the poissonian law, the probability of getting:

• Exactly 0 exciton P (n̄, 0) = e−n̄

• Exactly 1 exciton P (n̄, 1) = n̄e−n̄

• 1 exciton or more
P1 = 1− P (n̄, 0),

P1 = 1− e−n̄.

• 2 exciton or more
P2 = 1− P (n̄, 0)− P (n̄, 1),

P2 = 1− e−n̄(1 + n̄).

As only the XX→X and X→0 transitions may be radiative, for each bi-exciton we
get η photon for XX→X process, and 1 photon for the X→0 process. Therefore, the
total number of photons which will be emitted is

Nφ = P (n̄, 1) + P2 × (1 + η),

by using the poissonian law, we can express Nφ as

Nφ = n̄e−n̄ + (1 + η)
[
1− e−n̄(1 + n̄)

]
,

Nφ = 1 + η + e−n̄ [−(1 + η)(1 + n̄) + n̄)] ,

Nφ = 1 + η + e−n̄ [−ηn̄− 1− η] . (II.2)

In Figure II.11 we plot as a function of n̄ the total number of emitted photons Nφ with
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Fig. II.11 Total number of photons emitted Nφ(n̄) considering three quantum
efficiencies in the first cascading of bi-exciton recombination: η = 0.1, η = 0.2
and η = 0.4.

η=0.1, 0.2 and 0.4. We can clearly see a saturation when increasing n̄ (and Pp). This
saturation is due to the fact that the recombination of tri-exciton (and more excitons) is
supposed to be non-radiative. Therefore, for high pumping, there are more multiexcitons
but we do not get more photons.

d) Quantum efficiency of bi-exciton

When we compute the second-order autocorrelation function g(2)(τ), we consider only
the events for which APD1 receives one photon before APD2 does. The only exception
is the zero-delay peak, for which we consider the whole peak which is around τ = 0.
The zero-delay peak corresponds to the events for which both APD’s receive one photon
originated from the same pulse. In that case, one APD receives the photon corresponding
to XX→X recombination, and the other one receives the photon corresponding to the
following cascading recombination X→0. Therefore, for this specific zero-delay peak, τ
can be either positive or negative.

The probability of record such events is

↑0= P2 × η
2 ,

we have to divide by 2 because we have the cases: the two photons on the same photo-
diode (2 cases), the XX→X on APD1 (APD2) and X→0 on APD2 (resp APD1). We
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Fig. II.12 Cases corresponding to the peak following the zero-delay peak, qεN.

remove the first 2 cases and keep the last 2 cases.

For the peak following the zero-delay peak (at τ = τrep), the peak is composed with
the events occurring for the qth pulses and (q + 1)th pulses. The photons of the qth pulse
have to be detected by APD1 and the one corresponding to the (q + 1)th by APD2.
In the next lines we name X the events corresponding to the radiative recombination of
one exciton (X→0). These events are detected by APD1 (or APD2) with a probability P1

2 .

The pth peak following the zero-delay peak is constructed in a similar way by consid-
ering the qth pulses and the (q + p)th pulses.

We focus now to the statistic of the first peak following the zero-delay. The conclu-
sions can be easily extended to the pth peak. We name XX the events corresponding
to the radiative recombination of one bi-exciton (XX→X). These events are detected by
APD1 (or APD2) with a probability P2η

2 .

We can resume all the cases in Figure II.12.
To conclude, the peak following the zero-delay peak is built by 3 kind of events:

1. Photons coming both from single exciton X→0 recombination. The probability is

P 2
1

4 .

2. Photons coming one from the XX → X recombination and the other one from an
excitonic recombination. The probability is

2P2η × P1
4 .

3. Photons coming both from XX→X recombination. The probability is

(P2η)2

4 .

Therefore, the peak following the zero-delay peak is made with events having a prob-
ability

↑1= P 2
1

4 + 2P1P2η

4 + (P2η)2

4 .
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The ratio between the zero-delay peak and the peak following the zero-delay peak is

↑0
↑1

= 2P2η

P 2
1 + 2P1P2η + P 2

2 η
2 , (II.3)

with P2 = 1− e−n̄(1 + n̄) and P1 = 1− e−n̄.

In the limit when n̄ ≈ 0, we can approximate the exponential function to e−n̄ =
1− n̄+ n̄2

2 . So, the probabilities P1 → n̄− n̄2

2 and P2 → n̄2

2 , by neglecting the n̄3 term in
the development. The ratio ↑0

↑1
between the zero-delay peak and one of the next peak is

equal to η. We can extend this result to ↑0
↑1

= Q2
Q1

where Q2 is the quantum efficiency

of bi-exciton (XX→ X) and Q1 the quantum efficiency of exciton X→ 0. Here Q1 = 1
and Q2 = η.

The area under the zero-delay peak with respect to the next ones is equal to Q2
Q1

in a weak
excitation regime.

The Equation (II.3) can be expressed as

aP 2
1 + 2P2(aP1 − 1)η + aP 2

2 η
2 = 0, (II.4)

with a = ↑0
↑1
. The discriminant of the second-order equation (II.4) is ∆ = 4P 2

2 (1− 2aP1)
and the two possible solutions for η are

η1,2 = (1− aP1)±
√

1− 2aP1
aP2

.

If we know experimentally the values of a and n̄, we can extract η. We will now use
this model for interpreting the experimental results.

II.2.4 Experimental spectra and intensities

In Figure II.13a, we show the photoluminescence spectra corresponding to the measure-
ments of Figure II.9a presented before. All spectra were registered with the same inte-
gration time (20 s). In the maximum emission of the first spectrum (around 640 nm),
we have drawn a continuous vertical line for reference. From Figure II.13 we can observe
that the intensity and position of the maximum emission peak are modified for the dif-
ferent experimental conditions. In the first three excitations 7 W/cm2, 12 W/cm2 and
56 W/cm2, the spectra display the emission of the fundamental peak around 640 nm. In
the following two excitations 360 W/cm2 and 1200 W/cm2, the spectra shows a second
emission peak at lower wavelengths around 560 nm.
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In order to study the characteristics for each emission peak separately, we have cal-
culated the area enclosed in the fundamental peak for each spectra. We have limited
the integration range from 588 to 700 nm. The second column of Table II.1 shows the
corresponding values for each experimental condition. The CCD camera of the spec-
trophotometer is able to register more than one photon per excitation pulse. It means
that, when the nanocrystal emits more than one photon, the CCD camera is capable of
registering the additional two, three or more photons at the same time. The number of
photons then will be proportional to the number of counts. So, the integrated area is
directly proportional to the total optical power emitted by the single nanocrystal.

If we now define A7 as the power collected by the single photon source for an exci-
tation power of 7 W/cm2. We can estimate the proportional power collected for each
photoluminescence spectra A/A7. The third column of Table II.1 shows this value for all
the fluorescence spectra. For all the spectra included those with highest excitation power
(360 and 1200 W/cm2), A is restricted to the main peak (between 588 and 700 nm).

In the Table II.1 we can observe that, for A12, the area slightly increase to 1.33 times
the area of A7. In the next excitation for A56, the area has increased again but we
can note that the increase of emission is not proportional to the increase of excitation
power. It is even saturating when the excitation power increases. In the next excitation
corresponding to A360 (purple spectra in Figure II.13), we found that the nanocrystal
has reached the maximum fluorescence intensity displayed in this experiment, resulting
in four times the power emitted with respect to A7.

We present as well the emitted intensity I(t) recorded by both APD’s. In Figure
II.14 we show the fluorescence intensity at different excitation power. The intensity was
recorded during some hundreds of seconds (100 s, approximately), but the photolumines-
cence spectra correspond just to the first 20 s. For the first 20 s, the emission intensity
has a mean value of 2.1 Counts/ms for an excitation 7 W/cm2, 2.9 Counts/ms for 12
W/cm2 and 6.8 Counts/ms for 56 W/cm2, with ratios I12

I7
= 1.38 and I56

I7
= 3.24 in

accordance with the spectra recorded. We can notice that for an excitation power of 360
W/cm2 and 1200 W/cm2, in both spectra and fluorescence intensities I(t) have exhibited
heavy changes during the recording, as the spectras exhibit for both excitations, 2 emis-
sion peaks, one at 640 nm and other around 560 nm. For those excitation conditions, the
intensity corresponding to the whole emission can not be directly linked with A which is
associated exclusively with one peak.

Finally, for the last spectra A1200 (green spectrum in Figure II.13), we note that the
fluorescence intensity of the fundamental peak has dropped and the area corresponds to
2.72 times A7. The reduction of the integrated area could be possible linked to pho-
todegradation of the nanocrystal at very high excitation intensity.
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Fig. II.13 Photoluminescence spectra of a single nanocrystal at
different excitation power.

Photoluminescence Integrated area A/A7
spectra ×104

A7 1.05 1.00
A12 1.40 1.33
A56 3.53 3.36
A360 4.22 4.02
A1200 2.86 2.72

Table II.1: Integrated area of photoluminescence spectra (between 588 and 700 nm) as
function of the excitation power.

II.2.5 Analysis of experimental results

We will restrict our analysis to the first three conditions of excitation (7 W/cm2, 12
W/cm2 and 56 W/cm2). We will suppose that, in these three cases, only bi-exciton and
exciton recombination occurs. If we know the excitation power, we can calculate n̄ for
each experiment, and therefore the probability of exciting exciton and bi-exciton. In Table
II.2 we show the mean number of electron-hole pairs n̄ with the probability of getting zero
and one excitons exactly P (n̄, 0) and P (n̄, 1). We also include the probability of having
P1(n̄) (at least 1 exciton) and P2(n̄) (at least one bi-exciton) for the different excitations.

From the second-order autocorrelation function of Figure II.9b, we can extract the
experimental value of ↑0 / ↑1. Theses values are shown in the second column of Table
II.3. Now, given the value of n̄ and ↑0 / ↑1 for all our experimental measurements, we
can use our model to extract the value of η, the quantum efficiency of the bi-excitonic



II.2 Photoluminescence spectra of a single CdSe/CdS nanocrystal 31

a.      b.

e.

c.      d.

Fig. II.14 Fluorescence intensity emitted by the single nanocrystal at different
excitation power.

Table II.2: Mean number of electron-hole pairs n̄ for the different conditions of excitation.
We have used the absorption-cross section σ = 8× 10−18 m2 reported on [54].

Excitation Mean number of P(n̄,0) P(n̄,1) P1(n̄) P2(n̄)
fluence W/cm2 electron-hole pairs* n̄

7 0.4 0.65 0.28 0.35 0.07
12 0.8 0.45 0.36 0.55 0.19
56 3.6 0.03 0.09 0.97 0.88
360 23.4 6.9× 10−11 1.6× 10−9 1.00 1.00
1200 78.4 8.5× 10−35 6.6× 10−33 1.00 1.00
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Table II.3: Relative quantum efficiency estimated from the second order autocorrelation
function g(2)(τ) and the one calculated from the theoretical model.

Excitation g(2)(0)/g(2)(τrep) η Calculated
fluence W/cm2 Experiment from Eq. (II.3)

7 0.22 0.21
12 0.28 0.26
56 0.71 C
360 0.92 C
1200 0.97 C

recombination (XX→ X). The third columns shows the calculated values of η.

We get η =21 % and η =26 % for 7 W/cm2 and 12 W/cm2, respectively. For 56
W/cm2, we don’t get a physical value, the solutions of Eq. (II.3) is a complex number
(C). This result is expected because of the limitations of the model which do not consider
more than bi-exciton. For 56W/cm2 the probability of exciting 3 excitons or more is very
large, P3(n̄)=0.71, so that we can expect some limitation of our model which considers
only bi-excitonic and excitonic emission.

We choose in the following η = 0.21, because we know that our model is more accurate
at low power. In fact, since η is calculated from the expression (II.2) (assuming n̄ ≈ 0), we
can expect some disagreement even for the lowest excitation power (7 W/cm2 or n̄=0.4).
The experimental value of η = 0.21 is probably overestimated from the real η.

We want now to validate our theoretical model with experimental values. Experimen-
tally we do not know the absolute number of emitted photons, but we have calculated
A which is proportional to the number of photons (or total emission power). We can
calculate for each excitation A/A7 which is equal to the number of photons emitted for
this excitation divided by the number of photons emitted with the 7 W/cm2 excitation.
In Figure II.15 we plot the normalized number of emitted photons A/A7 as a function of
the normalized number of excitons n̄/n̄7 (see Table II.1).

In the same Figure II.15, we plot the theoretical number of emission photons Nφ(n̄)
(expression (II.2)) normalized by the value when n̄7 = 0.4 (Nφ7). From the curve we can
clearly note the saturation of Nφ(n̄)/Nφ7 when n̄/n̄7 increases. Such behaviour is a result
of the low radiative efficiency of bi-exciton combined with the nil radiative efficiency of
the multi-exciton emission for a number of exciton > 2. The theoretical curve is in fairly
good agreement with the experimental values obtained in Table II.1 (A7 = 1, A12/A7 =
1.33 and A56/A7 = 3.36). These results validate our bi-excitonic model for low excitation
power.
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Fig. II.15 Normalized number of photons emitted Nφ(n̄)/Nφ7 as a function of
the normalized number of exciton n̄/n̄7 considering a quantum efficiency of bi-
exciton emission equal to η = 0.21 (red dash line). We have normalized the
curve using the theoretical value of Nφ for the excitation power of n̄7 = 0.4. We
superpose the three experimental values corresponding to A7 = 1, A12/A7 =
1.33 and A56/A7 = 3.36 (blue points).

II.2.6 Superposition of normalized emission spectra

In order to distinguish between lateral shifts or broadening of the emission peaks, we
have normalized the fluorescence spectras and superposed them for different conditions
of excitation. The normalization of the spectra to its maximum value is advantageous
to visualize slight shifts in the maximum emission peak and broadening in the linewidth
emission. In Figure II.16a we present the superposition spectra at 7 W/cm2 superposed
with the spectra at 56 W/cm2. The spectra at 7 W/cm2 presents a linewidth of 28 nm,
meanwhile the spectra at 56 W/cm2 has a linewidth of 40 nm, approximately. The differ-
ence is roughly 11 nm (or 33 meV approximately) which is attributed to the simultaneous
detection of mono-exciton and bi-exciton. The probability of getting two exciton or more
is close to 1 for 56 W/cm2 and much lower for 7 W/cm2.

In Figure II.16b we show the superposition of the spectra at 56 W/cm2 (yellow spec-
tra Figure II.16b) with the spectra at 360 W/cm2 (purple spectra Figure II.16b). For
high excitation power we can observe a blue-shift of around 6 nm (or 20 meV ) between
the fundamental emission peak. This blue-shift is accompanied by the appearance of a
lateral emission peak at lower wavelengths around 560 nm, as it is indicated on Figure
II.16b. This emission may be the indication either of higher order multi-exciton radiative
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a.   b.

Fig. II.16 a) Superposition of normalized spectra at 7 W/cm2 and 56 W/cm2

in excitation power. b) Superposition of normalized spectra at 56 W/cm2 and
360 W/cm2 in excitation power.

recombination or emission from a trapping state induced by high excitation.

II.2.7 Emission in shorter wavelengths

In our studies, we have used core-shell CdSe/CdS nanocrystals with 3.3 nm-core, 6 nm-
shell thickness. The photoluminescence spectra measured for a single emitter have been
recorded with different excitation power. We have observed the enlargement of the fun-
damental band-edge transition when the radiative bi-exciton (XX) recombined. For large
excitation power, we have observed a shift in the fundamental emission peak and a lat-
eral emission peak radiative around 560 nm. This could be explained either because a
multi-exciton recombination or because of a trapped recombination state (like Type-A
blinking) which should achieve a quicker dynamics.

In order to characterize this lateral emission, we have carried out a similar exper-
imental test with a different nanocrystal. We have observed similar evolution when it
is excited by increasing power. Figure II.17a shows the evolution in photoluminescence
emission spectra of a different nanocrystal in the sample. To characterize the emission at
shorter wavelengths, we have introduced a fluorescence band-pass filter 562/40 nm when
the nanocrystal it is excited at maximum optical power (260 W/cm2), as it is shown on
Figure II.17a. Figure II.17b displays the superposition of two decay curves for the same
excitation condition 260W/cm2. The red decay curve corresponds to the complete photo-
luminescence spectra (without 562/40 filter) and the blue decay curve when the band-pass
filter 562/40 nm is placed in the collection path of the microscope. From Figure II.17b
we observe that both decay curves present a fast component of some hundreds of picosec-
onds, 500 ps and 300 ps for the complete spectra and partial spectra, respectively. These
values found by the fitting bi-exponential model are close to the binning resolution of the
decay curve, which for the measurements performed for this nanocrystal was set to 256 ps.

Nevertheless, for the low wavelength filtered emission, the proportion of the quick
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Fig. II.17 a) Photoluminescence emission spectrum of a single nanocrystal ex-
cited at different optical power. In the maximum excitation we have introduced
a band pass filter to select mostly the emission at shorter wavelengths. b) Pho-
toluminescence decay rate when the nanocrystal is excited at 260 W/cm2 with
and without the band-pass filter 562/40 nm.

component is a little bit longer than for the non filtered emission. Indeed, for a bi-
exponential model I = Ae−t/τfast + Be−t/τslow , the proportion of the quick component
scales as

Aτfast
Aτfast +Bτslow

= C.

For the low wavelength filtered emission we found Cfiltered = 0.92, whereas for the full
emission Cfull = 0.79. Therefore, as the fact that the fast component is more important
for the low wavelength filtered emission, we can state the presence of higher non-radiative
recombination states in the dynamics of the low wavelength part.

II.3 Conclusion

In this section we have discussed the photoluminescence properties of a single colloidal
CdSe/CdS nanocrystals when it is excited at different optical power. By the combi-
nation of spectroscopic analysis and photodynamic emission, we were able to identify
mono-exciton, bi-exciton and multi-exciton emission in a single nanocrystal at room tem-
perature.

Our results showed that it is possible to identify the bi-exciton emission by observing
simultaneously the fast component in the photoluminescence decay curve and the enlarge-
ment of 33 meV in the linewidth of the fundamental peak. We have demonstrated that
bi-exciton emission can be separated temporally by applying a temporal post-processing
filter in the photoluminescence decay curve. After the temporal filter and processing of
the second-order autocorrelation function (g(2)(t0, t)), the characteristic of single-photon
emission is recovered.
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We have developed a model taking into account the mean number of excitons cre-
ated by a laser pulse for describing the intensity emitted by the nanocrystal. Our model,
restricted to bi-exciton radiative recombination, is in fairly good agreement with experi-
mental results for moderate excitation power.

We have normalized the photoluminescence emission spectras to identify shift and
broadening in the fundamental emission peak. We have found a broadening of the fun-
damental emission peak of 11 nm (33 meV) when we compared spectras at 7 W/cm2 and
56 W/cm2. Then, when we compared normalized spectra at 56 W/cm2 and 360 W/cm2,
we have identified a blue-shift of the maximum emission peak of 6 nm (20 meV).

We have characterized the short wavelength emission of a single CdSe/CdS nanocrystal
using a band-pass filter 562/40 nm. We have found that the lateral emission is composed
of a fast and slow decay component of τf = 300 ps and τs = 3.7 ns, respectively. We
have then compared these values with the ones obtained without any filter (complete pho-
toluminescence spectra). We have found that the contribution of the quick component
is more important for the low wavelength filtered emission. These results suggest that
non-radiative recombination states are more predominant in the low wavelength emission
than in the complete spectra.



Chapter III
Experimental methods

III.1 Introduction

This chapter presents different experimental methods for studying single colloidal nanocrys-
tals in terms of fluorescence, photodynamics, spectroscopy and single-photon emission
properties.

In the first part, we will describe the original experimental set-up used for photolu-
minescence studies in single nanocrystals. The second part is dedicated to the analysis
of the acquisition data and processing of information once the Time-Correlated Single
Photon Counting (TCSPC) system has registered all photo-events in order to get pho-
toluminescence decay rate curves and second-order autocorrelation functions. We will
then present the instrument response function of the experimental set-up and all different
components that affect the total time resolution. We will establish the resolution of the
experimental set-up for fluorescence time-resolved experiments. In the last part of this
chapter, we will describe the experimental set-up to perform reflectivity measurements of
individual passive nanoantennas.

III.2 Experimental set-up description

We have used a reflection optical microscope in inverted mode with an optical objective
(0.80 NA) to observe nanocrystals at individual scale. To excite the fluorescent nanocrys-
tal, we have used a picosecond pulsed diode laser emitting at λ=405 nm (3.06 eV) with
a repetition rate of 2.5 MHz (400 ns separation between pulses). In time-resolved fluo-
rescence measurements, the diode laser synchronizes the Time-Correlated Single Photon
Counting System (TCSPC card) by sending an electrical signal (Sync pulse). The optical
pulses are send into the microscope where a dichroic mirror (Semrock FF 605 nm) reflects
the blue light from the diode laser and transmits the fluorescence light above the edge-
wavelength. On the surface of the sample, a gaussian laser spot with a diameter equal to
600 nm (beam waist ω0 ' 300 nm) excites the individual nanocrystal.

When the intense pulse laser excites the individual nanocrystal, part of the blue light

37
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Fig. III.1 Experimental set-up used for conventional time-resolved fluorescence
measurements of single CdSe/CdS nanocrystals.

is absorbed. Typically absorption cross-section of our CdSe/CdS nanocrystals (3.3 nm-
core, 6 nm-shell thickness) is on the order of 800 Å2 measured by saturation curve [54],
[34], [55]. The nanocrystal absorbs the blue radiation, switching from a base-state to an
excited-state where the electron is close to the bottom of the conduction band. After non-
radiative relaxation mechanisms, bringing the electron to the lower level of the conduction
band at picoseconds time scale, a single photon will be emitted by the quantum source
at the nanoseconds scale. For every pulse excitation, in the case of a single exciton, the
nanocrystal will emit one and only one photon which is collected by the same objective
and transmitted through the FF 605 nm dichroic filter. An additional fluorescence filter
630/92 nm is introduced to remove some remaining blue excitation light reflected by the
sample. It removes as well most of the background fluorescence which comes from the
signal of shallow emitters. The photon is then reflected by a mirror and drives through
a 100 µm pinhole (spatial filter) placed at some distance apart from the microscope in
the image plane of the sample. The photon is guided to a Hanbury Brown-Twiss set-up
including a beam splitter 55:45 (T:R) and 2 avalanche photodiodes (APD). After many
excitation cycles, the histogram of detection times and a correlation histogram can be
obtained. Figure III.1 shows the complete experimental set-up.

In photoluminescence experiments, the intervals of times should satisfy the condition
τpulse << τlifetime << τrep. That means, the duration of the pulse laser (τpulse) must be
much shorter than the characteristic relaxation time of the system (τlifetime) to mimic an
ideal delta function generating only one absorption cycle during the excitation time. Ad-
ditionally, the narrow excitation pulse has to provide sufficient power to efficiently bring
the system into an excited-state. The second requirement concerns the repetition rate of
the diode laser τrep. The period between 2 pulses has to be much longer than τlifetime in
order to let the system returning back in ground-state before the next pulse.
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Fig. III.2 Experimental optical set-up including the modifications implemented
for measurements of saturation and transient photoluminescence spectra in a
single nanocrystal.

III.3 Spectroscopy of single emitter

Photoluminescence decay rate is one of the main quantitative property when studying flu-
orescence emission in single nanocrystals or any other fluorescent specimen. It provides
the characteristic time in which the system evolves, depending mainly of three parameters:
1) the surrounding electromagnetic environment where the nanoemitter is located, 2) the
intrinsic quantum yield taking into account radiative and non-radiative channels and 3)
the excitation intensity. Additionally, spectral photoluminescence information comple-
ment the photo-emission properties of individual nanoemitters. The incorporation of the
CCD spectrophotometer into the original optical set-up has allowed us to characterize
photoluminescence emission of single nanocrystals, patch nanoantennas and to perform
reflectivity measurements of passive plasmonic elements.

In the original set-up, we installed a 30:70 (T:R) beamsplitter before the HBT interfer-
ometer, as it is shown in Figure III.2. An optical lens couples the light through an optical
fiber (Avantes FC-UV100 0.22 NA, 100 µm in diameter) who transports the light to the en-
trance slit of the spectrometer (Jobin Yvon HR460) equipped with a CCD camera Syncer-
ity (http://www.horiba.com/fr/scientific/products/optical-spectroscopy/detectors/
scientific-cameras-for-spectroscopy-cdd-ingaas-emccd/ccds/syncerity-details/
syncerity-ccd-deep-cooled-cameras-17301). The length of the optical fiber is 15 m.
The split ration 30:70 has been chosen in such a way to achieve a good compromise to
detect fluorescence emission of a single nanocrystal on the spectrometer (CCD camera)
and both APD’s simultaneously.

For using the spectrophotometer, the Semrock FF 605 nm dichroic mirror is re-
placed. When exciting single emitters (or another fluorescence material), the cutting

http://www.horiba.com/fr/scientific/products/optical-spectroscopy/detectors/scientific-cameras-for-spectroscopy-cdd-ingaas-emccd/ccds/syncerity-details/syncerity-ccd-deep-cooled-cameras-17301
http://www.horiba.com/fr/scientific/products/optical-spectroscopy/detectors/scientific-cameras-for-spectroscopy-cdd-ingaas-emccd/ccds/syncerity-details/syncerity-ccd-deep-cooled-cameras-17301
http://www.horiba.com/fr/scientific/products/optical-spectroscopy/detectors/scientific-cameras-for-spectroscopy-cdd-ingaas-emccd/ccds/syncerity-details/syncerity-ccd-deep-cooled-cameras-17301
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edge-wavelength of the dichroic mirror reflects all the emission below 605 nm. It means
that, along the collection path to the detectors, emission from the nanocrystal or any
other specimen below 605 nm will be completely suppressed by the dichroic and not
longer accessible on the CCD camera and APD’s. To overcome this difficulty for spec-
trometric measurements, we have replaced the dichroic mirror by a second beamssplitter
90:10 (T:R) inside the optical microscope. This configuration transmits only 90 % of the
fluorescence emission light but preserves the complete spectral information of the fluo-
rescence specimen. A supplementary filter Semrock LP 473 nm has been installed which
reflects light for λ < 473 nm (mostly remaining excitation laser 405 nm), and transmit
almost all the spectra above.

In this configuration, we are able to perform lifetime measurements combined with
spectroscopy of single CdSe/CdS nanocrystals at room temperature. Afterward, the in-
stallation of a variable optical density in the excitation path before the confocal reflection
microscope will allow a higher pumping convenient for the diode laser for operation above
the threshold where the laser is more stable. In addition, it provides easier control of
the optical excitation power to perform photoluminescence measurements with single
nanocrystals.

The complete characterization in terms of photoluminescence decay rate curve, second-
order autocorrelation function g(2)(τ) and emission spectra of an individual semiconductor
nanocrystal CdSe/CdS is showed in Figure III.3. We have pumped the nanocrystal us-
ing the diode laser (405 nm) at 850 W/cm2, corresponding to 1.2 µW of laser power in
pulsed mode. We have measured an average photon count rate of 3 counts/ms for the
sum of both photodiodes. The photoluminescence spectra has been integrated during 190
seconds.

III.3.1 Spectral resolution and calibration

In this part, I will discuss the spectral resolution of the spectrophotometer used in this
thesis. The spectral resolution depends of different components. We can assort most of
them in three different categories:

1. Optical grating. This category includes the linear dispersion of the optical grating
(dλdx ).

2. Slits + detector. It corresponds to the spatial resolution limited by the width in
both slits (entrance and exit). In our experimental set-up, we are able to control
entrance slit, since the output slit is replaced by the array of pixels of the CCD
camera. Therefore, the width of one pixel defines the exit slit size. Generally, the
performance in terms of spectral resolution of the CCD camera will increase when
decreasing the pixel size and slit entrance. The CCD camera contains an array of
1024× 256 pixels with pixel size 26 µm× 26 µm.

3. Optics. It involves the optical elements which are inside the spectrometer system
to compensate aberrations effects.
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a. b.

c.

Fig. III.3 a) Photoluminescence decay rate. b) Second-order autocorrelation
function and c) Fluorescence emission spectra combined for a single CdSe/CdS
nanocrystal. Integration time 190 s, excitation power 850 W/cm2

.

In our fluorescence spectroscopy measurements performed at room temperature, the
contribution of manly two categories limit the spectral resolution: Slits and the detec-
tor. All measurements with single nanocrystals were performed with the maximum slit
width in the HR 460 spectrometer to assure the maximum transmission of the fluorescence
light. This slit aperture assures a resolution of 7 nm using 150 g/mm as optical grating.

We have used a spectrometer Jobin Yvon HR 460 equipped with two optical gratings:
1200 and 150 g/mm (grooves per millimeter). The higher the groove density, the higher
the spectral resolution. However, the spectral range of the instrument will be limited by
the number of pixels on the CCD array. In our studies, we have used 150 g/mm grating
which disperse most of the 1st diffraction order of the visible spectrum on the CCD sen-
sor area. The range of spectra is 385 nm, approximately. The spectrometer has an exit
focal length of 451 mm, hence the extension of light dispersed in the focal field (linear
dispersion) is dλ

dx = 14.1 [nm/mm]. Taking into account the physical size of the pixel we
attain a resolution of 0.36 [nm/px].

The spectrometer Jobin Yvon HR 460 is composed of two entrance ports (lateral and
front). The optical fiber that connects our experimental set-up makes use of the lateral
entrance port. In every experimental session an internal mirror is displaced automati-
cally depending of the pre-define entrance port (lateral for our optical fiber or front for
different experimental set-up). This mechanical displacement cause a spectral misalign-
ment between the light diffracted by the grating and the CCD detector. This constrain is
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a. b. 

Fig. III.4 a) Experimental spectrum of a doubled Nd:YAG green laser 532 nm
used to calibrate the spectrometer. b) Emission linewidth of the diode laser 405
nm at different average optical power in pulse mode.

overcome by performing spectral calibration in the beginning of each set of experiment.
The use of narrow spectral lines, such as mercury lamp 546.1 nm or a doubled Nd:YAG
green laser 532 nm can be employed equally. Figure III.4a shows the spectral line width
of the green laser with a slit aperture corresponding to "7 nm resolution" in the specifi-
cation of the apparatus. In that condition, the linewidth of the laser (double-frequency
Nd:YAG laser) is 4.2 nm measured at Full Width Half Maximum (FWHM), which is
much more than the real linewidth of this laser. Indeed, 4.2 nm linewidth corresponds
to 4.2

0.36[nm/px] = 12 pixels, which extend to 12 × 26µm = 300 µm. It means that, as the
spectrometer is an 1:1 imaging system, the diameter of the beam after the fiber and its
collimator at the font entrance of the spectrometer is 300 µm.

III.3.2 Spectral linewidth of diode laser

The spectroscopy studies of fluorescent nanocrystals have been performed using the diode
laser as source of illumination. In the spectrometer we have used a aperture slit which
provide an spectral resolution of "7 nm". In Figure III.4b we show the spectra emission
of the diode laser at different excitation power in pulsed mode. From the figure we can
note a constant linewidth of 5.3 nm independently of the pumping power. The value of
5.3 nm is slighly different from the one found in the technical specifications of the laser.
According to PicoQuant, the spectral width of this diode laser lays around 1.47 nm [56].
We conclude then that the spectral linewidth observed in Figure III.4b is limited by the
resolution of the spectrometer, mainly by the slit aperture.

III.4 Measurements and data processing

This section aims to describe the principle of operation of the Time-Correlated Single
Photon Counting system (TCSPC) in order to built the decay curve and the second-
order correlation function g(2)(τ) from the row data collected by the Picoharp card.
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Fig. III.5 Row data table generated by the TCSPC system during the measure-
ment of a single nanocrystal.

III.4.1 Recording the photo-event

When a photon is detected by either transmission or reflection photodiode, an electrical
pulse signal is sent to the TCSPC system which informs that an event has occurred.
The photon-event is registered in an internal memory and after a short time in electronic
processing (named deadtime, typically 90 ns) the system get ready to received the fol-
lowing photo-event. Hundreds, thousands or millions of photon-events can be registered
in the same row data table depending of the acquisition lapse time, flux of photons and
others parameters during the experimental measurement. The row data table is showed
in Figure III.5. The table has three columns that are described as follows:

x.chan It indicates which photodetector has received the photon-event. The values range
between 1 or 2 corresponding to APD1 (transmission) or APD2 (reflection), respec-
tively. See Figure III.2.

x.time It corresponds to the absolute time of the laser pulse which is at the origin of
the photo-event. When the measurement starts, the TCSPC system initiates an
internal clock which runs along the complete acquisition lapse time. Each photo-
event is associated with an absolute time which is determined by the pulse laser. As
a result, the values in this column correspond to a multiple to the laser pulses (400
ns). It growth systematically as the number of photon-events are recorded. The
time is displayed in seconds.

x.lifetime It shows the arrival times of individual photons. It corresponds to the relative
time between laser excitation and fluorescence photon arrival. The values are dis-
played in nanoseconds and range from 0 to 400 ns, corresponding to the repetition
rate of the diode laser (2.5 MHz) used in the experiment.



44 Chapter III. Experimental methods

a.  b.

Fig. III.6 a) Total photons count rate as a function of time of the same
nanocrystal shown in Figure III.3. The nanocrystal was excited with an op-
tical power of 850 W/cm2 in pulsed mode. We have displayed the graph with a
binning time of 100 ms. b) Histogram of the photo-events shown in a) with a
binning of 0.2 counts/ms.

The three columns on the left side of Figure III.5 shows twenty photon-events recorded
by the TCSPC system registered in the photoluminescence measurements presented in
section III.3. The table display the values of x.chan, x.time and x.lifetime described
above. The fourth column shows the difference in x.time of consecutive photo-events. We
can realize that photon-events are not registered for each laser pulse. The average time
between two consecutive photon-events lays in the order of milliseconds corresponding
to 103 counts/s, much lower than the repetition rate of the laser. It means that, if we
assume 1 ms between consecutive photon-events, the laser would have sent 2 500 pulses
before the TCSPC system could have recorded another photon-event. The fifth column of
Figure III.5 estimates the number of pulses between the first consecutive 20 photon-events.

For the same nanocrystal, the flux of photons is showed in Figure III.6. Figure III.6a
represents the number of photo-events registered for every short intervals of 100 ms (bin-
ning) along the complete acquisition time (Tacq = 392.7 s). The Figure III.6a also shows
rapid fluctuations of the number of counts, it corresponds to the fluorescence blinking
of the nanocrystal. Note that the binning is 100 ms, but we have normalized the count
rate to counts/ms. With this normalization, whatever we choose as a binning time, the
count rate remains the same for a given measurement. Figure III.6b shows the histogram
intensity distribution of Figure III.6a with a binning of 0.2 couts/ms.

Why if we excite the nanocrystal in single-photon regime with an optical power of 850
W/cm2 and a repetition rate of 2.5 MHz, do we only collect in the avalanche photodiodes
a rate of 3 kHz photons in average? There is 1 photon-event registered for every thousand
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Table III.1: Budget of losses in the optical system.

Collection Efficiency
Collection by air objective 11 %
Beam splitter (microscope) 90 %
Pinhole (100 µm) 80 %
Beam splitter (spectrometer)1 30 %
Lenses, mirrors 90 %
Quantum efficiency APD’s 37 %
Total 0.8 %

pulses lunched by the diode laser. This considerable difference is the consequence of the
overall efficiency in the experimental set-up including electronics (0.8 % from Table III.1).
It is important to note that there is still a factor of 10 which is remaining to explain the
proportion between excitation and detection rates. Indeed, with an excitation of 850
W/cm2 and an absorption cross section of σ = 8 × 10−18 m2 (following Chapter II), we
know that the probability to get 1 exciton or more per pulse is close to 100 %. There-
fore, for a 2.5 MHz of excitation rate and a 100 % quantum efficiency of the exciton, we
should collect a photon count rate of 25 KHz. We should mention that the nanocrystal
presented in this section belongs to a different batch as the one studied in Chapter II. We
could have the case of a possible over estimation of the absorption cross section for this
nanocrystal. It means that, the excitation of 850 W/cm2 may not induce the excitation
of at least one exciton per pulse, as it was discussed in section II.2 for a different batch.
We do not discard either the presence of some defects on the nanocrystal structure which
might induce a reduced quantum efficiency.

In Table III.1, we summarize the optical losses in the experimental set-up. We have
included the efficiency in collection using an air objective with 0.80 NA by collecting light
from the air side. This efficiency reaches only 11 % because the air-glass interface modifies
the emission diagram of the nanoemitter. When the nanocrystal lays on a glass substrate,
most of the fluorescence light is emitted towards the substrate side (more than 80 % of
emitted power). Thus, the collection with an air objective on the air side of the interface
is limited by the power emitted in this side which is nearly 11 %.

III.4.2 Decay rate curve
The fluorescence lifetime curve can be reconstructed from the row-data table (Figure III.5)
by arranging the values of the third column into an histogram of times, as it is plotted
in Figure III.7. This histogram is calculated from times between 0 and 400 ns. Please
note that this histogram takes into account the whole number of photo-events recorded
in one photodiode during the experiment. We have reduced the x-axis to the first 20 ns
to distinguish the bars of the histogram. Each bar is identified as one time-channel and
the width of the bar corresponds to the resolution in the TCSPC system. For the row-

1Normally, in conventional fluorescence measurements, the 30:70 beam splitter is not installed. We
have estimated the budget of losses based on the experimental set-up of Figure III.2
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data Table presented in Figure III.5, a pre-defined resolution of 256 ps was settled. This
resolution can be reduced until 4 ps for a better sampling of the fluorescence decay curve,
specially in short lifetimes. Nevertheless, reducing resolution of the TCSPC card doesn’t
assure to improve the overall response of the experimental set-up. Indeed, the tempo-
ral resolution of the optical part (laser pulse + APD resolution) is between 300 and 400 ps.

Further analysis concerning time resolution will be discussed in section III.5. where
we will establish the instrument response function of the experimental set-up.

The lifetime curve shown in Figure III.7 was displayed with a binning time equal to
the resolution of the TCSPC system. However, binning time could be chosen larger to
increase the number of counts per channel (and improve signal to noise ratio) with the
constrain of the reduction of temporal resolution. For the rest of the discussion in this
thesis we will select Tbin = Tresolution = 256 ps.

The normalized lifetime presented in Figure III.7 was obtained within an acquisition
time of Tac = 392.703 s, which corresponds to Ncycle = Tac/τrep = 9.8× 108, where Ncycle

corresponds to the number of laser pulses during the acquisition time. It means that,
the laser have launched 9.8 × 108 pulses and only 972348 photon-events were registered
(around 0.1%). The lifetime histogram of Figure III.7 can be fitted as the sum of two
exponential functions and a constant noise following the model

A1e
−t/τf + A2e

−t/τs + β

where τf and τs are the fast and slow component of the fluorescence emission and β
the noise.

We can demonstrate that the noise contribution β extracted from the fitting model
corresponds to the dark counts produced by the photodiode during the measurement. The
fitting model of Figure III.7 estimates a constant additive noise of β = 60 dark photon-
events. In another words, 60 photon-events were registered for every time-channel of the
histogram. For a resolution of 256 ps, the number of time-channels in the 400 ns interval
window raise up to 1563. If we integrate the total dark photon-events in the complete
400 ns-window (that it is equivalent to multiply β by the number of time-channels), the
fitting model estimates a contribution of 1563 × 60 = 9.3 × 104 counts. We have then
9.3× 104 counts photo-events corresponding to noise along the acquisition time Tac.

The number of photo-events for each histogram is built from all the Ncycle during
acquisition time. In order to correlate the value of β of the fitting model with the number
of dark counts per second, we estimate the contribution of the noise in the photodiodes,
typically φ/sec, along the integration time Tac. Thus, the photodiode have registered 250
φ/sec × Tac = 9.8× 104 photon-events corresponding to noise. This quantity is in accor-
dance with the value of β predicted in the fitting model, described in the last paragraph.
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Fig. III.7 Normalized decay rate curve extracted from the row data table of
Figure III.5. We have displayed the first 20 ns to distinguish the binning (or
time-channels) fixed in the TCSPC card.

III.4.3 Second-order autocorrelation function g(2)(τ)

a) 2nd order autocorrelation function histogram

The second-order autocorrelation function g(2)(τ) is based on the conditional probability
of detecting two photo-events simultaneously. This is only possible if the capabilities of
the system permits to record both photo-events at the same time. However, for electron-
ics, there is a limitation due to the characteristic deadtime of detectors and acquisition
card. The limitations due to the deadtime of electronics is solved by using 2 detectors.
The TCSPC card presents a typical deadtime of 90 ns. It means that, even when both
photodetectors would have received a photon at the "same" time within the same window,
the TCSPC can not register both photo-events. This limitation is solved by introduc-
ing a physical delay (spool cable for one photodetector) as it is depicted in Figure III.1.
This cable has to be long enough so that the arrival time by this line is longer than the
deadtime of the electronics. By considering this electronic delay, 2 simultaneous electrical
pulses are separated by more than the deadtime of the TCSPC card, so that they can
be both registered. In the optical set-up of Figure III.1, the spool cable has a length of
around 100 m which introduces a delay of 480 ns between APD’s.

As two successive pulses are separated by 400 ns, each single exciton recombination is
separated by around 400 ns. In the case of bi-exciton radiative recombination, for which
several photons originating from the same pulse will be emitted at times shorter than the
deadtime, we will only keep the events corresponding 1 photon on APD1 and 1 photon on
APD2. For example, in bi-exciton radiative recombination, we will lose half of the events
(both photons arriving either on APD1 or on APD2).
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Fig. III.8 Second-order autocorrelation function g(2)(τ) with a binning time of
40 ns.

The construction of g(2)(τ) from the row data table is delimited to the number of
photo-events which fulfill the following condition:

The spool cable is on APD1, so that for second order correlation function we are in-
terested in consecutive photo-events where the first photo-event recorded corresponds to
APD2 and the immediate consecutive to APD1. It means, since the earlier photodiode is
APD2, after registering a photo-event by this photodiode, the following photo-event should
correspond to APD1. By applying this condition, we will discard all consecutive events of
the same photodiode (either APD1 or APD2) and the inverse case (first APD1 and then
APD2).

The original row data table from Figure III.5 is reduced to 1797 photo-events. Each
one contains an absolute arrival time that we can defined as t1 and t2 (t1>t2) for APD1 and
APD2, respectively. The absolute time corresponds to the sum of x.time and x.lifetime.
We define the difference between these two times as τ = (t1 − t2) and define a new table
with these values.

The second-order autocorrelation function g(2)(τ) is shown in Figure III.8. We have
limited in this plot the relative delay to τ = 2000 ns and we have using a binning of 40ns.
In the figure, we can note that the minimum value corresponds to 88 ns, very close to the
characteristic deadtime of the TCSPC card. We have traced a red dashed line pointing
out the zero-delay time (nearly τ = 480 ns) when two or more photo-events are registered
from the same excitation pulse. The same Figure shows the increment of coincidences
every multiple of 400 ns (with respect to the zero-delay time) which corresponds to the
repetition rate of the excitation diode laser 2.5 MHz. Note that the peak at 80 ns has not
a physical meaning. It corresponds to the symmetric events to the first peak which has



III.4 Measurements and data processing 49

been cut by the deadtime of the photodiode(detection on APD1 before APD2 but t1>t2,
the case of the spool cable delay).

In the following of the manuscript, we have shifted the zero-delay time at the origin
of the x-axis to facilitate the interpretation of the g(2)(τ) function. Additionally, we will
use the g(2)(τ) function without normalization in order to keep the complete information.

In Figure III.8, we note that the zero-delay peak reaches around 40 coincidences,
while the right-lateral peak raised up to 200 counts. The g(2)(τ) function shows the
single-photon emission of the nanosource. The small counts observed at zero-delay are
attributed to multi-photonic recombination of the nanocrystal. It can be found that, for
low excitation power, the relative height of this central peak scales as Q2/Q1, where Q2
is the radiative quantum efficiency of bi-exciton and Q1 the radiative quantum efficiency
of exciton [57]. This point has been demonstrated in section II.2.3.

The width of the peaks in the autocorrelation function g(2)(τ) corresponds to the life-
time of the nanocrystal. After each laser pulse, the photons are typically emitted within
the lifetime duration. In our set of data, the photoluminescence decay curve presents two
components τf = 2.5 ns and τs = 40 ns (Figure III.7), hence the width of the peaks in
g(2)(τ) extends between two and three points, considering a binning of 40 ns.

b) Analysis of the height of the g(2)(τ) function

From Figure III.6b, we can calculate the average photon rate of C = 2.4 × 103 counts/s
registered in both photodiodes, approximately. The average number of photo-events
registered during the whole acquisition time Tacq raises up to

Etotal = C × Tacq,

which corresponds mainly to photons emitted by the nanocrystal after excitation pulses
and then collected. The number of diode laser pulses lunched during the whole measure-
ment was

Npulses = Tacq
τrep

, (III.1)

where τrep is the time interval between excitation pulses (τrep = 400 ns). Therefore, we
can express Etotal as

Etotal = C ×Npulses × τrep,

and Epulse is the average number of collected photons per pulse and per photodiode. In
the Hanbury Brown-Twiss set-up, we use a 50:50 beamsplitter,
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Fig. III.9 Construction of the second-order autocorrelation function from
photo-events.

Epulse = C × τrep
2 . (III.2)

We can now estimate the number of cross-correlation events which are represented
by the second order autocorrelation function g(2)(τ). We consider that each pulse gives
Ej photo-events. In figure III.9 we represent the Dirac function peaks as a function of
time. We define that the total number of peaks during the acquisition time is Npulses with
Ej a photo-event registered. The construction of the first peak (non zero-delay peak) of
the second-order autocorrelation function (named as N1

g2), it will be composed of the
multiplication of all photo-events which are distant one cycle of repetition rate

N1
g2 = E1E2 + E2E3 + E3E4 + ...+ Ej−1Ej .

as we represent in red arrows in Figure III.9. The total of neighbors at a distance of 1
peaks is N − 1. The corresponding autocorrelation peak has the height of

N1
g2 = E2

pulse(Npulse − 1).

We consider here that ∀j, Ej = Epulse.

Similarly, the second peak of g(2)(τ) will be composed of all photo-events distant in
two cycles of repetition rate

N2
g2 = E1E3 + E2E4 + ...+ Ej−2Ej .

as we have represented as blue arrows in Figure III.9. The total of neighbors at a distance
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of 2 peaks is N − 2 and the height of the second peak will be E2
pulse(Npulse − 2).

We can perform the same demonstration up to a distance of N neighbors. Therefore,
for the j − eme peak in the autocorrelation function, we will obtain N j

g2 peaks of height
E2
pulse(Npulse − j). From a practical point of view Npulse ≈ 109 pulses, we never plot all

the g(2)(τ) correlation peaks. We restrict to display the first peaks (10 - 50 peaks with
50 « Npulse) of the autocorrelation function. We will start by analyzing the first peak.
Thus, the first peak will raise accordingly to the probability of register an event in this
photodiode.

N1
g2 = E2

pulse ×Npulse,

replacing (III.2),

N1
g2 =

C2 × τ2
rep ×Npulse

4 ,

we can replace Npulse using (III.1), we obtain

N1
g2 = C2 × τrep × Tacq

4 . (III.3)

The expression (III.3) represents the cross-correlation probability from the first peak. We
can note that the height will dependent of the photon count rate C and the integration
time Tacq. In such manner, extended integration times will be beneficial for the statistics
of the autocorrelation function. In our example we have found C = 2.4 × 103 counts/s,
τrep = 400 ns, Tacq = 392.703 s. Therefore, the number of values composed in the first
peak of g(2)(τ) (after the zero-delay peak) will raised up to N1

g2 = 226. This value is com-
parable with the experimental peak shown in Figure III.8 taking into account the area
under the curve. As the peaks are not Dirac functions, it is distributed along nanoseconds
channels. More precisely, on the Figure III.8 with a binning of 40 ns, the first peak has
a total area of 331. The second peak has a total area of 296. The third peak has a total
area of 297.

We finally discuss the relative height of each peak (apart from the zero-delay). Given
the fact that emission and therefore detection of photons follows a Poisson law distribu-
tion (decorrelated independent events), if the area under the curve of the peak is N , the
noise is given by

√
N . Therefore, the relative area under the peak can fluctuate close

to each other as the value of
√
N . For instance, when N = 1 × 103, the relative fluc-

tuation
√
N
N represents 1/30 ≈ 3 % of the height. In the case when N = 1 × 102 the

relative fluctuation will increase to 10 % and for a case of poor statistics N = 1 × 101,
the fluctuations will raise up to 30 %. In this case N ∼ 200 which means that the noise
is in the order of

√
N
N = 7 %, which is a good order of magnitude with experimental results.
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c) Binning time of g(2)(τ)

We name binning time the small period of time used for calculating the histogram of
g(2)(τ) function or, in another words, the time interval between points in the curve. The
binning of g(2)(τ) function can be modified as it is required by the experimental condi-
tions. In the case when the number of photo-events registered is too small, the increase of
binning time is helpful because it will increase the number of events in each channel and
therefore increase the signal to noise ratio. On the other hand, reducing binning gives
a better temporal resolution with the cost of less cross-correlation counts per binning
channel and more relative noise 2.

Figure III.10 shows the same second order autocorrelation function g(2)(τ) presented
before, but now we have plotted with different time binning, from 1 ns to 25 ns (Figure
III.10a-f). We have also included the corresponding photoluminescence decay curve in
Figure III.10g. From all the curves representing g(2)(τ) functions, we can see whatever
the binning time is, we keep the signature of single-photon emission. In all the graphs, we
can observe lower counts at the zero-delay peak (g(2)(τ = 0)) with respect to lateral peaks.

From Figure III.10a-f we can also note the systematic increase of the lateral peaks
when the binning time increases. In fact, this increase depends on the number of events
for each channel. If we use a short binning, we will have a huge quantity of channels and
consequently less events per channel. For instance, if we assume that the width of the
autocorrelation peak follows 2T1, where T1 is the lifetime of the nanocrystal (T1 = 40
ns). The number of channels is then 2T1

τbin
. In the graph plotted with τbin = 1 ns (III.10a),

it has 80 channels within the peak. In the case of τbin = 25 ns (III.10f), there are only
3 channels, approximately, and much more events per channel. Of course, when we cal-
culate the area under the curve, the number of events remains the same whatever the
binning.

III.5 Time resolution and instrument response function

As commented before in section III.4.2, the resolution of the TCSPC card is not the
element limiting the temporal resolution of the overall system. In order to resolve the
fast decay rates of patch nanoantennas or multiexcitonic emission, we have to consider
the three principal devices used for any time-resolve fluorescence measurement (excitation
source, photodetection device and processing system). In order to determine the overall
instrument response of the optical set-up, we carried out a series of experimental tests
with the following components:

1. TCSPC system. A PicoHarp 300 card with 4 ps in time resolution from PicoQuant.

2The time binning can be reduced as lower as the time resolution of the TCSPC system. However, the
precision of coincidence in g(2)(τ) function will be limited by the time resolution of the photodiodes. We
use MPD photodiodes with a time resolution of 250 ps. It means that, reducing the binning lower than
250 ps has not physical meaning.
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c.      d.

e.       f.

a.      b.

Fig. III.10 a-f) Set of second order autocorrelation functions g(2)(τ) plotted
with different time binning from 1 ns to 25 ns. g) Photoluminescence decay
curve.
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2. Source of excitation. A PDL 800-D unit driver with a picosecond laser diode head
(LDH-D-C-405) emitting at 405 nm from PicoQuant.

3. Photon counting detector. A solid-state detector with an active area of 100 µm
manufactured by Micro Photon Devices (MPD).

III.5.1 TCSPC system

The time resolution of the TCSPC system can be reduced until 4 ps. That means, the
number of vertical bars shown in Figure III.7 can be as short as 4 ps. However, the
TCSPC system is configured in mode T3 where a maximum of 4096 time-channels are
available for each decay curve. With this constrain when setting 4 ps as time resolution
we will record only the first 16 ns of the decay rate curve, which is a clear limitation
for studying fluorescence of semiconductor nanocrystals whose typical lifetime extend to
some tens of nanoseconds. In order to have a good sampling in time resolution from the
TCSPC system, we have used 32 ps and 64 ps which extend the decay curve to 131 and
262 ns, respectively.

III.5.2 Laser source and detection

One of the most relevant components employed for time-resolved photoluminescence emis-
sion is the excitation light source. The duration of the laser pulse in the excitation can
limit the time resolution of the complete experimental set-up. We used a diode laser
which send narrow optical pulses between 70 − 500 ps depending of the level in power
adjustment, according to PicoQuant (http://ridl.cfd.rit.edu/products/manuals/
PicoQuant/laser%20head%20specification.htm).

In order to study how the lasing threshold of the diode laser can influence the mea-
surements of fast decay curves, we have performed intensity measurements with different
excitation currents at a fixed repetition rate 2.5 MHz (400 ns period time). In the TCSPC
card, we have used 64 ps as time resolution. Then, we plot with a binning of 64 ps the
intensity versus time.

The Figure III.11 shows the superposition of all laser pulses for different excitation
currents. From the Figure III.11 we can observe the continuous reduction of pulse width
in accordance with the increase of excitation current. The shortest linewidth of the pulse
is achieved for an excitation current of I = 3.1 in the scale of potentiometer. The duration
of the pulse reaches the minimum value of 256 ps (Full Width at Half Maximum) and re-
mains constant for the larger values from I = 3.1 to I = 4.0. It means that, for I >> 3.1,
the laser is any more in the luminescence regime and has reached the lasing regime above
threshold, corresponding to the smallest width. On the contrary, for I = 2.57, the laser
is at threshold and the pulse width can be as long as 570 ps.

For the coming experiments we will employ the laser in the lasing regime (I >> 3.1)
to improve the time resolution of the set-up.

http://ridl.cfd.rit.edu/products/manuals/PicoQuant/laser%20head%20specification.htm
http://ridl.cfd.rit.edu/products/manuals/PicoQuant/laser%20head%20specification.htm
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Fig. III.11 Response of the blue diode laser for different values of excitation
power. Time binning of 64 ps.

III.6 Experimental set-up for reflectivity measurements on single
nanoantenna

In addition to studies of single quantum dots, we have performed specular reflectivity
measurements on single patch nanoantennas. Reflectivity measurements is a technique
widely used to identify absorption properties in metallic nanostructures. It consists in
illuminating (with a broadband emission source) the nanostructure to quantitatively es-
timate the light reflected with respect to a specific reference. In this section, we will
describe the experimental set-up used to perform such measurements with a single patch
nanoantenna or another individual nanostructure.

III.6.1 Illumination source

In order to perform reflectivity measurements, it is required to use a wide-spectrum source
of light such as halogen lamp. This source of illumination covers an extensive spectral
range including wavelengths from 350 to 800 nm, as it is shown in Figure III.12.

In the experimental set-up described in section III.3, the spatial filter (pinhole 100
µm) placed at the conjugated image plane of the sample improves the signal to noise ratio
during the scanning of individual nanocrystals. For reflectivity measurements in single
nanostructures, the same spatial filter will allow to collect exclusively the light coming
from an area of 1 µm on the sample (the magnitude of the optical objective is 100× )
and block all the light outside of this region. For this reason, before performing reflectiv-
ity measurements on single nanostructures, the precise alignment of the pinhole with a
diffraction-limited point-like emitter (QD) is required.
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Fig. III.12 Emission spectra of the halogen lamp.

Our reflectivity technique starts by placing the nanoantenna inside the laser scanning
area of 15×15 µm. Then, we perform a fluorescence scanning image with the laser at 405
nm to identify the metallic nano-disk along the sample. The use of fluorescence imaging
helps to distinguish the Au disk around another materials around the antenna. Later on,
we performed a second scanning image of some micrometers around the patch in order to
increase the position precision of the nanostructure.

Figure III.13a shows a fluorescence scanning image of a single patch of 945 nm diam-
eter. In the image we have traced a circumference of 1 µm indicating the extension of the
Au nano-disk. From the same Figure III.13a we can observe fluorescence spots resulting
from the dotted pattern surrounding the nanostructure (intermixing layer which will be
discussed in Chapter IV). We also note a bright spot close to the border of the nano-disk
which represent some dielectric residue remaining after lift-off processing. Figure III.13b
shows the corresponding SEM image of the same nano-disk in the orientation presented in
Figure III.13a. From both images we can correlate the bright fluorescence spot of Figure
III.13a with the opaque residue dots observed in Figure III.13b. The correlation of images
confirms the position of the patch.

III.6.2 Differential Reflectivity Spectroscopy (DRS)

Once the patch nanoantenna is identified and placed at the position of the laser spot,
we illuminate the structure with the halogen lamp (non-polarized light). Before that,
we turn off the photodiodes to avoid saturation. In Figure III.14 shows the complete
experimental set-up used for reflectivity measurements on single nanoantennas. The white
light is reflected by a 50:50 beam slitter then is focused by the 0.80 NA objective. In the
spectrophotometer, we select an acquisition time for which the CCD camera doesn’t
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Fig. III.13 a) Laser fluorescence scanning image of a single passive nanoantenna
excited with a blue laser emitting at 405 nm. b) Scanning electron image of the
same nanostructure.

overload. We register the spectra reflected in two positions: 1) the position with the
patch antenna that we will name RAnt, and 2) the position some micrometers far away of
the antenna labelled as Rref , as it is shown in Figure III.15a. We define the differential
reflectivity spectroscopy (DRS) as:

DRS = ∆RAnt
Rref

= RAnt −Rref
Rref

, (III.4)

with RAnt corresponding to the spectra reflected by the patch structure and RRef corre-
sponding to the spectra on the gold surface that includes the dielectric layer. Differential
reflectivity is a parameter that quantify the relative absorption of the Au nano-disk with
respect the gold substrate including dielectric layers.

Figure III.15b shows the differential reflectivity of the passive antenna shown in Fig-
ure III.13. From the curve in Figure III.15b we observe a dip around 500 nm. At this
wavelength the structure absorbed more than 20% of the incident light with respect to
the flat Au substrate including PMMA layer.

III.6.3 Differential Reflectivity on passive nanoantennas

We have performed additional measurements of differential reflectivity spectroscopy of
the 4×4 matrix shown on Figure III.16. All the passive antennas were fabricated using
the same in-situ lithography protocol with a blue diode laser and 0.80 NA optical objective.

In Figure III.17a we show the differential reflectivity spectroscopy of seven patches
from the same 4×4 matrix. We can observe that all the curves are characterized by a pre-
dominant absorption dip around 500 nm. At this wavelength the light is highly absorbed
by the nanostructures reaching almost an efficiency of 50 % for some of them (Ant 4, Ant
9 and Ant 10).
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Fig. III.14 Experimental set-up used to perform specular reflectivity measure-
ments in a single patch antenna. We have used an halogen lamp as illumination
source with non-polarized light.
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Fig. III.15 Description of the differential reflectivity spectroscopy for a single
patch antenna.
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Fig. III.16 Optical dark-field image of passive antennas subjected to reflectivity
measurements. Scale bar 5 µm.

The quantity of light absorbed by the nanostructure (or value in DRS scale) is not
the same for all the patches. It can vary approximately from 0.3 to 0.5 as it is observed in
Figure III.17a. In Figure III.17b we plot the wavelengths for which the minimum values
in DRS scale is obtained from each antenna. The error bars on the graphs represent the
standard deviation of five consecutive measurements with same experimental conditions.
From the Figure III.17b we can observe that the shortest wavelength corresponding to
Antenna 9 is associated with the maximum absorption of light.

Fig. III.17 a) Differential reflectivity curves of seven passive nano antennas be-
longing to the 4×4 matrix of Figure IV.33b. b) Maximum absorption wavelength
of the reflectivity curves shown in a). The error bars in the graphs represent the
standard deviation of five consecutive measurements with same experimental
conditions.
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Fig. III.18 Scanning electron image of a passive nanoantenna (Ant 9). We have
estimated the effective diameter by enclosing with a yellow round trace most of
the area represented by the nano-disk. We have calculated an effective diameter
of deff= 827 nm.

III.6.4 Effective diameter

The results shown in Figure III.17 suggest that there are some differences in morphological
properties of the patch nanoantennas which may produce different maximum absorption
dip. In order to examine the morphological properties of each passive antennas, we have
characterized the nanostructures by Scanning Electron Microscopy. In Figure III.18 we
show the scanning electron image corresponding to the Ant 9 previously discussed. From
the image we can note that the disk is surrounded by an opaque dotted pattern. This
pattern corresponds to the intermixing layer after lift-off processing. The opaque contrast
in the SEM image confirms the presence of non-conductive materials.

In the same Figure III.18, we can note that the nano-disk is not perfectly circular.
The patch has a slight asymmetry and the edge is discontinuous. Therefore we define an
effective diameter (deff ) in order to not take into account asymmetries and defects of the
nanostructures. We have employed the following method:

From the scanning electron image, we have traced a yellow round enclosing most of
the area represented by the patch, as it is showed in Figure III.18. We define as deff the
diameter of this disk.

We can extract the effective diameter of the Ant 9 displayed in Figure III.18. The
effective diameter of Ant 9 corresponds to deff= 827 nm. We have calculated the effec-
tive diameter of the rest of the passive elements subject to reflectivity analysis. In Figure
III.19a we show the scanning electron image of the complete 4×4 matrix. Figure III.19b
shows the effective diameters of the seven passive antennas.

In Figure III.19b we can observe that most of the passive antennas hold effective di-
ameters around 940 nm. The smallest antenna is Ant 9 which has an effective diameter of
deff= 827 nm. We can conclude then that the shortest absorption wavelength observed
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Fig. III.19 a) Scanning electron imaging of an array of 4×4 of passive antennas.
b) Estimation of the effective diameter of the antennas subject to reflectivity
analysis.

in reflectivity measurements is associated to the smallest nanostructure Ant 9.

The results on Figure III.19b showed that some passive nanoantennas exhibit similar
effective diameter but substantial difference in absorption properties (DRS value). This is
the case of Ant 2 and Ant 4, exhibiting respectively 30 % and 50 % of maximum values of
DRS. In the same Figure III.19b, we have included insets on the graph showing the elec-
tronic images of Ant 2 and Ant 4. This shows that the effective diameter is probably not
the main parameter which governs absorption. These results suggest the influence of oth-
ers features such as defects on the edges which may induce hot spots and more absorption.

III.6.5 System of multiple thin layers

In a first approximation, we can reconstruct the differential reflectivity by treating the
patch antenna as a system of multiple thin layers which produce multiple-beam inter-
ference. Figure III.20a shows numerical calculations of the reflectance in three different
configurations: 1) bare Au substrate, 2) Au + 40 nm PMMA and 3) Au + 40 nm PMMA
+ 20 nm Au. The numerical results are computed with non-polarized light and normal
incident illumination. Figure III.20b shows the reflectance for a second configuration with
a thicker intermediate dielectric layer (60 nm PMMA). The differential reflectivity spec-
troscopy (DRS) for both systems is calculated according to (III.4) and plotted in Figure
III.20c.

From the Figure III.20c we can note that both graphs reproduce quite well the exper-
imental results showed in Figure III.20d. We observe a dip around 500 nm with values
in differential reflectivity of DRS = −0.3 and DRS = −0.8 for 40 nm and 60 nm, re-
spectively. By comparing both curves we can observe that the increase of the thickness
in the dielectric layer modifies the amplitude of the maximum absorption dip but not
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a.  c.
Theoretical results

Experimental results
b.          d.

Fig. III.20 Normal reflectivity of a) Au + 40 nm PMMA + 20 nm Au, b) Au
+ 60 nm PMMA + 20 nm Au, c) Differential reflectivity spectroscopy for 40 nm
and 60 nm of PMMA, d) Experimental results.

the wavelength position. At this point, we will turn our discussion towards two main
questions: 1) why we have observed a dip at λ = 500 nm and 2) how can we explain such
a difference between 40 and 60 nm thickness layer.

By comparing Figures III.20a and c, we can note that the position of the maximum
absorption dip corresponds actually to the wavelength for which the gold becomes more
absorbing. The absorption of gold changes quickly within the interval 500 < λ < 550 nm.
In Figure III.20a we can observe that, for λ < 500 nm, the absorption of gold is quite flat.
Similar response is observed for λ > 550 nm where the variation of absorption is quite
smooth. Thus, the appearance of the dip around λ = 500 nm corresponds mainly to this
abruptly change in the absorption properties of the gold material.

If we now consider the reflectance curves of Figure III.20a, we can note that the ab-
sorption with 40 nm of PMMA layer is larger than bare gold. Similar characteristic is
observed in Figure III.20b with 60 nm thickness layer. Then, when the 20 nm-Au layer is
added to both systems, the absorption of the system with 60 nm of PMMA is larger than
40 nm. The differential reflectivity spectroscopy (DRS) estimates the relative difference
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between the orange and the yellow curves. Thus, it is clear that this difference will be
more important for small values in reflectance. For instance, at 500 nm the relative differ-
ence reaches ∆RAnt = 0.08 in the system with 40 nm of PMMA, whereas ∆RAnt = 0.23
for the structure with 60 nm.

In Figure III.21 we show the intensity distribution of the electric field for both systems
using the commercial software "film wizard". The upper image represents the system with
40 nm PMMA layer and the bottom the corresponding 60 nm PMMA. In both images
we can see that the amplitude of the electric field is maximum for a wavelength close to
500 nm on the side of the 20 nm-Au layer. It means that, the maximum absorption dip
observed experimentally in Figure III.20d is associated with the maximum amplitude of
the electric field inside the metallic layer. Furthermore, we can also observe that this
amplitude is more important for the system with 60 nm PMMA than for the one with 40
nm PMMA. Therefore, the absorption is larger and the dip is deeper in Figure III.20c for
60 nm than for 40 nm PMMA layer.

In this section we have discussed the reflectivity properties of a single passive nanoan-
tenna with an effective diameter of 945 nm. The numerical simulations of this section have
been convenient to describe the main features in the reflectivity curve of the nanoantenna.
Nevertheless, this approach assumes patch systems with infinite dielectric and metallic
thin layers. The approach doesn’t take into account neither the finite size of the nano
disk and the morphological shape.

III.7 Conclusion

In this section we have presented the different experimental set-up employed during this
thesis. The use of the photoluminescence set-up has allowed to performed spectroscopy
analysis of individual nanoemitters, patch nanoantennas and materials employed for the
in-situ lithography protocol. We have discussed the principal components involved in the
spectral resolution of the apparatus and discussed the linewidth emission of the sources
employed in photoluminescence experiments.

We have described how to retrieve the decay rate curve and the second-order auto-
correlation function g(2)(τ) from the row-data table registered by the TCSPC system for
time-resolved fluorescence measurements. We have emphasized the role of binning time
to represent photon-statistics in g(2)(τ) function.

We have obtained the time resolution of the overall experimental set-up by performing
systematic experiments from the excitation source to the electrical ports. We have estab-
lished the time resolution (or instrument response function) of our overall experimental
set-up to 116 ps when the TCSPC cards is configured with 32 ps in timing resolution and
the diode laser operates above the lasing threshold (I > 3.10). The time resolution is
limited by the pulse width of the excitation diode laser.
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a.

b.

Fig. III.21 Distribution of electric field inside the patch system for a) 40 nm
thickness and b) 60 nm.

We have described the experimental set-up used to perform reflectivity measurements
on single nanoantennas. We have featured the importance of a proper source of illumina-
tion. We have defined the differential reflectivity spectroscopy which gives the absorption
losses of the metallic nano-disk with respect to a given reference. We have found theo-
retically the strong dependence of the differential reflectivity to the dielectric gap of the
nanostructure.

We have studied passive nanoantennas in terms of differential reflectivity spectroscopy
(DRS). We have found that, within an array of 4×4 passive nanoantennas fabricated with
exactly similar parameters, the shape, effective diameter and wavelength of maximum ab-
sorption can be different between each structure. Additionally, we have found that some
patches are not completely symmetric and present some morphological defects which may
induce hot spots in the scattering emission of light, evidenced by dark-field microscopy.



Chapter IV
Fabrication methods

IV.1 Introduction

In this chapter we will discuss mainly the fabrication methods used to fabricate deter-
ministic antennas. All the nanostructures studied in this thesis were fabricated with the
in-situ optical protocol which is based on the deterministic positioning of the nanocrystal
at the middle of a single plasmonic patch antenna.

Among the several fabrication technologies currently used to realize plasmonic micro-
and nano- structures, we can distinguish two of them: 1) photo-lithography with an opti-
cal laser beam (photons) and, 2) e-beam lithography where a tiny electron beam interacts
with the layers of the sample. We can successively classify them in two types depending
of the modifications produced in the sample. The low interaction processes the case for
which the photons or electrons only modify the chemical properties of the material. For
conventional photo-lithography the pattern is created in a photo-resist layer. Similarly,
for e-beam lithography, the electron beam insulates a resist layer. If the interaction is now
conducted in relatively high power in such a way that there exist inherently destruction
on the sample to obtain the desired pattern, we can refer as Direct Laser Writing when
the radiation is composed by photons and Focus Ion Beam when electron are employed
in carving the target material.

In direct laser writing, the optical radiation heats, melts and evaporates the mate-
rial. This mechanism is highly dependent of several parameters, such as incident power,
time of exposure, wavelength of the radiation, absorption properties of the materials and
substrate. This thermal process plays a key role for our in-situ lithography protocol. In
that sense, it is very different from conventional photo-lithography protocols for which
the photo-resist is solely exposed without removal of material.

Several techniques have been developed in the team of Nanostructures and Optics to
fabricate plasmonic patch antennas, the first trials have been done by Cherif Belacel with
a photoresist as an imaging resist for writing a pattern above the nanocrystal. Because
the self-luminescence of the photoresist, single nanocrystal could not be observed below
this imaging layer and only patch antennas with aggregates of nanocrystal were obtained.

65
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Therefore, during the thesis of Cherif Belacel and Amit Raj Dhawan the photoresist layer
has been replaced by non-luminescent layer (PMMA).

In 2013 Cherif Belacel [58] proposed the use of a diode laser emitting at 405 nm to
perforate a hole on the top of PMMA layer showing the possibility to control the hole
diameter from 0.50 µm to 1.36 µm by defocusing or modifying the radiation time. In
spite of enormous efforts to use this source of light for the fabrication of antennas with
a single nanoemitter, during the exposure process the high intensity laser photobleachs
the single nanocrystal. This difficulty has been overcome during the thesis of Amit Raj
Dhawan by proposing three different techniques to drill a hole in a deterministic manner
without damaging the single nanocrystal. One of those techniques is based on the use of
a high power supercontinuum laser which emission wavelengths can be adjusted carefully
to expose the resist without photobleaching the nanocrystal.

In this chapter we will present the progress of the in-situ lithography protocol espe-
cially in the last step named "lift-off". Lift-off processing is the final stage in a sequence
of nano- and micro- fabrication where all materials surrounding the nanostructure of in-
terest are removed by means of chemical attacking or another procedures. For instance,
throughout the course of this thesis, we have carried out an exhaustive study to optimize
and strengthen the in-situ protocol for the fabrication of patch nanoantennas with a single
nanocrystal.

In most of the lithography techniques for micro- and nano-fabrication, the find out of
exposure parameters, such as time and optical intensity, are the most relevant quantities
in the initial step of fabrication. These parameters also determine the resolution limit of
the lithographic technique by defining shape and sizes of the future nanostructures.

IV.2 In-situ lithography protocol

We will start by introducing to the reader the procedure for depositing thin films. We
have used a spin coater Karl Suss in static dispense. It means that, we firstly drop the
fluid over the surface before starting the spinning of the plate holding the sample. All
the thin films for in-situ protocol have been deposited by this method. We describe the
general procedure for the preparation of the sample.

IV.2.1 Preparation of the sample

In a commercial silicon wafer we have deposited 5 nm-Cr followed by 200 nm-Au by
thermal evaporation. The thin layer of chromium is included as an adhesion layer to stick
the evaporated gold with the silicon wafer. We have then cleaned the gold surface with
acetone and we have spin-coated the films as follows:

1. Deposit of first PMMA layer. We spin-coated a solution of PMMA with a concen-
tration of 0.75 % using 4000 rpm (spin speed), 2000 rpm/s (acceleration) during 45
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Fig. IV.1 Procedure of thin film deposition for in-situ protocol. The combina-
tion of LOR3A layer with the third PMMA layer is called resist bi-layer.

s (time) in the spin-coater. This procedure gives around 15 nm thickness. We have
baked the layer at 150 oC during 2 min.

2. Deposit of second PMMA layer. We spin-coated the second dielectric layer with
solution of similar concentration (0.75 % PMMA) and spin-coating parameters (4000
rpm, 2000 rpm/s and 45 s). The layer gives additional 15 nm in thickness. We have
baked the layer at 150 oC during 2 min 1.

3. Deposit of lift-off resist LOR3A layer by spin coating. We spin-coated the resist
LOR3A using 7000 rpm, 2000 rpm/s during 45 s. These parameters provide a
thickness of 330 nm. We have baked the layer at 150 oC during 2 min 2.

4. Deposit of third PMMA layer. We finish the preparation of the sample with the
deposition of a PMMA layer with a concentration of 0.5 % using 4000 rpm, 2000
rpm/s during 45 s. These parameters provide a thickness of 10 nm. We baked the
layer at 150 oC during 2 min. The combination of LOR3A layer with the third
PMMA layer is called resist bi-layer. The thickness of LOR3A layer should be at
least three times larger than the thickness of the upper layer. Most of the interaction
between laser light for drilling a hole occurs between these layers.

The whole procedure of thin film deposition is illustrated in Figure IV.1.

IV.2.2 In-situ optical protocol

Once the sample is coated with the resist bi-layer, we proceed with the fabrication of the
nano-disk by in-situ lithography protocol. The different steps are illustrated in Figure
IV.2.

1. Hole making . It corresponds to the process when the radiation laser creates the
aperture in the resist bi-layer. From former studies [58], we know that the radiation

1In the final protocol with active antenna, we spin-coating nanocrystals before the second PMMA
layer. Here we have skipped this step.

2In section IV.7.4 we will discuss more in detail the influence of baking the lift-off resist layer.
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laser can not make a hole in a simple PMMA layer. Indeed, the dielectric PMMA
layer is transparent for all the visible wavelengths (low absorption). On the contrary,
the laser can drill easily a hole on the LOR3A layer. The radiation laser is absorbed
by the LOR3A layer. When a very thin PMMA layer is covering a LOR3A layer,
the high temperature of the LOR3A layer heats the PMMA layer until evaporation
and makes a hole. We will concentrate our discussion on two sources of light: 1)
blue diode laser emitting at 405 nm to fabricate passive patch antennas or antennas
with clusters of nanocrystals and 2) Supercontinuum laser used for antennas with
single nanoemitters.

2. Development of lift-off resist LOR3A . Development is the process in which the
developer MF-319 dissolves LOR3A layer by chemical reaction removing the remain-
ing lift-off resist on the center of the hole and creating an undercut with the upper
dielectric layer. The development should be conducted with extreme precision in
order to avoid the dissolution of too much LOR3A layer causing the collapsing of
the upper PMMA layer (overdevelopment).

3. Au patch deposition . The deposition of the 20 nm-Au layer is performed by ther-
mal vapor deposition.

4. Lift-off processing . It corresponds to the removal of all the materials above and
surrounding the nano-disk (lift-off resist LOR3A and evaporated Au layer attached
to the upper dielectric layer).

IV.3 Tracking of a single hole
As mentioned before, the optimization of the lithographic parameters implies the aware-
ness of the modification of each dielectric and metallic layer along the in-situ protocol.
We have conducted a systematic study by atomic force microscope (AFM) to analyze the
modifications of the stack of layers in the development and lift-off processes. We have
studied the influence of the developer MF-319 in the in-situ optical lithography for the
fabrication of patch antennas.

This section contains the results in AFM and fluorescence imaging when a blue diode
laser (405 nm) is used as source of radiation to make holes in the resist bi-layer. In Ap-
pendix A we present the results for similar study when the in-situ protocol is performed
by the super continuum laser. The aim of both studies is to follow one single hole (future
antenna) along the complete protocol in order to observe and analyze the modifications
during development and liftoff stages.

IV.3.1 Laser exposure

After the preparation of the stack of layers described in IV.2.1. We have created a 3× 3
matrix on the resist bi-layer using the blue diode laser pumped at maximum intensity in
continuous mode (5.42 mW average optical power). We have exposed the sample during
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Fig. IV.2 Schematic representation of the in-situ lithography protocol.

2 seconds.

Figure IV.3 presents the topographic characteristics in atomic force microscopy of one
hole of the matrix. From the image, we can observe how the diode laser has evaporated
the resist bi-layer and created a well-defined circular hole. The lateral profile of the Figure
IV.3a indicates a diameter of 1.17 µm on the top of the sample (upper PMMA layer) and
a smaller diameter of 600 nm. The line profile of Figure IV.3a shows a pretty flat zone in
the center of the hole, which suggests that the laser has reached a flat surface.

Figure IV.3b depicts the line traces around the hole. By averaging out all the traces
we have found a depth of 190 nm. We would have expected a hole height between 300-350
nm which correspond to the sum of the upper PMMA and the LOR layer (320 nm LOR3A
+ 15 nm PMMA). In topographic image we observe that the height barely reaches 200
nm, much less than the total thickness expected from resist bi-layer. Several hypothesis
can be considered. In the first hypothesis the power of the laser beam is not sufficient to
obtain higher depth to drill a hole (due to scattering). Another hypothesis is based on
the fact that the lower part of the LOR3A layer is mixed with PMMA layer which dimin-
ish the absorption properties and make it more difficult to drill. Therefore, there exist
the possibility that the laser exposure has stopped in the lift-off resist layer (LOR3A) or
intermediate layers, not at the very bottom.
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1.17 um

600 nm
192 nm

Fig. IV.3 Atomic Force Microscope image of one hole created with the blue
diode laser during 2 seconds of exposure time. a) Diameter in PMMA layer, b)
Average profile depths of the hole.

IV.3.2 Development of lift-off resist LOR3A

We carried out the development by immersing the sample first in pure developer MF-319
during 5 seconds and introducing it immediately after in a bath of deionized water. Dur-
ing both baths the sample was held upside down and firmly shaken. The AFM image of
the hole after development is shown in Figure IV.4.

In the topographic images of the same hole before and after development, we clearly
observe the expansion of the hole on the top of the sample. The profile trace shown in
Figure IV.4a indicates the diameter of the initial hole (1.18 µm). In the same Figure
IV.4a, we can also observe the presence of a “nano-hill” exactly at the center of the hole.
This nano-hill will be further discussed in section IV.5.

From image IV.4a, we can also distinguish the appearance of a transition zone between
the initial diameter and the outer edge. This ring-shape pattern has around 900 nm width
and a thickness of 20 nm, as it is shown in Figure IV.4b. In Figure IV.4c we present the
profile trace of the outer diameter. We can observe that the hole has expanded from 1.18
µm to 2.07 µm, twice the initial size. In Figure IV.4d we show the transition from the
ring-shape pattern to the top of the sample. It reaches approximately an height of 170 nm.

Previously, before development process, the total depth of the hole had reached 192
nm. Now, by observing Figures IV.4b and IV.4d, we can note that both depths raise to
a value of 190 nm. With the finding of the initial thickness of the hole, and the fact that
the developer MF-319 doesn’t attack the polymer PMMA, we can conclude that the laser
beam has perforated a hole in the upper PMMA layer stopping in the intermediate layer
of LOR3A.

From the previous analysis we can assume now that the center nano-hill is actually
composed of the same PMMA/LOR mixture dielectric layer. In Figure IV.4e we show
the physical extensions, 320 nm in diameter and 12 nm in height. Because its precise
position at the center of the hole, we can conclude that the nano-hill is created by the
interaction of the stack of layers with the center of the gaussian beam laser during ex-
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Fig. IV.4 Atomic Force Microscope image of one hole after 5 seconds of de-
velopment with pure developer MF-319. a) Traces of the initial hole, b) Profile
height from the initial hole to the the ring-shape pattern, c) Traces of the com-
plete hole, d) Profile height from the ring-shape pattern to the top PMMA layer,
e) Traces of the center hill and f) Profile average height.

posure at maximum intensity, which makes it more resistant to the attack of development.

IV.3.3 Thermal deposition of Au film

Following the in-situ protocol, we carried out the deposition of 20 nm-Au layer. In the
fabrication of patch antennas, all gold layers were deposited by Physical Vapour Deposi-
tion technique (PVD). This technique deposits the material by transforming the target
material from bulk-state to vapour by Joule effect. Figure IV.5 shows the general prin-
ciple of such technique. The target material contained in a filament boat starts heating
by passing a high current through it. The heating of the material is conducted via Joule
effect that raises the temperature above the equilibrium point of the pressure chamber.
The evaporated atoms travel from the filament boat to the surface of the sample where
they finally condensate. The growth of the thin films is monitored by a quartz crys-
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Fig. IV.5 Schematic representation of thermal evaporation system. Figure
adapted from [59].

Fig. IV.6 a) Topographic AFM imaging of 100 nm Au deposited on a substrate
of silicium.

tal microbalance whose frequency of oscillation resonance changes proportionally to the
thickness of the deposited layer.

We used a thermal evaporator machine PVD-4E from VINCI technologies. The typ-
ical parameters for thermal depositions are 2.5 × 10−6 mBar of pressure in the vacuum
chamber and 2.55 Å/s in deposition speed rate. As an example of the quality of the
metallic microfilms fabricated with this machine, in Figure IV.6 we show a topographic
AFM image of 100 nm-Au layer deposited over a Si substrate. From the Figure IV.6a we
can observe that the film is densely nanostructured by nanoparticles which diameter (or
grain-binning) reaches around 50 nm. In Figure IV.6b, we show the topographic trace
line displaying the variation in height (peaks and valleys) on the surface. The root mean
square roughness (Rq) of this film extends to 1.1 nm.
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Fig. IV.7 Atomic Force Microscope image of the same hole after 20 nm-Au
deposition and lift-off processing during 50 seconds. a) Traces of the outer diam-
eter, b) Average profile height of the top layer, c) Traces of the initial diameter
and d) Profile average height with ring-shape pattern.

The quality of the gold films deposited by PVD depends on many experimental con-
ditions during vapour deposition. For instance, the vacuum pressure, the speed rate
deposition and the supporting substrate are some of them. In a recent experimental pa-
per describing simple rules to improve the quality of most of the metallic microfilms [60],
it was emphasized the use of high deposition rates to decrease roughness in metallic thin
films.

IV.3.4 Lift-off processing

We have continued with the lift-off processing of the sample. We have immersed the sam-
ple in pure MF-319 developer during 50 s. We finally washed the sample with deionized
water. The AFM image of the same initial hole is shown in Figure IV.7.

From Figure IV.7a, we can observe the uniform expansion of the hole until 7.2 µm.
This signature is a clear indication that the developer MF-319 has entered thorough the
undercut of the resist bi-layer and it has dissolved the lift-off resist LOR3A approximately
2.5 µm around the previous hole. From the Figure IV.7a, we can note that the dissolution
of the resist was isotropic but not completely homogeneous. From the topographic image
we can see some hills and valleys between the limits of 2 µm and 7.2 µm hole.

Figure IV.7b estimates the outer height with respect to the top of the sample. The
average of the lines indicates a difference in height of 165 nm. The difference of 5 nm with
respect to the outer height found in development step (height of 170 nm in Figure IV.4d),
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Fig. IV.8 Atomic Force Microscope image of the same hole after 20 nm-Au
deposition and lift-off processing during 50 seconds. a) Traces in the develop
diameter, b) Profile average height with outer layer, c) Zoomed AFM image
inside the development disk showing the nano-disk and d) Profile average height
with upper layer.

could be attributed to the irregularities due to the hills and valleys mentioned before.
We can compare the features of this transition obtained before and after deposition. In
the case of Figure IV.4d, the 170 nm step is obtained for 201 nm horizontal variation,
whereas in Figure IV.7b, similar height is obtained for 917 nm. Therefore it shows that
the deposition of gold and eventual lift-off has smoothed the step.

In Figure IV.7c, we note that the size of the inner diameter corresponds to the initial
hole (1.2 µm). From the image IV.7c, we can still observe the presence of the center
nano-hill discussed in the previous stage. This suggest that the deposition of the 20 nm-
Au patch has followed the topography of the surface and the lift-off processing has not
affected the ring-shape pattern and the nano-hill. In Figure IV.7d, we show the height
of the ring-shape pattern. The average of the profile lines estimates a height of 15 nm in
thickness.

Figure IV.8a shows the AFM image but now by considering the nano-disk created in
the previous development process. We should remind that the final size of the nano-disk
is actually delimited by development process. Thus, the patch has a diameter of 2.0 µm
according to the line traced in Figure IV.8a. Figure IV.8b shows the average height profile
with the outer layer. From the profile height we can observe that the 2 µm diameter patch
is circled by an abruptly outline of possibly residues of lift-off resist with 25 nm height.

In order to observe the fine details of the nano-disk, we have carried out a second
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Fig. IV.9 Over-development scenario where the upper dielectric layer has felt
inside the hole. a) Schematic representation after development and thermal Au
deposition. b) Scanning electron image. SEM image adapted from [61]

topographic image zooming the center part. In Figure IV.8c we present the amplified
topographic image where we can clearly distinguish the ring-shape pattern with radial
cracks and the center nano-hill previously discussed. Inside the 2 µm diameter circle,
we can observe the ring with radial cracks. We presume these cracks are contained in-
side the dielectric material which has been shielded during the metal deposition process.
Therefore, we believe that it corresponds to the thin layer of PMMA. During develop-
ment process, as the time of development has been too large (over-development), the
lower LOR3A layer has remained and the upper PMMA layer has felt inside the hole. So,
during the evaporation process both materials have been recovered by the gold layer.

In Figure IV.9 we show the case of an over-development antenna. When the devel-
opment time is too large, the upper PMMA layer fall and collapse inside the hole and
then, during thermal evaporation, the thin metallic layer is deposited in the continuous
dielectric layer.

From the nanometric analysis in topographic images presented above, we have evi-
denced the different modifications in the stack of layers during the in-situ lithography
protocol. We have observed that the initial hole of 1.2 µm in diameter has been expanded
to 2.0 µm after development process. We have also observed the appearance of a dielectric
ring-pattern with 20 nm in thickness (Figure IV.4b).

In order to discard the over-development case, we have performed the same AFM to-
pographic analysis in a second sample reducing the development time in order to identify
the origin of the ring-shape pattern and optimize the lithographic parameters for future
fabrications.
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Fig. IV.10 Schematic representation of the sample prepared for In-situ protocol.

IV.4 Optimization of the whole process by adjusting development
and lift-off processing times

The previous sample has allowed the identification of critical situations during develop-
ment and lift-off processing. In the following section, we will present a second sample
where we will use shorter development time for avoiding over-development and collapsing
of the upper layer.

IV.4.1 Preparation of the sample
We have prepared a second sample replacing only the first dielectric layer as it is shown
in the Figure A.6. The deposition of all the remaining layers was performed as follows:

1. Deposit of silicon dioxide. We deposited 15 nm of silicon dioxide by thermal vapor
deposition. This layer plays the same role as the previous PMMA layer.

2. Deposit of PMMA layer. We spin-coated 0.75% of PMMA with 4000 rpm (spin
speed), 2000 rpm/s (acceleration) during 45 s. This concentration gives a layer of
around 15 nm thickness. We baked the layer at 1500C during 2 min.

3. Deposit of lift-off resist layer. We spin-coated LOR3A using 4000 rpm/s, 2000 rpm/s
during 45 s. These parameters provide a thickness of 330 nm thickness. We baked
the sample 150 0C during 2 min 3.

4. Deposit of PMMA layer. We have successively spin-coated a solution of PMMA
with 0.5% concentration. We have used the same parameters as the LOR3A layer:
4000 rpm/s, 2000 rpm/s and 45 s. The thickness of the thin dielectric layer reaches
10 nm. We have baked the layer at 150 0C during 2 min.

IV.4.2 Laser exposure
For the creation of holes, we have used the same parameters of intensity and exposure
time than the previous sample (diode laser 5.4 mW in continuous mode and 2 seconds

3In section IV.7.4 we will discuss more in detail the influence of baking the lift-off resist layer.
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Fig. IV.11 Atomic Force Microscope image of one hole created with the blue
diode laser during 2 seconds of exposure time. a) Diameter in PMMA layer, b)
Diameter in lift-off resist LOR3A, c) Traces of the center hill and d) Traces of
the hill height

exposure time). The topographic AFM image of the initial hole is shown in Figure IV.11

From the Figure IV.11a we can observe that the hole diameter on the upper PMMA
layer reaches about 1.3 µm. Meanwhile, at the bottom of the hole, the diameter reduces
to 680 nm (Figure IV.11b). In Figure IV.11c, we show the average height of the hole (234
nm in total height). These characteristics of the hole are very similar with respect to
the previous sample, suggesting a good reproducibility during the exposure step. Figure
IV.11d shows a single profile trace from the center of the hole to the top PMMA layer.
We clearly note two-steps slopes between the top of the sample and the bottom of the
hole. The first step comes up to the first 130 nm height. The second step reaches the
remaining 100 nm. This two-steps slope may be due to the partial falling of the PMMA
layer at the edge of the hole not sustained any more by the LOR3A layer beneath, which
makes the first 130 nm step more thicker.

In Figure IV.12a, we show the profile trace at the center of the hole. We can identify
the “center hill” observed also in the previous sample. In this case, the “center hill” has
a diameter of 345 nm and a height of 20 nm. Because the symmetric characteristic of
the hill and the well-defined ring surrounding it, we can certainly assure that this sub-
wavelength structure is created during the high intensity exposure of the blue laser with
the intermediate PMMA layer.



78 Chapter IV. Fabrication methods

20 nm
345 nm

Fig. IV.12 Atomic Force Microscope image of one hole created with the blue
diode laser during 2 seconds of exposure time. a) Traces in the outer edge and
b) One trace to show the two-steps height.

IV.4.3 Development of lift-off resist LOR3A

We have continued then with the development process of the lift-off resist. Based on pre-
vious results attained with the first sample, we have now reduced the development time
between 3 and 4 seconds using pure developer MF-319. The results in AFM microscopy
are shown in Figure IV.13.

Figure IV.13a shows the uniform expansion of the hole from 1.3 µm to 1.8 µm. This

60 nm

Fig. IV.13 Atomic Force Microscope image of one hole after development pro-
cess with developer MF-319 between 3-4 seconds. a) Single trace of the complete
hole, b) Average of traces around the edge to estimate the height and c) Single
trace with the diameter of the initial size hole in LOR3A (680 nm).
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expansion has to be compared with results of Figure IV.4 after development. In the first
sample, the hole has increased from 1.18 µm to 2.07 µm (75 %). Here, the enlargement
of the hole from 1.3 µm to 1.8 µm corresponds nearly 38 % of the initial size. Figure
IV.13b depicts, by traces around the hole, the average depth of 235 nm, close to the initial
height. Once again, the depth of the second sample is not very different from the depth
reached in the first sample (190 nm). Here we can verify that the depth doesn’t reach
the full thickness of the LOR3A layer which is supposed to be 330 nm, approximately.
Either the LOR3A layer is thinner than expected, or we have at the bottom of the layer
a mixing of PMMA/LOR which make it more resistant to development.

In Figure IV.13c, we show a line trace crossing the center of the hole. From the image
we can distinguish again a dielectric nano-hill with 330 nm in diameter and 24 nm height.
The Figure IV.13c also shows the creation of a thick donut-shape around the nano-hill.
We use the blue laser beam which is absorbed by the LOR3A layer producing a heating
of the local area. This heating melts the thin upper PMMA layer and creates a hole. The
maximum of energy and maximum of heating are both at the center of the laser beam. In
the bottom of the LOR3A layer, assuming we have a mixing between PMMA and LOR
layer, the absorption of light and consequently the hole making are more difficult. We
have heated only the material in the bottom layer, specially at the center of the beam,
which makes LOR3A layer more resistant to the developer MF-319. Therefore, we have a
nano-hill in the center. When we compare this nano-hill with the one obtained in IV.4f,
we can notice that the height is larger here. Indeed, the development time in the second
sample is shorter than before, which let less time for attacking the nano-hill. In both
cases, the lower diameter of the nano-hill is comparable (300 nm).

The Figure IV.13c also shows the creation of a thick donut-shape around the nano-hill.
We will discuss now the origin of this pattern. As the development time in this second
sample was shorter, we suppose it was not sufficient time to remove all residues remaining
close to the nano-hill. Note that, for the first sample with a larger development time,
this donut-pattern and residues were not observed. It means that, the heating of LOR3A
tends to solidify the film (become denser) and the solvent MF-319 needs more time to
dissolve the material.

In the analysis of the AFM images, we cannot assure the presence (or absence) of the
undercut in the resist bi-layer. The undercut is localized beneath the upper PMMA and
the LOR3A resist and therefore can not be seen by AFM microscopy. The expansion of
the hole directly depends on the capacity of the solvent MF-319 to dissolve the volume
of LOR3A layer. The undercut opens the way to lift-off processing.

IV.4.4 Gold deposition and lift-off processing

Continuing with the protocol we carried out the deposition of the 20 nm-Au film. Then,
we have performed lift-off processing submerging the inverted sample in the developer
MF-319 during 120 seconds (double time with respect to the previous sample). The AFM
image is shown in Figure IV.14.
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Fig. IV.14 Atomic Force Microscope image of the same hole after 20 nm-Au
deposition and lift-off processing during 120 seconds. a)Traces in the outer di-
ameter, b) Average height of outer layer, c) Traces in the develop diameter and
d) Average height with upper layer.

From the IV.14a, we can observe the homogeneous expansion of the hole from 1.8 µm
to 6.8 µm. Figure IV.14b shows the average height from the top layer to the center. This
height of 234 nm is similar to the total height found after development (Figure IV.13).
The image also shows the moderate slope between the top and bottom layer due to the
continuous film of gold.

If we compare the expansion of the hole after lift-off processing for both samples, the
first from 2.1 µm to 7.2 µm and the second from 1.8 µm to 6.8 µm, we can realize that
both expansions are quite comparable, even thought the second sample was immersed for
the double of time. This unexpected situation suggests that, during the lift-off processing,
the upper PMMA layer not sustained by the LOR3A layer has spread in the bottom of the
hole. Therefore, it has blocked the entrance of the MF319 solvent and stopped the lift-off.

Figure IV.15 compares the topographic AFM images before and after gold deposition
and lift-off processing. We can observe that, after 120 seconds of lift-off processing, both
the dielectric nano-hill and the residual donut-shape motifs are still present after the
deposition of 20 nm-Au film. Nevertheless, as far as the donut-shape is concerned, we
can clearly note that the outer part of the donut-shape has been dissolved during lift-off
processing.

By observing the lower part of Figure IV.15b, we can identify some dark slashes ra-
dially aligned to the center of the hole. In Figure IV.16, we show a profile line between
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330 nm

nano-hill

radial slash pattern

Fig. IV.15 Atomic Force Microscope image a) After development stage, b) After
20 nm-Au deposition and liftoff (120 s). The trace was extended to the initial
hole diameter in the bottom of the lift-off resist LOR3A (680 nm).

20 nm

Fig. IV.16 Atomic Force Microscope image after gold deposition (20 nm) and
liftoff (120 s). c) Single trace with the difference in height from the deep dark
ring to the layer containing the slash pattern.

the center of the hole and the radial slash pattern to estimate the thickness. From the
difference in height we can calculate a thickness of 20 nm corresponding to the thickness
of the intermediate PMMA layer. This characteristic pattern has been detected in the
previous sample after development (see Figure IV.4) and after lift-off (see Figure IV.8a
and d). For the second sample, we have observed it just after lift-off. As well in the second
case, on the contrary to the first one, we didn’t observe those slashes after development,
which may be due to the fact that the development time was shorter.

The lift-off process in both samples have demonstrated that the expected undercut
was created in the resist bi-layer. The expansion of the hole during the lift-off processing
was a sign that the undercut was achieved. The success of the lift-off shows that, as long
the upper PMMA has not felt inside the hole and blocked the entrance to MF-319, the
lift-off remains efficient.
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IV.4.5 Drilling the resist bi-layer

After the tracking of one hole during the complete In-situ lithography protocol, we have
found that the long exposure time of the blue laser creates the hole in the resist bi-layer.
We have found similar results in the exposure with the super continuum laser (Appendix
A).

In optical lithography, there is always a trade off between time and intensity power
during exposure of the resist bi-layer. We can drill a hole at least in two different ap-
proaches based on the control of the main parameters, power and time. The first approach
is based in the reduction of the optical power and the increase in exposure time. The
second approach consists in increasing the laser power and reducing the exposure time.
In the present thesis we have performed both approaches in order to control the drilling
of the hole and to avoid damage of intermediate dielectric layers.

IV.5 In-situ optical lithography: dielectric nano-hill

In this section, we will reduce the optical power of the blue laser and increase the ex-
posure time to perforate the resist bi-layer. The aim of this fabrication is to identify
the minimum time for which the laser traverse solely the resist bi-layer without affecting
intermediate dielectric layers.

IV.5.1 Preparation of the sample

We cleaned the surface of a glass coverslip with acetone and isopropanol. We then put the
sample in ozone plasma cleaner during 30 min to remove contamination. Once we have
attained the maximum cleanliness of the glass surface, we proceeded to the deposition of
the dielectric thin-films as follows:

1. Deposit of quantum dots. We start by depositing single nanocrystals over the bare
coverslip with a suitable dilution rate. The reason for including quantum dots was
to observe the fluorescence emission of the nanocrystals through the ocular of the
microscope and determine a reference plane when performing the drilling of hole
during the protocol.

2. Deposit of first PMMA layer. We covered the nanocrystals with a solution of PMMA
with 0.75% PMMA of concentration. This concentration gives around 25 nm thick-
ness when it is spin-coated at speed spin of 4000 rpm, acceleration 2000 rpm/s
during 45 s in the spin-coater.

3. Deposit of resist bi-layer (LOR3A + PMMA). We spin-coated first the lift-off resist
LOR3A using 4000 rpm in spin speed, 2000 rpm/s as acceleration and 45 s in time.
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Fig. IV.17 Schematic representation of the sample prepared for In-situ protocol.

We baked the layer at 150 oC during 2 min 4. We have then spin-coated with similar
parameters a solution of PMMA with 0.75% of concentration. These parameters
give a layer thickness of 330 nm and 25 nm for LOR3A and PMMA, respectively.
The combination of both layers is called resist bi-layer. Most of the interaction
between optical radiation and dielectric layers occurs on the top of these layers.

Figure IV.17 shows a schematic representation of dielectric layers on the sample and
shows the principle of operation used for in-situ technique. The blue diode laser is ab-
sorbed by the lift-off resist layer which heats the upper PMMA layer and creates a well-
defined circular holes on the top of the stack of layers. The drilling of holes was obtained
using the blue diode laser in continuous mode with an average power of 0.71 mW mea-
sured before the microscope.

IV.5.2 Laser exposure

We have consecutively created matrices with different exposure times keeping the same
focus plane on the nanocrystals. Figure IV.18a shows a color fluorescence reflection image
of the sample observed through the ocular. From the image, we can distinguish the array
of matrices surrounded by the red fluorescence background of the lift-off resist LOR3A.
The matrices are arranged accordingly to the exposure time, from 4 s until 15 s (right
to left). We can note the presence of a fluorescent ring around each hole. The higher
fluorescence is due to the modification of the LOR3A layer. It is a signature of hole

4In previous developments of the In-situ protocol, it was found the importance of baking the resist
bi-layer to avoid blending between resist and upper-layers. In section IV.7.4 we will discuss more in detail
the influence that baking bring to the dielectric bottom-layers.
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Fig. IV.18 a) Confocal fluorescence images after hole making with diode laser
using 0.71 mW and an optical objective of 0.95 NA. b) AFM imaging of the
matrices 3× 3 (6 s) and 4× 4 (9 s) as it is shown on the fluorescence image.

making. The first three matrices (4 s, 5 s and 6 s) don’t exhibit signatures of drilling
the resist bi-layer, since not fluorescence light is observed around the hole. For the rest
of the matrices, the fluorescence ring is present. In conclusion, the fluorescence image of
Figure IV.18a suggests that the time threshold to perforate a hole in the resist bi-layer
lays between 6 and 9 seconds.

In order to confirm the drilling of the resist bi-layer when observing through fluores-
cence imaging, we have carried out atomic force microscopy topographic imaging in the
matrices before and after the appearance of fluorescence ring around the hole. Figure
IV.18b shows AFM imaging of the 3 × 3 matrix with 6 s, while Figure IV.18c shows for
the 4× 4 matrix with 9 s of exposure time.

From Figure IV.18b we can observe the line profile of an individual hole of the matrix
3 × 3 (6 s). The penetration depth of the hole reaches 35 nm, close to the thickness of
the upper PMMA layer (25 nm). Meanwhile, the line profile of Figure IV.18c estimates a
penetration depth of nearly 250 nm for the matrix 4×4 (9 s). Because the total thickness
of the stack of layers reaches around 380 nm, 25 nm (0.75 % PMMA) + 330 nm (resist
LOR3A) + 25 nm (0.75 % PMMA), we can then conclude that the laser has created a
hole in the resist bi-layer and a portion of the lift-off resist LOR3A layer without drilling
the complete stack.

IV.5.3 Development of lift-off resist

We continue with the development process of the sample by immersing it in pure MF-319
during 5 s. Figure IV.19a shows the optical reflection dark-field image of the same sample
after development. From the image we can observe that, all the holes with 9 s of exposure
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Fig. IV.19 a) Reflection dark-field image after development in pure MF-319
during 5 s. b) Topographic AFM images of the 3×3 matrix exposed in 6 s. a)
Topographic AFM image of the 4×4 matrix exposed in 9 s. At the center of
the hole we observe a dielectric nano-hill with 100 nm thickness and 1.3 µm in
diameter.

time and longer times have all expanded homogeneously after development process. In
the case of the matrix with 8 s of exposure time, we can note that only three holes show
signatures of development. The exposure time of 8 s is close to the threshold of drilling a
hole in the resist bi-layer. For some other holes of the same 8 s matrix, the expansion has
not been observed, the holes are too small to let the MF-319 developer come inside. For
the matrices with lower exposure time, no signature of development is observed. These
results confirm our assumption that the low intensity radiation of the laser requires more
than 9 s to perforate a hole in the resist bi-layer which gives entrance to the developer
MF-319.

Figure IV.19b shows the AFM imaging of the 3× 3 matrix with 6 s. From the image,
we can observe that the height of the hole has not been affected after development. The
absence of a clear entrance in the resist bi-layer has prevented the developer to attack
the lift-off resist layer. On the other hand, on the Figure IV.19c corresponding to the
4× 4 matrix with a exposure time of 9 s, we can note the homogeneous expansion of the
holes to about 3.3 µm at the top layer. We can also note in the image, the presence of a
dielectric flat nano-hill of approximately 1.1 µm in diameter and 100 nm thickness at the
bottom of the initial hole.

So far, we have found the minimum exposure time to drill the upper resist bi-layer.
Nevertheless, the developer has not completely removed the lift-off resist inside the hole.
The appearance of a solid dielectric nano-hill in the center it seems to be very resistant
to the developer. These nano-hills are obtained for all the matrices with longer exposure
times. Because of their precise position in the center of the hole, we can assure that they
were created by chemical modifications of the materials induce by the 405 nm diode laser.
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Fig. IV.20 AFM image of the 4× 4 matrix (9 s of exposure time) after oxygen
plasma processing in a) 5 minutes and b) 10 minutes.

The lateral resist around the nano-hill, has not suffered such chemical modification and
it has been dissolved during the first development, as it is shown in the profile view of
Figure IV.19c.

IV.5.4 Photopolymerization of the resist bi-layer

The irradiation with the blue laser using low power has lead to the achieving of a di-
electric nano-hill after development. During the low power radiation, the lift-off resist
has experienced chemical modifications becoming more dense and solid. This process is
called photopolymerization. The results when exposing the resist bi-layer with the laser
during several seconds has turned out to polymerize the materials resulting in dielectric
nano-hills shown in Figure IV.19c.

We have proceed with a second development process using pure MF-319 during 5 s.
We have then performed a treatment by oxygen plasma cleaner at 30 W of RF power. In
Figure IV.20 we show topographic AFM images of the same matrix (4× 4 matrix with 9
s in exposure time) after 5 minutes and 10 minutes in oxygen plasma, respectively. From
the height profile in Figure IV.20a we can observed that the thickness of the nano-hill
remains around 107 nm respect to the flat lateral surface. These results confirm the mor-
phological characteristics of the nanostructure and demonstrate the high-resistance of the
material after 5 minutes in oxygen plasma.

In Figure IV.20b, we show the same dielectric nano-hill after additional 10 minutes in
oxygen plasma. We can observe that the diameter has been reduced to 760 nm (approxi-
mately the half of the initial size). Similarly changes have been observed in the thickness
of the nano-hill which has reduced to nearly 80 nm. We demonstrated that the use of
plasma oxygen cleaner opens up the possibility to control the diameter and thickness of
the dielectric nanostructures.
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Fig. IV.21 a) Optical brightfield image of dielectric nano-hills created during
15 s of exposure time. b) Scanning electron image of a single nano-hill belonged
to the same matrix. The structure has a diameter of 596 nm.

IV.5.5 Lift-off processing and characterization of nano-hills

We have proceed with the lift-off processing by immersing the sample into pure MF-319
during 10 min until dissolving the lift-off resist layer completely. We have characterized the
dielectric nanostructures by optical reflection imaging and scanning electron microscopy.
Figure IV.21a shows the reflection brightfield image of the 4×4 matrix obtained with the
longer exposure time (15 s) with the blue laser. Figure IV.21b displayed the SEM image
of one of these nano-hills. The diameter has extended to 596 nm.

We now consider the 3 × 3 matrix created with 8 s of exposure time. This matrix
corresponds to the shortest time for drilling holes according to the optical image shown
in Figure IV.19. We have just obtained 3 real holes over 9 in this matrix, as it is ob-
served from the image. In Figure IV.22a, we present the optical dark-field image of such
matrix after lift-off processing. From the optical image, we can observe the scattering of
a blueish light coming from the three dielectric nanostructures. Figure IV.22b shows the
scanning electron image of a nano-hill whose effective diameter extents to roughly 300 nm.

The 8 seconds used to expose the 3×3 matrix represents the threshold time in drilling
holes on the resist bi-layer. When we work in threshold conditions, we can expect different
results depending on the fluctuations in the optical laser or slight displacements of the
piezo-electric stage during the exposure time. In this 3×3 matrix, we have obtained only
three dielectric nano-hills of 300 nm width, as it was shown in Figure IV.22a. Nevertheless,
these nanostructures represent the smallest nano-hills fabricated by this optical technique.

We have used an optical objective with 0.95 NA. The size of the laser spot registered
by the CCD camera extends to approximately 460 nm, as it is shown in Figure IV.23. The
diameter of the spot is clearly larger than the smallest nano-hill of 300 nm presented in
Figure IV.22b. So, we can achieve dielectric nanostructures with sub-wavelength lateral
sizes by performing the optical protocol presented in this section.

In conclusion, performing optical lithography at low optical power is at the origin of
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Fig. IV.22 a) Optical dark-field image of dielectric nano-disks created during 8
s of exposure time. b) Scanning Electron Image of the middle nano-hill showing
a diameter around 300 nm.

Fig. IV.23 CCD reflection image of the spot diode laser (405 nm) using 100×
objective with 0.95 NA.

the appearance of sub-wavelengths nano-hills due to the interaction of ultra-violet light
with the resist layer. This technique opens up the possibility to fabricate resistant dielec-
tric nanostructures through photopolymerization of the materials.

The drawback of achieving a dielectric nano-hill at the center of the hole has led us
to adopt another approach for drilling a hole in the upper layers: using maximum opti-
cal intensity in shorter laps time. In the following section we will address this approach
emphasizing some modifications in the concentration of the developer MF-319 to achieve
a better control in development processing.

IV.6 In-situ optical lithography: Au nano-disks over glass sub-
strate

We have discussed how the in-situ protocol is based on a laser radiation process which is
able to heat, melt and evaporate material of the LOR3A layer and upper PMMA layer to
create a hole. In section IV.4.5, we have mentioned two different approaches of drilling a
hole. In the previous studies, we have conducted the first approach at low power radiation
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for long exposure time. We have found that the low radiation laser turns out to poly-
merize at the bottom the lift-off resist LOR3A and PMMA layers, creating high-resistant
dielectric nano-hills at the center of each hole. In this section, we will discuss the second
approach for which we will use high radiation laser in laps times below 1 s. We will use a
blue diode laser (405 nm) at maximum optical power in continuous mode (5.2 mW ). In
the second approach, the interaction between the radiation laser and the resist bi-layer is
reduced down to some milliseconds in order to avoid the damage of intermediate layers.

IV.6.1 Preparation of the sample
For the preparation of the glass substrate and the deposition of thin dielectric layers, we
have followed exactly the same procedure described in section IV.5.1.

IV.6.2 Laser exposure
In this fabrication, we performed hole making using two optical objectives 100× with dif-
ferent numerical aperture and features in chromatic compensation: 1) 0.95 NA Apochro-
matic (https://www.olympus-ims.com/en/microscope/mplapon/#!cms[tab]=$%$2Fmicroscope$%
$2Fmplapon$%$2F100x), and 2) 0.80 NA Semi-Apochromatic (https://www.olympus-ims.
com/en/microscope/lmplfln/#!cms[tab]=$%$2Fmicroscope$%$2Flmplfln$%$2F100x).
The exposure time was precisely controlled, ranging from 1 s to 3 ms in order to find the
threshold at which the laser drill the resist bi-layer. The intensity of the laser was fixed
at maximum in continuous mode operation, around 5.2 mW .

Figure IV.24a shows a confocal fluorescence image of matrices created with 0.95 NA
objective for different exposure times. From the image on Figure IV.24a, we can note
that every single hole is encircled with an intense fluorescent ring. This fluorescent ring is
the result of some photo-chemical reactions of the PMMA material after laser radiation.
The ring appears along all the holes independently of the exposure time. From the same
Figure IV.24a, we can clearly note the reduction of the fluorescent ring below 10 ms of
exposure time. This significant difference may have been due to the short interaction time
between the laser radiation with the resist bi-layer.

In Figure IV.24b we show the fluorescence profile of a single hole of the 3×3 matrix (20
ms exposure time). From the fluorescence profile, we can discuss three different points: 1)
the intense fluorescence ring around the hole, 2) the level of fluorescence background and
3) the reduction of fluorescence light at the center of the hole due to the partial removal
of resist bi-layer after laser radiation (hole fluorescence contrast). The hole fluorescence
contrast is observed in all the matrices exposed in times higher than 20 ms. However, for
the holes created in 3 ms, 5 ms and 10 ms, it becomes difficult to observe the fluorescence
contrast at the middle of the hole, even though the signature of the fluorescence ring is
noticeable by fluorescence imaging.

In order to confirm the effective hole making in the 10 ms matrix, we performed AFM
imaging as shown in the Figure IV.24c. The profile of the middle hole assures the partially

https://www.olympus-ims.com/en/microscope/mplapon/#!cms[tab]=$%$2Fmicroscope$%$2Fmplapon$%$2F100x
https://www.olympus-ims.com/en/microscope/mplapon/#!cms[tab]=$%$2Fmicroscope$%$2Fmplapon$%$2F100x
https://www.olympus-ims.com/en/microscope/lmplfln/#!cms[tab]=$%$2Fmicroscope$%$2Flmplfln$%$2F100x
https://www.olympus-ims.com/en/microscope/lmplfln/#!cms[tab]=$%$2Fmicroscope$%$2Flmplfln$%$2F100x
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Fig. IV.24 a) Fluorescence images after the exposure of the resist bi-layer with
the blue diode laser (5.2 mW optical power) with different exposures times using
an objective 100× and 0.95 NA. b) Topographic AFM image and profile of one
hole created with 10 ms.

removal of the resist bi-layer with a penetration depth of 295 nm, still some nanometers
distance from the total thickness of the resist bi-layer (355 nm). In the AFM topography
of the matrix, we can correlate the fluorescence ring with the small elevation surrounding
the hole, corresponding to the contraction of the upper PMMA layer after insulation.
The dimensions of this donut hill is about 20 nm higher with respect to the level of the
surface and 1.45 µm in diameter (see Figure IV.24c).

In conclusion, using fluorescence and topographic AFM images, we can estimate the
threshold time required by the diode laser. The threshold is of the order of 10 ms for a
continuous wave laser with average power of 5.2 mW. The energy necessary for drilling a
hole is then 5.2× 10−5 J. We can compare this with the energy required in the previous
fabrication. When using 0.71 mW of average power, we found a minimum exposure time
of 8 s. This corresponds to an energy nearly 5.2 × 10−3 J, two orders higher than the
energy required for low time case. Moreover, we can note that there is not a nano-hill in
the center for short irradiation at high power. The topographic image in IV.24c shows a
perfect gaussian profile along the hole when the second approach (high power illumination
and low exposure time) is performed. Therefore, for fabrication of patch antennas, higher
optical power and low time of exposure are preferred, as long as the illumination doesn’t
photobleach the nanoemitter.
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Fig. IV.25 a) Reflection image after development process (60 s using MF-319
diluted 1 : 3 with deionized water) of the holes created with 0.95 NA objective.
b) Topographic AFM image of the matrix exposed in 10 ms after development.

IV.6.3 Development of lift-off resist

We continue the development processing by immersing the sample during 60 seconds into
the developer MF-319 diluted with deionized water 1 : 3. It corresponds to 1 portion of
pure MF-319 with 2 portions of deionized water. Figure IV.25a shows a reflection image
of all matrices after development processing. From the image, we can observe that most
of the holes have expanded. The developer MF-319 has attacked efficiently the lift-off
resist LOR3A. From the same image, we can also identify that some of the holes were not
successfully developed. These cases correspond to the matrices with 3 ms and 5 ms.

At this point we should remind that we use a PDL 800-D laser driver that switches
on/off the blue diode laser by the slow gate port. The transition time of this port is around
1 ms, according to the technical specifications of the device (https://www.picoquant.
com/images/uploads/downloads/pdl800-d.pdf). The threshold time for drilling a hole
is very close to the control time of the electronics, so that the exact control of 1 ms re-
mains questionable. Thus, we can expect different conditions of exposure for the holes
belonging to the matrices 3 ms and 5 ms. In conclusion, from the reflection image of
Figure IV.25, we can establish the limit of exposure time to 10 ms when using 5.2 mW of
optical power.

Figure IV.25b displays the AFM image of the same matrix (10 ms) after development
process. The profile of the hole reveals an increase in the hole depth after development
of nearly 50 nm, reaching the total thickness of the resist bi-layer (330 nm lift-off resist
LOR3A + 25 nm 0.75% PMMA). However, the hole diameter appears quasi constant.
These results prove that the developer has selectively attacked LOR3A to the bottom of
the hole and it has not affected the upper PMMA layer.

We have observed that the use of MF-319 diluted with deionized water provides a
better control during development processing. Under this perspective, we can ensure that
the best conditions to develop the tiny holes for matrices with 5 ms and 3 ms are em-

https://www.picoquant.com/images/uploads/downloads/pdl800-d.pdf
https://www.picoquant.com/images/uploads/downloads/pdl800-d.pdf
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Fig. IV.26 a) Reflection image of nano-disks over glass substrate fabricated
with 0.95 NA objective b) Scanning electron micrograph of one Au nano-disk of
1.80 µm in diameter corresponding to the 3× 3 matrix 1 s.

ploying diluted MF-319 (diluted 1 : 3) in a more extended time (longer than 60 s, for
instance). For tiny holes, the developer MF-319 will require considerably longer time to
dissolve almost all the lift-off resist layer.

IV.6.4 Gold deposition and lift-off

We continue with the thermal vapour deposition, standard parameters in the vacuum
chamber: pressure 4×10−6 mBar, deposition rate 2.0 A/s. The thickness recorded by the
quartz crystal microbalance is 20.6 nm. We finally carried out the lift-off by shaking the
sample face down inside pure MF-319 during 15 minutes until we observed the separation
of the continuous film of gold from the glass substrate floating on the developer surface.

IV.6.5 Gold nanodisks

In Figure IV.26a, we show the reflection image of the Au nano-disks fabricated with 0.95
NA objective. From the image, we can observe the efficient lift-off processing where only
two nano-disks were lost during the procedure. The image also shows the different sizes
of the nanostructures respect to the time of exposure.

We characterize the Au nano-disks by Scanning Electron Microscopy (SEM). Figure
IV.26b shows the image corresponding to the largest disk with 1 s in exposure time. From
the SEM image of the nanodisk, we can distinguish at the center the granularity of the
20 nm thin film layer of gold. The dielectric PMMA layer that hold the nanostructure is
discernible by the gray contrast on the background. The dark stripe observed on the left-
side of the nano-disk corresponds to charging effects due to the scanning electron beam.
These charging effects are easily observable when metallic nanostructures are supported
in dielectric materials, which corresponds to our case. The nano-disks are deposited over
PMMA in glass substrate, as it is shown in the inset of Figure IV.26a.
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Fig. IV.27 a) Reflection image of nano-disks over glass substrate fabricated with
0.80 NA objective b) SEM image of one Au nano-disk of 876 nm in diameter
corresponding to the 4× 4 matrix 20 ms.

We have also characterized the Au nano-disks fabricated with 0.80 NA Semi-Apochromatic
objective. In Figure IV.27a, we show the corresponding optical reflection image of the
nanostructures. By comparing the results after lift-off processing for both optical objec-
tives, we can distinguish several features in common. In both cases, the matrices exposed
within 3 ms and 5 ms have gone away during lift-off processing. One of the most proba-
ble reasons is the occurrence of sub-development for such tiny holes obtained with short
times of exposure. The tiny holes don’t let the solvent MF-319 go inside the hole during
development. In sub-developments, there is not a clear undercut below the upper PMMA
layer. So that, during gold evaporation a continuous metallic film is deposited. By per-
forming a long lift-off processing, the continuous metallic film including the gold patch,
both are removed at the same time. Figure IV.27b shows the scanning electron image of
one Au nano-disk of the 4× 4 matrix exposed during 20 ms with 0.80 NA objective.

If we now compare the rate of lift-off success for the matrices with the longest exposure
times (1 s), we can note that the performance of the 0.95 NA Apochromatic objective
seems to be better than the one with 0.80 NA Semi-Apochromatic objective. In the case
of 0.95 NA objective (Figure IV.26), 8/9 nano-disks remain in the 3×3 matrix. Mean-
while, in the case of 0.80 NA objective (Figure IV.27), 3/16 nano-disks have survived
after lift-off processing.

Finally, for matrices corresponding to exposure times from 20 ms to 100 ms, we can
observe the totality of the metallic nanostructures for both optical objectives. We can
conclude that these parameters are the optimal ones in terms of laser exposure and de-
velopment processing to fabricate nano-disks over glass substrate with a blue diode laser
at high power and short exposure times.

The interaction between the low PMMA layer with the Au thin film is crucial to firmly
maintain the Au nano-disk after lift-off processing. We have conducted a large amount
of experimental studies to obtain a clean and efficient lift-off process. From most of our
experimental results, we have realized that, beside the appropriate undercut below upper
PMMA layer, the strong bonding interaction between the lower PMMA and the thin
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a. b.

Fig. IV.28 a) Scanning electron microscope imagining of a single nano-disk with
an effective diameter of 708 nm fabricated during 10 ms of exposure time with
0.80 NA objective. b) Trace of the effective diameter for each exposure time in
both objectives.

Au patch deposited by thermal evaporation are crucial parameters for the success of the
lift-off processing.

In Figure IV.28a, we show the smallest Au nano-disk obtained in this sample. The
nano-disk belongs to the 3× 3 matrix (10 ms of exposure time) using 0.80 NA objective.
We have estimated its diameter by enclosing the area revealed by the SEM image and
compare it with the area of an equivalent perfectly circular disk with the same area. The
nano-disk has an effective diameter of 708 nm. This diameters is actually close to the
spot size of the blue diode laser using 0.80 NA objective (≈ 540 nm, approximately).
Figure IV.29 shows the fluorescence scanning image of a single nanoemitter with 0.80
NA and 0.95 NA objectives. We have estimated the effective diameter for the rest of the
nano-disks obtained with both optical objectives. We have calculate the mean average for
each exposure time and the we have plotted in Figure IV.28b. Figure IV.28b summarizes
the effective diameter per exposure time. The errorbars indicate the standard deviation
for each matrix.

According to our experimental results shown in Figure IV.28b, the Apochromatic
objective 0.95 NA can achieve systematically larger nano-disks by only modifying the
exposure time. On the other hand, the 0.80 NA Semi-Apochromatic objective remains
within nano-disks of 1 µm, approximately.

The experimental results shown in Figure IV.28b are evidently opposed to the results
predicted by the diffraction theory of light. The size of the laser spot scales as ≈ λ

2NA ,
with NA the numerical aperture of the objective. In Figure IV.29a and b, we show two
scanning fluorescence images of a single nanoemitter using 0.80 NA and 0.95 NA ob-
jectives, respectively. From the scanning images we can clearly compare the size of the
laser spots. The smaller laser spot is achieved with the 0.95 NA objective (≈ 420 nm).
Thus, the smallest nanostructure fabricated in this section is notably inverse with the
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Fig. IV.29 Scanning fluorescence image of a single nanoemitter using the blue
diode laser 405 nm with a) 0.80 NA Semi-Apochromatic objective and b) 0.95
NA Apochromatic objective.

theoretical prediction. We are not able to explain such contradictory results. We can
not exclude that the numerical aperture of the objective is not the key parameter. Other
parameters as the ageing of the LOR3A or PMMA solution may be for example as crucial.

So far, we have modified the parameters of the in-situ optical lithography protocol to
improve the development and lift-off processing for nano-disk deposited over glass sub-
strate. We will now apply this improvements to the protocol for the fabrication of patch
antennas.

IV.7 In-situ optical lithography: passive patch nanoantennas

The patch antennas structure consists in a single Au nano-disk separated by a nanometric
dielectric spacer from a gold substrate. The gold substrate has a thickness of 200 nm Au.
This layer is optically opaque so the transmittance is null and almost all the visible light
is reflected. In the case of the blue laser emitting at 405 nm, the reflectance is nearly
40%. In the case of a glass substrate the reflection is much lower since the glass coverslip
and the PMMA are transparent to the visible light. For instance, in an air-glass interface
the Fresnel reflection coefficient in intensity is only 0.04 (for each interface) at normal
incidence. In the case of a gold substrate, making a hole in the resist bi-layer will be
affected by the incident and reflected light from the Au mirror.

In order to find lithographic parameters now adapted to gold substrate, we have fabri-
cated passive nanoantennas using the blue diode laser at maximum power with exposure
time in the order of milliseconds.
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IV.7.1 Preparation of the sample
We will start by describing the characteristics of the thin film layers deposited in this
fabrication. In a commercial silicon wafer we have deposited 5 nm-Cr followed by 200
nm-Au by thermal evaporation. The thin layer of chromium is included as adhesion layer
to stick the evaporated gold with the silicon wafer. Once the wafer is prepared we have
proceeded with the same cleanliness procedure by flowing acetone and isopropanol during
spin-coating. Finally, we have introduced the sample in a ozone plasma cleaner during 30
min to remove some micro residues of dust. We have spin-coated the following thin films:

1. Deposit of first PMMA layer. The first dielectric layer prevents the nanocystals from
the direct contact with the gold layer avoiding quenching of fluorescence emission.
We have spin-coated 0.5% PMMA which provides a thickness of 10 nm. After
deposition, the thin layer is baked during two minutes at 150 oC in a heater plate.
The baking of PMMA layer aims to solidify the material becoming more dense and
resistant. The parameters for spin-coating was: 4000 rpm, 2000 rpm/s during 45 s
(dispense 60 µL).

2. Deposit of nanocrystals. We have dispersed fluorescent nanoemitters with a suit-
able dilution rate to distinguish them individually. The purpose of including single
nanoemitters in the sample is based on the fact that, after the fabrication of the
stack of layers, the position of the focal plane at the different levels of the stack
may be difficult to differentiate through the ocular of the microscope. The use of
point-like fluorescent sources will help to precisely identify the relative focal plane
on the stack and perform in-situ lithography. In this set of experiment, we do not
make holes above the nanocrystal.

3. Deposit of second PMMA layer. This layer provides the second half of the gap
between both metallic layers. In this fabrication we have used 0.75 % of PMMA
that gives 25 nm thickness. The velocity, acceleration and laps time for spin-coating
were: 4000 rpm, 2000 rpm/s and 45 s, respectively. We have baked the layer at 150
oC during 2 minutes.

4. Deposit of resist bi-layer. We have deposited first lift-off resist LOR3A and then
0.75 % PMMA using 4000 rpm, 2000 rpm/s and 45 s both. These parameters give
a thickness of 330 nm of lift-off resist LOR3A and 25 nm in dielectric PMMA. We
have baked each layer at 1500C during 2 min 5.

Figure IV.30 shows the steps of thin film deposition for the fabrication of the stack of
layers. For in-situ lithography, we have used the 405 nm diode laser at maximum optical
power (5.20 mW) in continuous operation mode. We have drilled matrices with different
exposure times ranging from 1 s to 10 ms with 0.80 NA and 0.95 NA optical objectives.

IV.7.2 Development time
In a first set of fabrication, we have developed the sample in two steps using MF-319
developer diluted 1:3 with deionized water. In the first development, we used 2 minutes.

5In section IV.7.4 we will discuss more in detail the influence of baking the lift-off resist layer.
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Fig. IV.30 Preparation of the sample for in-situ lithography on gold substrate.

After placing the sample in the fluorescence microscope, we have still observed fluores-
cence light at the center of the holes which indicates the presence of lift-off resist still
inside. We then proceed with the second development for 1 minute more. After Au de-
position and lift-off processing, most of the nano-disks went away except those fabricated
with longer exposure times (1 s) with 0.95 NA objective. These results lead to the con-
clusion that there was not a proper undercut in the holes except for those corresponding
to long exposure time. Figure IV.31a. shows one passive nanoantenna obtained in this
set of fabrication.

We have then continued the development of a second sample but we have reduced
the dilution of the developer to 1:2 (1 volume of pure MF-319 + 1 volume of deionized
water). We have also reduced the time of development to only 20 seconds. After similar
procedures in thermal gold deposition and lift-off processing, we have achieved several
matrices of passive nanoantennas. The increase in the concentration of the MF-319 de-
veloper has been beneficial to the development processing and consequently to lift-off.
Figure IV.31b,c shows 16 passive nanoantennas fabricated with these lithographic pa-
rameters and 0.80 NA objective. This illustrates the importance of a proper development
process. If it is too short, the undercut is not made, the Au patch forms a continuous
layer with the surrounding film, which inhibits the lift-off. On the other hand, if it is too
long, the undercut is too large. The upper PMMA layer falls which leads to a continuous
gold film after deposition, inhibiting also a proper lift-off.

In Chapter III we have discussed the passive nanoantennas fabricated in this section
in terms of reflectivity analysis. In the present section, we will concentrate our discussion
on the improvements of the protocol until the fabrication of nanoantennas with a single
nanocrystal. So far, the realization of passive antennas has helped to find adequate litho-
graphic parameters adapted to the configuration of patch nanoantennas.
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b.

Fig. IV.31 a) Scanning electron microscope imagining of a passive patch
nanoantenna with 945 nm of diameter fabricated with the diode laser using
0.95 NA objective. b) Scanning electron microscope imagining of 16 passive
patch nanoantennas fabricated with the diode laser using 0.80 NA objective. c)
Optical dark-field image of b).

IV.7.3 Intermixing layer

From the scanning electron images of both Figures IV.31a and b, we can observe a dotted
pattern surrounding the passive nanoantennas. The opaque spots distributed homoge-
neously along the surface may correspond to different composition of dielectric materials
on the surface. Figure IV.31c shows the corresponding optical dark-field image of the 16
passive nanoantennas. The dotted pattern observed by electron imaging is also observed
by dark-field microscopy as small bright spots along the surface. From precedent studies,
we know that MF-319 developer dissolves exclusively lift-off resist LOR3A and that it
doesn’t attack dielectric PMMA layer.

If at some point, there is some intermixing of PMMA and LOR3A, the lift-off will be
less efficient. This final surface will be not completely homogeneous leading to a dotted
pattern as well in SEM or in dark-field optical imaging.

The question is now why we have observed a dotted pattern covering all the surface
of the sample when it was expected to find the homogeneous PMMA dielectric layer?
The findings shown by electron imaging take us to perform the following experiment. We
prepared a test sample, we first spin-coated a PMMA layer. We baked it. Then we spin-
coated a layer of LOR3A without baking it. After lift-off processing using pure MF-319
we examined the sample by optical dark-field microscopy. We didn’t observe any dotted
pattern. We then conclude that the dotted pattern appears when the resist LOR3A is
baked by the heater plate. Probably, even thought the lower PMMA has already been
baked before spinning LOR3A layer, the procedure of baking the later LOR3A layer may
induce some intermix between PMMA-LOR layers.
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IV.7.4 Influence of no baking resist bi-layer

Initially, during the first development of the protocol established by Cherif Belacel [58], it
was proposed to bake the lift-off resist LOR3A in order to avoid the intermix of LOR3A
with the last third PMMA layer when they are both deposited by spin-coating. This
procedure was adopted for the protocol developed by Amit Raj Dhawan during his PhD
thesis [26].

Several micro- and nano- fabrication procedures recommended by MicroChem using
lift-off resist LOR3A are based on baking the resist layer in order to enable a precise and re-
producible control in undercut profile (http://microchem.com/pdf/PMGI-Resists-data-sheetV-rhcedit-102206.
pdf). However, those procedures don’t consider the influence of baking the neighboring
layers. In the fabrication of patch antenna, the lift-off resist LOR3A is coated over di-
electric intermediates layers (thin films of PMMA). We have found that, after baking the
lift-off resist by means of a heater plate, the intermediate PMMA layer and lift-off resist
LOR3A are mixed at some point. The heating creates an intermixing layer that we can
distinguish as a dotted pattern along the complete sample. These findings have conducted
to stop heating the lift-off resist layer (LOR3A) and the upper PMMA layer for future
fabrications in order to prevent damage of the dielectric lower PMMA layer.

One consequence of no baking LOR3A layer will be the quicker dissolution during the
development process. Since the heating of the resist layer tends to solidify the material
(become denser and resistant), by stopping the baking process, it is very likely that the
developer MF-319 will attack more quickly the lift-off resist increasing the possibility to
over-development. We should then reduce the development time keeping the same con-
centration 1 : 2 of the MF-319 in order to achieve a suitable undercut.

IV.7.5 Differences in Au nano-disks

a) Structural properties

The quality of the metallic nanodisk depends on the different experimental conditions
during the thermal deposition process and also on the substrate that holds the nanos-
tructures. For instance, after thermal deposition of 20 nm-Au thin layer used for patch
antennas, we have observed different structural properties of the metallic layer when it
is deposited over 200 nm-Au thick substrate or conventional glass coverslips. In both
substrates we have spin-coated a thin intermediate PMMA layer. The image IV.32 shows
passive patch antennas fabricated with the in-situ optical protocol in two different sub-
strates: 1) over a conventional glass coverslip + 25 nm PMMA (Figure IV.32a) and, 2)
Au gold substrate + 35 nm PMMA (Figure IV.32b).

From the scanning electron images IV.32 we can see the size of grains forming both
nano-disks. We can observe that the disk deposited on glass substrate is formed of non-
regular clusters which are slightly separated. The layer is deposited just below the perco-
lation threshold. On the other hand, the nano-disk deposited over Au substrate is much
smoother. The quality of the nano-disk is notably better in terms of grain binning. These

http://microchem.com/pdf/PMGI-Resists-data-sheetV-rhcedit-102206.pdf
http://microchem.com/pdf/PMGI-Resists-data-sheetV-rhcedit-102206.pdf
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a. b.

Fig. IV.32 Scanning electron micrographs of 20 nm Au-disk deposited on
PMMA layers spin coated on a) glass and b) gold substrates. Scale bar 200
nm.

results show the influence of the supporting substrate in the thermal evaporation process.
This difference is probably due to difference of temperature on the substrate for each
case. We should also not exclude slight variations in the parameters of deposition in each
fabrication, which could have been below percolation in one case and above in the other.

b) Scattering optical properties

We have characterized the metallic nanostructures by optical dark-field microscopy. In
this technique, we observe exclusively the light scattered by the nano-disks which is highly
dependent of its morphological characteristics.

We start by presenting optical dark-field images of nano-disks deposited on dielectric
materials. In Figure IV.33a we show a 3× 3 array of Au nano-disks deposited on a glass
substrate separated by a thin dielectric layer of 25 nm of PMMA. From the dark-field
image we can observe that most of the light is scattered from the circular edge of the disk.
We can distinguish an intense yellowish ring enclosing the nanostructure with a notable
dark spot at the center. This dark area at the center of each nano-disk indicates the flat-
ness of the metallic layer. In Figure IV.33c we show the scanning electron image of one
of those nano-disks. The effective diameter of this structure extends to Deff= 960 nm,
approximately. From the image we can note that the nano-disk is not perfectly circular,
it has some irregularities on the borders with some release of small material. These minor
defects seem to be transparent by optical dark-field illumination which shows mostly an
homogeneous yellow ring around the structure.

We now present a 4 × 4 array of nano-disks deposited on a gold substrate. The scat-
tering properties of these nanostructures are shown on Figure IV.33b. From the image
we can observe that most of the light is also scattered from the boundary edges (similar
to the nano-disks on glass substrate). However, for the structures on gold substrate, the
light captured by the camera varies from bluish, whitish and brownish tones depending
of the nano-disk. In Figure IV.33d we show the scanning electron image of one nano-disk
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Fig. IV.33 Optical dark-field illumination image of a) a 3 × 3 array of Au
nano-disks deposited on a glass substrate + 10 nm PMMA, b) a 4 × 4 array
of nano-disks deposited on a Au substrate + 10 nm PMMA.c) and d) Scanning
electron images of nano-disks from a) and b), respectively.

with an effective diameter of Deff= 950 nm. From the image we can note that the edges
are more defined and smooth compared with the disk on glass substrate. We can also
note some small defects such as cracking or uneven surface of the thin metallic layer.

The nano-disks discussed above have been selected with similar effective diameters in
order to compare the scattering properties of the nanostructures obtained with different
supporting substrates and different dielectric spacer.

c) Shape of patch antennas

In the analysis of optical dark-field imaging of Figure IV.33b, we have seen that some
patches are surrounded with rings of different tones and colors. More precisely, the pres-
ence of bright white spots emerging on the left-side of some passive elements of Figure
IV.33b seems to be the consequence of different morphological defects.

In order to further investigate the 4×4 matrix of passive antennas, we have correlated
optical dark-field images with scanning electron micrographs. In Figure IV.34 we show
such correlation for three passive antennas which have showed bright white spots (Ant 10,
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Fig. IV.34 Correlation between scanning electron imaging and optical dark-field
microscopy of four patches exhibiting asymmetric defects (Ant 10, Ant 16 and
Ant 13) with one antenna with quasi circular shape (Ant 11).

Ant 16, Ant 13). From the Figure IV.34 we can directly correlate the bright white spot
observed in dark-field illumination with the elongation on the left side of the nano-disk.
The pronounced sharpness on the left side of the nano-disk turns out to concentrate the
electromagnetic field on the extreme edge-tip, becoming observable by dark-field illumi-
nation. In Figure IV.34 we have also included the dark-field image of the nano-disk shown
in the previous section (Figure IV.33b, Ant 11). In this case the blueish ring surrounding
the structure has a homogeneous distribution.

Even though the passive antennas of the same 4 × 4 matrix were fabricated with
exactly the same lithographic parameters, the characterization of passive antennas by
electron imaging has revealed important morphological difference between the structures.
We have found that some patches are slightly elongated (asymmetric defects). These
defects can be observed by optical dark-field microscopy.

IV.8 Improvement in lift-off process

Until now, the lift-off processing is not optimized as the rate of success is low. If the
lift-off time is too short, the flat gold around the patch is not lifted. On the other hand,
if the lift-off time is too long, we loose the patch which is lifted at the same time with
the gold layer. We have to define a new strategy. The problem comes from the fact that
the only entrance of the resist bi-layer to the developer is the hole at the position of the
patch. Therefore, the developer attacks mainly the patch and the very close part of the
resist around the hole.

In order to remove a larger part of the flat gold layer around the patch, we need a
long time in lift-off processing which is detrimental for patch antenna. The new strategy
is to open new entrances for MF-319 developer in order to lift-off the flat gold without
attacking the patch.



IV.8 Improvement in lift-off process 103

Top view
Diode Laser

405 nm

0.80 NA
100x

Zones of exposure

Si substrate

Au

Dielectric

Si substrate

Au

Dielectric

15 um

15 um

Si substrate

Au

Dielectric

Lift-off processing

Entrances to lift-off resist

a. b.

LOR 3A

Fig. IV.35 Additional square writing in the resist bi-layer to have access to
LOR3A layer.

IV.8.1 Additional Square writing

Similarly as drilling a hole in the position of the nanocrystal, we create a square-shape
aperture in the resist bi-layer in order to get new entrances for the MF-319 liquid during
lift-off processing which will attack mainly the region of the flat gold layer and not the
patch region. The square entrances will allow to dissolve the resist LOR3A from the
lateral sideways of the patch antenna. The writing of the square is performed after the
initial hole and around it. The square writing is made with the blue diode laser drilling
the resist bi-layer. The piezo-electric controls the displacement of the sample so that we
get a square, as it is shown in Figure IV.35a.

In Figure IV.35b we show a schematic diagram during lift-off processing. The several
entrances on the resist bi-layer allow to the MF-319 product to dissolve the resist LOR3A
layer inside the square. After some minutes (5 minutes, approximately) most of the resist
LOR3A layers is dissolved and the 20nm-Au thin layer with the upper PMMA layer is
ejected from the sample, as it is represented in the Figure IV.35b. The improved lift-off
processing is then beneficial to reduce the risk of loosing the nano-disk caused by the flow
of the liquid. The rate of success is very high, reaching more than 90 %.

IV.8.2 SEM characterization

Figure IV.36a shows a scanning electron imaging of one passive patch nanoantenna fab-
ricated with the supercontinuum laser and square lift-off processing. In the image, we
can observe the patch at the center of the 15 µm square and the homogeneous dielectric
PMMA layer that supports the patch. Outside the square we can distinguish the 20 nm-
Au layer. In Figure IV.36b, we show the passive patch antenna with a diameter of 845 nm.
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a. b.

Fig. IV.36 a) Scanning electron image of one passive nanoantenna fabricated
with the supercontinuum laser and square lift-off processing. b) Amplified SEM
image showing a nano-disk of 845 nm in diameter.

The nano-disk shown in Figure IV.36b holds a quasi circular shape. From previous
studies conducted by topographic AFM imaging using super continuum laser (Appendix
A), we have found that the exposure of the resist bi-layer by this source creates irregular
holes in the resist. We have attributed these asymmetries due to the chromatic effects
of the optical objective. Since we use from 550 nm to 605 nm wavelengths of the super
continuum source, when the laser beam is focused by the objective, the light is slightly
dispersed along the optical axis for the different wavelength. This dispersion creates
nano-holes with irregular diameters and shapes, as observed in Appendix A. The nano-
disk shown in Figure IV.36b suggests that, in spite of these chromatic effects caused by
the optical objective, the hole seems to recover a quasi circular shape during development
process.

IV.8.3 In-situ protocol with square writing for active antenna
This section aims to explain the in-situ optical protocol including square lift-off step. We
have prepared the stack of layers as described in section IV.7.1 (without baking the resist
LOR3A and the upper PMMA layer). We then performed the in-situ protocol including
the writing of the square. We have to face here another difficulty which has been solved
during Amit Raj Dhawan thesis. During the drilling of the hole, we have to assure that
the nanocrystal is not photobleached by the exposure. Unfortunately, the exposure with
405 nm leads to the photobleaching of the nanocrystal. On the contrary, with a super
continuum laser (optical power 20 mW, repetition rate 80 MHz, range of wavelengths
550-605 nm), we can drill a hole without photobleaching the nanocrystal. The choose of
the wavelength range is a trade off between the efficiency in hole drilling and survival of
the nanocrystal.

A Hole making with supercontinuum laser. The fluorescence emission of a single
nanocrystals is higher than the background fluorescence of the resist bi-layer, so
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Fig. IV.37 In-situ optical lithography including the developments for lift-off
processing.

that single nanocrystals can be detected beneath the resist bi-layer. The hole is
drilled with the high intensity supercontinuum laser (pulse duration 300 ps, rep-
etition rate 80 MHz, optical power 20 mW, range of wavelengths 550-605 nm).
The exposure with the supercontinuum laser in a reduced laps of time will remove
PMMA and partially LOR3A layers by the same precess as discussed before. The
hole entrance created in this step will define the shape and size of the future patch
nanoantenna.

B Square with blue laser. We create a micrometer square by exposing the resist bi-
layer using the blue diode laser at maximum intensity (5.3 mW). We enclose the
initial hole within the micrometer square to improve lift-off processing. The square
is realized with 50 ms of exposure time to drill solely the resist bi-layer. The writing
of the square is operated with the same Labview routine used for laser scanning.
Therefore, the size of the square and relative position with respect to the initial hole
can be adjusted with nanometric precision.

C Development of the sample. In the development of the sample, the lift-off resist
LOR3A will be dissolved isotropically meanwhile PMMA layers are unaffected. The
undercut will create a discontinuity in the metallic film that will help during lift-off.
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The development process is highly sensitive to the time and concentration of the
developer.

D Au deposition. Thermal evaporation of 20 nm-Au thin layer.

E Square Lift-off. In this process, similarly as development, the MF-319 developer
will start attacking the resist LOR3A starting from the entrances on the top resist
bi-layer.

Figure IV.37 displays the in-situ optical protocol with the improvements for lift-off
processing. When performing the writing of the square in the resist bi-layer, it is cru-
cially important that all the lines (borders) of the square intersect each other in order to
facilitate the removal of the flat metallic layer.

In this fabrication, we have performed the development process during 10 seconds
using the conventional developer MF-319 (diluted 2:1 with deionized water). The square
discontinuity created by the diode laser will let to the developer liquid pass through the
resist bi-layer and dissolve the lift-off resist inside the square, as it is shown in Figure
IV.37c. After deposition of 20 nm-Au thin layer by thermal evaporation process, we fi-
nally performed the lift-off by holding the sample (inverted) in pure MF-319 during 5
minutes and then in deionized water for cleaning. The lift-off process in 5 minutes is long
enough to dissolve the resist LOR3A beneath the 15 µm square and get rid of the metallic
thin film and the PMMA layer around the nanoantenna without attacking the gold patch.

IV.8.4 Optical characterization

In Figure IV.38 we show two optical reflection images with white light illumination of the
sample. On the left image we can observe four squares of 15×15 µm size where the first
three have an opaque circular spot at the center. The dark spots correspond to the gold
nano-disks. The yellowish color that enclose the disks corresponds to the light reflected by
the 200 nm-Au substrate supporting the nanostructures. In the 4th one, we can see that
the lift-off didn’t succeed. This is probably because the lines didn’t intersect completely.

The right image of Figure IV.38 corresponds to the same part of the sample but us-
ing dark-field microscopy. When imaging by dark-field microscopy, we can improve the
contrast of small particles since the background is dark and the objects are bright. In
dark-field microscopy only the light scattered by the nanoparticles is detected. The in-
formation about the scattering properties of small nano-objects or discontinuities in thin
films are easily observed. From the right image of Figure IV.38 we can note the scattering
light emitted by the three nano-disks with proper lift-off. In the case of the fourth nano-
disk, which has not been completely lifted, the scattering properties of the nano-disk is
significantly affected by the film around the nanostructure.

Although the dark-field microscopy is limited by optical diffraction, the optical tech-
nique provides substantial information related to the scattering properties of the patch
nanoantennas.
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a. b.

Fig. IV.38 Optical reflection images of passive patch antennas at the center
of a 15 µm square after lift-off processing during 5 minutes in pure developer
MF-319. a) Brightfield illumination, b) Dark-field illumination. Objective with
100× and 0.90 NA.

IV.8.5 Interference colors

In Figure IV.38, we can observe that, in the proximity of the squares, the presence of
a pinkish region which expands over some micrometers around the squares. In Figure
IV.39 we show the same squares but using an objective with 20× and 0.45 NA. From
the image we can note that the pinkish zones are indeed localized all around the array
of squares. These zones represent the expansion of the product MF-319 during lift-off
processing. The liquid MF-319 attacks the lift-off resist LOR3A by the entrances created
by the borders of the 15×15 µm squares, inside and outside the square.

In the square, the liquid attacks the resist LOR3A and reduces the thickness of the
layer, as it is shown in Figure IV.39. The pinkish zones indicates where the light is trans-
mitted by the thin gold layer and then reflected by the lower thick gold layer. This is
at the origin of interferences, which results in this colourful patterns. The color is an
indication of the thickness of the dielectric layer between the two metallic layers and, at
the same time is an indication of the efficiency during lift-off processing. Outside of the
pinkish zones, we can distinguish an extensive domain with a slightly different yellowish
tone with respect to the color inside the squares. These larges domains represent the part
of the sample where the product MF-319 hasn’t reached the resist LOR3A beneath the
gold film and, consequently, there are not modifications of the LOR3A thickness.

The Figure IV.39 also shows another colorful zones such as blueish, greenish localized
along the surface. In 2018, during the stage of Mme Hajar Amyar at the INSP [62],
she demonstrated that different colors observed in the sample after lift-off processing are
attributed to the difference in thickness of the resist LOR3A layer. By calculating the
normal reflectance of the complete stack of layers at difference thickness in resist LOR3A
layer, it is possible to compute the RGB parameters via a transformation matrix [63].
When an halogen lamp illuminates the sample, the changes in the thickness of LOR3A
layer will produce different coordinates in RGB scale. Figure IV.40a shows the colors
obtained at specific thickness of the resist from 300 nm to 0 nm. We can observe the
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Fig. IV.39 Optical reflection image taken with a 20× and 0.45 NA objective of
an arrays of 15×15 µm squares after lift-off processing during 5 minutes in pure
developer MF-319.

large variety of colors that can be result for a given thickness changing from pinkish to
yellowish and purple in some nanometers.

In Figure IV.40b we show the RGB color obtained with the same procedure for Au
substrate with 49 nm of dielectric layer. This image helps to differentiate with the case
when the resist LOR3A is completly dissolved, as it was shown above in Figure IV.40a.
This technique developed in [62] is very convenient to estimate the residual thickness of
the LOR3A layer beneath the metallic film.

IV.9 In-situ optical lithography: active patch nanoantennas

So far, we have established the lithographic parameters for the fabrication of passive
antennas. We will now apply this protocol including colloidal single nanoemitters. For
instance, before starting the in-situ protocol, it is absolutely necessary to perform two
principal tests on the nanocrystals: 1) Temperature test with the heater plate at 150oC
during 5 minutes, and 2) Gold deposition test by evaporating the 20 nm-Au layer over
the second dielectric layer. These tests should be conducted before the in-situ optical
protocol and with exactly the same characteristics of dielectric thin films. The objective
here is to check that the nanocrystals remains fluorescent after both tests.

In this section, we will discuss how the in-situ protocol has to be adapted in the fab-
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Fig. IV.40 a) Colors obtained in RGB coordinates from the reflection of an
halogen lamp at different thickness of resist LOR3A layer. Thickness from 300
nm to 0 nm (from left to right). b) Color obtained with 200 nm Au substrate +
49 nm of dielectric layer (PMMA). Adapted from [62].

rication of active antennas instead of passive ones.

IV.9.1 Controlling thickness of dielectric layers
Controlling the gap thickness between the gold mirror and the thin patch is one of the main
parameters for efficient coupling between the single nanoemitter and the plasmonic modes.
Herein, we will explain how to prepare dilutions of polymethyl methacrylate (PMMA) to
obtain thin dielectric films. The thickness of the films depend of the characteristics of the
powder material. In this procedure we have used powder of Poly(methyl methacrylate)
which has a molecular weight of Mw = 101000. We will start by selecting the desire
concentration. We will chose 0.75%, for example. The procedure for diluting PMMA is
described as follows:

1. We first calculate the total mass when preparing a dilution in a volume of 10 mL.
The density of toluene is 0.8669 g

mL . Therefore, in 10 mL of liquid we will have
mtoluene = 8.67 g.

2. With the pre-define concentration of 0.75 %, we calculate the mass of PMMA who
satisfy the following expression:

mPMMA
mPMMA +mtoluene

× 100% = 0.75%

3. For a concentration of 0.75 % we will need 65.51 mg of powder of PMMA. Using
a high resolution microbalance to measure the quantity of material, we proceed to



110 Chapter IV. Fabrication methods

Table IV.1: Concentration and thickness of PMMA diluted in 10 mL of toluene. The
values were obtained by spin coating the dilution of PMMA in a glass substrate using a
speed spin of 4000 rpm, acceleration of 2000 rpm/s during 45 s.

% mPMMA Thickness
1.5% 132.01 mg 60 nm
1.0% 87.56 mg 35 nm
0.75% 65.51 mg 25 nm
0.50% 43.56 mg 10 nm

incorporate the powder into the toluene and we leave the container in a warm bath
at 60 oC during 24 hours.

From the method described above, we were able to prepare dilutions which provide
different thickness of PMMA layers. Table IV.1 summarizes some values for different
concentrations and thickness measured by DEKTAK profilometer in the period of the
present thesis. It is important to mention that, because of the evaporation of the solvent
inside the solution, the layer will be thicker for a solution diluted months or years before
than for a fresh solution.

IV.9.2 Preparation of the sample

The preparation of the sample including single colloidal nanocrystals is presented as
follows:

1. Deposit of the first PMMA layer. The first dielectric layer prevents the nanocrystals
to stay directly in contact with the gold substrate avoiding quenching of fluorescence
emission. We spin coating 0.5 % PMMA which provides a separation of 10 nm from
the metallic layer (measured by DEKTAK profilometer). The parameters used for
spin-coating deposition are: 4000 rpm, 2000 rpm/s, 45 seconds. The layer is baked
during 2 minutes at 150oC.

2. Deposition of nanocrystals. The method to dilute nanocrystals consists in mixing
two different substances in terms of volume units. The dilution factor is represented
as A:B. A represents the quantity of the solute (nanocrystals) in volume units. B
represents the total volume of the dilution (solute + solvent). For the dilution of
CdSe/CdS nanocrystals, we have used hexane as solvent, normally starting with
1:1000 as dilution factor followed by a second dilution of 1:1000 to reach 1:1000000.
The final dilution is one over one million times from the mother concentration. For
such dilutions the nanocrystals are separated by a few micrometers. The parameters
for spin-coating are: 4000 rpm, 2000 rpm/s during 40 seconds.

3. Deposition of the second PMMA layer. This layer provides the second half of the gap
between both metallic layers. The second dielectric layer can be adjusted depending
of mainly two parameters: 1) the thickness has to be higher than the dimensions of
the nanocrystal and, 2) the thickness should be large enough to protect them from
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Fig. IV.41 In-situ optical lithography including the development for lift-off pro-
cessing.

thermal deposition process and avoid photobleaching 6. In this fabrication we have
used a concentration that provides 35 nm thickness. The second dielectric layer is
spin-coated with similar parameters and heated at 150oC during 2 minutes.

4. Deposit resist LOR3A and third PMMA layer. We have successively deposited lift-
off resist LOR3A and 0.5% PMMA, both spin coated using 4000 rpm, 2000 rpm/s
and 45 s. These parameters give a thickness of 330 nm in resist LOR3A and 10 nm
in dielectric PMMA.

After the preparation of the stack of layers, we performed the in-situ optical protocol
on the sample, as it is described in section IV.8. In Figure IV.41 we present a fluores-
cence microscopy image after the writing process. From the image we can distinguish
single nanocrystals dispersed homogeneously on the sample. We observe also a 15 µm
square created in the resist bi-layer by means of the blue diode laser (405 nm). Inside the
square, usually in the middle, we can see a hole created with the super continuum laser
at the position of a single nanocrystal.

IV.10 Conclusion

In this chapter, we have presented the developments of the in-situ optical lithography
protocol for the fabrication of patch antennas with single nanoemitters. We have fol-
lowed the evolution of a single hole for drilling a hole in the resist bi-layer. We have

6During the thesis of Amit Raj Dhawan, it was found that using a dielectric layer of 1.5% PMMA (35
nm) photobleaching is avoided
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demonstrated that the perforation of the resist bi-layer can be conducted by two differ-
ent approaches. We have found that each approach brings different results in terms of
nanofabrication. When the resist bi-layer is exposed at low optical intensity during an
extended time (several seconds), the interaction of the radiation laser with the resist bi-
layer induces photopolymerization of the materials, leading the fabrication of dielectric
nano-hills at the center of the hole. We have found that these dielectric nanostructures
are composed of a very resistant material which remains even after 15 min of attacking
with oxygen plasma cleaner.

On the other hand, in the second approach, when the exposition of the resist bi-layer
is performed at high power in milliseconds laps-time, the cumulative thermal effects are
reduced leaving well-define holes on the resist bi-layer without damaging intermediate
dielectric layers. We have realized the importance of controlling the exposure time in the
order of milliseconds to not damage the intermediate layers. We have found that, the
development process is a critical factor during the protocol. The development time estab-
lishes the morphological characteristics of the patch antenna and, in a proper undercut
process, it helps to achieve a suitable lift-off process.

We have fabricated gold nano-disks supported in a gold substrate (passive antennas)
with the blue diode laser. After the removal of the 20 nm-Au layer, we have observed by
scanning electron microscopy, the intermixing layer produced by the baking of the resist
bi-layer during the preparation of the sample. We have stopped baking the resist bi-layer.
We have re-adjusted the parameters in development process.

We have proposed the incorporation of a micrometer square in the writing process
to improve the lift-off processing. The writing of the micrometer square is performed
with the blue diode laser and the piezo electric stage around the hole created above the
nanocrystal with the super continuum laser.

The resistance of the nanocrystals to the baking temperature and the thermal vapour
deposition of the thin disk are two tests very important to perform before starting the
protocol.

In conclusion, we have here optimized the protocol in the fabrication of a patch an-
tenna with a single nanocrystal.



Chapter V
Active nanoantennas characterization

V.1 Introduction

In this chapter we will discuss some results obtained with active antennas fabricated in
this thesis. Each active antenna exhibits different behaviour in terms of photodynamic
emission. We will discuss mostly two antennas emphasizing two aspects: 1) the modifica-
tion of LDOS in antennas with over-development condition, and 2) some antennas which
have exhibited photon emission described as super-poissonian distribution.

In the first antenna, we will show the progressive acceleration of fluorescence emission
during the fabrication protocol. Then we will discuss the statistics of emission of active
antennas. We will evidence an interference fringe pattern associated to the emission of
one antenna.

V.2 Active patch nanoantenna and modification of LDOS

Several theoretical studies have demonstrated that metal-insulator-metal structures can
support two plasmonic modes, short- and long- range plasmon modes according to their
propagation length [64], [65], [66]. In a patch nanoantenna, short-range plasmons modes
are efficiently excited [23], [27]. These modes are confined inside the dielectric gap better
than at the outer interface of the metal. In a finite patch structure, the surface plasmons
excited at both metallic-dielectric interfaces are reflected from the edges creating a sta-
tionary electromagnetic wave distributed along the cavity.

Beside the relative position of the nanoemitter with respect the nano-disk, the ori-
entation of the emitting dipole plays a key role in the emission dynamics. Theoretical
studies performed in patch systems have demonstrated that the orientation of the dipole
source represents one of the crucial parameters in the excitation of surface plasmons [27],
[67]. The fluorescence emission of single semiconductor nanocrystals CdSe/CdS is well
described as the emission of 2D orthogonal, incoherent dipoles. Therefore, in a random
dropped deposition, there is some probability of having a vertical dipole whose light emis-
sion can be coupled efficiently into surface plasmons of both metallic dielectric interfaces.

113
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First of all, we start by defining the factor FAnt which takes into account the modifi-
cation of fluorescence emission dynamics of a nanocrystal before and after the deposition
of the gold nano-disk. In other words,

FAnt = ΓAnt
ΓAu

,

where ΓAnt is the decay rate after the coupling with the nanoantenna and ΓAu is the
decay rate of the same nanocrystal deposited on Au substrate. The factor FAnt represents
the acceleration FAnt > 1 provided by the coupling of the nanocrystal emission with the
plasmonic antenna.

V.2.1 Coupling the nanocrystal emission to patch-antenna

a) Acceleration of emission

Since the work of Drexhage in 1970 [68], it is well-known that the decay rate of fluo-
rescence molecules is modified in the vicinity of a metallic surface. The acceleration of
emission is directly proportional to the modification of LDOS provided by the planar
nanostructure. The position of a single nanoemitter at few nanometers from the metallic
surface can also conduct to quenching of fluorescent light. Quenching is the phenomenon
when non-radiative recombination channels are predominant respect to radiatives. At
very low distance, the quenching is mainly due to the short distance coulomb interaction.
Quenching is characterized by the acceleration of decay rate but reduction of fluorescence
intensity (brightness). It is associated to the excitation of lossy surface modes at the
metal interface.

In order to avoid quenching by the flat gold surface, we have spin-coated a thin di-
electric layer of 10 nm (measured by Dektak profilometer) in all the antennas fabricated
in this thesis. With this separation between the single nanocrystals and the metallic sur-
face, the contribution of quenching in fluorescence emission is reduced to less than 5 %,
according to numerical simulations reported in [27].

We start by discussing the the modification of fluorescence emission in an active an-
tenna which has experienced an over-development process. In the over-development case,
the resist LOR3A layer is removed during the development step around the hole by some
micrometers causing the collapsing of the PMMA layer. By lift-off processing the MF-319
solvent can not enter so that the lift-off is inefficient. We can see in scanning electron im-
age of Figure V.1a that the gold has covered the PMMA layer by this smooth transition.
From the image we can observe that the nano-disk lays at the bottom of the transition
surrounded by the metallic thin film. In the same Figure V.1a, we can note that there is
a nanometric separation between the nano-disk and the metallic layer.

When the patch antenna has experienced over-development, there is no chance that
the MF-319 solvent dissolves the resist beneath the thin metallic layer. In the case of
over-developed antennas we have overcame this limitation by using the ultrasonic cleaner.
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a.
b.

Fig. V.1 a) Scanning electron image of an antenna with over-development pro-
cessing. b) Photoluminescence decay curves of the same emitter at different
conditions during fabrication. The nanocrystal over Au substrate (blue curve).
Same nanocrystal after gold deposition in over-development case (yellow curve).
Same emitter after lift-off processing (green curve).

The ultrasonic cleaner generates ultrasonic waves which agitate the liquid in such as way
that the delicate 20-nm layer is instantly broken. The rupture of the layer allows to the
MF-319 product to dissolve the resist layer and get rid of the metallic/dielectric residues
around the antennas. Of course, the ultrasonic bath was exceptionally used on these over-
developed antennas and it is not recommended for conventional square lift-off processing.
Indeed, the risk of removing as well the gold patch by ultrasonic operation is quite high.

In Figure V.1b, the fluorescence decay curves of the single nanocrystal are presented
for three different conditions. In the first case, we present the lifetime of the nanoemitter
laying 10 nm above the flat gold layer (blue curve in Figure V.1b) before development. By
fitting the blue decay curve we can distinguish a fast and long component corresponding
to τf = 7 ns and τs = 22 ns, respectively. The second decay rate curve (the yellow one),
corresponds to the same nanocrystal after gold deposition in over-development case, as
it has been discussed before and shown on Figure V.1a. In this situation we can observe
that the patch disk provides a first acceleration of emission, especially in the fast compo-
nent. Finally, the green decay curve represents the case when the patch antenna has been
isolated from the lateral Au film. In such case, the fluorescence emission is found that
accelerate both components. The successful lift-off processing has provided the maximum
acceleration of the emission with an antenna factor of FAnt=2.3.

The active nanoantenna presented above has been fabricated using a dielectric spacer
of 70 nm. Numerical results performed in patch systems have demonstrated that the Pur-
cell factor decrease as the thickness of the dielectric spacer increase [27]. The reduction
of the dielectric layer may provide better confinement of the electromagnetic field and
achieve important Purcell factors. Nevertheless, as the deposition of the metallic nano-
disk is made by thermal vapour deposition, the nanocrystals could be damaged during
the evaporation process if the dielectric layer is not thick enough to protect them.
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Fig. V.2 a) Bright-field and b) Dark-field optical image of a patch nanoantenna
after proper lift-off. c) Fluorescence microscope imaging of the same antenna
(integration time 800 ms).

To overcome this limitation and improve the confinement of the electromagnetic field,
Arnaud Choux from the INSP is currently exploring another approach to fabricate gap
antennas based on the fabrication of thin Au flakes.

b) Optical and fluorescence imaging characterization

We have characterized the active nanoantenna presented before in terms of optical mi-
croscopy techniques. In Figure V.2 we show optical bright-field, optical dark-field and
confocal fluorescence microscope imaging of the active antenna after the complete lift-off
processing.

Figure V.2a shows color reflection optical image of two gold patches framed by a gold-
square. The center patch corresponds to an active antenna. At a distance of 5 µm in the
left-bottom side we have a passive nanoantenna fabricated by similar conditions. In the
same image V.2a we can observe some residues of the 20 nm-Au layer remaining inside
the frame gold-square after lift-off processing. These residues are far enough to neglect
any interaction with the active and passive antennas.

Figure V.2b corresponds to the dark-field optical image of the sample showing the light
scattered by the edges of the nanostructures. In Figure V.2c we show the corresponding
fluorescence image. From Figure V.2c, we can observe that all the metallic zones with
20 nm-Au thickness (frame of the square, residue inside and passive nanoantenna) show
significant less fluorescence than the active antenna at the center. The combination of
optical bright-field, dark-field and fluorescence imaging in Figure V.2 helps to illustrate
the successful coupling between the metallic nanoantenna and the single nanocrystal.



V.2 Active patch nanoantenna and modification of LDOS 117

Fig. V.3 Photoluminescence emission spectra of the antenna and the level of
the noise around 5 µm distant from the antenna. Integration time 20 s.

c) Photoluminescence spectra

We have characterized the active antenna by photoluminescence emission spectra. For
the excitation of the antenna we have used a diode laser emitting at 470 nm in contin-
uous mode. In the experimental set-up, we have installed two fluorescence filters: 1) a
long-pass Semrock filter LP 532 nm to suppress the excitation laser and 2) a band-pass
Semrock filter FF01-609/152 to select the light emitted by the nanoantenna. We have
measured two photoluminescence spectra, one on the position of the patch antenna and
the second some micrometers aside using exactly the same parameters in excitation and
collection (20 s integration time in the spectrometer).

In Figure V.3 we show the photoluminescence emission spectra of the antenna (blue
curve) and the level of the noise some micrometers far away from the nanoantenna (orange
curve). The last spectra corresponds to the luminescence of the lift-off resist (combined
with the dielectric layers used for the fabrication of the antenna). From Figure V.3 we
observe that the antenna emission spectrum exhibits a maximum emission peak around
λmax = 639 nm with linewidth of ∆λ = 46 nm (Full Width at Half Maximum). We
can note that the emission spectra of the nanoantenna is closed to the emission spectra
of a single nanocrystal at λmax = 639 nm. However, the low-wavelength part of an-
tenna emission spectrum has the same shape than the luminescence of the resist layer.
Therefore, in the antenna emission spectrum we can identify one part coming from the
luminescence of the LOR3A layer and one part due to the luminescence of the nanocrystal.
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a. b.

Fig. V.4 a) Photoluminescence decay curve of a single nanocrystal before and
after the coupling with the patch antenna. b) Emission spectra of the patch
antenna.

V.3 Antenna with super-poissonian emission

V.3.1 Acceleration of emission

The antennas fabricated during this thesis have shown different effects depending of the
dipole orientation and fabrication parameters. We have seen in section II.1.7 that single
nanocrystals allow radiative multi-exciton recombination which can be identified in the
fast component of the decay curve. More precisely, the bi-excitonic recombination can be
suppressed by using a post-processing temporal filter. In this section, we will discuss the
case of an active patch antenna when a temporal filter is used.

In Figure V.4a we show the photoluminescence decay curves of the nanocrystal before
and after the deposition of the nano-disk. This antenna has shown an antenna acceler-
ation factor of FAnt = 6. When the decay curve is fitted using a two-terms exponential
model we calculate a fast and a slow component of τf = 0.3 ns and τs = 3.5 ns, respec-
tively. In Figure V.4b we show the fluorescence emission spectra of such antenna. From
the Figure V.4b we can estimate the maximum emission wavelength centered at λ= 636
nm with an emission linewidth of ∆λ= 25 nm, approximately.

In Figure V.5a we show the photoluminescence decay curve of the nanocrystal laying
on the flat gold layer and coated by the thin PMMA layer (35 nm thickness). The blue
curve represents the complete events obtained during the measurement while the the or-
ange curve is obtained after filtering the first 2.0 ns. In Figure V.5b and c we show the
corresponding second-order autocorrelation functions, g(2)(τ). From Figure V.5b (with-
out any temporal filter), the multi-excitonic contribution calculated by the ratio of the
zero-delay peak area and the lateral peak area is approximately g(2)(0)

g(2)(τrep) = 0.5.

On the other hand, from the second-order autocorrelation function g(2)(τ) obtained
after removing the first 2.0 ns in the decay curve (Figure V.5c), we can observe that the
contribution of the multi-excitonic emission has been reduced to a value of g(2)(0)

g(2)(τrep) = 0.3.
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b.        c.

a.

Fig. V.5 a) Photoluminescence decay curve of the single nanocrystal without
filter (blue line) and filtered during the first 2.0 ns (orange line). b) Second-order
autocorrelation function g(2)(τ) without filter. c) Second-order autocorrelation
function g(2)(τ) after 2.0 ns filter. The autocorrelation functions were plotted
using 20 ns as binning time. Integration time: 140 s.

The multi-excitonic processes have been filtered with the post-processing filter, the re-
maining events in the decay curve corresponds mostly to the excitonic recombination of
a single-photon source.

Thanks to the antenna, the change of the local density of photonic states leads an
acceleration of spontaneous emission. As Auger processes become less efficient, the re-
combination of multi-excitons becomes radiative. In Figure V.6a, we represent the decay
curve and the bi-exponential fit corresponding to the antenna. The fast and slow compo-
nent are τf = 0.3 ns and τs = 3.5 ns, respectively. In Figure V.6b, we show the second
order autocorrelation function g(2)(τ) of the patch antenna without filter. The peak at
zero-delay is a signature of radiative multi-excitonic recombination in a single nanocrystal.

If we now apply the same 2 ns temporal filter (removal of the first 2 ns) to separate
fast and slow component, we should recover the single-photon feature of the nanocrys-
tal inside the patch antenna. In Figure V.6c, we show the second-order autocorrelation
function after the subtraction of the first 2.0 ns in the photoluminescence decay curve
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b.     c.

a.

Fig. V.6 a) Photoluminescence decay curve of the patch antenna without filter
(blue line) and filtered during the first 2.0 ns (orange line). b) Second-order
autocorrelation function g(2)(τ) without filter. c) Second-order autocorrelation
function g(2)(τ) with 2.0 ns filter. The autocorrelation functions were plotted
using 20 ns as binning time. Integration time: 90 s.

of the nanoantenna. From the Figure V.6c, we can observe that the ration g(2)(0)
g(2)(τrep) has

raised to a value above the unity g(2)(0)
g(2)(τrep) = 3.5. The zero-delay peak, which represents

the probability of emitting two or more photons at the same time in the same excitation
pulse, has raised well above the shot noise limit.

From the perspective of photon statistics, when g(2)(0)
g(2)(τrep) > 1, it corresponds to a

super-poissonian distribution. The probability of detecting two or more photons at the
same time is higher than a classical poissonian distribution. It means that, if we detect a
photon at time τ = 0, there is a higher probability of detecting a second photon at short
times (picoseconds timescale) than at longer times. The photons arrive to the photodi-
odes in compact groups, commonly said bunched of photons.

In this antenna we have found that the temporal distribution of photon presents a
super-poissonian signature g(2)(0) > g(2)(τrep) when we apply a post-processing temporal
filter.
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Fig. V.7 Ratio of the zero-delay peak with respect to the first peak at 400
ns (g(2)(0)/g(2)(400ns)) for different cut-off times for the same nanocrystal. a)
Before depositing gold patch, b) inside antenna.

V.3.2 Temporal filter before and after coupling with nano-disk

In order to analyse the different phenomena observed by filtering the fast component, in
Figure V.7, we have traced the value of g(2)(0)/g(2)(τrep) as a function of the temporal
filter (with different cut-off times). The upper graph shows the case when the single
nanocrystal is coupled to the Au substrate (no antenna τfast = 2.3 ns and τslow = 23
ns). The bottom graph shows the results obtained with the same nanocrystal inside the
plasmonic antenna. In the upper graph we can see that the temporal filter tends to reduce
the zero-delay peak g(2)(0)/g(2)(τrep) as the filter gradually removes the fast component.
From Figure V.7a, we observe that most of the multi-excitonic emission is reduced almost
to the half after filtering 1 ns in the decay curve. Indeed, we know from Figure II.10 that
the lifetime of the bi-exciton is τBX = 500 ps approximately. After this cut-off time, the
contribution of multi-excitonic emission continues decreasing and the peak at zero-delay
decreases until g(2)(0)/g(2)(400ns) = 0.26 at 3.5 ns. We have extended the temporal filter
to 10 ns and we have found that the zero-delay peak is as small as 0.12 times the adjacent
peak (no shown in the graph). This corresponds to the fact that we have removed the
bi-excitonic contribution.

On the other hand, in the case of the patch antenna (τfast = 0.3 ns and τslow = 3.5
ns), the zero-delay peak increases with the cut-off time. For a cut-off time equal to 3.0
ns, g(2)(0)/g(2)(400ns) reaches its maximum value of 7. Then, for longer cut-off times,
g(2)(0)/g(2)(400ns) starts to decrease. Indeed, 3.5 ns corresponds to the lifetime of exciton
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recombination inside the antenna. By applying a temporal filter longer than 3.5 ns we
mainly record noise which has a g(2)(0)/g(2)(τrep) ∼ 1.

In summary, by applying a post-processing temporal filter, for a single nanocrystals
close to a gold surface, the zero-delay peak goes close to 0. With this filtering, we have
removed the fast multi-excitonic recombination of the decay curve. Meanwhile, for the
nanocrystal embedded in the patch antenna, the zero-delay peak increases with the use
of the same temporal filter until reaching a maximum of 7 for a cut-off time of 3.0 ns
(corresponding to the exciton lifetime). This effect has been observed in three antennas.
The values of g(2)(0)/g(2)(τrep) > 1 is a sign of a super-poissonian emission. The origin
of this super-poissonian emission is not understood until now.

V.3.3 Temporal filter with different binning time

In this section we will show that the super-poissonian distribution of photons is inde-
pendent of the binning time which is used to displayed the second-order autocorrelation
function g(2)(τ). We start by presenting in Figure V.8 the set of graphs used to construct
Figure V.7. All the graphs were plotted with a binning time of 20 ns with a cut-off time
between 0.5 ns and 3.0 ns. From the figure we can note, for the antenna, the continuous
increase of the zero-delay peak as the filter cut-off time increase.

We now check tha this behaviour is not dependent of the binning. In Figure V.9 we
show the same set of autocorrelation functions but now with a binning time of 10 ns. We
can note that all the peaks are about half smaller than with the 20 ns binning. Indeed,
in the 10 ns binning the number of events is divided by two whereas the number of time
channels is multiplied by two. From Figure V.9 we can observe that for the antenna the
zero-delay peak compared to the lateral peaks raises to higher values when the cut-off
time increase.

In conclusion, the signature of super-poissonian distribution of photons after the post-
processing of the second-order autocorrelation function is independent of the binning time
used to plot the graphs.

V.4 Fringe pattern

Several studies have demonstrated the capacity of the patch nanoantenna to direct light
on specific solid angles [27], [23]. The calculated radiation pattern for a point emitter
presents several highly directional lobes. The direction of emission of these lobes are
defined by two principal features:

• The morphological shape of the patch antenna. The angular direction of the lobes
increases as the diameter of the patch is reduced. This property of emission is
commonly understood following the diffraction theory of light which states that the
diffraction of incident light depends on the size aperture.
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Fig. V.8 Second-order autocorrelation function g(2)(τ) before antenna (left
graphs) and after antenna (right graphs) for different cut-off times with binning
time of 20 ns.
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Fig. V.9 Second-order autocorrelation function g(2)(τ) before antenna (left
graphs) and after antenna (right graphs) for different cut-off times with binning
time of 10 ns.
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a. b.

Fig. V.10 a) Scanning electron image of the 15×15 µm square containing two
patch antennas. One active antenna at 2.5 µm from the lateral edge (left one)
and one passive antenna at the center of the square. b) Amplified electron image
showing the active antenna with an effective diameter of Deff = 890 nm.

• The relative position of the single nanoemitter below the nano-disk. When the
single emitter is positioned at the center of the patch, the emission pattern holds
symmetry with respect to the perpendicular axis. However, for some misalignment
of the emitter (off-center), asymmetries on the radiation pattern can be expected.

In this section we will discuss the emission pattern of the patch antenna that we have
already discussed and corresponding to super-poissoninan emission. In Figure V.10a, we
present the scanning electron image of a 15×15 µm square containing two nanoantennas.
The active nanoantenna corresponds to the left one on the electron microscope image. In
Figure V.10b, we present the morphological characteristics of the active antenna with an
effective diameter of Deff = 890 nm, approximately. The antenna is positioned 2.5 µm
from the left metallic edge of the square.

We have characterized the emission of the patch antenna in terms of Fourier imaging
technique. In Figure V.11 we show the experimental set-up. The nanoantenna is placed
at the focal plane of the air objective (100× magnification and 0.95 NA). Our fluorescence
microscope is composed of two lenses in confocal geometry, the objective lens (fobj) and
the tube lens (ftube = 180 cm). The image of the object is reconstruct at the image plane
with an magnifying factor of g = 1/G = 1/100.

At the output of the microscope, we have installed another optical lens (Fourier lens
fFourier) with a distance fF = 150 mm from the image plane. Finally, we have settle
the EM-CCD camera at the same distance fF from the Fourier lens as it is shown in
the schematic representation of Figure V.11. On the camera sensor, the position x (with
respect to the optical axis) corresponds to the direction β = x/fF . This direction β corre-
sponds to the Fourier transform component of the image, which is directly linked to α the
corresponding Fourier transform component (or the direction of the emitted light) of the
object by β = gα. We have used an EM-CCD camera iXon Ultra 897 manufactured by
ANDOR technology. The sensor is composed of 512×512 pixels with pixel size of 16×16
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Fig. V.11 Experimental set-up used to image the emission pattern of the patch
nanoantenna.

µm.

In Figure V.12a we show the emission diagram of the patch antenna. We have in-
tegrated during 40 s of acquisition time. From the Figure V.12a we can observe that
the emission pattern is not symmetric along the optical axis. The maximum emission is
slightly deflected from the center of the Fourier plane. This asymmetry can be attributed
to a possible off-center alignment of the single nanoemitter with respect to the perpen-
dicular axis of the nano-disk, as numerical calculations suggest [27].

Beside the deflection of light emission in Figure V.12a, we can also observe the pres-
ence of a fringe pattern on the Fourier image. We have traced a red line along the fringes
to estimate the contrast (or visibility) and periodicity of the pattern. In Figure V.12b
we show the intensity profile of the line. The visibility of the pattern reaches ν= 0.11
and the period between consecutive maximums is equal to ∆Max= 24 px (384 µm). This
interfering in Fourier plane is associated to the corresponding angle βinterfering = ∆max

fF
.

Given the periodicity of the pattern we can estimate the distance at which two hy-
pothetical point sources can produce such interference pattern. The distance between
consecutive maximums (∆Max) is proportional to the difference in the optical path light.
We express this as interference fringe. Following the formalism of Young for two emitting
points separated by a distance a, constructive interference can occur in far-field for direc-
tion αinterfering = λ

ap, where p is an entire number. By associating interference pattern
in the Fourier plane, we can state that

αinterfering = βinterfering ×G, (V.1)

λ

a
= ∆Max

fF
×G⇒ a = λfF

∆max ×G
.
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a.  b.

Fig. V.12 a) Fourier imaging of the plasmonic patch antenna b) line trace show-
ing the periodicity of the fringe pattern. Distance between maximums ∆Max =
384 µm, visibility ν= 0.11.

By calculating the distance a with expression (V.1) we obtained a = 2.5 µm, approxi-
mately. Indeed, this value corresponds to the distance between the active antenna and the
metallic board edge of the square, as it is shown in the scanning electron image of Figure
V.10a. We then conclude that the interference pattern is produced by the interference
between the light emitted at the position of the patch antenna and the light scattered by
the metallic edge after propagation a = 2.5 µm.

From the several antennas fabricated in this thesis, this antenna was the only which
has produced an interference fringe pattern. The rest of the antennas have been fabri-
cated nearly at the center of the lift-off square and none fringes were observed. For those
antennas, the average distance between the gold nano-disk and the metallic edges extends
to 7 µm. We may assume that the propagation length of the surface plasmon is not so
long that it is absorbed before reaching the edges. The observation of the interference
fringe pattern in far-field evidence the plasmonic coupling of the single nanoemitter with
surface plasmons on both metal-dielectric interfaces.

For a fringe pattern to be observed, the two waves need to be in phase with each
other. It means that, the distance between the sources has to be lower than the coher-
ence length. The linewidth emission of ∆λ = 24.8 nm corresponds to a coherence length
of Lc = 15 µm. Therefore, the two train waves can exhibit interference only when they
are not extended more than Lc. Indeed, the distance of 2.5 µm between antenna and
metallic edge is smaller than Lc.
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V.5 Conclusion
With the active antennas discussed in this chapter, we have shown how the modifica-
tion of local density of photonic states between both metallic layers can accelerate the
fluorescence emission of a single nanocrystal. We have quantified the direct modifica-
tion of LDOS by defining an antenna factor Fant corresponding to the photoluminescence
decay rates before and after the coupling of the patch and the single nanocrystal emission.

In section V.2.1 we have discussed the acceleration of emission of the quantum dot
in the case of an over-developed antenna. We have found that, when the nanoantenna is
over-developed, there is a first moderate acceleration of fluorescence emission. Then, for
a complete lift-off processing, the maximum acceleration of emission is achieved.

We have evidenced super-poissonian distribution (g(2)(0) > 1) of light emitted by an
active antenna containing a single nanocrystal. The use of a temporal filter in the pho-
toluminescence decay curve has permitted to identify such super-poissonian statistics of
light.

For a specific antenna, close to the edge of the metallic squared, the emission pattern
presents some fringes due to interferences between patch antenna emission and scattering
on the edge.
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General conclusion

Spectroscopy analysis on single nano-emitters

We have carried out experimental studies on single colloidal nanocrystals CdSe/CdS.
We have evidenced mono-exciton, bi-exciton and multi-exciton radiative recombination
in such nanocrystals. We have developed an experimental set-up which allows to analyze
fluorescence dynamics with emission spectra simultaneously at room temperature.

In the case of bi-exciton recombination, we have implemented a temporal post-processing
filter to separate fast and slow recombination processes from the photoluminescence decay
curve. This temporal filter allows to retrieve single-photon emission in the particular case
of bi-excitonic recombination.

We have developed a theoretical model for describing the fluorescence intensity of the
emitter. Our model is based on the number of excitons (electron-hole pairs) created inside
the nanocrystal at different excitation powers. The model takes int account a maximum
of bi-exciton radiative recombination and has a good agreement with experimental re-
sults for moderate excitation power. With our model, we have estimated the quantum
efficiency of bi-exciton emission of η = 0.21.

Optical In-situ lithography protocol

We have carried out topographic studies using Atomic Force Microscopy imaging to
improve development and lift-off processes during the fabrication of patch antennas with
in-situ lithography protocol. The analysis of the topographic images in each process has
allowed to improve the overall performance of the protocol and determine lithographic
parameters for passive and active patch nanoantennas with single emitters. The robust-
ness of the in-situ protocol has permitted to fabricate antennas in a systematic way.

We have proposed the incorporation of an intermediate step in the in-situ protocol
to improve the efficiency during lift-off processing. This technique consists in writing a
micrometer square after the initial hole to increase the solvent entrances into the resist
bi-layer.
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Reflectivity spectroscopy measurements

In chapter III, we have described the experimental set-up used to perform reflectivity
measurements on individual patch antennas. We have defined the differential reflectivity
spectroscopy (DRS) as a factor which accounts for the absorption properties of the metal-
lic structures. We have found that, for some antennas, the differential reflectivity factor
can reach nearly DRS = 0.5 (50% of absorption with respect to Au surface including
PMMA). The DRS value is an indicator of the capacity of the nanostructure to efficiently
absorb incident light and transform it into another relaxation mechanisms, for example
ohmic losses characteristic in metallic structures. We have found that, within an array of
4×4 passive nanoantennas fabricated with exactly similar parameters, the shape, effective
diameter and wavelength of maximum absorption can be different between each other.
The reflectivity technique developed in this thesis can be adapted to nanostructures hold-
ing arbitrary shapes and/or sizes.

Coupling of quantum dots with patch nanoantennas

In Chapter V, we have studied the photoluminescence properties of two active anten-
nas in terms of acceleration of spontaneous emission (Purcell factor) and photon emission
statistics. We have first discussed the importance of the lift-off processing in the accel-
eration of spontaneous emission. The maximum acceleration has been reached when the
thin gold layer was removed from the vicinity of the nanoantenna with a complete lift-off
process.

Then, in the second active antenna, we have discussed the modification of emission
in terms of photon statistics properties of a single nanocrystal before and after the cou-
pling with the patch gold disk. We have shown that active antennas can produce super-
poissonian distribution of photons

(
g(2)(0)
g(2)(τrep) > 1

)
when we use a temporal filter to sep-

arate slow and fast recombination processes and keep the fast ones. This antenna has
shown g(2)(0)

g(2)(τrep) = 7 for a cut-off filter time corresponding to the lifetime of the exciton.

We have measured the emission diagram of the active antenna. We have found an
interfering fringes pattern with a visibility ν = 0.11. We have found that the interferences
are associated to nanoantenna emission and the scattering of its emission on the lift-off
square edge.



Appendix A
In-situ protocol: supercontinuum laser

A.1 Results in testing the Development and liftoff of LOR3A
Parallel with the topographic studies using the blue diode laser, we have carried out
topographic imaging of one hole created with super continuum laser in a resist bi-layer.

A.1.1 Preparation of the sample

The preparation of the sample was described in section IV.2.1. Figure A.1 recovers the
information of thin dielectric layers deposition.

A.1.2 Laser exposure

The exposure of the resist bi-layer was performed using a supercontinuum laser in a range
from 550 to 605 nm, repetition rate of 80 MHz and average optical power of 16.82 mW
(measured at 577 nm). We create a hole during 2 seconds of exposure time.

In Figure A.2 we show the topographic AFM image of the initial hole. From the line
profiles of Figure A.2a and b, we can distinguish two different diameters associated to the
upper PMMA and LOR3A layer. We clearly note the smallest size corresponds to the
bottom part of LOR3A layer (around 227 nm) and this value is three times smaller than
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Fig. A.1 Procedure of thin film deposition for in-situ protocol.
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712 nm 227 nm

160 nm

54 nm

215 nm

Fig. A.2 Hole created with supercontinuum laser with 2 seconds of exposure.

the holes produced with the blue diode laser.

In Figure A.2, we can observe profile line around the hole which estimate a height of
215 nm. In Figure A.2d we show the characteristic of the edge hole described as two-step
transition from the center of the hole to the upper PMMA layer.

A.1.3 Development lift-off resist LOR3A

We carried out the development of the sample using pure developer MF-319 during 5 sec-
onds. The topographic results are showed in Figure A.3. From the image we can observe
the homogeneous expansion of both LOR3A and upper PMMA layers. In the case of the
diameter in the resist bi-layer the expansion was from 227 nm to 1.3 um, more than 5
times. The depth of the hole after development process is close to the height before (with
respect Figure A.2c).

From Figures A.3a we can note a blurry outline enclosing the perimeter of the hole.
This feature has been observed before and it corresponds to an artifact of the microscope
tip. This limitation of the resolution prevents to distinguish the details at the center.
However, the image is clear enough to estimate the diameter and height of the hole.
From the same Figure A.3a, we can also distinguish some residues of LOR3A remaining
inside the hole close to the edges, especially on the left side part.
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1.3 um

220 nm
220 nm

Fig. A.3 Same hole after development in pure MF-319 during 5 seconds.

A.1.4 Thermal deposition of Au film and lift-off processing

We carried out the thermal gold deposition of 20 nm thickness layer. We then performed
lift-off processing by submerging the sample 50 seconds in pure developer MF-319. In
Figure A.4 we show the results in topographic surface microscope.

From Figure A.4a we clearly note the hole expansion from 1.3 to 3.3 µm diameter.
The difference in height from the center of the hole to the external surface is about 223
nm, very close to the precedent value (Figure A.3b).

In Figure A.4c we show the diameter size of what it would be the disk of the patch
antenna (1.3 µm). If we observe carefully on the edge of the disk in Figure A.4c, we can
note a high contour surrounding the antenna. Figure A.4d shows the profile height from
this raised border (around 50 nm high) to the center of the hole. This characteristic was
observable as well in the analysis of the protocol using blue diode laser.

In Figure A.5 we show a topographic image at the center of the hole where we can
examine in detail the modifications of the layers. From Figure A.5a, it is possible to
distinguish at less three lines which are aligned radially to the center. In Figure A.5b
we show the difference in height from the center hole to the layer which comprises this
pattern. The profile line estimates a height of 15 nm, approximately. This value is close
to the thickness of the upper PMMA layer.

A.2 Optimization of development and lift-off processing

We prepared a second sample modifying the first dielectric layer as it is showed in the
stack of layers of Figure. The deposition of all the remaining layers was performed as
described in IV.4.1. We used the same parameters of thin film deposition as the first
sample. The creation of the hole in the resist bi-layer was performed using the supper-
continuum laser with an optical power of 15.11 mW.
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Fig. A.4 Hole after thermal vapor deposition and lift-off processing during 50
seconds in pure developer MF-319.

1.38 um

15 nm

Fig. A.5 AFM image showing the center of the hole. a) Trace line indicating
the develop diameter around 1,38 um. b) Trace line showing the differential in
height from the center hole to the layer which comprise the radial pattern.
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Fig. A.6 Schematic representation of the sample prepared for In-situ protocol.
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a.         b.

c.

665 nm 456 nm

246 nm
m

Fig. A.7 AFM images of one hole created with supercontinnum laser during 2
seconds of exposure time. a) Diameter in PMMA layer, b) Diameter in LOR
layer, c) Average of depth

A.2.1 Laser exposure

In Figure A.7 we show the results of the initial stage. From the image we can note that
the characteristics in size and shape of the hole are very different from the findings of
the first sample. This fact is comprehensible since the creation of the hole is base on the
multi-wavelength radiation combine with focusing technique of the microscope.

From the Figure A.7a and b, we can distinguish two hole diameters 665 nm and 456 nm
corresponding to the upper PMMA layer and LOR3A resist layers, respectively. In Figure
A.7 we show the depth of the hole which is around 246 nm. This depth is lower than the
expected from the complete stack of layers (15 nm PMMA + 330 LOR3A + 10 nm up-
per PMMA). From the images we can also note some remaining residues of resist LOR3A.

A.2.2 Development lift-off resist LOR3A

We performed the development stage, in this occasion we submerged the sample inside
pure developer MF-319 between 3 and 4 seconds. The results are showed in Figures A.8.

From the Figure A.8 we can note the expansion of the hole from 456 nm to 1.3 um,
almost three times the original size. Once again, the depth of the hole is about 246 nm,
similar as the initial phase, confirming that the super continuum laser has created a hole



136 Appendix A. In-situ protocol: supercontinuum laser

1.3 um

Fig. A.8 AFM images after development 3-4 seconds inside MF-319. a) Single
trace in the complete hole.

in the resist bi-layer. The resolution of the topographic image allows to distinguish the
border of the hole and and roughness of the bottom layer at the center. For this sample,
we have not found the slash pattern at the center of the hole, meaning that the PMMA
layers was not affected during the exposure. In the same images we can note some residues
of resist close to the border.

A.2.3 Thermal deposition of Au film and lift-off processing
We carried out the deposition of 20 nm of gold film and we performed the lift off process
submerging the sample in the pure MF-319 during 120 seconds. The results in AFM
imagining are showed in Figure A.9.

In Figure A.9a we observe that the hole has expanded from 1.3 to 4.5 um. In Figure
A.9b we show the height of the hole from the bottom center to the upper layer. This
height reaches around 247 nm, close to the initial depth. In Figure A.9c we show the
develop diameter and Figure A.9d the contour surrounding the develop diameter. From
the image we can observe that the contour reaches some hundred nanometers.

In this study we have observed the evolution of one single hole (future patch antenna)
during the complete in-situ lithography protocol using a super continuum laser. We have
experimentally observed the expansion of the initial hole size after development process
and we have noted how it affects the following stages.
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4.5 um

1.3 um

247nm

116 nm

Fig. A.9 AFM images after gold deposition (20 nm Au layer) and liftoff pro-
cessing with pure MF-319 during 120 s. a) Profile line in the outer diameter,
b) Height from the center of the hole to the upper layer. c) Profile line in the
develop diameter and c) in the contour surrounding the develop diameter.
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Appendix B

Spectroscopic signatures of materials

It is well-known that dielectric or metallic materials surrounding the nanocrystal can in-
troduce fluorescence noise during the fine measurements in single nanocrystals. In this
section we will present the fluorescence spectroscopic signatures of poly(methyl methacry-
late) PMMA, conventional glass coverslip and flat Au surface which are materials com-
monly used as support substrates in photoluminescence measurements with nanocrystals.
In order to identify the fluorescence of PMMA material with respect to the nanocrystal
under study, we proceed with the preparation of the following sample. In a clean cover-
slip we deposited a thin dielectric layer 2% PMMA that gives roughly 45 nm thickness
(measured with profilometer Dektak). We created a linear discontinuity by removing the
PMMA film with a metallic tweezers. Figure B.1 displays the transverse step-height pro-
file of the micrometer groove along the glass surface.

Fig. B.1 Graph displaying the step-height profile to determine the highness of
the groove. Image directly obtained from the profilometer Dektak after a single
trace.
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Fig. B.2 a) Fluorescence scanning image in the interface between PMMA and
glass substrate. b) Photoluminescence spectros corresponding to glass and
PMMA zones of image a.

B.0.1 Fluorescence of dielectric materials: PMMA, glass coverslip

Using the sample with the discontinuity layer of PMMA coated in glass coverslip showed
on Figure B.1. We positioned the border of the discontinuity groove in the 15 × 15 µm
scanning area in the fluorescence microscope and we excited the interface between PMMA
and bare glass using the blue laser 405 nm in continuous mode at 230 W/cm2. Using
the same experimental set-up as described in section III.3, we obtained the scanning flu-
orescence image showed in Figure B.2a. From the image we can distinguish two parts,
one having more fluorescence than the other one. As expected, the emission in PMMA
is slightly higher with respect to bare glass. The down-left (bluish) zone corresponds
mostly to the emission of the glass substrate and the upper-right (greenish) zone belongs
to PMMA layer. By means of the piezo-electric stage, we positioned the laser spot sepa-
rately in the two zones of the scanning image to extract the photoluminescence signatures
for each material.

Figure B.2b display the signatures for each zone PMMA and bare glass. The signa-
ture in both material is almost identical. In both signatures we can note the sharp cut
of fluorescence by the Semrock LP filter 473 nm. We also observe the presence of a wide
emission extended from 500 nm to 650 nm.

Quantitatively speaking, the contribution close to the cut-edge wavelength around 475
nm seems to be more significant than the large emission around 540 nm. In all multi-
photonic spectra measured with the maximum excitation power, this spurious signal from
dielectric materials was not even notice, confirming its negligible contribution.

B.0.2 Luminescence of Au film

Evaporated gold is another material widely used in the interaction with single nanoemit-
ters. In nanophotonics, high-quality gold is extensively employed in the fabrication of
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b.

Fig. B.3 a) Dielectric function ε of bulk gold obtained by Johnson and Christy
[70]. b) Photoluminescence emission spectra of 200 nm Au film. We have excited
with an optical power of 1.7 kW/cm2 in continuous mode using a diode laser
emitting at 405 nm. The integration time in the spectrometers was 60 s.

plasmonic nanostructures. The recent development of techniques in nanofabrication like
e-beam lithography or Focus Ion Beam (FIB) allow to fabricate different nanostructures
of sophisticate shapes and sizes. In this section we will present the photoluminescence
properties of a thick-Au film fabricated by thermal vapor deposition at the INSP.

The first observation of photoluminescence emisison in metallic materials was reported
in 1969 by Mooradian using a high intensity argon ion laser [69]. The luminescence of
metallic material may bring an extra source of background noise during laser scanning
and also in spectroscopic measurements of patch-antennas. In this section, we will present
the photoluminescence spectra measured in a thick Au layer deposited by thermal evap-
oration.

In noble metals, such as gold and silver, they have bands of absorption associated to
inter-band transition of electrons in low energies bands (d-band). In gold bulk material,
these bands start appearing in the near ultraviolet frequencies. Figure B.3a shows the
real part (upper graph) and imaginary part (lower graph) of the dielectric function ε(ω)
measured by Johnson and Christy in 1972 [70]. From the lower graph, we can note that
the imaginary component (associated to the absorption properties of the bulk material)
starts increasing below 600 nm reaching maximum close to the emission linewidth of the
blue diode laser at 405 nm. The same imaginary component of the dielectric function
shows that the absorption of gold is minimum around 650 nm, nearly in the emission
linewidth of colloidal nanocrystals. Therefore, the luminescence of the noble metal would
become important within excitation with the laser at 405 nm.

In order to identify the luminescence signature of gold, we have used a sample contain-
ing 200 nm Au thickness fabricated by thermal vapor deposition. We have increased the
optical power of the diode laser 405 nm (working in continuous mode) until 1.7 kW/cm2

to be able to collect the fluorescence signal from bare gold. Figure B.3b shows the pho-
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toluminescence spectra of the gold surface after 60 s of integration time. We can observe
that the emission extends over a range from 500 nm to 650 nm, approximately. This
range overlay partially the fluorescence emission of single CdSe/CdS nanocrystals as we
can note from the Figure II.13 described in section II.2.

In laser scanning fluorescence imaging, part of the incident energy is absorbed by these
d-band electrons whose mechanisms of relaxation can lead to the emission of luminescence
in the visible spectrum range. However, the fluorescence emission of nanocrystals laying
on gold substrate is several times more higher than the luminescence of the background
gold.
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Sujet : Fabrication et caractérisation d’antennes patch plasmoniques

Résumé : Nous étudions l’interaction lumière-matière d’un nanocristal CdSe/CdS individuel et
une antenne patch plasmonique. Les études réalisées dans le cadre de ce travail peuvent être
visualisées en deux parties. En première, nous avons caractérisé les propriétés de photolumi-
nescence d’un nanocristal individuel en termes de la dynamique et la spectroscopie à différents
conditions d’excitation. Les nanocristaux semi-conducteurs sont des sources de photon-unique
à température ambiante. Néanmoins, l’émission multi-excitonique de ces émetteurs est possi-
ble lorsque la recombinaison de deux ou plus excitons devient radiative. Nous avons développé
un modèle analytique qui permet de décrire le nombre de photons émis en fonction du nombre
moyen d’excitons créés par une impulsion laser. Le modèle nous a permis d’estimer le rendement
quantique de la transition bi-excitonique. La deuxième partie est consacrée à l’optimisation d’un
protocole de fabrication d’antennes patch. Nous avons établi un protocole de lithographie optique
qui permettre de coupler un nanodisque d’or avec un nanocristal individuel de manière détermin-
iste. En première temps, nous avons fabriqué antennes passives afin d’analyser les propriétés de
réflectivité de la structure, puis nous avons fabriqué des antennes couplées à une boite quantique.
Nous avons montré la modification de l’émission spontanée due au couplage avec l’antenne. Nous
avons mis en évidence une émission super-poissonnienne de l’antenne après un filtrage temporel,
ainsi que l’émission de lumière partialement cohérente.

Mots clés : Nanoantenne, plasmonique, nanocristaux semiconducteurs, lithographie optique,
fluorescence, effet Purcell.

Subject : Fabrication and characterization of plasmonic patch
nanoantennas

Abstract: In this thesis, we exploit light-matter interaction between a single semiconductor
CdSe/CdS nanocrystal and a plasmonic patch antenna. This work can be divided in two main
parts. We have first characterized the photoluminescence dynamics and spectroscopic signatures
of single nanocrystals at different excitation powers. High quality CdSe/CdS nanocrystals are
single-photon sources at room temperature. Nevertheless, multiexcitonic emission occurs when
two or more excitons are recombining radiatively. We have developed an analytical model which
describes the number of photons emitted by a nanocrystal as a function of the mean number of
excitons created in one excitation pulse. With this model, we can calculate the quantum efficiency
of the bi-exciton recombination. The second part is devoted to the development and optimization
of an optical lithography protocol for patch antennas. We have stablished a protocol that allows
us to couple a thin Au nano-disk above a single nanocrystal in a deterministic way. We have
first fabricated passive nanoantennas in order to study reflectivity spectroscopic properties in the
plasmonic structure. Later on, we have fabricated several active patch nanoantennas coupled with
single CdSe/CdS nanocrystals. We have demonstrated the acceleration of spontaneous emission
thanks to the coupling with the plasmons nanodisk. For some antennas, we have evidenced a
super-poissonian emission signature when a post-processing temporal filter is applied. Finally,
we have evidenced the emission of light partially coherent of one antenna in the proximity of the
metallic square edge.

Keywords : Nanoantenna, plasmonics, semiconductor nanocrystals, optical lithography, fluores-
cence, Purcell effect.


