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MOoOTIVATION AND OUTLINE

he spontaneous emission of an emitter can be controlled by modifying its environment.

This effect can be used to enhance the spontaneous emission of single quantum emitters

and create efficient single photon sources. The possibility of directing this enhanced
emission by using antennas will further improve the efficacy of these structures. Theoretical
studies show that plasmonic patch antennas [1], are promising candidates for obtaining acc-
elerated and directed spontaneous emission. Single emitter structures offer unique advantages
and the possibility to investigate and understand scientific phenomena which are absent
in the averaged response of multi-emitter emission. Using in-situ optical lithography [2],
multi-emitter patch antennas have been fabricated [3]. These antennas showed significant
acceleration of emission and directivity. But due to the photobleaching and low emission
signal of a single emitter (as compared to a cluster of emitters), conventional lithography
techniques could not be implemented for fabricating single emitter antennas. Deterministic
fabrication and analysis of patch antennas has been the motivation of my PhD work.

To perform deterministic lithography on single emitters, we have found three new tech-
niques. To our knowledge, this thesis is the first report on these techniques and the single
emitter plasmonic patch antennas realized by their implementation. Our first method uses
in-situ optical lithography with a supercontinuum laser to deterministically position single
nanocrystals (which are single photon sources) inside an optical patch antenna. The second
procedure uses a combination of in-situ optical lithography and e-beam lithography for the
deterministic positioning of single emitters in plasmonic antenna structures. The third method
involves generating LG modes and performing deterministic in-situ optical lithography on
single emitters. All these techniques offer three-dimensional control in positioning the ant-
enna patch over the emitter. These techniques can be used for realizing a variety of photonic
structures, especially those that use single emitters.

The plasmonic patch optical antennas discussed in this thesis use a single CdSe/CdS
core/shell nanocrystal as the emitter. These colloidal quantum dots exhibit size-dependent
emission-wavelength tunability and stable single photon emission at room temperature [4].
The developments in the field of colloidal quantum dots are improving their emission charac-
teristics. By incorporating them inside patch antennas, we are able to accelerate and direct
their emission. Most importantly, the emission from these antennas can be analyzed to gain
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insight into the light—matter interactions at a single emitter level. In addition to CdSe/CdS
core/shell quantum dots, other emitters like nitrogen vacancy centers in nanodiamonds and
other quantum dots can be used as well. The antenna emission wavelength can be tuned by
using the appropriate emitters and patch materials.

Chapter 1 introduces the topic of optical patch antennas and describes their character-
istics. The later part of the chapter is focused on CdSe/CdS quantum dots, which serve as the
antenna emitters. After discussing the chemical synthesis and the luminescence properties of
these quantum dots, the last part of the chapter describes single-photon emission and our
optical measurement setup for detecting single photons.

In chapter 2, we discuss the fabrication concept of a single emitter nanoantenna. This
chapter describes the topics that are common to all our techniques. These include deposition
of metal and dielectric films, and their characterization. After discussing the problem of vapor
deposition on dielectrics, the topic of spin-coated polymer films is described.

Chapter 3 lays the foundation of our work of deterministic lithography, and describes
the protocol of supercontinuum laser lithography. Important aspects of lithography like the
choice of resists, the deposition procedure, and the lift-off process are described in detail. As
all our techniques perform lithography on a resist bi-layer, many discussions in this chapter
are applicable to other chapters as well. The last chapter is about the experimental optical
analysis of the realized plasmonic patch antennas.

Our protocol that implements a combination of optical and e-beam lithography is des-
cribed in chapter 4. After detailing the important aspects of this method, the chapter discusses
the optical characteristics of the fabricated patch antennas.

Chapter 5 begins with a description of LG modes and their properties. It then discusses
spatial light modulation using liquid crystal displays, which is implemented to generate LG
modes. After describing the protocol of in-situ optical lithography with LG laser modes, the
emission of the realized patch nanoantennas is analyzed.

The thesis concludes with a summary and gives an outlook on further investigations
and improvements.



PrasmonNic OPrTICAL
ANTENNA WITH A
SINGLE EMITTER

ntennas have become an important part of our lives as they are crucial for the operation
of telecommunication devices like mobile phones, tablets and computers with wireless
connectivity, and satellites. Due to their wide range of application, antennas operating
at radio and microwave frequencies of the electromagnetic spectrum are widely studied by
electrical engineers. An antenna is a structure, usually made from a good conducting material,
that has been designed to have a shape and size such that it radiates electromagnetic power in
an efficient manner. Generally, an antenna is also a good receiver of electromagnetic power.
In order to radiate efficiently, the minimum size of the antenna must be comparable to the
wavelength of emitted radiation [5]. The difficulty in fabricating small-size antenna struc-
tures (400 —700 nm) delayed the appearance of optical antennas compared to radio antennas.
In recent times, developments in nanofabrication have paved the way for antennas for light [6,
7]. The definition of an antenna can be extended to the optical domain, and following [7], it
can be stated that an optical antenna is a device that can convert freely propagating optical
radiation into localized energy, and vice versa.

With the inclusion of antennas in the optical regime, many new scientific and tech-
nical opportunities have become available and the list is growing. It has been shown that
optical antennas can enhance the spontaneous emission of emitters like quantum dots [3, 8,
9], nanorods [10], fluorescent molecules [11], and nitrogen-vacancy defect centers in nanod-
iamonds [12]. The nanoscopic manipulation of light by optical antennas makes them useful
in imaging [13], spectroscopic [14, 15, 16], photovoltaic [17, 18, 19, 20], and lasing [21, 22]
applications and studies.

The analogy between optical and radio-frequency antennas has generated scientific inter-
est but due to the difference in the behavior of metals in the two frequency regimes, the
well-established concepts of radio-frequency antennas [5, 23] cannot be applied directly to
optical antennas [24, 25]. Metals are almost perfect conductors at radio-wave wavelengths and
lower, and their skin-depth [26] is truly sub-wavelength—this is no longer true in the visible
regime and this results in interesting phenomena that are being investigated and applied. An
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example of this is the concept of antenna impedance that has been investigated in references
[27], [28], and [29].

Amongst optical antennas, plasmonic optical antennas are the most discussed [24]. These
devices benefit from plasmonic phenomena which results in confinement and enhancem-
ent of optical fields [25, 30]. There are other semiconductor and high-dielectric constant
material-based optical antennas [31, 32] as well.

1.1 Plasmonics terminology

This section will mention briefly the terminology of plasmonics. A plasmon is a quantum of
collective charge density oscillation in a metal [33]. There are different types of plasmons like
volume plasmons, surface plasmons, and localized plasmons. Volume plasmons are longi-
tudinal waves, and due to their longitudinal nature, they do not couple with transverse elec-
tromagnetic waves [34]. Surface plasmons are plasmons confined to the metal-dielectric
interface [35]. Surface plasmons can be further characterized as surface plasmon polaritons
(spp) and localized surface plasmons (LsP) [34]. Surface plasmon polaritons are propagat-
ing surface wave solutions of Maxwell’s equations for certain boundary conditions [25]; they
can be treated as transverse waveguide modes [36]. Localized surface plasmons (LsP) are
non-propagating waves of conduction electrons of metallic structures, which exist in boun-
ded geometries of sub-wavelength size, such as metallic particles (nanoparticles, nanorods,
nanodisks) [34]. When a time-dependent electromagnetic field is confined to metallic nanop-
articles such that the wavelength of the electromagnetic field is much larger than the con-
fining dimensions of the metallic particles, then time-dependent contributions of the elec-
tromagnetic field to the solutions of Maxwell’s equations can be neglected. This quasi-static
approximation leads to an electrostatic solution to field distribution—rsp [36].

1.2 Plasmonic patch nanoantenna

The structure of a plasmonic patch nanoantenna is illustrated in Figure 1.1. It is an optical
antenna if it operates in the visible wavelength range. If the emitter of the antenna is a single
photon emitter like a quantum dot or a nitrogen vacancy defect center in a nanodiamond,
the antenna radiation can be single photon emission. The patch nanoantennas that we have
fabricated were theoretically studied by Esteban et al. of the Greffet’s group at Laboratoire
Charles Fabry, Institut d’'Optique, Paris [1]. Following this work, Belacel used photolithography
in his PhD work [3, 8] in the groups of Maitre (INsp, Paris) and Senellart (Laboratoire de
Photonique et de Nanostructures, Paris) and fabricated plasmonic patch nanoantennas that
used a cluster of quantum dots as an emitter. But as a cluster of quantum dots is not a
deterministic single-photon source, antennas using them as emitters do not show determ-
inistic single photon emission nor the possibility to study the phenomena that occur when
single emitter emission is coupled to a plasmonic cavity. For these reasons, we chose to place
a single CdSe/CdS core/shell nanocrystal as the antenna emitter but conventional lithography
techniques could not be used for performing lithography on a deterministically positioned
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single emitter. To realize this, we had to formulate new lithography protocols, which has been
the main work of my PhD.

Where plasmonic patch nanoantennas can provide more insight into the light-matter
interactions involved in these structures, they are of technical importance as well because they
can increase and direct the emission of an emitter. When irradiated by light, a quantum dot
spontaneously radiates single photons by fluorescence. However, this signal of single photon
emission from a quantum dot, such as a colloidal semiconductor nanocrystal, can be low
and has very low directional character. To accelerate the emission of single photons and to
better control the flow of emitted photons, our nanoantenna draws benefits from the field of
plasmonics. This involves the coupling of radiation from the nanocrystal to metal structures
placed at optimum distance.

Purcell pointed out that the amount of power emitted by an electromagnetic source
depends not only on the nature of the source but also on the environment around the it [37].
By changing the environment around the nanocrystal, its emission properties can be changed.
A plasmonic nanoantenna uses this principle with appropriate components to control the flow
of light [1, 3].
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Figure 1.1 Operation of a single photon emitter plasmonic patch nanoantenna

Letters E and H denote the electric and magnetic fields, respectively. Note the metal-dielectric-metal str-
ucture. We use PMMA as the dielectric and Au as the metal. Other dielectrics and plasmonic metals can be
used as well.

Figure 1.1 outlines the operation of a plasmonic nanoantenna. The single photon em-
itter (in our case, a quantum dot), upon excitation by light, e.g. laser light, emits single photons
by fluorescence. Due to the positioning of the appropriate metal structures above and below
the emitter at optimum distance, radiation from the emitter is coupled to the metal struc-
tures. This leads to the generation of surface plasmons at the metal-dielectric interface. In
the gold layers above and below the emitter, these surface plasmons are propagating waves,
and as they exist at the metal-dielectric interface and are coupled to photons (fluorescent
radiation from the nanocrystal), we can state that they are surface plasmon polaritons (spp)
(see Section 1.1). The spps generated at the metal-dielectric interface give rise to confined
and strongly enhanced optical near-fields [25], which finally leads to the radiation of photons
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from the top of the 20 nm thick patch—this constitutes the antenna radiation. The presence of
the metal-insulator-metal structure changes the radiative properties of the single emitter. For
example, it can accelerate the radiative emission of the emitter. The plasmonic metal patch
functions as an antenna by directing the emitted radiation.

1.2.1 Purcell effect

First described by E. M. Purcell in 1946, the Purcell effect is the phenomenon of change in
the emission properties of an electromagnetic source as its environment is changed [37].
An excited nanocrystal placed in vacuum will decay spontaneously by interaction with the
vacuum continuum. In this two-level system (Figure 1.8), for a given transition frequency,
the decay rate is proportional to the spectral density of modes per volume [38]. When the
nanocrystal is positioned between an appropriately placed gold patch and gold film, as in
the nanoantenna (Figure 1.1), the situation changes. Radiation from the nanocrystal excites
spps at the metal-dielectric interfaces above and below it. Moreover, the patch of these an-
tennas appears to be a cavity, inside which the excited spps undergo reflection at the edges
and interfere constructively showing adequate resonances [1]. These resonances enhance the
decay rate of the emitter, thus possibly accelerating the radiative emission.

In general, the Purcell factor is given as the ratio of the decay rate of spontaneous emission
within the cavity to the decay rate of spontaneous emission in outside the cavity [39]. This
concept can be extended further to describe the emission from patch nanoantennas [8, 40, 1].
The Purcell factor or the acceleration of emission of these patch antennas is stated as [41]:

_ 1—‘antenna _ Tvacuum Q |d ) E(I‘)|2
p= = X — 2 (11)
rvacuum Tantenna V w
1+4QY— -1
Wo

where I ienna and [yacuum are the decay rates of the emitter in the antenna environment and
vacuum, respectively, and T, enna @Nd Tyacuum are the lifetimes of the emitter in the antenna
environment and vacuum, respectively. Q is the quality factor, V is the mode volume, d is the
dipole moment of the emitter dipole, E(r) is the electric field in the cavity (patch) as a function
of position r, w, is the emission frequency in vacuum, and w is the emission frequency in
the cavity.

Our single photon emitter nanoantennas benefit from the Purcell effect. By controlling
the dielectric spacing and the antenna patch size, the Purcell factor of these structures can
be further increased.

The nanoantenna emitter—CdSe/CdS quantum dot—can be modeled as a dipole [42]
and its orientation strongly influences its coupling to the patch. The simulation results of
Belacel et al. [3] show that the Purcell factor of a patch nanoantenna is dependent on the
patch size, the emitter position between the Au layers, and the orientation of the emitter
dipole (Figure 1.2).

Polarization analysis of the emission of an emitter (modeled as a dipole) can be used to
find the three-dimensional orientation of the emitter dipole [43, 42]. Using this method, we
can select vertically aligned dipoles and fabricate nanoantennas using them, thus benefitting
from high emission acceleration. Information about the emitter orientation and the behavior
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of the corresponding patch nanoantenna can be used to study the involved optical interactions
in these structures. Exploiting this feature will be one of the objectives of our future work on

patch nanoantennas.
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Figure 1.2 Purcell factor depending on dipole orientation and patch diameter

The figure shows a simulation result reported in [8]. A point-like emitter, emitting at 620 nm, was placed
between the two gold structures that were separated by 30 nm. For two orientations of the emitter dip-
ole—vertical and parallel—the emission acceleration was noted as a function of the patch diameter. To
obtain a high Purcell factor, the emitter dipole should be in the vertical orientation.

1.2.2 Directivity

Generally, an antenna does not radiate uniformly in all directions. The variation of radiation
intensity with direction is given by directivity D(0, ¢) [5]:

power radiated per unit solid angle

D(G, 4)) =

average power radiated per unit solid angle

_ dP/dQ

B /i (1.2)

where Q is the solid angle and P, is the total power radiated by the antenna.

The radiation pattern of an isolated nanocrystal is not of directional character, which
means that radiation from the nanocrystal cannot be directed in a particular direction. When
the nanocrystal is put as an emitter in a plasmonic antenna then the antenna radiation acqu-
ires a very directional character. This property can be used in many ways. For example, a
lens of a given numerical aperture will be able to collect more photons from a well placed
directional source—in other words, using directive photon emission sources, we can increase
the collection efficiency of the lens.

In a plasmonic nanoantenna, the directivity can be controlled by changing the diameter
of the gold disk placed on top of the nanocrystal. Figure 1.3 shows the radiation pattern
of a plasmonic nanoantenna whose point-like emitter dipole is vertically oriented as shown
in Figure 1.2. Patch antenna emission is the most directional when the emitter dipole is
vertically oriented [3].
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Figure 1.3 Directivity of plasmonic nanoantennas

A plasmonic nanoantenna is directional, which means better collection efficiency. From the displayed rad-
iation pattern (plotted for a vertically oriented emitter-dipole), we note that the directivity of a patch
nanoantenna can be altered by changing the disk diameter. Image source: [3].

When the emitter dipole of a plasmonic patch antenna is vertically oriented, the antenna
shows the best Purcell factor and is the most directive. By estimating the emitter dipole or-
ientation with polarization analysis, we can position different patch sizes on them and attain
plasmonic patch antennas with a very high Purcell factor and directivity.

A concise description of optical antenna parameters such as antenna efficiency, radiat-
ion pattern, effective area, gain, reciprocity, aperture, effective wavelength, radiation resistance,
lumped circuit elements, inductance, and density of states can be found in reference [25]. Their
radio analogs can be found in reference [5] or [23].

1.3 Nanocrystals

A nanocrystal is a crystalline aggregate of atoms, which has a radius between 1-100 nm
and typically consists of 10-10° atoms [44]. Semiconductor nanocrystals can be synthesized
chemically in several forms such as spherical particles, nanorods, spherical core/shell struc-
tures, core/shell dot-in-rods, and tetrapods [45, 4].

Semiconductor nanocrystals, whose all three dimensions are in the nanometer range,
exhibit three-dimensional quantum confinement; these are also called quantum dots [46].
They define a state between discrete molecules and bulk matter. The possibility of controlling
the size, shape, and composition of semiconductor nanocrystals—which directly influences
their electronic and optical properties—has made them widely applicable in many areas, such
as bio-imaging, colored displays, white light-emitting diodes, photovoltaics, and possibly qu-
antum computing and cryptography.

1.3.1 CdSe/CdS core/shell quantum dot

Our nanoantennas use a spherical core/shell semiconductor nanocrystal as an emitter. These
quantum dots consist of a CdSe core (¢ ~3 nm) which is surrounded by a CdS shell (about
6—8 nm thick). The total diameter of this spherical core/shell quantum dot is about 15-19 nm
(Figure 1.4(a)). The shell is constituted of a material with a similar lattice constant as the core,
and its presence around the core passivates the surface bonds, thereby making the quantum
dot more stable and fluorescent [47]. Moreover, the presence of a thick shell can considerably
reduce blinking (fluorescence intermittency) [48]. Due to the high surface to volume ratio in
nanoparticles, surface effects are very important.
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Due to their chemical composition, which includes II-VI semiconductors, CdSe/CdS
quantum dots are known for their stability and quantum yield [49]. Their chemical synthesis
is relatively easy and produces high quality quantum dots [4]. Figure 1.4 shows a schematic
and a transmission electron microscope image of the quantum dots used in our nanoantennas.
These dots show a quasi-spherical shape.

15-19 nm

3 nm

(a) Core/Shell nanocrystal (b) TEM image of nanocrystals

Figure 1.4 CdSe/CdS core/shell quantum dots

(a) Schematic showing the typical structure of our quantum dots. (b) Transmission electron microscope (TEM)
image of the quantum dots used in our nanoantennas. Note the size and the size-variation of nanocrystals,
both of which can be controlled during the chemical synthesis. Image courtesy of Michel Nasilowski.
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Figure 1.5 Type I, Type II, and quasi Type I quantum dots

Energy band alignment diagrams of the valence and the conduction bands of Type |, Type Il, and quasi
Type | quantum dots.

Depending on the band alignment of the valence and the conduction bands of the core
and shell materials of the quantum dot, they can be broadly categorized as Type I, Type II,
and quasi Type I (also addressed as quasi Type II). In Type I core/shell quantum dots, such
as CdSe/ZnS [50, 51], the shell material has a higher bandgap than the core material and
the excited charge carriers—electrons and holes—are confined within the core. Confinement
of charge carriers within the core reduces their interaction with surface trap states, thereby
suppressing the non-radiative recombination and enhancing fluorescence [25]. In Type II qu-
antum dots, such as CdTe/CdSe and CdSe/ZnTe [52, 51], the shell material has a lower bandgap
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than the core, and the excited electrons are mostly localized in the shell. Our relatively thick
CdSe/CdS are quasi Type I quantum dots, where the bandgap of the CdS capping is higher
than that of the CdSe core [51] but the conduction bands of the two materials are almost
aligned, therefore the excited electron can be found both in the core and the shell [53].

1.3.2 Nanocrystal fabrication

The quantum dots used in this work were synthesized in colloidal solutions by Michel Nasi-
lowski working in Benoit Dubertret’s group at Laboratoire Photons Et Matiere, Ecole Supér-
ieure de Physique et de Chimie Industrielles (Espci) in Paris. Firstly, the CdSe cores are
synthesized using a protocol based on the work of Peng et al. [54, 55] and using the expertise
developed in Dubertret’s group. The following sections will mention the synthesis and related
properties of CdSe/CdS core/shell quantum dots. With the goal of finding the most suitable
emitters for our nanoantennas, we tested several batches of CdSe/CdS nanocrystals of varying
sizes, which were synthesized using the method explained below. Size and structure variation
was achieved by altering some parameters in the chemical process but the general method
was the same.

The quality of the synthesized colloidal core/shell nanocrystals is highly dependent on the
efficacy of the chemical process. Some experience and understanding of the chemical synthesis
of nanocrystals, and their chemistry, allowed me to better tune them to our requirements.
An example of this is the regular addition of ligands to the nanocrystal dispersion (sect-
ion 1.3.5).

1.3.3 CdSe core synthesis

In a 100 ml three-neck flask, 750pul of 0.5 M cadmium oleate [Cd(C;gH34,0,),], 1.5 ml of TOPO
[trioctylphosphine oxide, [CH3(CH,),]3PO], 1.5 ml of octadecene [C;gHj3¢] are added. The
mixture is degassed at 70°C for 3 hours. Then argon gas is let in and the solution is heated
from 20°C to 300°C. Very swiftly, 4 ml of trioctylphosphine selenide [TOPSe, (CgH;;)3P=Se]
is added, which is followed by the addition of 3 ml oleamine or oleylamine. The mixture is then
annealed for 8 minutes. The flask is let to cool down and this stops the synthesis of the CdSe
cores. For room temperature colloidal stability of the dots, 0.1 ml of oleic acid [C;gH3,0,]is
added to the solution. The dots in the solution are precipitated by adding ethanol [C,H;OH].
The precipitated CdSe nanocrystals are collected and suspended in hexane (about 5 ml). The
final diameter of the dots decides their photoluminescence spectrum.

1.3.4 CdS shell growth

The precipitated CdSe cores from the above step are put in a three-neck flask with 5ml of

octadecane (C;gHjzg) and 50 mg of cadmium is added to it. The mixture is degassed at 70°C for

30 minutes and put under argon flow. Then 5 ml of a 8.1 M solution of sulphur in octadecene,
1 ml of 0.5 M cadmium oleate, and 1 ml of oleylamine (C;gH3;NH,) are added at the injection

rate of 2 ml/hour for the first 2 ml and the remaining is injected at 18 ml/hour. The mixture is

heated at 300°C for 10 minutes. It is then cooled down to room temperature and the nanocrys-
tals are precipitated with ethanol, centrifuged and dispersed in 5 ml of hexane (C4H;4). Finally,
we have a colloidal dispersion of CdSe/CdS core/shell nanocrystals in hexane. Figure 1.6 shows

a schematic of a quantum dot with ligands.
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Figure 1.6 CdSe/CdS quantum dot with ligands

The ligands synthesized quantum hold the quantum dot in the dispersion. We use hexane as the solvent but
any other nonpolar solvent like toluene or chloroform can be used. The ligands attached to the shell consist
of an 18-atoms carbon chain, which is terminated by either COO™ or NH,. The COO™ and NH, attach to
the quantum dot and the 18-atoms alkyl chain is oleophilic—this ensures the colloidal stability. The double
bond between the 9" and 10" carbon atom ensures the stability of the nanocrystals in nonpolar solvents
like hexane and chloroform [56].

1.3.5 Nanocrystal preservation

Nanocrystals, like other materials, may degrade with time. Oxidation of nanocrystals can
produce defects in nanocrystals that open non-radiative recombination channels [57, 4]. This
leads to shutting down of the radiative recombination channels, which are responsible for flu-
orescence. Nanocrystals, like other fluorophores, are prone to photobleaching. Photobleaching
or fading is a photon-induced chemical change that results in permanent loss of fluorescence
of a fluorophore [58]. Our nanocrystals are stored as colloidal dispersions. The type and am-
ount of ligands around the nanocrystal and the type and amount of solvent in which they are
dispersed can affect their life [56].

Nanocrystal damage becomes even more relevant when we deal with individual emitters,
which is our case. Moreover, in our lithography process, we focus high power laser light onto
the nanocrystal and this requires the nanocrystal to be robust to bear the input. In our initial
work, it was observed that after one year from synthesis, the nanocrystals photobleached
much quicker and were not able to bear high laser intensity (especially pulsed laser light)
for long. Any significant change in nanocrystal behavior during the initial formulation of the
lithographic protocol (which took more than a year) was unacceptable. The protocol involved
many parameters—such as wavelength, power, and exposure interval of the laser—that had to
be characterized and controlled precisely. As these parameters were affected by the properties
of the nanocrystals, it was imperative to fix the parameter of nanocrystal properties and then
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decide the other parameters of the protocol. With this in mind we began looking for solutions
to the mentioned problem.

One way to preserve the properties of nanocrystals over time is to store them in highly
concentrated mother dispersions. It has been observed in several cases that if the concentrat-
ion of nanocrystals in the dispersion is very low, their properties deteriorate faster. It seems
that the interactions responsible for this are nanocrystal-ligand and ligand—solvent. The effect
of dilution on nanocrystal properties can be seen from the following experiment. From a
nanocrystal mother solution, 10 pul was taken, diluted 100 000%, and kept in an eppendorf.
50 ul from this dilution was spin-coated on a glass slip, which was observed by fluorescence
microscopy—homogenously distributed fluorescing emitters were visible. The eppendorf was
left undisturbed for 24 hours. The next day, the eppendorf was briskly shaken and 50 pl was
spin-coated on a glass slip, which was viewed by the same fluorescence microscope—very few
emitters were observed and these seemed to be less bright. To make sure that the precipitat-
ion of nanocrystals in the eppendorf was not an issue, the eppendorf was sonicated and the
following experiment was repeated but the result was the same as the previous one—very few
and dim emitters were visible. We recorded similar results after conducting such experiments
a few times on some batches of nanocrystals. The above mentioned made us conclude that
for long term stability, concentration of nanocrystals in the solvent should be high. We have
assumed, as it should be, that the material of the eppendorf does not alter the nanocrystal
properties. As far as producing very high dilutions for spin-coating are concerned, we have
always prepared fresh dilutions which were used within 1 hour of preparation.

The role of the ligands is to hold the nanocrystal in the colloidal dispersion but they can
also affect the nanocrystal photoluminescence properties [59]. The effect of ligand addition
and exchange on the properties of nanocrystals has been a subject of interest [60, 61, 59,
62]. Reports based on in-solution photoluminescence measurements demonstrate the effect
of ligand concentration on the photoluminescence of CdSe/CdS core/shell nanocrystals [63].
NH, in the ligands can prevent oxidation of the nanocrystal, thereby improving its life and flu-
orescence. With time, the ligands holding the nanocrystal in the solution may deteriorate [56].
To prevent this, we regularly add ligands to the mother solution of the nanocrystals. At times,
we remove the old ligands, precipitate the nanocrystals, and add new ligands. We did not rec-
ord any significant change in the photoluminescence of the individual quantum dots due to
the above mentioned ligand addition, at least not to the extent that it affected our fabricat-
ion protocol.

Nanocrystal deterioration may be enhanced by high temperatures and exposure to light.
For this reason many manufacturers of colloidal quantum dots recommend storing them in
the dark at 4°C [64]. However, it has been observed by our group at iNsp that the CdSe/CdS
core/shell nanocrystals synthesized by Dubertret’s group (EspcI) can be stored in dark at
room temperature without any degradation.

Considering the above mentioned, Dubertret’s group (PhD work of Michel Nasilowski)
provided us with a highly concentrated batch of colloidal CdSe/CdS core/shell spherical nan-
ocrystals. Figure 1.4(b) shows a TEM micrograph of these nanocrystals. These nanocrystals
precipitated or settled down in the solvent in less than 6 hours. As intended [65], the concen-
trated nature of the dispersion seems to enhance nanocrystal stability. To use these nanocrys-
tals, we shake the bottle of the mother solution and take out 500 pl of the mother solution in a
glass vial. The solution in the glass vial now acts as the mother solution—this solution can be
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used to prepare about 100—500 samples with spin-coated individual nanocrystals. Every two
months, we add 5 pl of oleylamine, 5 pl of oleic acid and 50 pl of hexane (solvent) to the glass
vial and sonicate it for 2 minutes. This seems to make the nanocrystals more stable; within
1 year from their synthesis, we did not observe any degradation in their photoluminescence
properties, whereas this was not the case with other batches of nanocrystal dispersions stored
in the same conditions.

We suppose that the good stability of these nanocrystals is due to one or more of the foll-
owing reasons: 1) superior quality synthesis, 2) highly concentrated dispersion, and 3) regular
addition of ligands to the nanocrystals [65, 56]. Because of their long-term photophysical
stability, we could use the same batch of nanocrystals for more than a year throughout the
formulation of the lithographic protocol. This was helpful in finalizing the main parameters
of the fabrication protocol without being concerned about the parameter of degradation of
nanocrystals with time.

Figure 1.7 Nanocrystal dispersion—shaken and undisturbed

Images (a), (b) and (c) show the colloidal dispersion of nanocrystal in hexane as seen in ambient light.
Images (d) and (e) show them in ultraviolet light. Images (a) and (d) show how the mixture looks just
after being shaken. Photographs (b), (c) and (e) were taken after leaving the nanocrystals undisturbed for
6 hours; they show the precipitated nanocrystals at the bottom of the glass vial. Image (c) highlights the
clarity of the solvent after the nanocrystals have settled down.

1.3.6 Nanocrystal luminescence

Non-thermal emission of light is called luminescence [66]. There are several forms of lumin-
escence which include photoluminescence (fluorescence and phosphorescence) and cathodol-
uminescence. Cathodoluminescence is the phenomenon of emission of light from a material
as a result of its interaction with electrons [66]. Well known for their fluorescence properties,
CdSe/CdS nanocrystals have been shown to be cathodoluminescent as well [67].
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Photoluminescence occurs when a system is excited to a higher energy state by absorbing
a photon and then relaxes to a lower energy state by spontaneously emitting a photon. If the
higher and lower energy states have the same multiplicity (spin-allowed), the photolumin-
escence process is called fluorescence , where the typical lifetime is short (0.1-50 ns). If the
transitions are between states of different multiplicity (spin-forbidden), the process is known
as phosphorescence , which typically has a long lifetime (1 ms—10s) [66].

Photoluminescent emitters can be described by some form of Jablonski diagram [68].
Photoluminescence of quantum emitters such as luminescent molecules, quantum dots, and
color centers nanodiamonds can be described by a three-level system of energy levels using
a simplified Jablonski diagram [25]. In a three-level system, the charge relaxation within finer
vibration states is neglected. Moreover, because of the absence of intersystem transitions in
our quantum dots, their fluorescence can be described by a two-level system as shown in
Figure 1.8 [69]. To explain more complex phenomena that occur during quantum dot exc-
itation and emission, more elaborate models than a two-level system are required.

Excited state @

Fluorescence
t~35ns
NN\ @ NNy AVAVAY. JAVAVAVAV
Incident Excitation Single
photon photon

@® Ground state

Figure 1.8 Simplified model to explain nanocrystal fluorescence

An incident photon, after absorption, excites an electron from the ground state to the excited state creating
an electron-hole pair. In bright state transitions, the electron spontaneously recombines with the hole in the
ground state resulting in emission of a photon. When placed in homogeneous media, our nanocrystals show
a typical lifetime (r) of about 35ns.

Two-level emitters are inherently single photon emitters, which usually deliver one photon
at a time [70, 71, 72]. A detector capable of detecting photons with 100% accuracy will detect
one photon for one incident excitation of a perfect single emitter.

1.3.7 Blinking, photobleaching, and quenching

In 1996, Nirmal et al. [73] reported that the fluorescence of a quantum dot can fluctuate bet-
ween “on” (fluorescent) and “oft” (non-fluorescent) states. This phenomenon is called blinking
or fluorescence intermittency. Blinking can be observed in almost all fluorophores [74]. The
main reason responsible for blinking in quantum dots is reported to be photoionization, where
an electron escapes from the excited quantum dot, which means no radiative recombination.
At this stage, the quantum dot is positively charged and non-emissive (in “oft” state). When
the electron returns to the quantum dot, it starts fluorescing again, i.e., it enters the “on”
state [4]. It has been shown that blinking dynamics follows Lévy statistics [75]. The 15-19 nm
thick CdS shell of our quantum dots (Figure 1.4) makes it difficult for an electron to escape
the quantum dot, which makes them almost non-blinking (Figure 1.9).
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Figure 1.9 Our CdSe/CdS nanocrystals—almost non-blinking

Due to their thick shell, our nanocrystals exhibit almost no blinking. The plot shows that the quantum dot,
during the 160 s excitation time, maintained a steady emission rate without blinking. The curve was attained
by exciting a quantum dot (as illustrated by the schematic on the right side of the figure) by a 405nm
picosecond pulsed laser operating at a repetition rate of 2.5 MHz, with an average power of 11nW. The laser
was focused onto the quantum dot by a 100X microscope air objective (N.A. = 0.80). The fluorescence of
the quantum dot was captured by an APD and the fluorescence rate was obtained as a function of time.

The fluorescence of an emitter may degrade permanently due to exposure to light, or it
can reduce temporarily when the emitter is placed close to a gold surface. The phenomenon of
decrease in fluorescence intensity of an emitter is known as fluorescence quenching [68]. As
described by reference [58], we regard photobleaching or fading as photon-induced perman-

1

ent loss of fluorescence due to internal changes in the emitter. In this sense, we categor
ize reduction in fluorescence as photobleaching or fading (permanent reduction) and quen-
ching (non-permanent reduction). Blinking or fluorescence intermittency is the fluctuation
of fluorescence between “on” and “oft” states [73]. Demchenko has characterized blinking as
a form of quenching [76, 77], where the on/off switching of fluorescence is due to the nature
of the fluorophore. In my thesis!, the term quenching refers to non-permanent reduction in
fluorescence intensity of the quantum dot due to external factors, such as the presence of Au
near it. Following this description, we do not regard blinking as a form of quenching.

1.3.8 Electron-hole dynamics

As shown in Figure 1.8, an incident photon of sufficient energy can excite a two-level system
to a higher energy state creating an exciton. An exciton is a bound electron—hole pair [25, 79].
In addition to excitons, biexcitons and multiexcitons can also be created in a quantum em-
itter. To explain multiexciton and related phenomena, more complex models than a two-level
system are required. In general, photoexcitation of a quantum dot can result in the following
electron-hole recombination processes:

1 In the context of this thesis, the description of the terms photobleaching, quenching, and blinking was
required because the terminology may differ from literature to literature. For example, reference [78] des-
cribes fading or photobleaching as a reduction in emission intensity, which can be categorized as bleaching
and quenching. Bleaching has been reported as a permanent reduction in fluorescence (which is defined as
photobleaching or fading by Lakowicz [68] and in this thesis). Quenching has been described as a reduction
in fluorescence intensity.
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Photoluminescence: The electron and hole of an exciton recombine releasing energy in
the form of another photon. This is a radiative process, which may be in the form of
fluorescence or phosphorescence as described at the beginning of section 1.3.6.

Auger recombination: Coulomb interactions may result in a non-radiative process, where

the energy released from the electron—hole recombination is not emitted as a photon but

is used to excite another electron or hole to a higher energy state. The released charge

carrier can stay inside the quantum dot or leave it. Exit of a charge carrier makes the quan-
tum dot charged; the effect is called Auger ionization [4, 80]. This electron—hole recom-
bination is called so due to its similarity with the Auger effect observed in the interaction

of X-rays with matter [81], which was first reported by P. Auger in 1925-1926 [82].

Thermal dissipation: The electron—hole recombination may lead to non-radiative trans-
itions and collisions which finally result in the generation of heat [25].
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Figure 1.10 Energy bandgap of CdSe/CdS quantum dots and electron—hole dynamics

The image has been adapted from [53]. R is the radius of the CdS core (R=1.5nm). Our cores have the same
radius (Figure 1.4). Different batches of nanocrystals had different shell thicknesses H: 1.6 nm, 2.8 nm, and
7.6 nm. With H=7.6 nm, the total diameter of the core/shell was 2(1.5+7.6) = 18.2 nm. This case is very similar
to our nanocrystals, which have a total diameter of 15-19 nm. Figure (a) shows the energy band diagram
of bulk CdSe and CdS. As the CdSe—CdS band offset well known, the authors of reference [53] had used
the limiting values of 0 and 0.32 V. Figure (b) depicts the theoretical spatial probability distribution, p(r),
of hole (grey region) and electron (colored regions) for R=15nm, H=1.6 nm (blue area), H=2.8 nm (green
area), and H=7.6 nm (blue area). |V.| and |V} | represent the electron and hole wavefunctions, respectively;
p(N e r?|¥,|?, where k=e or h.

The electron—hole dynamics in quantum dots is not only affected by the nature of the
constituting materials but also by other factors such as core size, shell size, temperature,
environment in which the dots are placed, ligands, and excitation methods. Brovelli et al
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have shown that by manipulating the shell thickness of CdSe/CdS core/shell nanocrystals, the

electron—

hole dynamics in the quantum dots could be controlled [53]. This led to constant

emission rates over a temperature range from 1.5 K to 300 K. The authors reported that with

increase in shell thickness, the electron wavefunction leaked from the core, while the hole

wavefunction remained within the core (Figure 1.10).

The decay dynamics of a luminophore are characterized mainly by the following quant-
ities [68, 25]:

1)

Lifetime (7): It is the time spent by emitter in its excited state. It is also known as
the decay time.

Decay rate (I'): The decay rate I is the rate with which an emitter transits from an
excited state to a lower energy state. It is the inverse of lifetime [68]:

1
I =

—. (1.3)
T

[, the total decay rate, takes into account all possible transition rates—radiative and

non-radiative:

I' = Tluminescent + I‘Auger + I'thermal
R T —
I, Ty

=T, +T,,

(1.4)

where [yminescents [ Auger» a0 Tnermal are the luminescent, Auger, and thermal decay
rates, respectively. The radiative and non-radiative decay rates are denoted by I', and
I, respectively. Our quantum dots have a typical lifetime of about 35 ns. Figure 1.11
shows their photoluminescence spectrum (measured in solution) and an emission
decay curve of a nanocrystal.

Quantum efficiency: It is the probability of emission of a photon by an emitter after
it has been excited to an emitting state [83]. The terms quantum efficiency, inter-
nal quantum efficiency [84, 25], fluorescence quantum yield, quantum yield [68],
and radiative yield [1] are used interchangeably and they signify the ratio of the
emitted photons to the absorbed photons. We follow the description of Laverdant
et al. [83], which distinguishes between quantum efficiency and quantum yield. Qu-
antum efficiency has been described above and the quantum yield of an emitter
is the probability of emitting a photon after absorbing an excitation photon. Qu-
antum efficiency just considers the possibility of emission of a photon when an
emitter relaxes from the excited emitting state, whereas quantum yield considers
other possibilities such as complicated energy levels and decay paths. In this sense,
the quantum yield is less than equal to the quantum efficiency. In a two level system,
as in the case of our CdSe/CdS core/shell nanocrystals, because there is only one
excited state, the quantum efficiency is equal to the quantum yield. The quantum
efficiency # is given as:

= . (1.5)
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If the nanocrystal is pumped off-resonance with a pumping or excitation rate r then in a
two-level system in stationary regime, the population of the excited state is [85]:

= 1.6
" r+7T (1.6)
In this case, the single photon emission rate R is given as:
T
R= o 1.7)
r+1T

Relation between pumping rate r and the intensity I of exciting radiation at the emitter lo-

cation is:
ol

~hf

where h is the Planck’s constant, f is the excitation frequency, and o is the absorption

r (1.8)

cross-section of the emitter. The term hf gives the energy of the exciting photon.
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Figure 1.11 Photoluminescence spectrum and lifetime curve of our nanocrystals
Figure (a) shows the normalized photoluminescence spectrum of the CdSe/CdS quantum dots. The meas-
urement was done in solution and at room temperature. The maximum emission occurs at A = 624 nm, and
the spectral linewidth is 29 nm. The plot in Figure (b) displays the decay curve of a quantum dot using a
semilog scale along the y-axis. After fitting the curve with an exponential, we obtained a lifetime value of
51ns. The inset displays the measurement schematic.

1.3.8.1 Decay rate measurement

Analysis of the two-level quantum emitter of Figure 1.8 allows us to quantify the notion of T.
Suppose a group of quantum emitters are excited by an infinitely sharp or Dirac pulse of light,
thereby putting 1, quantum emitters in the excited state. The excited-state population decays
with a rate of T as [68]:
dn(t) - T
dt (1.9)
—(Fr + Fnr) n(t),




1.3 NANOCRYSTALS 19

where n(t) is the population of the emitters in the excited state at time ¢, and I', and I',,, are
the radiative and non-radiative decay rates, respectively. The above differential equation has
a solution of the form:

n(t) = nge . (1.10)

The constant I' is defined as the decay rate of the quantum emitter and I' = I, +T',. In practice
we cannot count the number of emitters in the excited state but we can relate the number of
emitters in the excited state to the intensity of emitted fluorescent light, which is measured
by a detector, such as a photodiode. In fact, Tcspc counts the emitted photons, which can be
related to the light intensity. If I is the fluorescent light intensity recorded by the detector
at time t = 0, and I(¢) is the intensity recorded at time f, then [85]:

I(t) = Iye ™. (1.11)

1.3.8.2 Lifetime of our nanocrystals

All the nanoantennas discussed in this thesis were fabricated using single nanocrystals from
only one batch of CdSe/CdS core/shell colloidal nanocrystals. Figure 1.4 shows a schematic
and TEM image of these nanocrystals. Appropriate spin-coating of these nanocrystals results
in an adequately spaced areal distribution of individual nanocrystals. When properly excited,
the fluorescence emission of these nanocrystals has always shown photon-antibunching. To
estimate the typical lifetime of emission of these individual nanocrystals in a homogeneous
medium, some single nanocrystals from this batch were placed in a homogeneous medium
and their fluorescence was characterized.

On a glass slip, a PMMA layer of about 100 nm thickness was spin-coated and baked at
150°C for 2 minutes. Above this PMMA layer, individual nanocrystals were spin-coated. Then
a PMMA film of about 500 nm thickness was spin-coated and the sample was baked at 150°C
for 2 minutes. In this way individual nanocrystals were placed in a homogeneous medium
of pMMA. The sample was placed in a microscope and a 405nm laser was used to excite
them. The excitation laser fluence was kept about 3 W/cm? and lifetime curves, similar to the
one displayed in Figure 1.11, were obtained. By fitting these curves with an exponential, the
nanocrystal emission lifetime was obtained.
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Figure 1.12 Lifetime of nanocrystal emission in a homogeneous
Figure (a) shows the measurement schematic, and (b) is a histogram of the lifetime time of nanocrystals.
The mode value of lifetime was 35 ns.
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Figure 1.12 is a histogram of the nanocrystal emission lifetime showing the distribution of
the lifetime of 37 nanocrystals. For the measured lifetime values, the mean was 36 ns, the mode
and median were 35 ns, and the standard deviation was 13 ns. We regards the mode value of
35ns as the typical lifetime of these nanocrystals, when placed and excited in homogeneous
medium. The acceleration of emission or the Purcell factor of our plasmonic patch antennas
will be evaluated considering this typical value.

1.3.9 Multiexcitons

If the absorption of light by an emitter generates more than one electron—hole pair, the gen-
erated electron—hole pairs are called a multiexciton [86]. A group of two electron—hole pairs
generated by one photon is called a biexciton—it is a type of multiexciton. In giant CdSe/CdS
core/shell nanocrystals, with a core diameter of about 3 nm and a shell thickness of about
9 nm, multiexciton emission is generally observed and this has been linked to their enhanced
fluorescence [87]. Generally, for an emitter, multiexciton lifetime is considerable shorter than
exciton lifetime [88, 87, 4].

Figure 1.13 shows the decay curve of one of our CdSe/CdS core/shell nanocrystal that
was excited by a 405nm picosecond pulsed laser with a repetition rate of 2.5 MHz and
average power of 11 nW. The laser was focused onto the quantum dot with a 100x (N.A. =
0.80) air objective The dot was surrounded by PMMa, i.e., it was in a homogenous medium.
The shorter peak at the beginning of the decay curve is due to multiexciton recombination
and the remaining curve shows the exciton lifetime. The curve shows T, iexciton = 1.5 1S
and Te,iton = 35 ns. These values were acquired after fitting the emission decay curve with a
bi-exponential.
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Figure 1.13 Multiexciton and exciton behavior from decay curve
The figure shows the decay curve of a CdSe/CdS quantum dot. The curve has a steep slope at the begin-
ning (green background), which is attributed to photons generated by multiexciton recombination. The less
steep slope (red background) is due to photons generated by excitons. Fitting the two slopes with respect-
ive exponentials and extrapolating the multiexciton fit, we obtain multiexciton and exciton lifetimes as 1.5 ns
and 35 ns, respectively. Photon-antibunching measurement is shown by the histogram on the top-right of
the image. The measurement schematic is illustrated on the bottom-right of the figure.
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Figure 1.14 A nanocrystal under different laser intensities
As shown at the right of the figure, a single CdSe/CdS core-shell nanocrystal was excited by a 405 nm laser

at two different intensities. The steep peaks at the beginning of the two curves are due to multiexcitons.
Multiexciton emission becomes more prominent as the excitation intensity is increased.

High intensity excitation of a nanocrystal results in multiexciton generation [89]. The
multiexciton absorption peak is blue-shifted from the exciton absorption peak [90]. A two-level
model is unable to explain the multiexciton behavior. Fisher et al. used a four-level system
to estimate biexciton and triexciton radiative lifetimes and quantum yields [90]. As reported
by them, we also noted that increasing the laser fluence on a nanocrystal resulted in more
photon emission from multiexciton recombination. Figure 1.14 displays the result of one such
measurement.

Multiexciton radiative emission is usually in competition with Auger recombination,
which is non-radiative and is usually more efficient than the former. Therefore, in many cases,
the Auger effect results in non-radiative multiexciton recombination, thus preventing photon
emission from multiexciton recombination. The emission in these structures is due to exciton
recombination, and therefore it is antibunched. However, in thick-shell nanocrystals (as in our
case), due to lower multiexciton coupling, the Auger recombination rate—which is inversely
proportional to the volume of the quantum dot [91]—is considerably reduced. This may lead
to photon emission from multiexciton recombination.

In our nanocrystals, it seems that typically the Auger recombination rate is larger than the
multiexciton recombination rate but the two are of the same order. As a consequence, under
low excitation, these nanocrystals always exhibit photon-antibunching and usually no photon
emission due to multiexciton recombination is noted in the emission decay curve (a typical
decay curve is shown in Figure 1.11(b)). Whereas, at high excitation, more multiexcitons are
created, and due to the competition between Auger and multiexciton recombination, some
multiexcitons recombine radiatively. The decay curve of Figure 1.13 shows an example where
the multiexciton and Auger recombination rates are close and this results in radiative mul-
tiexciton recombination (fast-slope part of the curve). High intensity excitation of quantum
dots can the increase multiexciton radiation.
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1.4 Single photon emission

In the previous sections we have discussed that individual CdSe/CdS core/shell nanocrystals

are single photon emitters. In fact, they are very promising single photon sources due to their

stability, narrow spectral linewidth, short lifetime (more fluorescence), and room temperature

operation capability. Developing appropriate lithographic techniques will pave ways for their

integration into other structures, thereby enhancing their properties and creating new struc-
tures of scientific interest—our patch nanoantennas are an example of this. Quantum dots are

more stable than fluorescing organic molecules [71]. Blinking in quantum dots was a drawback

for stable single photon emission. The advent of non-blinking quantum dots [4.8] has provided

a solution to this problem. If a quantum dot is excited on resonance by a pulsed laser, then it

is highly likely that each laser pulse results in the emission of only one photon from the quan-
tum dot [92]. Modern piezoelectric stages allow the positioning of any small object—such as

a quantum dot—at the focus of the laser for a long time. The last two points make quantum

dots very suitable on-demand or deterministic single photon sources. References [72],[70],
and [93] discuss different types of single photon sources and detectors.

Kimble et al. had performed the first demonstration of single photon emission at optical
frequencies in 1977 [94] exciting a beam of sodium atoms with a continuous-wave laser and
using a Hanbury Brown-Twiss (HBT) measurement setup [95]. Single photon emission from
quantum dots was first reported by Michler et al. in 2000 [96]. They had excited a CdSe/ZnS
core/shell nanocrystal with a 488 nm continuous-wave laser. The use of continuous-wave laser
for excitation does not allow the timing of emitted photons—for this purpose, a pulsed laser
is required. Later in 2000, Michler et al. [97] used a pulsed laser for single photon emission
from a self-assembled epitaxial InAs quantum dot.

A single photon source is most often characterized by the second-order temporal cor-
relation function or the normalized intensity temporal correlation ¢)(At), which is classically
written as [71]:

(I(t + At)I(t))
(wy -

where () denotes a time average, I(t) is the intensity measured at time ¢, and I(t + At) is the
light intensity measured at time t + At. The function g (At) tells us how the probability of

2@ (A1) = (1.12)

detecting an intensity at time t + At depends on the intensity at time t. The normalization is
over the average intensity. For a classical light source, it can be shown that ¢¥(0) > 1 and
g?(At) < gP(0). For perfect thermal light: g?(0) = 2, and for a perfect coherent light (e.g.,
an ideal laser): g@(0) =1 [71].

The quantum mechanical representation of Eq. (1.12), also called the second-order temp-
oral coherence function, is [98]:

A

<E-(t) E(t + At) E*(t + At) E+(t)>

@)(Af) =
g7 (At) <E—(t)E+(t)>2

) (1.13)

where E* and E~ are the respective positive and negative frequency parts of the electric field
operator. The second order correlation was first introduced by Glauber in 1963 [99]. Using
the g(z)(At) function, light sources can be characterized as [70]:
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Bunched : After detecting one photon from bunched light, the conditional probability
of detecting another one just after increased. Thermal light sources emit bunched light.
For bunched light:

g?(0) > 1. (1.14)

Poisson-like : Light emission from an ideal laser is coherent and follows a Poisson dis-
tribution for which:

§?0)=1. (1.15)

Antibunched : Light is antibunched if after detecting a photon, the probability to detect a
second photon is decreased compared to the former. A quantum dot, such as a CdSe/CdS
core/shell nanocrystal, emits antibunched light or sub-Poisson . For an antibunched
light source:

¢@(0) <1. (1.16)

For an ideal or perfect single photon source:
g(z)(O) -0, (1.17)

which is not true for classical light. Single photon emission is non-classical and it cannot
be described in purely classical terms. Figure 1.16 shows single photon emission from
one of our quantum dot showing photon-antibunching.
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Figure 1.15 Antibunched, coherent, and thermal light

Second order correlation functions 92 (At) for antibunched, coherent, and bunched light.
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Figure 1.16 Single photon emission from a quantum dot

TCSPC measurement was carried out on a CdSe/CdS quantum dot (Figure 1.4) using a 405 nm laser in continu-
ous (a) and pulsed mode (b). Figure (a) shows the second-order coherence function, g, as a function
of photon arrival time At. The exciting laser was operating in continuous-wave mode. For a perfect single
photon emitting system, g(2> (0)=0 but in the depicted case: g(z) (0)=0.2, which is in agreement with Eq. (1.16).
When the laser excites the nanocrystal, photons are emitted by the nanocrystal and also the medium in focus
of the laser, which in this case was PMMA (see the schematic on the right side of the image). The medium
is not a single photon emitter and the contribution of photons from the medium to the signal leads to
9@ (0)=0. A pulsed laser excitation was used to obtain the antibunching curve of Figure (b). On the vertical
axis are the number of coincidences or the number of pairs of photons received by the two photodiodes
as a function of At. The repetition rate of the pulsed laser was 2.5 MHz; this corresponds to the time interval
between adjacent peaks in the plot, which is 400 ns. A low peak at At=0 shows the quality of these single
photon emitters. The measurement schematic is given in the top-right corner of the figure.
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1.5 Our optical microscopy setup

We use an inverted Olympus IX71 microscope for reflection, fluorescence, and confocal
microscopy. Light sources include a mercury lamp (U-LH100HG) and several lasers (405 nm
PicoQuant, NKT EXTREME supercontinuum, 473 nm CW, and 532 nm CW. See A.1). Light
beams are appropriately selected, shaped, and guided by means of several optical compon-
ents such as lenses, mirrors, dichroics, filters, pinholes, beamsplitters, and optical absor-
bers (numerical densities). Reflection and fluorescence images are captured by a Photonic
Science ccD camera, and for confocal imaging and single photon counting we use a Micro
Photon Devices APDs (see A.2). Laser beams can be modulated with a HOLOEYE LETO refl-
ective phase-only sLM. The samples are held on a PI piezoelectric nanopositioning stage. All
these components are placed on a self-leveling active vibration isolation system.

1.5.1 Fluorescence imaging

The schematic in Figure 1.17 depicts our fluorescence imaging optical setup. Violet light from
a mercury lamp is filtered by a bandpass filter, reflected by a dichroic filter, and focused
by a 100x objective lens on a sample containing fluorescent emitters. The light emitted by
the fluorescing emitters is collected by the same objective and is transmitted through the
dichroic filter. The following bandpass filter enhances the fluorescence signal by attenuating
the unwanted wavelengths. The fluorescence is focused by a tube lens onto the ccp camera
and the captured image is displayed on a computer screen.
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Figure 1.17 Imaging fluorescence

The figure illustrates our fluorescence microscopy setup. The inset image shows fluorescing CdSe/CdS qu-
antum dots. With a 0.80 N.A. 100X air objective, the size of the image recorded by the ccp camera is
92 pm X 69 um.
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1.5.2 Imaging single emitters and counting photons

The possibility to detect and measure single emitters (individual atoms, molecules, quan-
tum dots, etc.) has been revolutionary. Measurements performed on a single emitter allow
accessing nanoscopic parameters that are usually absent in ensemble measurements (due to
averaging) [94]. In 1989, Moerner and Kador reported the first optical detection of a single
molecule by measuring its absorption [100]. For his contribution to super-resolved micros-
copy, William E. Moerner shared the 2014 Nobel Prize in Chemistry with Eric Bertzig and
Stefan W. Hell. In 1990, Orrit and Bernard demonstrated the first detection of fluorescence
from a single molecule [101].

Figure 1.18 illustrates our optical setup for confocally scanning, nanopositioning, and
characterizing individual emitters like fluorescent molecules and quantum dots. A single qu-
antum dot confocally scans a laser and its fluorescence signal is sent to a Hanbury-Brown and
Twiss (HBT) setup [95] and is treated using time-correlated single photon counting (Tcspc).
The reader is referred to [102], [103], and [70] for a description of Tcspc and related issues
of single photon counting.
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Figure 1.18 Counting photons emitted by single emitters

The insets show a typical confocal scan, antibunching curve, and lifetime curve of a typical CdSe/CdS quantum
dot used in our antenna.

1.6 Conclusion

The field of optical antennas is important to fundamental science and for technical appli-
cations. Benefitting from plasmonic phenomena which causes emission enhancement (Pur-
cell effect), plasmonic optical antennas are amongst the most researched antennas for light.
Fabricating single photon emitter antennas would offer field enhancement and directivity to
single photon emission. Our plasmonic patch nanoantennas, which operate in the optical
regime and can show single photon emission, use individual CdSe/CdS core/shell quantum
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dots as emitters. These quantum dots are single photon emitters and exhibit size-dependent
emission-wavelength tunability. By including these quantum dots (or other single photon
emitters) in nanoantenna structures, we can increase their emission rate and directivity. We
characterize our quantum dots and nanoantennas using an HBT optical setup.
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FaBricaTION CONCEPT
AND
DEPOSITION STRATEGY

he development of any new lithographic technique includes finding working solutions to
several challenges that are encountered at different stages of development. These include
formulating the fabrication concept, and finding appropriate methods and materials to
realize it. For any choice of materials and methods, their quality, reproducibility, and effect-
iveness have be to characterized using specialized tools. We have devised three lithography
techniques to fabricate plasmonic patch nanoantennas that use a single quantum dot as an
emitter. This chapter will discuss issues that are common to all these techniques. We begin
with a description of the fabrication concept followed with sections on selection and depos-
ition of metals and dielectrics.
For characterizing the deposited metal and dielectric films, we have used Arm and ellips-
ometry. I am grateful to Emanuelle Lacaze of insp for the AFM apparatus and related discuss-
ions, and to Bruno Gallas of insP for his help with ellipsometry measurements.

2.1 Fabrication concept

In this section, we will discuss the motivation for our fabrication techniques and some involved
issues. The general outline, with the required details, will be presented here and the special-
ized techniques, such as the white laser and Laguerre-Gaussian modes lithography, will be
mentioned in the later chapters. The main challenges will be pointed out and in the coming
sections of the thesis, we will discuss how these challenges were overcome.

Figure 1.2 shows the schematic of a plasmonic patch nanoantenna which uses the fluor-
escence from a single quantum dot for emission. These structures can be used to understand
light-matter interaction at a single emitter level, and can also be sources of enhanced single
photon emission. In their work [1], Esteban et al. have analyzed similar structures by means of
simulation. These antennas are also called optical patch antennas due to the disk or patch of
metal present on top. As plasmonic patch nanoantennas benefit from plasmonic effects, the

29
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metal-dielectric-metal structure, in which the single photon emitter is embedded, should use
a metal that is capable of supporting plasmonic modes in the desired wavelength range. The
wavelength range of operation is decided by the wavelength of emission of the emitter.

0.2-2.5 um
f——
Metal 20 nm
Dielectric 15 nm
15 nm
Fluorescent 4
single emitter
Metal 200 nm

Figure 2.1 Plasmonic patch nanoantenna structure

To fabricate a plasmonic patch nanoantenna as shown in the schematic, the following constituents have to
be appropriately selected: a metal, a dielectric, and an emitter. Moreover, the fabrication process requires
finding methods to assemble the constituents precisely at nanometric separation, as shown above.

The constituents of the nanoantenna are:

1) Metal: The choice of the metal is mainly affected by its capacity to support plasmons,
ease of manipulation by lithographic procedures, and chemical reactivity. The complex
relative permittivity € of a material can be written as [104]:

€=¢+j¢e” (2.1)

where j is the complex imaginary unit, €’ is the real relative permittivity and €” is the
imaginary relative permittivity. For a metal to support plasmons at optical frequencies,
the following conditions must be satisfied [25]:

€ <0,
s | 22

The conditions imposed by Eq. (2.2) are generally satisfied by noble metals such as Au,
Ag, and Cu. Some studies have reported plasmonic propagation in Pt [105], and rec-
ently, Al [106, 107, 108] has attracted interest as a plasmonic material. These metals can
be deposited by techniques such as thermal evaporation or electron beam evaporation;
both of these facilities were available to us. Due to its low losses and resistance to cor-
rosion, we chose to work with Au but we have deposited other metals like Al as well.
Figure 2.2 shows €’ and €” of Au as a function of wavelength, which were measured
by ellipsometry.
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Figure 2.2 Complex relative permittivity of Au

(a) The graph of the real (¢') and imaginary (¢”) parts of the complex relative permittivity of Au. These
values were deduced from the ellipsometry measurements done on a 200 nm thick Au film, deposited at
INSP. (b) The model used to fit ellipsometry data. A roughness of 2.6 nm was included on the Au surface
as an intermix layer of Au and air (50% Au + 50% air). The value of roughness was found using AFM.

2) Dielectric: Any dielectric material, such as SiO,, YF;, or a suitable polymer can be used.
As thermal or electron beam deposition of dielectrics was destroying the nanocrystal
fluorescence, we had to find other solutions. Finally, we chose to work with pPmMA,
with which we are able to achieve ultrathin (thickness < 5nm) and homogeneous (RMS
roughness < 1 nm) films by means of spin-coating. The quality of PMmMA films was super-
ior to silica films, and spin-coating deposition is much faster and simpler than other
techniques like thermal evaporation (section 2.4.3.2).

3) Emitter: The nanoantenna can benefit from a single photon emitter like a fluorescent
molecule, a nitrogen vacancy center, or a quantum dot. With the motivation of improving
wavelength-tunable room-temperature single photon emission by means of a broadband
plasmonic patch nanoantenna, we choose to work with CdSe/CdS core/shell quantum
dots, which have been discussed in section 1.3.

2.2 Metal deposition

In our fabrication process, metal deposition takes place at two steps: (1) to deposit the optically
opaque metal film below the nanocrystal, and (2) to deposit a sufficiently thin metal disk of
200 nm-2.5 pum diameter (Figure 1.2). As mentioned in the previous section, we have mainly
used Au as the metal. For an optically opaque lower layer of Au, we deposit a 200 nm thick
layer of Au. To create a thin patch above the nanocrystal, we deposit 20 nm of Au.

The deposition of Au can be done by thermal evaporation or by electron beam evap-
oration. On most of the samples, we have used thermal evaporation (Figure 2.3). Evaporation
techniques, such as thermal and electron beam, are a type of physical vapor deposition process.
In physical vapor deposition systems, the depositing material is transferred from the source to
the substrate in vapor form, and both the source and the substrate are in the same chamber.
There are two types of physical vapor deposition methods [44]:
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1) Evaporation: It includes thermal evaporation and electron beam evaporation. The prin-
ciple of thermal evaporation is explained in Figure 2.3. In electron beam evaporation
deposition, electrons are projected onto the source. The kinetic energy of the projected
electrons is used to vaporize the source material. The vapors of the source material settle
on the substrate and produce thin films. The energy of the depositing vapor material is
typically between 0.05-0.1eV [109].

Glass bell jar

Sample holder
Sample substrates
Clamp—— | — Deposited Au
\
—
Quartz balance Au vapour
Molten Au
Tungsten crucible
Iil
High vacuum pump

Figure 2.3 Deposition of gold film by thermal evaporation

A turbo vacuum pump creates a high vacuum inside the glass bell jar. Electric current flows through the
tungsten crucible, heating and melting the Au in it. At a higher temperature, the molten Au starts evaporat-
ing in the upward direction as shown by the grey arrows. Evaporated Au condenses on the surfaces inside
the glass bell jar, thus leaving a deposited film of Au on the sample substrates and the quartz balance. The
rate of evaporation of Au is controlled by regulating the current flowing through the tungsten crucible. The
thickness of the deposited film on the substrate is displayed in realtime by the calibrated quartz balance.
The evaporation process is stopped by turning off the current or obstructing the evaporation path by means
of a mechanical shutter (not shown in the figure).

2) Sputtering: In this process, the target source is bombarded with high-energy inert ions
(usually argon). The bombarding ions etch atoms or clusters of the source material,
which are projected towards the substrate, where they deposit and form a film. Typical
energy of the volatile material is in the range of 1-40 eV, but it can be even more than
100 eV [109].
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Generally, physical vapor deposition methods do not involve chemical reactions, which makes
them highly suitable for depositing several types of metals and dielectrics on different kinds
of substrate materials [44, 110]. Moreover, deposition by evaporation—thermal or electron
beam—is very useful for producing thin films for optical applications [109]. As compared to
evaporation deposition, the energy of the depositing vapor is much higher in sputtering, we
utilized the former to avoid any damage to the nanocrystals during the deposition process.
We deposited some dielectric films by sputtering as well but found that it was destructive for
the substrate material.

2.2.1 Equipment details and parameters

The thermal evaporation deposition of metals was carried out using the Leybold Univex 300
evaporation system available in the cleanroom of INSP. Vacuum was created in the deposition
chamber by means of a two-stage rotary vane pump and a turbomolecular pump in 18 hours
or more. Some details:

e Vacuum level during deposition: ~ 5 x 107® mbar.

e Macroscopic substrate temperature during deposition: Greater than room temp-
erature due to the heat emanating from the crucible. The more the duration of
deposition, the higher the temperature of the sample substrate. The exact temp-
erature value is not known due to the unavailability of a temperature sensor.

e Rate of deposition: 0.3 nm/s for the lower 200 nm Au, and 0.01-0.02 nm/s for the
top patch.

e Purity of Au: 99.99%

e Sample substrate for 200 nm Au deposition: On a phosphorous doped crystalline
silicon wafer (diameter= 5.08 cm, thickness = 280 + 25 um), a 10 nm film of chrom-
ium or titanium is deposited by thermal evaporation, which acts as an adhering layer
for Au. Then a 200 nm thick film of Au is deposited on the titanium or chromium
layer, which gives the following structure:

Thermal evaporation = Au 200 nm
Thermal evaporation l 10nm
280%25 pm

Figure 2.4 Substrate with gold on top

On a Si wafer of diameter=5.08 cm, we deposit 10 nm of Ti/Cr and then 200 nm of Au at 0.3 nm/s by thermal
evaporation. This is the base structure on which the lithographic protocol was developed.



34 FABRICATION CONCEPT AND DEPOSITION STRATEGY

36.7 nm 0430V
(a) (b) 0.400
30.0 0.350
25.0 0-300
0.250
20.0
0.200
15.0
0.150
10.0
0.100
5.0 0.050
0.0 0.000
(c)'8 T T 1 37nm
16F 1
—_ 0nm
£ 141
£
212
o
210
-~
20
T 8t
6l
4 ' ' '
0 0.5 1 1.5 2 ( Thermal evaporation Au 200 nm
Lateral distance (um) Thermal evaporation -
()2 (g)n
= 1o *
515 4
£ T 8f 1
v £
2 c
k9] 0
£ 1+ 5 6r 1
5 5
- 8
K < 4r 1
0.5
2k ]
300 400 600 800 1000 1200 1400 1600 800 460 660 860 1600 1200 1400 1600

Wavelength (nm) Wavelength (nm)

Figure 2.5 AFM images and complex refractive index of 200 nm thick Au

(a) shows the AFM topography image based on height data of a 2pm X 2um surface of the deposited 200 nm
thick Au film and image (b) shows the corresponding amplitude image. Amplitude images, also known as
deflection images, highlight the slope or change in topography of the sample [111]. Figure (c) shows the height
profile along the white line marked (1) in image (a). For the area shown in the image (a), the RMs roughness
was 2.6 nm. Figure (d) is a 3-D perspective view of the sample. Figure (e) shows the layers in the sample;
the top Au layer was deposited by thermal evaporation. Figures (f) and (g) show the real and the complex
refractive index of the deposited Au film as a function of wavelength. The complex refractive index was
measured with ellipsometry. Using the measured values of the complex refractive index and Eq. (2.5), the real
and the imaginary parts of the complex relative permittivity were found. They are plotted in Figure 2.2.
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2.2.2 Gold films produced by thermal evaporation

Thin film properties, like optical constants and surface roughness, depend not only on the
properties of the depositing material and the thickness of the film, but also on the characterist-
ics of the deposition method and equipment [112, 113]. The vacuum level inside the chamber
affects the film properties. The bulk Au used by us was 99.99% pure. To maintain the Au film
properties through all the depositions, for all our samples with nanoantennas, we had carried
out the depositions with the same machine (Leybold Univex 300), under the same vacuum
level (5 x 107 mbar), always using 99.99% pure Au as the source.

To analyze the Au films, we observed them with AFm and characterized them with ellips-
ometry. For the 200 nm bottom Au film, AFM measurements showed an RMs roughness of
about 2.6 nm. For our bottom Au films, given the nominal thickness value of 200 nm and
including a roughness of 2.6 nm, we estimated the complex refractive index as a function of
wavelength by ellipsometry. All the ellipsometry measurements were carried out using a J.
A. Woollam Co. variable-angle spectroscopic VB-400 ellipsometer (section 2.4.3.1). For any
material, the complex refractive index 7 can be expressed as [114]:

n=n+jk, (2.3)

where 7 is the real refractive index, and k is the absorption index. For nonmagnetic materials,
such as Au, 71 can be related to the complex relative permittivity (also known as the complex

fi=VE=le'+ 7€”, (2.4)

where €’ is the real part and €” is the imaginary part of the complex relative permittivity.

dielectric function) € as [115]:

From Egs. (2.3) and (2.4), we can write:

e =n*—k? and €” =2nk. (2.5)

2.2.3 Chamber vacuum and deposition quality

The quality of a film deposited by a physical vapor deposition process is highly dependent
on the quality of vacuum in the deposition chamber. To quantify the vacuum level inside
a deposition chamber, the value of the pressure inside it is used—low pressure means high
vacuum level. The higher the vacuum level, the better the deposition.

When the deposition chamber is opened to introduce the samples, it comes in contact
with air. Water molecules in the air adhere to the walls of the chamber due their high dipole
moment [116]. Other molecules like O,, N,, etc., also enter. The presence of these molecules
can contaminate the deposited film. Therefore, by using a vacuum pump, these molecules are
extracted. In addition to contamination, the presence of a large number of molecules inside
the deposition chamber increases the pressure inside it, and thus influences the deposition
mechanism and film formation. The water molecules adsorbed to the walls of the chamber
are the most difficult to remove, due to which the lowest obtainable pressure in a chamber
is 1.33 x 107 mbar [116]. To reduce the pressure further, the chamber has to be heated for
about 10 hours to unstick and remove the water molecules with the vacuum pump. For very
clean and high quality depositions, ultrahigh vacuum (unvV), where the chamber pressure is
lower than 10° mbar, is recommended. The machine available at our laboratory is able to
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reach ~ 5 x 107® mbar after about 18 hours of pumping. Based on their optical properties as
measured by ellipsometry and their topography as observed by ArmMm, the Au films deposited
under these conditions seem suitable for the lithographic process. However, it will be inter-
esting to explore the effect of UHV deposition (which may generate smoother films) on spp
propagation and antenna behavior.

Our results show that the vacuum level during deposition influences the film formation.
By thermal evaporation, 20 nm thick Au films were deposited on PMMA surfaces under differ-
ent vacuum levels but at similar deposition rates. AFM images showed that the topography of
the films was considerably different. It may be possible that it influences their optical behavior
as well. Figure 2.6 shows the surface of a 20 nm thick Au film that was deposited on a PMMA
surface after pumping the chamber for 3 hours. The exact value of pressure cannot be specif-
ied because the pressure gauge was out of order. The deposition was done by the Leybold
Univex 300 thermal evaporation machine at INSP. Strange patterns (worms) can be seen in the
25 um x 25 um area of Figure 2.6(a). The variation in height was +5 nm. Figure 2.6(b) shows a
2 umx2 pm area on the same film—note the high depressions and elevations in the image.

Figure 2.7 shows the topography of a 20 nm thick Au film that was deposited on a PMMA
surface by the Leybold Univex 300 thermal evaporation machine at INsp after creating the
vacuum by 18 hours of pumping (~ 5 x 107 mbar). Figure 2.7(a) shows a 25 um x 25 pm and
Figure 2.7(b) shows a 2 um x 2 um area. The film seems to have Au clusters (which is normal),
but no worms (as seen in Figure 2.6) were observed. The Au depositions of Figures 2.6 and 2.7
were carried out using the same machine, at the same deposition rate, on similar PMMA sub-
strates, but in different vacuum conditions. This suggests that the strange worm-like patterns
were formed due to the low vacuum level during deposition.

Figure 2.8 depicts the topography of a 20 nm thick Au film deposited by the Telemark
electron-beam deposition system at the cleanroom of Laboratoire Matériaux et Phénomeénes
Quantiques in Paris. At the beginning of the deposition, the vacuum level was 4.64x10~7 mbar,
and at the end of the deposition, it was 107 mbar. Figure 2.8(a) shows a 25 pm x 25 um and
Figure 2.8(b) shows a 2 pm x 2 pm area. The film seems quite uniform, without any worms.
The height variation in the films of Figures 2.7 and 2.8 seems similar. The Au cluster size
in Figure 2.7(b) is bigger than in Figure 2.8(b). It is difficult to say that if this was due to
the better vacuum in the deposition of Figure 2.8 or due to the fact that the deposition
was done by electron-beam. If required the dependence of Au cluster size on the deposition
method—thermal evaporation or e-beam evaporation—can be investigated.

2.2.3.1 Conclusion

From Figures 2.6 and 2.7 we can conclude that the vacuum level in the deposition chamber
influences the film morphology. Higher vacuum level results in better films but generation of
UHV or better requires very specialized machines and long pumping duration. For our task,
acceptable depositions could be carried out at about 5 x 10~® mbar. The time taken to achieve
this pressure level depends on the efficiency of the pumping system—it took about 18 hours
on one machine, and on the other two tested machines, this vacuum level could be attained
after 30 minutes of pumping.

Both thermal and electron-beam evaporation methods are machine-specific. From the
two, electron-beam evaporation seems to be more promising as it offers precise control over
the deposition rate and limited contamination from the source material.
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Figure 2.6 20 nm Au deposition under low vacuum
AFM images of a 20 nm thick Au film deposited on a PMMA substrate in low vacuum conditions. The RMS
roughness was noted as 2 nm in (a), and 1.3 nm in (b).
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Figure 2.7 20 nm Au deposition under high vacuum

AFM images of a 20 nm thick Au film deposited on a PMMA substrate at ~5 x 10 mbar. The RMs roughness

in both cases was 1.1nm.
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Figure 2.8 20 nm Au deposition under very high vacuum
AFM images of a 20 nm thick Au film deposited on a PMMA substrate at 4.64 x 107 to 10 mbar. The RMs

rugosity in both cases was 0.8 nm.
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2.3 Dielectric deposition on nanocrystals

After depositing a 200 nm thick layer of Au on a Si substrate using 10 nm of Ti/Cr as an adher-
ence layer (Figure 2.4), a layer of dielectric, with the embedded nanocrystal, had to be placed
(Figure 1.2). To do this, initially, we proceeded as follows: On the structure of Figure 2.4, 15 nm
of SiO, was deposited by thermal evaporation. On this layer of SiO,, CdSe/CdS nanocrystals
were spin-coated from an adequately diluted solution. For spin-coating nanocrystals, we have
always used these parameters:

Acceleration of spinning: 2000 rpm/s
Maximum speed of spinning: 4000 rpm
Duration of spinning: 40s

By means of spin-coating we can get uniformly distributed individual nanocrystals on most
smooth substrates. After spin-coating nanocrystals on the 15 nm thick SiO, layer, we depos-
ited another 15 nm of SiO, on the nanocrystals by electron-beam evaporation. In this way we
were able to obtain a 15+15 nm thick dielectric (SiO,) layer with embedded nanocrystals as
shown in Figure 1.2. But the electron-beam deposition of SiO, had permanently damaged the
nanocrystals, such that they stopped fluorescing. The situation is depicted in Figure 2.9. To
resolve this problem, we varied the electron-beam evaporation parameters, e.g., modifying
the deposition rate, improving the vacuum level to 10 mbar, and decreasing the thickness
of the deposited layer to 5 nm. Several depositions were carried out on three different evap-
oration machines (two machines used electron-beam evaporation and one utilized thermal
evaporation) in Paris, on several batches of nanocrystals, but the results were similar—after
the deposition of silica directly on the nanocrystals, they stopped fluorescing.

Before SiO, deposition After SiO; deposition

@) (b)

Figure 2.9 CdSe/CdS quantum dots before and after silica deposition

Figure (a) shows a fluorescence microcopy image of a sample: Si(280 um) + Ti(10 nm) + Au(200 nm) + SiO,
(15nm) + NC. Figure (b) shows the same sample after silica deposition by thermal evaporation: Si(280 um) +
Ti(10 nm) + Au(200 nm) + SiO,(15nm) + NC + SiO,(15nm). In both the images the bright spots are nanocrys-
tals, and most likely individual nanocrystals in (a). It can be seen in figure (b) that most of the nanocrystals
stopped fluorescing and the luminosity of the very few remaining ones was very low. The two bright spots
in (b) were clusters of nanocrystals. This indicated that silica deposition was damaging the nanocrystals. The
areas shown in (a) and (b) were on the same sample but not exactly at the same location. However, the
conclusion mentioned above is still true because the spatial distribution of nanocrystals on the entire sample
was as depicted in (a).
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To circumvent the problem of silica deposition, we tried depositing other dielectrics like
ZnS, YF3, and SizN,. But these dielectric depositions damaged the individual nanocrystals
in the same way as silica deposition. It should be noted that all the depositions were carried
out at about room temperature; therefore, a rise in temperature during deposition cannot
be the reason behind nanocrystal damage. Our nanocrystals can sustain 150°C for at least
20 minutes. The failure to obtain successful dielectric depositions using conventional tech-
niques motivated us to look for other solutions, which we found in the form of polymer
coatings. This will be discussed in section 2.4.

In an experiment, we deposited 17 nm of SiO, by thermal evaporation on clusters of
nanocrystals. Based on the fluorescence intensity of the clusters, we assumed that each invest

1

igated cluster had at least 10 nanocrystals. After depositing SiO, on these clusters, we noted

that the fluorescence intensity of each investigated cluster had reduced significantly. On the

same sample, we confirmed, as in Figure 2.9, that individual nanocrystals stopped fluorescing

after the deposition. From this we concluded that SiO, deposition by thermal evaporation cer-
tainly damages the nanocrystals. In case of a cluster of nanocrystals, SiO, deposition damages

some of the outer nanocrystals that come in contact with the depositing material. This reduct-
ion in the number of fluorescing nanocrystals in a cluster after deposition lets it fluoresce but

at a considerably lower rate.

Conclusion: Our experiments with evaporation deposition (thermal and electron-beam) of
dielectrics—SiO,, ZnS, YF;, and SizN,—directly on CdSe/CdS core/shell quantum dots show
that vapor deposition damages the quantum dots. The damage results in complete bleaching
of fluorescence in the case of single quantum dots, and significant reduction in fluorescence
when the deposition is carried out on clusters of quantum dots. The deposition of dielectric
vapor on a cluster of quantum dots seems to damage some of the outer exposed quantum
dots and not the inner ones—thus the cluster fluoresces after the dielectric deposition but
with a reduced emission rate.

2.3.1 What damages the nanocrystals during evaporation?

Interaction of charges with nanocrystals can chemically modify the nanocrystals, which can
result in shutting down their radiative recombination channels. In other words, nanocrystals
stop fluorescing. As far as shutting down of radiative recombination channels is concerned, we
may draw some similarity between this process and the photooxidation of nanocrystals, which
finally results in photobleaching [117]. Barnes et al. have reported the creation of vapors of
charged clusters of gold during its thermal evaporation [118]. During the thermal evaporation
of copper, there has been evidence of generation of charged clusters [119].

Regarding the bleaching of nanocrystals fluorescence after vapor deposition of dielectrics,
my hypothesis is:

1) If thermal evaporation can create charged clusters of a noble metal like gold, then it
is very likely that in the process of evaporating materials like SiO, and ZnS, charges
are created. When these charges (ions, electrons, and charged clusters) interact with the
nanocrystals, the latter are damaged.
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2) Nucleation of the vapors of the dielectric material directly on the nanocrystal may perman-
ently damage its fluorescence.

The possibility of 1) or 2) results in beaching of nanocrystal fluorescence. Therefore if they are
avoided, the nanocrystals can be saved from the damaging effects of vapor deposition.

To test the hypothesis, the following experiment was performed. It should be remarked
that when this experiment was performed, we had already solved the problem of dielectric
deposition by using spin-coated PMMA films. If the nanocrystals—as claimed by the hypoth-
esis—were being damaged due to charges in the deposition chamber or by the nucleation
process, then the presence of a protective coating on the nanocrystals, that prevents their
interaction with charges and nucleation effects, should be able to prevent the damage. On a
sample, like the one of Figure 2.9(a), was prepared. On this sample, a PMmMA film of about
10 nm thickness was spin-coated, and the sample layers were:

Si (280 um) + Ti (10 nm) + Au (200 nm) + SiO, (15nm) + NC + pmmA (10 nm).

This sample was viewed by fluorescence microscopy and images were recorded. Then it was
put in the deposition chamber and 5 nm of SiO, was deposited on it by thermal evaporation.
After this step, the sample contents were:

Si (280 pm) + Ti (10 nm) + Au (200 nm) + SiO, (15nm) + NC + pmMA (10 nm) + SiO, (5 nm).

The sample was observed with fluorescence microscopy (Figure 2.10). All the nanocrystals
were fluorescing as before, thus verifying the hypothesis. Successful result of the above ment-
ioned experiment gave us a way of protecting the nanocrystals with a very thin layer of PMMA
and then coating dielectric materials. Later this method was used by Fu Feng of our group to
fabricate Tamm structures [120].

Before SiO, deposition After SiO, deposition

@ (b)

Figure 2.10 CdSe/CdS quantum dots under PMMA: Before and after silica deposition
Figure (a) shows a fluorescence microcopy image of a sample: Si(280 pm) + Ti(10 nm) + Au(200 nm) + SiO,
(15nm) + NC. Figure (b) shows the same sample after silica deposition by thermal evaporation: Si(280 um) +
Ti(10 nm) + Au(200 nm) + SiO, (15 nm) + NC + PMMA(10 nm) + SiO,(5 nm). The white spots in both the images
are fluorescing nanocrystals. The nanocrystals were alive after the silica deposition, indicating that during
the deposition, the nanocrystals were protected by the PMMA layer above them. The regions imaged in (a)
and (b) were on the same sample but in different areas, therefore the placing of the nanocrystals is different
in the two images. Both the images were recorded with the same parameters. No nanocrystal damage, like
reduction or complete suppression of fluorescence, or propensity to photobleaching was observed.



2.4 POLYMER COATINGS 43

2.4 Polymer coatings

As mentioned in section 2.3, we had tried SiO,, ZnS, YF3, and SizN, depositions with all
the available options but in all cases, the depositions resulted in damaging the individual
emitters. Our first strategy to deposit a dielectric material on a nanocrystal was evaporation
deposition (thermal or electron-beam) because it is widely used to make thin films, especially
for optical applications [109, 121]. The failure to deposit dielectric thin films by evaporation
on individual nanocrystals without damaging them motivated us to look for other solutions.
We had experience in spin-coating PMMA to make 50 nm thick films. The question was: Was
it possible to spin-coat polymers and make films that were homogeneous and uniform with
thicknesses as low as 5-10 nm? This section will describe our method of attaining and charac-
terizing ultra-thin polymer films, especially PMMA films.

For a spin-coated polymer film, the main factors affecting the film thickness and qual-
ity are:

1) Polymer: There is a large variety of polymers to choose from and for a given polymer,
the choice of its molecular weight also matters. For example, we observed that a higher
molecular weight polystyrene generates a thicker spin-coated film than a lower molecular
weight polystyrene. The main polymers that we had used are: PMMA, polystyrene, and
polyvinyl alcohol (pva).

2) Polymer concentration in solution: Generally, the higher the concentration of the pol-
ymer in a solution, the thicker is the spin-coated film. There is a limit to reducing the
concentration of the polymer in the solution because films obtained from very low conc-
entrations are not homogeneous.

3) Spin-coating parameters: Usually, the higher the spin-coating speed, the lower the thick-
ness of the spin-coated film. Generally, higher acceleration gives more uniform films and
ensures that no parts of the substrate are left uncoated [122].

4) Solvent of the polymer solution: The viscosity and the density of the spin-coating solut-
ion influence the film thickness [123]. These depend on the solute (polymer) and the sol-
vent. For example, a solution of PMMA in toluene deposits films with different thickness
and properties than a similarly concentrated solution of PMMA in acetone. The higher
the viscosity and the density of the solution, the thicker is the spin-coated film.

5) Substrate: The nature of the substrate influences the interaction forces between the sub-
strate and the solution, and therefore, it affects the film thickness. The material and the
surface smoothness of the substrate both affect the film thickness.

We have mainly worked with PMMA coatings . We have also worked with polystyrene films,
made by spin-coating solutions of polystyrene in toluene; we could obtain films with thicknes-
ses as low as 5 nm. But given the excellent reproducibility of PMMA films, we chose to use it
exclusively. The dielectric coating on all the nanoantenna samples discussed in this thesis is a
PMMA coating; therefore, the following part of this section will focus on PMMA coatings. We
begin with a discussion on the methods of obtaining PMMA thin films, which will be followed
by the characterization of the films.



44 FABRICATION CONCEPT AND DEPOSITION STRATEGY

2.4.1 PMMA solution in toluene

To obtain different film thicknesses, different concentrations of PMMA solutions in toluene
were used. The concentration of a solution in percent by mass of solute in solution [m/m] is
written as [124]:

Msolute  100% = —TMMA  100% = —PMMA___ » 100% (2.6)

Msolution Msolution Mpymma T Mioluene
Solutions 0of 0.5% [m/m], 0.75% [m/m], 1% [m/m], 1.5% [m/m], and 2% [m/m] PMMA in toluene
were prepared and tested. To make the solutions, the required amounts of PMMA and toluene
were mixed in a tightly closable glass bottle. After mixing, the bottle was closed and put in
a water-filled beaker, which was maintained at 50°C by a heating plate. The bottle was left
undisturbed in this state for 24 hours—this allowed thorough mixing of PMmmA and toluene.
Technical specifications of the PMMA powder and toluene are given in the appendix.

2.4.2 Spin-coating PMMA solutions

To spin-coat PMMA on a substrate, we cover it entirely with the PMmMA solution and immed-
iately spin it using the following parameters:

Acceleration of spinning: 2000 rpm/s
Maximum speed of spinning: 4000 rpm/s
Duration of spinning: 40s

Throughout this work, a Karl Suss spin-coating machine was used. We can instruct the spin-
ning plate to turn at a nominal speed, which is generally lower than the actual spinning
speed of the substrate (measured by an external sensor). The difference between the meas-
ured and instructed speeds depends on the size and weight of the substrate, and the type of
sample-holding plate on which it rests. To ensure the correct spinning speed, firstly we spin the
substrate without the coating solution and adjust the speed till the desired value (4000 rpm in
this case) is attained. Then the substrate is coated with the solution and spun again. Usually,
our substrates were small (about 1cm x1cm) and only 15 pl of solution of PMMA in toluene
was enough to cover them completely.

We have observed that in order to obtain reproducible homogenous and uniform coat-
ings, it is required that the solution is deposited on the entire sample surface, and spun
immediately. If the sample is not fully covered by the solution before spinning, the coated
film shows clear demarcations at the edges where there was no solution prior to spinning.
After spin-coating, the substrate is baked at 150°C for 2 minutes using a Mettler Toledo heating
stage. Baking the spin-coated film helps in removing the remaining solvent and trapped air
bubbles, and improves the adhesion of the film to the substrate [125]. Baking the substrate at a
temperature higher than the glass transition temperature of the coated resist improves the film
properties [126] and its adherence to the substrate [127]. The glass transition temperature of
PMMA is about 105°C [128], therefore baking it at 150° C is sufficient. Baking duration also in-
fluences the film properties. Because our nanocrystals cannot bear high temperatures (>150°)
for long (>10—15 minutes), we chose to heat our substrates for only 2 minutes at 150°C, which
was sufficient for baking the pMMA.
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2.4.3 Characterization of PMMA thin films

In context of our work, a resist film was characterized by its thickness, homogeneity, and
surface smoothness. As shown in Figure 1.2, the thickness of the polymer film decides the
separation between the Au layers above and below the nanocrystal, and the distance between
the nanocrystal and the Au layers. Therefore, it decides the goodness of the spp coupling,
and thus the nanoantenna operation. The top patch of Au on the nanocrystals is deposited by
thermal evaporation on a layer spin-coated PMMA. If the PMMA layer is not smooth, the patch
will not be smooth. Given that the Au patch is only 20 nm thick, its uniformity, which depends
on the smoothness of the PMMA film, can be crucial to the involved plasmonic processes.

Ellipsometry and AFM were used for characterizing spin-coated polymer films for their
thickness, homogeneity, and smoothness. The base substrate on which the pmmA solution
was spin-coated was (Figure 2.4):

Si (280 um) + Ti (10 nm) + Au (200 nm).

A pMMA solution in toluene of a given concentration, e.g., 0.5% [m/m], was dropped on a
200 nm thick layer of Au and spun with the parameters mentioned in section 2.4.2. The layers
in the sample after spin-coating were:

Si (280 um) + Ti (10 nm) + Au (200 nm) + PMMA (?).

In section 2.2.2, we discussed that the optical constants of thermally evaporated thin films (like

200 nm thick Au) are different from bulk materials and are machine dependent. Using ellips-
ometry, we had measured the optical constants of the 200 nm thick Au layer (Figure 2.2(a)

and Figures 2.5(f) & (g)). This was essential because the error in ellipsometric data fitting, and

thus the accuracy of the thickness measurement by ellipsometry, depends on the knowledge

of the optical constants of the involved layers.

2.4.3.1 Film thickness by ellipsometry

In an ellipsometry measurement setup, a monochromatic or quasi-monochromatic light beam
of a known polarization state is sent onto the sample surface, where it is specularly reflected,
passed through a polarizer, and then collected by a detector. The change in the p (in the plane
of incidence) and s (perpendicular to the plane of incidence) components of polarization is
recorded and is used to convey information about the material properties of the sample, such
as film thickness and optical constants. The change in polarization p is expressed as [129,
130]:
4 A

p = 7_5 = tan(¥) /%, (2.7)
where 7, and r; are the complex Fresnel reflection coefficients of the p and s components,
respectively. The tan(¥) (0 < ¥ < 90°) is the relative amplitude change and the angle
A (0 < A < 360°) is the differential phase shift of the p and s linearly polarized components

upon reflection. Using the polar form of complex analysis and Eq. (2.7), we can write:

|7l
tan¥ = — (2.8)
|7l

and
A = arg(r,) — arg(r;). (2.9)
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The term ‘ellipsometry’ is due to the fact that most often, after reflection, polarized light bec-
omes elliptical [131]. It was first used by Rothen [130, 132] in 1945. Ellipsometry can provide

realtime information about film growth. Many deposition machines have an in-built ellipsom-
etry measurement setup. An atomic layer deposition machine, which deposits one atomic layer

at a time, can benefit from a realtime ellipsometry measurement of film growth, which may be

combined with measurements by a quartz microbalance to enhance precision [133]. Ellipsom-
etry is capable of detecting nanometric sub-monolayer changes [134, 135] like the formation

of sparsely distributed island-like or sub-monolayer of films of atoms or molecules.
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Figure 2.11 Oblique angle ellipsometry

A monochromatic or quasi-monochromatic beam of incident light of a known polarization state strikes the
sample at an oblique angle 6. The reflected light is analyzed by the detecting assembly. The change in the
polarization of light is measured and a model is used to deduce the film thickness or the optical constants of
the sample layers. In our measurements, the wavelength of the incident beam was varied from 300-1500 nm
and three values of 6 were chosen (usually, 50°, 60°, and 70°). These measurements were done on three
different points on the sample (marked as 1, 2, and 3)—in this way we could be sure of the homogeneity

of the film.

All our measurements were carried out using a J. A. Woollam Co. variable-angle spec-
troscopic VB-400 ellipsometer. Data was recorded at several wavelengths and at three angles
of incidence, which results in more accurate analysis [129, 136, 137]. Usually, the incident
angles were chosen as 50°, 60°, and 70°, and the wavelength range was from 300-1500 nm,
using an increment of 5nm. The diameter of the incident beam was 2 mm. The measured
data was analyzed using the software wvAsEe32 Version 3.774. After measuring a sample, a
model is constructed to describe the material layers in the sample. Figure 2.12 shows our
model to estimate the PMMA film thickness. Using the thickness and optical constants of the
concerned materials, Fresnel equations are solved by the software. If these values are not
known (in Figure 2.12, the PmmaA layer thickness is the unknown), an estimate is used for the
first simulation. These calculated values are compared with the measured experimental data
to account for the agreement between them. We have used the mean squared error (MSE) as
the estimator to compare the calculated and measured values of ¥ and A as a function of
wavelength, and for the measured incidence angles. Regression algorithms estimate the most
accurate film thickness or optical constants by finding the least MSE.
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Roughness | Intermix: PMMA (50%) + Air (50%) 0.5 nm
Spin-coating ?
Roughness | Intermix: Au (50%) + PMMA (50%) 2.6 nm
Thermal evaporation | Au 200 nm
Thermal evaporation  _10nm
280 um

Figure 2.12 Model to measure PMMA film thickness by ellipsometry

In the model, the 200 nm Au is optically opaque, and therefore whatever lies beneath it (Ti/Cr and Si) is
irrelevant to the estimation of the PMMA thickness. The optical constants of the 200 nm Au were measured as
a function of wavelength (Figure 2.2(a) and Figure 2.5(f) & (g)). To account for the roughness of the 200 nm
Au film, the RMs roughness of 2.6 nm, as measured by AFM, was used. In the model substrate roughness is
incorporated as an intermix layer created by Bruggeman effective medium approximation [138] that uses the
optical constants of the substrate and the material/medium above it. The optical constants of PMMA provided
by the software were adequate. The roughness of PMMA was also found using AFM. This model was used
to estimate the film thickness obtained by spin-coating different concentrations of PMMA solution—it gave
a very low MSE (<2), which means that the film thickness was estimated very well.

PMMA concentration [m/m] | Film thickness (nm)
0.50% 10
0.75% 15
1.00% 21
1.50% 35
2.00% 58

Table 2.1 PMMA film thickness on Au depending on the concentration of the PMMA solution
The PMMA concentration in the table refers to percent by mass of PMMA in a solution of PMMA & toluene.
The solutions were spun at 4000 rpm. The film thicknesses mentioned above could be reproduced within a
range of +5 % on different substrates of similar nature. The precision of three significant figures is not really
valid; it is the value presented by ellipsometry estimation, which is due to analytic computation. It should
be noted that the mentioned film thicknesses were obtained on a Au surface; generally, on another surface,
the corresponding thicknesses will be different.

Using the parameters mentioned in section 2.4.2 and spin-coating PMMA solutions in
toluene on a 200 nm thick Au layer (as used in our structures), we obtained the thickness
values mentioned in Table 2.1. As shown in Figure 2.11, on each sample the ellipsometry
measurements were carried out at three different points on the sample. We confirmed that the
layers were homogeneous and the measurements were repeatable within a range of +5 %, that
is, if the ellipsometry measurements were repeated on a sample, the film thickness changed
about +5 %, and when the measurements were made on different areas on the sample, the
estimated thickness changed by about +5 %. Also, when the same PMMA solution was used
to spin-coat different substrates of similar nature, the PMMA films were reproducible within a
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Figure 2.13 Ellipsometry: estimated data versus experimental data (¥ plots)

In figures (a)-(e), for the given angles of incidence, the curve in red color represents the model fit and
the other curves are plotted from the measured data. For the entire wavelength range, the fitted and the

measured curves are almost overlapping (represented as the MSE), which signifies accuracy in the estimated
thickness. These figures show the plots of ¥ as a function of A. Figure (f) shows the model used in all the

depicted cases. Each plot shows the respective concentration of the PMMA solution in toluene.
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Figure 2.14 Ellipsometry: estimated data versus experimental data (A plots)

In figures (a)-(e), for the given angles of incidence, the curve in red color represents the model fit and
the other curves are plotted from the measured data. For the entire wavelength range, the fitted and the
measured curves are almost overlapping (represented as the MsE), which signifies accuracy in the estimated
thickness. These figures show the plots of A as a function of A. Figure (f) shows the model used in all the
depicted cases. Each plot shows the respective concentration of the PMMA solution in toluene.
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range of +5%, i.e.,, the PMMA film thickness on the coated substrates changed at most by

+5 %. This tells us about the accuracy of the model, and the homogeneity and reproducibility

of the film. For these measurements, using the plots of the measured ¥ and A values, respect-
ively, and comparing them with the values estimated by the ellipsometry model, Figures 2.13

and 2.14 show the agreement between the model estimation and the experimental measur-
ement.

2.4.3.2 Film analysis by AFM

Atomic force microscopy AFM is a type of scanning probe microscopy, which was first int-
roduced by Binnig et al. in 1986 [139]. In all scanning probe microscopy systems, a nanos-
cale probe, that is driven by a piezoelectric actuator, interacts with the sample. Scanning
probe microscopy systems include scanning tunneling microscopy, near field scanning optical
microscopy, and AFM [140]. In AFM, the mechanical force between the nanoscale probe (also
called the tip) and the sample is used to provide information about the sample surface. AFM is
a very useful technique that does not require special operating conditions such as vacuum cre-
ation or additional sample preparation, and it can be used on conductive or non-conductive
samples, in air or in liquid, and provides a three-dimensional measurement with a lateral
resolution of 1 nm and a vertical resolution of 0.1 nm [141, 142].
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Figure 2.15 Intermittent contact mode AFM

The oscillation amplitude and orientation of the cantilever is detected by noting the deflection of the laser
beam incident on its backside. The detector signal gives information about the amplitude and phase of the
cantilever. The amplitude signal is used as the feedback signal to control the tip-sample distance such that
the oscillation amplitude is constant. This is done by selecting an amplitude set-point value, which acts as a
reference for the detected signal. As the set-point value controls the force between the tip and the sample,
it should be optimally set for good imaging. Image adapted from [44].
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There are several modes of operation of AFM, which can be broadly categorized as:
1) topographic modes (e.g., contact and oscillating), and 2) non-topographic modes (e.g.,
magnetic AFM, force spectroscopy, nanoindentation, phase imaging, electrochemical AFM,
and thermal modes) [142]. To image our samples, we use the intermittent contact mode (also
called tapping mode), which gives topographic and composition information about the sample
surface [143, 144]. In this mode, with the help of a piezoelectric actuator, the cantilever, to
which the AFM tip is attached, is made to oscillate just below? or at its resonance frequency.
Under usual operation conditions, the equilibrium tip—sample separation is less than the
oscillation amplitude (typically, 1-100 nm); which leads to the tip touching the sample once
per oscillation cycle. The amplitude of this oscillation—signifying the tip—sample interact-
ion—varies according to the topography of the sample surface. For topography imaging, the
oscillation amplitude is kept constant by changing the height of the cantilever [141]. The requ-
ired change in height gives information about the topography of the sample. Phase imaging
is a secondary mode of the tapping mode Arm. The phase of oscillation of the cantilever is
recorded and compared with the phase of its driving signal. As the change in phase depends
on the energy dissipation that occurs during the tip—sample interaction[145, 146], the phase
contrast image gives information about material properties such as composition, adhesion,
and friction, and it is sensitive to topographical variations (which influences the tip—sample
contact area, and thus the energy dissipation) [147]. The principle of operation of a tapping
mode AFM is outlined in Figure 2.15. When our Au and pMMA films are imaged with tapping
mode AFM, the amplitude images convey information about topography or film smoothness,
and the phase images convey information about homogeneity of the film.

All our AFM measurements were done using a Veeco Dimension 3100 AFM in tapping
mode. The images were analyzed with Gwyddion version 2.40 software. All the AFM measur-
ements presented in this thesis were done using Bruker RTESPA (Model: MPP-11120-10) tips.
The cantilever and tip specifications are mentioned in the appendix.

Figure 2.16 shows AFM images of the surface of a 15nm thick PMMA coating, that was
obtained by spin-coating a solution of 0.75% [m/m] PMMA in toluene on an Au surface. This
Au surface had an RMs roughness of 2.6 nm (see Figure 2.5). The overall variation of height of
the PMMA coating was about +1 nm, which seems quite good for a 15 nm thick film. During
spin-coating, the PMMA molecules, being in a liquid medium, can cover the irregularities on
the Au surface. After spin-coating, the surface roughness or the RMms roughness of the pMmmA
film was noted as 0.4 nm.

On a similar Au surface, as mentioned in the previous paragraph, we deposited 13 nm
of SiO, by thermal evaporation. Figure 2.17 shows the AFm topography and phase images of
this coating. The RMS roughness of the coating was recorded as 2.2 nm, which is very close
to the roughness value of the Au substrate on which the deposition was done. The overall
variation of height of the SiO, film was about +5nm, which seems a lot for a 13 nm thick
film. In Figure 2.17(a), clusters of SiO, can be seen.

Comparing the AFM topography images in Figure 2.5 with Figures 2.16 and 2.17, we note
that the spin-coated PMMA film was smoother than the thermally deposited Au and SiO, films.
The same was observed in the case of electron-beam evaporated films. A spin-coating proced-

2 When imaging in the tapping mode or the intermittent contact mode, the device manufacturer recommends
setting the drive frequency 5% below the resonance frequency [141].
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ure takes about 15 minutes, whereas thermal and electron-beam evaporation on our machine
at INSP takes about 1 day. Due to the better quality of spin-coated polymer films as compared
to evaporated SiO, films, and the ease and rapidity of the spin-coating technique, we chose to
use spin-coated polymer films as the dielectric medium in our nanoantenna structures.
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Figure 2.16 AFM imaging of PMMA coating

Figure (a) shows the AFM topography image of a 700 nm x 700 nm surface of a film made by spin-coating
a 0.75% [m/m] solution of PMMA in toluene on an Au substrate. The RMS roughness of the Au surface was
2.6 nm. After the deposition of the ~15nm thick PMMA film, the RMS roughness of the surface was 0.4 nm.
This shows that the polymer deposition made the surface smoother. Figure (b) shows the corresponding
phase image and (d) shows the corresponding 3-D perspective image. In figure (c), the height profile along
path 1 (marked in (a)), is represented graphically. The maximum variation was less than £0.5nm. The total
thickness of the PMMA film was 15 nm. Figure (e) shows the layers in the sample.
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Figure 2.17 AFM imaging of silica coating

On a 200 nm thick Au layer, a 13 nm thick film of SiO, was deposited by thermal evaporation. The rugosity
of the Au surface was 2.6 nm. Figure (a) shows the AFM topography image of the surface of the SiO, coating.
Figures (b) and (d) are the corresponding phase and 3-D perspective images, respectively. Figure (c) shows
the height profile along path 1 (marked in (a)). The RMS roughness of the SiO, was found to be 2.2nm.
Figure (e) shows the layers in the sample.

2.5 Conclusion

Lithographic fabrication of nanoscale structures requires addressing many specific issues
and overcoming unforeseen challenges. Thin film deposition by evaporation—thermal or
electron-beam—can be used for growing metallic layers in our structures. But they cannot
be used to deposit materials, such as dielectrics, directly onto individual CdSe/CdS quantum
dots as it bleaches them. Dielectric deposition on nanocrystals can be attained by spin-coating
ultra-thin polymer films on spatially distributed individual quantum dots. Compatibility with
quantum dots, ease of use, smoothness, uniformity, and homogeneity make spin-coated pol-
ymer films a better choice than evaporated films.
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OrticaL LITHOGRAPHY
PROTOCOL AND
SUPERCONTINUUM LASER

e begin this chapter with a description of the plasmonic nanoantenna fabrication prot-

ocol. The reason behind choosing this particular protocol, the materials used in it, and

the challenges faced in its implementation will be discussed. Most parts of the process
are common to the three lithographic techniques that I have developed in my PhD. The process
will be described at the beginning of the chapter. The next part of the chapter will expound
on one of these techniques—white laser lithography. This was our first successful solution to
the problem of deterministically localizing and isolating a quantum dot to serve as an antenna
emitter. The next two chapters will elaborate on the other two techniques—electron-beam
lithography and LG mode optical lithography—that can serve the same purpose but in a
different manner, and increase the application scope of the protocol.

The lithography technique discussed in this chapter is based on in-situ optical lith-
ography, which has been reported by Adrien Dousse of Pascale Senellart’s group at Laboratoire
de Photonique et de Nanostructures, Marcoussis, France [2]. Cherif Belacel, in his PhD worked
(co-advised by Agnés Maitre and Pascale Senellart), used in-situ optical lithography to fab-
ricate nanoantennas that used a cluster of nanocrystals as an emitter [3, 8]. The task was
achieved by designing a protocol that used in-situ optical lithography on conventional pho-
toresists.

In his fabrication technique [8], Belacel started with a Si substrate on which a 200 nm
thick Au film was deposited by physical vapor deposition. Using the same deposition method,
a 15nm thick SiO, layer was deposited on the Au film. On the SiO, film, clusters of nan-
ocrystals were spin-coated and then another layer of SiO, was deposited on them by physical
vapor deposition. On this SiO, layer, a photoresist layer was spin-coated. Using a low intensity
laser and recording the micro-photoluminescence, a cluster of nanocrystals was scanned and
selected. The selected region was then exposed to relatively high power laser light to locally
develop the photoresist lying above the selected cluster of nanocrystals. Then, using standard
lithography techniques, the developed photoresist was etched from the exposed region, and
by evaporation, an Au patch was deposited over there. After the lift-off, an operating plas-
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monic nanoantenna, that used a cluster of nanocrystals as an emitter, was obtained. The
patch size, which affects the emission acceleration and antenna directivity, was varied from
1.4 to 2.1 pm.

But the above mentioned protocol could not be used to fabricate a single photon emitter
plasmonic nanoantenna due to the following reason. All photoresists are photoluminescent,
which means that when a laser scans a cluster of nanocrystals lying beneath a photoresist,
the photoluminescence of the photoresist becomes noise in the real signal of interest (flu-
orescence of the nanocrystals). However, if the fluorescence signal is more than the photol-
uminescence of the photoresist and the photoresist is not exposed by the laser fluence, the
fluorescing emitter can be scanned successfully. This was the case when the emitter was a
cluster of nanocrystals, but when the emitter was a single nanocrystal, the fluorescence signal
was comparatively very low. Thereby, a single nanocrystal lying beneath a photoresist could
not be scanned. Moreover, in order to increase the fluorescence signal, if the scanning laser
intensity was increased, it exposed the photoresist in the entire scanned area, thus making
the entire area and the included emitter(s) useless for the lithographic process.

As photoresist lithography, which had worked on a cluster of nanocrystals, could not
be used on single nanocrystals, Belacel looked for other solutions. Concerning the choice of
lithography resists, a solution was found in the work of Forsén et al. [148], who had reported
laser lithography on a resist bi-layer in 2004. They had used direct write laser lithography
on a resist bi-layer. The resist bi-layer was a stack of two resists: LOR® [149] (a commercial
resist) and PMMA, which are not exposed like typical photoresists by visible laser light. Direct
write laser lithography techniques allow localized beam-induced surface modification, without
using masks. In this sense we can say that in-situ optical lithography is a type of direct laser
writing lithography. In our protocol, the choice of resists was inspired by the work of Forsén
et al.. In the work presented in this thesis, I have used LoRr® 3a [150] and LOR® 5A [151] for
the lower layer of the resist bi-layer. For the upper layer, we have experimented with several
thicknesses of PMMA.

In the visible range, the luminescence of LOR® is less compared to that of a photoresist,
and PMMA is almost transparent. Due to this, without exposing or degrading LoRr®, individual
nanocrystals can be observed beneath a stack of LorR® and pPMmMA of workable thickness. The
nanocrystals can be observed by fluorescence microscopy or by micro-photoluminescence
observations that includes laser scanning. When Belacel was improving the method of using
a resist bi-layer of LOR® and PMMA, I started my Master’s internship with him in 2012, and
we characterized the lithographic process in detail by varying parameters and noting their
influence by AFm.

Being able to spot individual nanocrystals beneath the resist was a positive development
but there were many other challenges that prevented us from making a single photon emitter
nanoantenna using laser lithography on the resist bi-layer. The problems were:

1) Dielectric deposition on individual nanocrystals: In Belacel’s plasmonic nanoantennas,
by means of evaporation, a SiO, film was deposited on a cluster of nanocrystals. This
vapor deposition technique, which worked on a cluster of nanocrystals, could not be used
on an individual nanocrystal. It was observed that after physical vapor deposition of SiO,,
the individual CdSe/CdS core/shell nanocrystals stopped fluorescing. The problem has
been discussed in detail in section 2.3.
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2)

3)

3.1

In the first year of my PhD, I solved the problem of dielectric deposition on individual
nanocrystals by using ultrathin spin-coated PMMA films. Other polymer coatings, such as
polystyrene and polyvinyl alcohol coatings, were also investigated. The polymer coating
technique and the characterization of PMMA films has been described in section 2.4. In
terms of film thickness and homogeneity, chemical reactivity, baking temperature, and
compatibility with LOR®, PMMA showed the best results from all the tested polymers. For
this reason, in all our nanoantennas, the dielectric is PMMA.

Survival of nanocrystals under high intensity laser beam: To burn the resist bi-layer
by direct laser writing (specifically, in-situ optical lithography), it was exposed to a high
intensity laser beam. This laser exposure that was burning the resist was also photoble-
aching the nanocrystal just beneath the burned resist. For the burning task, we had used
a 405 nm laser in continuous and pulsed wave modes, at different intensities and time
durations. The minimum energy required to burn the resist bi-layer was sufficient to
photobleach the individual nanocrystals. We had tested nanocrystals from several bat-
ches and of different sizes but all of them photobleached before the hole was made on
a single nanocrystal. Finding a solution to this problem has been the main work of my
PhD. In search of a solution, I have developed three techniques that do the needed. One
of them will be described in this chapter and the other two will be described in the
subsequent chapters.

Deposition of gold to make the nanoantenna patch: We found that thermal deposition
of a 20 nm thick Au layer on a dielectric material permanently damaged the individual
nanocrystals that were lying 15nm below the deposited Au film. Due to this damage,
the nanocrystals did not fluoresce anymore. Complete depletion of fluorescence was not
observed when a 20 nm thick Au film was deposited on a cluster of nanocrystals lying
15 nm below a dielectric, but given the reduction in fluorescence after the deposition, it
seems that some of the outer nanocrystals of the cluster may have been damaged by the
deposition. A solution to this problem was found by studying the survival statistics of
individual nanocrystals depending on the separation of the nanocrystals from the depos-
ited Au film, and then choosing an appropriate thickness of PMmMA above the nanocrystal.
This will be discussed later in section 3.5.

Optical lithography protocol

Figure 3.1(a) shows the steps involved in the general protocol that is used to realize our plas-

monic patch nanoantennas. The thicknesses of the layers in the sample and their deposition

methods are depicted in Figure 3.1(b). The deposition and chemical etching steps mentioned

here are common to the three lithography methods that we have developed. The steps in the

protocol are described below:

1)

First layer of gold: On a commercial Si crystalline wafer, a 200 nm thick layer of Au is
deposited by thermal evaporation. This has been elaborated in section 2.2.
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Figure 3.1 Realization of a single photon emitter plasmonic nanoantenna by in-situ lithography

Figure (a) illustrates the lithographic protocol. Figure (b) shows the thickness of the layers and their depos-
ition method. By adjusting the solution concentration, the spin-coated film thickness is varied.

2) Embedding nanocrystals in a dielectric medium: On the optically opaque 200 nm thick
Au layer, a 10 nm thick film of PMMA is obtained by spin-coating a 0.5% [m/m] solution of
PMMA in toluene at 4000 rpm for 40 s. The sample is baked at 170°C for 10 minutes. On
this layer of PMMA, CdSe/CdS core/shell nanocrystals are placed by spin-coating a disp-
ersion of nanocrystals in hexane at 4000 rpm for 40 s. This gives us spatially distributed
individual nanocrystals, where the distance between neighbouring nanocrystals is at least

5um. On top of these nanocrystals, a 15nm or 35nm layer of PMMA is spin-coated at
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4000 rpm for 40s. A 15 nm thick film is obtained if a solution of 0.75% [m/m] solution
PMMA in toluene is used, and a 30 nm film is formed when a 1.5% [m/m] solution is
used. Sections 2.3 and 2.4 discuss these topics in detail.

As PMMA is soluble in toluene, does the solution of PMMA in toluene (used to
spin-coat the second PMMA layer) remove (partially or completely) the lower pMMA
layer? Using ellipsometry, we have confirmed that when the lower spin-coated film is ad-
equately baked (170°C; 10 minutes) and the PMMA solution in toluene (used to spin-coat
a film on it) is spun immediately (in < 2 s) after being placed on the lower film, then the
lower PMMA film is not removed by the PMMA solution, and the total thickness of the
two PMMA layers is very close to the sum of the two layers deposited separately on two
similar substrates under the same conditions.

Deposition of resist bi-layer: A layer of LOR® [149] is spin-coated on the sample using
the following parameters:

Acceleration of spinning: 2000 rpm/s
Maximum speed of spinning: 7000 rpm
Duration of spinning: 50s

On the samples discussed in this thesis, either LOR® 3A [150] or LOR® 5A [151] was used.
For the white laser lithography, we have used LOR® 3A, which gives a thickness of about
300 nm when coated on pPMMA. Our other two techniques use LOR® 54, which gives a
thickness of about 500 nm when spin-coated on a layer of PMMA. After depositing the
layer of LOR®, the sample is baked?® at 150°C for 2 minutes.

Then another layer of PMMA is spin-coated on the LOR® surface. For the white laser
technique, we spin-coat a 0.5% [m/m] solution of PMMA in toluene at 4000 rpm for
40s to get a 10 nm thick pMmMA film above the surface of LOR® 3A. For the other two
techniques, a 2% [m/m] solution of PMMA in toluene is spin-coated to get a 50 nm thick
layer of PMMA on the surface of LOR® 5A. After coating PMMA, the sample is baked at
150°C for 2 minutes. At this point, we are at the end of step il of Figure 3.1(a).

Scanning nanocrystals and burning the resist above them: Using micro-photolumi-
nescence, fluorescing nanocrystals on the sample are scanned by a laser. By detecting
antibunching on a HBT optical setup, we can confirm if the selected emitter is a single
photon emitter (section 1.5.2). To scan a nanocrystal, a low intensity laser is used, e.g., a
405 nm CW laser can scan the emitters with P > 11 nW. Once the nanocrystal is selected,
a high intensity laser beam is used to locally burn the resist on it. This creates a hole in
the resist bi-layer. The method will be detailed later. The size and shape of the hole can
be varied by changing the burning duration, by defocusing the laser, or by using different

To efficiently remove the solvents and improve adhesion, a lithography resist should be baked at temp-
eratures more than its glass transition temperature. This condition is satisfied when we bake PMMA but
not in the case of LOR®. The glass transition temperature of LOR® is about 189°C [152]. LOR® is based on
polymethylglutarimide, which has a glass transition temperature between 180-210°C [126]. The manufac-
turer of LOR® recommends baking it at 200°C for 5 minutes, when using a heating plate (as we do) [153].
Baking the sample at this temperature or higher can damage the nanocrystals. Therefore, we bake the
sample at 150°C; this reduces the development time but it gives satisfactory results. The development of
LOR® by a developer, and therefore the undercut length, is influenced mainly by the baking temperature
and not so much by the baking time [153, 126]. Generally, these resists do not require post-exposure or
post-development baking [127].
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types of LG modes (e.g., LG4o, LGy, etc.). The size and shape of the hole influences the
size and shape of the patch. This marks the end of step H.

Development of LOR®: Once a hole is created as shown in step H, such that there is
an entrance for a solvent to pass through the top PMMA layer and react with LOR®, the
sample is immersed inverted and shaken briskly in a bath of Microposit® MF°-319 for
5-10s. MF°-319 is a commercial developer [154, 155] which, in the mentioned duration,
selectively attacks LOR® but not PMMA. Removal of some LOR® by MF*-319 creates an un-
dercut, as shown in step E1. This undercut provides a passage for MF°-319 to react with
LOR’ even after the Au patch deposition. The length of the undercut is decided by the
development time, the processing conditions (baking and spinning parameters), and the
type (LOR® 3A or LOR® 5A) of LOR® [126, 152]. For a given development time, the undercut
length also depends on the thickness of the LOR® and PMMA layers and the size of the op-
ening in it (through which MF°-319 enters) [152, 153]. Analysis of the developed samples
by ArM revealed that a development duration of 5s was the most appropriate.

Deposition of 20 nm thick gold layer: By thermal evaporation a 20 nm layer of Au is
deposited at a rate of about 0.02 nm/s. The deposition procedure is described in sect-
ion 2.2. The deposited Au forms a film on the top PMMA layer everywhere on the sample
except where there is the hole. Au clusters/atoms go through the hole opening and settle
on the lower layer of PMMA, beneath which lies the nanocrystal. This is the end of
step H.

Lift-off: At step B, the sample is dipped inverted in a bath of MF°-319 and shaken
briskly for 20-90s. The lift-off time can be varied to some extent. Due to the passage
created by the undercut, the solvent enters the developed hole, attacks LOR® and removes
it. The removal rate depends on the processing and the type of LOR®. The removal of
LOR’ removes the PMMA and Au above it as well. In a complete lift-off, all the LOR® is
removed from the entire sample. Instead of a complete lift-off, we do a partial lift-off,
which removes LOR® from a region that lies within 1-5 pm from the patch. A partial lift-off
is equivalent to a complete lift-off if the nanoantenna patch separation from the top Au
film is more than 0.3 pm (section 3.6.1) Moreover, because a partial lift-off is carried out in
less time than a complete lift-off, MF°-319 has less time to attack the sample. This reduces
the chances of removal of the Au patch and the bottom pMMA during the lift-off.

3.2 Burning the resist without photobleaching the

nanocrystal

At step B of Figure 3.1(a), the nanocrystal is scanned with a low intensity laser, and then

the resist bi-layer locally above the nanocrystal is burned using a high intensity laser beam.

Burning of the resist results in its evaporation [148] and creates a hole in the resist bi-layer.

The depth of this hole should be at least more than the thickness of the upper layer of pMmMa,

so that there is a passage for MF°-319 to develop LOR® at step Ed. The size and shape of the

hole in the resist bi-layer (PMMA+LOR®) is mainly controlled by:
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e Size of the focused laser spot or defocused laser spot. After focusing a transverse
electromagnetic laser mode by a 100x microscope objective with a numerical aper-
ture of 0.8, the laser spot size is about 650 nm. The spot size was found by scanning
the focused laser beam with a fluorescing nanocrystal. The focused laser beam spot
can be defocused by moving the sample away from the microscope objective. A
defocused laser spot is bigger and has a lower energy density, therefore the burnt
hole is bigger and takes longer to be formed.

e The laser beam dose, which is decided by its power and exposure duration. We are
able to control the light power and the on/off duration of our lasers, which means
total control of the laser intensity used to burn the resist bi-layer.
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Figure 3.2 Holes burnt into a resist bi-layer

Figure (a) shows a fluorescence microscopy image of a matrix of holes burnt into a PMMA+LOR® bi-layer
using a 405 nm CW laser at 5m\W (exposure time per hole=1.55). The sample was held at the focus of the
laser by a piezoelectric motion stage, which moved with a typical precision of 1nm. Figure (b) shows a Sem
image of a hole burnt into a resist bi-layer by a 405nm CW laser at 5mW (exposure time per hole=2s).
Figure (c) shows an AFM height image of a hole burnt with a supercontinuum laser into a resist bi-layer of
LoR® (diluted) (100 nm) + PMMA (10 nm). The corresponding height profile is displayed on its right, which
resembles the Gaussian profile of a laser beam (TEMy,). The images in (a), (b), and (c) were taken with
different samples but the upper resist bi-layer in all these samples consisted of LOR® + PMMA. All the images
show the holes before they were developed with MF®-319. Development removes the LOR® resist from the
hole, thus giving it a cylindrical profile.
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Figure 3.2 shows optical, sEM, and AFM images of holes made by a laser in a resist bi-layer.
The images were taken before the development of LOR®, i.e., at step B of Figure 3.1(a). When
a visible light laser beam is incident on the resist bi-layer, most of the absorption of light is
due to LOR® because PMMA is transparent in the visible range. After LOR® is locally heated by
the laser beam, it helps in evaporating the PMMA in the region above it. If a layer of PMmMA
(without any LOR® below) is exposed to the same laser, no hole is made, even if the exposure
duration is increased more than a hundred times.

The initial in-situ optical lithography on a resist bi-layer was carried out using a 405 nm
PicoQuant diode laser [156]. The power of this laser, just before it enters the microscope, can
be regulated between 0—5 mW. This power was measured just before the laser beam entered
the microscope, using an Ophir PD300 laser power meter [157]. Using the diode shutter
input via a LabVIEW software interface, the laser can be turned on/off for time intervals
from 10 ms to more than 100 s. The laser can operate in CW and pulsed modes. To burn the
resist bi-layer, it took only 75 ms for this CW laser at P = 5 mW. However, by varying all the
available options—laser power, burning time, and focusing of the 405 nm laser—we could not
succeed in burning a hole without photobleaching the nanocrystal beneath. This inspired us
to investigate the problem deeply. We began with the analysis of the absorption spectrum of
LOR® and the nanocrystals, with the idea of finding a wavelength at which the nanocrystals
absorbed less and LOR® more. By using a laser at this wavelength, a hole could be burned
without photobleaching the nanocrystal.

3.2.1 Absorption spectrum of the resist bi-layer

In the resist bi-layer of PMMA+LOR®, the absorption of light is mainly due to LOR®. To meas-
ure the spectrum of the resists, a Varian Cary 5000 UV-Vis-NIR spectrophotometer [158]

was used. The transmission spectrum was measured, from which the absorption spectrum

was estimated.
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Figure 3.3 Model to estimate the absorption spectrum
Nustration (a) shows the model used to estimate the product of the displayed transmittances by measuring
the incident and transmitted light. After a thick layer of resist is coated on the glass slip, using the information
from (a), the absorption of the resist is found using the model in (b).

A thin glass slip was used as a reference and its transmission spectrum was recorded
with the spectrometer. The spectrometer sent light at a known intensity I;,, and after it pas-
sed through the glass slip, it was measured as I,,.. We chose to work in a wavelength range
of about 200-800 nm. Following Figure 3.3(a), we can write:

I Tag Tg Tga = Loyt (3.1)
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where T,

interface, respectively. We have assumed reasonably that the transmittance of air is 1. At

T,, and T, are the transmittances of the air-glass interface, glass, and glass—air

normal incidence, T,, = Ty,, therefore, from the above equation:

ga’

I
2 out
T Ty = T (3.2)
mn
Then, on the same thin glass slip, a thick film of the resist (either PMMA or LOR®) was coated
and it was baked at 150°C for 10 minutes. The transmission spectrum was measured. Following
Figure 3.3(b), we can write:

LTy T, T Ty Ty = I

rg -g *ga out (33)

where T, T,, and T,, are the transmittances of the air-resist interface, resist, and resist—glass
interface, respectively. We assume that the refractive index of the resist is almost the same as
that of glass, which means T,, = 1 and T, = T,,. This leads to:

I 1
T, = O/Ut (3.4)
I Tazg T,

As a function of wavelength, the values of I and I, were recorded by the spectrometer,
and Tazg T, can be found from Eq. (3.2). In this way, we estimated T,. Neglecting the scattering
from the resist, we can say:

A =1-T, (3.5)

where A, is the absorption of the resist. The normalized absorption spectra of PMMA and
LOR® are given in Figures 3.4 and 3.5, respectively. For this experiment LOR® 3A was used but
the findings are valid even for LOR® 5A because the basic composition all the LOR® A series
products is the same [150].
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Figure 3.4 Absorption spectrum of PMMA
In the visible range (400-700 nm) PMMA shows no significant absorption. It absorbs in the UV but in this
region the absorption of nanocrystals is very high too. To prevent nanocrystal damage, we did not pursue
burning/exposing the PMMA layer with UV light.
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Figure 3.5 Absorption spectrum of LOR and nanocrystals

The absorption spectrum of LOR® was obtained as described in this section and the absorption spectrum
of the nanocrystals was deduced from the photoluminescence measurements done in solution at ESPCI.
Although the two measurements were performed with different apparatus, their comparison gives an idea
of the wavelengths where LOR” may absorb relatively more than the nanocrystals, such that the resist may
be burnt without photobleaching the nanocrystal beneath. By comparing the absorption spectra of LOR®
and the nanocrystals, and selecting laser wavelengths in the range shown in the gray area, we are able to
burn the resist without photobleaching the nanocrystal.

From Figure 3.5, it can be said that a 405 nm wavelength laser is very good for exciting the
nanocrystals and for burning LOR® as both show high absorption at this wavelength. But due
to the high absorption at this wavelength, it was not possible to burn LOR® without photoble-
aching the nanocrystal. This inspired us to use lasers emitting at other wavelengths.

3.2.2 Supercontinuum laser

In order to tune the laser wavelength for optical lithography, we used a supercontinuum
white-light laser. A supercontinuum is generated when high power ultrafast light pulses
interact nonlinearly with a transparent material medium and generate light pulses of wavel-
engths from ultraviolet till near infrared [159, 160]. Usually, a pulsed laser is used to provide
ultrafast light pulses and its interaction with a nonlinear medium, such as a photonic crys-
tal fiber, broadens the narrow-band laser radiation into a continuous spectrum, while pres-
erving its spatial coherence [161]. Supercontinuum generation was first reported by Alfano
and Shapiro in 1969 [162, 163].

The supercontinuum white-light laser assembly in our laboratory consist of an NKT
SuperK EXTREME supercontinuum laser system that gives single mode output in the entire
range of 400-2400 nm [164]. Through an optical fiber, laser light from the EXTREME system
is fed to a variable bandpass filter (SuperK Varia), which can be controlled by a software
interface to choose wavelengths in the range of 400-840 nm [165]. By means of an optical
fiber, laser light is passed from the variable bandpass filter to a collimating lens supplied by the
manufacturer. After the final collimation, we have recorded emission from 470 to 810 nm. The
emitted laser light has a minimum bandwidth (FwHM) < 4 nm and a maximum bandwidth
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of 100 nm [165]. With the help of a pulse picker, the repetition rate of the laser can be varied
between 2-79 MHz.
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Figure 3.6 SuperK EXTREME laser system and the Varia filter characteristics

Figure (a) shows the power/nm of the wavelengths emitted at the exit of the SuperK EXTREME system.
Note that power levels are not uniform throughout the range. Image adapted from [164]. Figure (b) shows
a typical transmission spectrum of Varia, which is a variable bandpass filter. Image adapted from [165]. These
images do not depict the real output power and wavelengths seen after the final collimator.

Based on the absorption of LOR® and of the nanocrystals, we tested several wavelength
ranges to burn the resist bi-layer using the supercontinuum laser. The samples tested for
hole-burning were firstly analyzed with optical microscopy (reflection and fluorescence), and
if required, the sample was developed with MF°-319 and observed again with fluorescence
microscopy. Generally, the holes burned into the resist bi-layer can be seen by reflection
and fluorescence microscopy. This is because the holes are usually wider than 600 nm at the
top (which is greater than the optical limit of the system), and produce sufficient contrast. But
occasionally it may happen that a hole cannot be viewed clearly with the optical microscope.
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When such a hole is developed, and if it is a useable hole, then the LOR® beneath the transpar-
ent PMMA is removed by the developer. This increases the contrast and makes the hole visible
by fluorescence microscopy. For a final confirmation and complete information about a hole
(its depth, size, and shape), it is analyzed with AFM. After several tests on numerous samples,
the following parameters were found fit for burning the resist bi-layer without photobleaching
the nanocrystal beneath:

Amin = 550 nm
Amin = 605 nm
f. =79 MHz

%P = 80-100%
P =18 mW (measured at 577 nm)

texp = 1418
where A, and A, ,, are the minimum and maximum limits of the emission wavelength range
selected using the supercontinuum laser filter, f, is the repetition rate of the laser, %P is the
power percentage of the maximum laser power, P is the laser power in the 550—605 nm range
measured at 577 nm, and f,, is the time of exposure of the sample to the laser. The choice
of the laser wavelength range was obtained by comparing the absorption of LOR® and the
nanocrystals (Figure 3.5). The value of A ,, was kept as 605 nm because in our optical setup
we use a 605 nm dichroic filter to separate nanocrystal fluorescence (~ 630 + 25 nm) from
the excitation wavelengths.

To burn a hole into the resist bi-layer at a region of interest, it was exposed to the laser
beam for two consecutive time intervals, each interval being 1 s long. The value of this exposure
is not very precise because the laser exposure onto the sample was managed by a mechanical
shutter operated by hand, using a digital chronometer. The laser control software is capable
of switching the laser on/off, but after turning on our supercontinuum laser, it takes about
3-5s to stabilize. To avoid these unmeasured fluctuations in laser light intensity, we turned
on the laser for 10—15 s while physically blocking its entrance into the microscope. Then the
laser blockage was lifted for about 1s to let the laser light into the microscope and eventually
burn the resist bi-layer. After another 5 s or so, the blockage was lifted again for about 1s and
this finished the resist bi-layer burning process.

As far as photobleaching of the nanocrystal below the resist was concerned, burning the
resist in two times was found to be better than burning it continuously in one time. It seems
that the nanocrystals are able to better sustain two high power bursts of laser light than one
burst which is two times longer, but these are equivalent in heating and evaporating the resist
bi-layer.

To make sure that the laser intensity burning the resist bi-layer is the same in every
lithography session, we always measure the laser light power just before it enters the micros-
cope. The laser assembly allows controlling the output laser light power. In our lithography
protocol, the laser emission is in the range of 550—605nm. As we did not have the means
of measuring the exact total power in the entire wavelength range, we used an Ophir PD300
laser power meter to measure the power at (550 + 605)/2 = 577 nm. At this measurement
wavelength, the power of the laser in the 550-605 nm range was tuned to 18 mW, and the
lithography was carried out. The entire process was performed at 20-21°C.
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3.3 Determinstic in-situ optical lithography with
supercontinuum laser

This section will describe the protocol of in-situ lithography that uses an NKT SuperK superc-
ontinuum laser. Following the general in-situ optical lithography protocol described in sect-
ion 3.1 and depicted in Figure 3.1(a), we will summarize all the relevant steps of the protocol
when a supercontinuum laser is used for doing the optical lithography.
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Figure 3.7 White laser lithography

A nanocrystal is confocally scanned with a 405nm laser and then the resist in that area is burnt using
a supercontinuum laser emitting between 550-605 nm. The flipping mirror decides which laser beam goes
into the microscope. Somewhere near position P1, we place a laser power meter and a removable mechanical
shutting system.

1) A sample is prepared as described in section 3.1, after which we are at the end of step
of Figure 3.1(a). As far as efficient burning of the resist bi-layer is concerned, we ob-
served that for supercontinuum laser lithography as described in section 3.2.2, LOR® 3A
gave better results than LOR® 54, and for the top PMMA layer, a 0.5% [m/m] solution
of PMMA produced more easily burnable films than a 2% [m/m] solution. Therefore,
for in-situ supercontinuum laser lithography, the resist bi-layer consists of LOR® 3A and
0.5% [m/m] PMMA solution. A spin-coated film of LOR® 3A is about 300 nm thick, and
a 0.5% [m/m] pMMA film is about 10 nm thick,thus giving a total bi-layer thickness of
about 310 nm.

2) The sample is scanned with a 405 nm laser. Actually, as shown in Figure 3.7, it is the
laser that is scanned by the sample attached to a moving piezoelectric stage. This confocal
scan information is provided by the signal from ApPD1. The left inset image in Figure 3.7
shows a scanned nanocrystal, whose optical size on the confocal scan is the size of the
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focused laser spot. We can command the piezoelectric nanoscanner (PI P-713.2SL) to
freeze its position at a point, or move with a resolution of 1 nm [166]. In a confocal scan
image by our 405nm laser, the optical size of a fluorescing individual nanocrystal is
about 650 nm. In other words, the spot size of the 405 nm laser focused by the 0.8 N.A.
100x microscope objective is 650 nm, which is the optically limited size. The physical
size of the nanocrystal is about 15-19 nm, which is considerably smaller than its optical
size. However, assuming that our nanocrystals are omnidirectional point-like emitters,
in the confocal scan of an emitter (or of the laser by an emitter), the emitter should be at
the center of the bright spot. With the help of the nanopositioning piezoelectric stage, we
can position the sample at the maximum of the focused laser with an accuracy of about
+25 nm. Exciting the selected emitter with the 405 nm laser (usually, in pulsed mode), we
can use the signals from ApD1 and APD2 to measure photon antibunching, thus verifying
if the emitter is a single nanocrystal (inset on the top right of the figure). The emitter
lifetime can be retrieved from the antibunching measurement done using a pulsed laser.

We use the 405 nm CW laser for scanning because it generates scans with a higher
signal to noise ratio than the supercontinuum laser. If required, even the supercontinuum
laser can be used for the same but the scans are usually of lower quality because the lowest
wavelength with significant emission is 470 nm, which does not excite the nanocrystals
as efficiently as the 405 nm light. Moreover, we have noted significantly more nanocrystal
fluorescence damage due to pulsed laser excitation as compared to CW excitation. This
is because the peak-power in each pulse if very high.

After scanning and selecting a single emitter with the 405 nm laser, the blockage at
position P1 (see Figure 3.7) is used to block any laser light from entering the microscope.
Then the flipping mirror is placed down to let the supercontinuum laser beam onto the
blockage at P1. As mentioned in section 3.2.2, the laser is set to emit at A, ;, = 550 nm and
Amax = 605 nm with a repetition rate of 79 MHz. After the laser has stabilized in 10-15s5,
using a laser power meter configured to measure at 577 nm, the power of the laser is set
to 18 mW. The microscope objective is moved away from the sample by about 0.3-1 pm.
This corresponds to rotating the microscope focus knob by 1/3™ to 1 graduation. The
advantage of defocusing is described in section 3.3.2. Then the blockage is removed for
1s and after another 5s or so, it is removed for another 1 s. This finalizes the resist bi-layer
burning as depicted in step B of Figure 3.1.

Steps 5-7 of the optical lithography protocol mentioned in section 3.1 are followed, which
finally leads to the realization of a single photon emitter plasmonic nanoantenna made
by supercontinuum laser lithography.

3.3.1 Aligning the 405 nm and the supercontinuum laser

For positioning the nanocrystal accurately at or near the center of the nanoantenna patch

using the protocol mentioned in section 3.3, it is necessary that both the 405 nm laser and

the supercontinuum laser are focused as close as possible. On our optical setup, the 405 nm

laser beam and the supercontinuum laser beam (emitting at 577 nm) can be aligned such

that at the focus of the microscope objective, the centers of the two laser spots are less than

50 nm apart.
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Figure 3.8 shows the position of the focused spots of the two lasers. The coordinate origin
is the same for both the images. The distance between the centers of the two focused laser
spots, d, is about 0.05 um.
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Figure 3.8 Alignment of 405 nm and 577 nm laser beams

Figure (a) shows the reflection image of a focused 405 nm laser beam spot. With respect to the camera
image axis, the position of the center of the laser spot is denoted in red color. The flipping mirror, as shown
in Figure 3.7, was flipped to let the supercontinuum laser emitting at 577 nm into the microscope. Figure (b)
shows the focused laser spot of this laser beam. Comparing (a) and (b), we can see that the centers of
the two focused laser beams overlap by about £0.05 um. The same information is displayed by comparing
the Gaussian-fitted light intensity profiles of the two laser spots. The maxima of the 405 nm laser spot (blue
curve) and the 577 nm laser spot (green curve) are less than 0.05 um apart. The schematics below (a) and
(b) show the corresponding measurement configurations.

The supercontinuum laser was set to emit at 577 nm, though it would be better to set
the emission from 550—605 nm, which is the real case. For the alignment task, we could not
use the light emitted in the entire range of 550—605 nm because even at the lowest possible
power settings, the light energy was sufficient to saturate the ccb camera. We did not want
to introduce any numerical density or some other kind of attenuator because this could have
significantly altered the laser path, especially when a precision of about 50 nm is sought.
Therefore we chose to set the alignment with the mean wavelength of the 550—-605 nm range,
that is 577 nm.

The accuracy of positioning of the blue laser (+25nm) and the accuracy of aligning the
supercontinnum laser with the blue laser (+50 nm). Following the propagation of errors, we
can state that the accuracy of positioning the Au patch on the nanocrystal using the superc-
ontinuum laser lithography technique is about 56 nm.
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3.3.2 Defocusing the laser for lithography

To bring the nanocrystal at the focus of the microscope objective, the sample is illuminated
with blue light (438 + 12.5 nm) coming from the mercury lamp and filter assembly, and the
emitted fluorescence of the nanocrystals is set to the best focus of the eye. Without disturbing
the focus, the sample is then excited with a 405 nm laser, and the emitter is scanned. This
present focus setting is identical or very close to the focus position of the emitter for the
laser. Although our microscope objectives are achromatic or semi-achromatic, generally for
different laser wavelengths, the focusing requires some fine tuning. This fine tuning is possible
because instead of our eyes or the camera, we use the APD to set the focus, which is very
sensitive to the light signal. To do this an emitter is excited with a laser and the emitted
fluorescence signal is recorded and reported in realtime by the photodiode. The focusing
knob is rotated very carefully till the maximum fluorescence signal is reached. At this point
the emitter is at the focus of the microscope objective.
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Figure 3.9 Moving the objective away from the sample when burning the resist

Figure (a) illustrates the focusing of a collimated Gaussian laser beam by a lens. Figure (b) shows when the
objective is set to focus the nanocrystal emission, and (c) shows when it is moved away from the sample to
place the focus on the resist to burn it.

As shown in Figure 3.9(a), when a collimated Gaussian laser beam is focused by a lens, the
waist diameter of the beam reduces to a minimum size called the spot size ¢. For a strongly
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focused Gaussian beam of wavelength A, where the Rayleigh range z; is much smaller than the
focal length f of the lens, i.e., zz << f, the depth of focus or confocal parameter is [167]:
depth of focus ~ 2z ~ E(P—%. (3.6)
2 A
Figure 3.9(b), illustrates the situation when the emitter is at focus of the laser. At the center
of the laser spot is the nanocrystal, which means that the maximum energy of the laser is
transferred to the area which has the nanocrystal. This situation is of interest to us when
we are looking for the maximum fluorescence signal. For optical lithography, it is better to
transfer the maximum laser fluence on the resist rather than the nanocrystal, especially when
photobleaching of the nanocrystal is a crucial concern. To reduce the laser fluence on the
nanocrystal and to burn the resist better by increasing the laser fluence on it, we move the
objective away from the emitter by about 0.3—1 um, thus focusing on the resist and transferring
maximum amount of energy to it. Our choice of this range of motion of the objective is based
on practical experience and it may find justification in the notion of the depth of focus and
the related variation in laser energy intensity. For a supercontinuum laser emitting at 577 nm,
and with a focused spot size of 700 nm, from Eq. (3.6):

depth of focus ~ 1.33 pum. (3.7)

To perform lithography by transferring most energy to the resist bi-layer and not to the nan-
ocrystal, the objective is moved away from the sample (the emitter is defocused). The distance
of interest to defocused lithography is (Figure 3.9):

depth of focus

5 ~ 0.67 um, (3.8)

which is within the range of motion of 0.3—1 um.

By defocusing the laser, we change its focal plane, and therefore control its intensity at
particular plane of the resist bi-layer. When a plane is out of focus, the laser intensity at a
point on it is lower because the laser spot size is larger. It was found that to burn the resist,
the key factor was the laser light energy, i.e., input laser power multiplied by the exposure
time (the time for which the area of interest on the sample is exposed to laser light). Following
this argument and conducting experiments, we found that by defocusing the laser more and
increasing the exposure time, we could make larger holes. In addition to efficient burning of
the resist bi-layer, another advantage of the defocusing technique is the ability to control the
hole size.

3.3.3 Piezoelectric stage drift

Our optical setup is placed on a self-leveling active vibration isolation system. In our group,
we use PI piezoelectric motion (2-D) stages to hold the sample or the microscope objective.
With five such stages, it was observed that the piezoelectric stage showed some undesired
drift. When the piezoelectric stage was instructed to fix a position, it moved randomly. The
rate and direction of this motion vary from day to day. This issue was discussed with the
manufacturer and our engineer but it could not be resolved. On my setup, I have used two
stages: PI P-714 and PI P-713, and both of them exhibited drifting issues. The movement rate
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of the piezoelectric stage has been recorded as high as 60 nm/minute. Figure 3.10 shows a
typical example of such motion.
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Figure 3.10 Drifting motion of the piezoelectric stage

The images are confocal scans of a fluorescing nanocrystal. The fluorescing nanocrystal is shown in artificial
colors as a yellow-green diffraction limited spot. The position of the nanocrystal, which is at the center of
the spot, is marked by a dashed cross. Image (a) shows the confocal scan of a nanocrystal at t=0, and (b)
shows its confocal scan at t=11minutes. Ideally, unless commanded, the piezoelectric stage should not move
but in this case, the average motion rate was recorded as 34 nm/minute.

In the supercontinuum laser optical lithography protocol, after the confocal scan by
405 nm laser and the selection of a nanocrystal, it takes about 2 minutes to do the lithography
with the supercontinuum laser. If the piezoelectric stage drifts by 60—120 nm in this time,
the precision with which the nanometric patch (200-2500 nm) can be positioned just above
the nanocrystal is affected adversely. This is devastating if we would like to deterministically
position the Au patch over the nanocrystal with an accuracy of ~ 50 nm, where it is presumed
that the piezoelectric stage does not drift unintentionally.

We tried solving the drift issue by reducing the temperature of the laboratory from 21°C
to 17°C and by manipulating the screws attached to the stage, but this did not help. Assuming
that the drifting was due to an electronic issue, we let the piezoelectric stage turned on and
undisturbed for about 2 hours. Following this when the stage was used for scanning, it was
recorded that the drift was about 2 nm/minute, which is insignificant. This solution has always
worked so far—before starting the lithographic process, the piezoelectric stage is turned on
and left undisturbed for 2 hours or more. It seems that after the piezoelectric stage is turned on
and left undisturbed for more than 2 hours, the drift causing signals subside. Consequently, the
stage drift almost disappears. It reappears only when the stage is switched on again. The resol-
ution of the drift issue helped us perform more accurate lithography, especially in the cases
which required fixing the nanocrystal position for about 2 minutes or more (chapter 5).

3.4 Development of LOR

At step B of the lithographic protocol (Figure 3.1(a)), the sample is shaken in a bath of MF*-319
to develop LOR® and create an undercut in the pMMmA layer. Figure 3.11 displays three possibil-
ities that may occur after development.
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Figure 3.11 After the development of LOR

The schematics in the upper row show the situation before the development of LOR®, and the images in the
lower row depict three possible situations that may arise after the development. Figure (a) displays a case
of perfect development. The opening in the PMMA layer, as created by the laser, preserves itself during the
development. By the development process, as expected, PMMA is untouched. The size of the Au patch is the
same as the size of the PMMA opening made by the laser, as shown in the upper image. Figure (b) shows
an overdeveloped sample. Long development time or improperly baked resists are the common reasons
behind overdevelopment. Here the PMMA layer falls down without creating any undercut. As the passage
for the developer to attack LOR® is completely blocked, no lift-off occurs. Figure (c) shows a case where the
development removes some PMMA from the edges of the opening but leaves an undercut that can allow
a lift-off. AFM measurement of the holes before and after the development show that our supercontinuum
laser lithography technique results in such structures. The part of the PMMA that does not appear in the
undercut length may have fallen down or it may have been removed during the development procedure.
The Au patch size is decided by the size of the PMMA opening after development, and therefore in this
case, it is bigger than the opening created by the laser (shown in the upper image). In this case both the
laser intensity and the development time decide the Au patch size.

In the supercontinuum laser lithography protocol, we use a 10 nm thick pPMMA layer on
the top. It is easier to burn a thin film than a thick film but a thin film is more likely to fall down
or get removed during the development process, thereby rendering the sample useless for the
lift-off. As shown in Figure 3.11(c), the development of LoR® following the supercontinuum
laser lithography protocol leads to the removal of some pMMA from the opening but still an
undercut is made, which makes the lift-off possible. We have many operational plasmonic
nanoantennas that substantiate the mentioned. We experimented with a 50 nm thick PMMA
film instead of a 10 nm thick film. As expected, more laser intensity was required to burn a
50 nm thick film compared to a 10 nm thick film—this meant more possible damage to the
nanocrystals. As in the case of a 10 nm thick pmMMmA layer (Figure 3.11(c)), the development
process removed some PMMA from the sides of the opening even when a 50 nm thick layer
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was used. As there was no benefit of using a 50 nm thick pMMA film instead of a 10 nm thick
film, and it was easier to burn the latter, we have used a 10 nm thick film in this protocol.

Measurement by AFM and SEM showed that holes burned by the 405 nm CW laser into
a resist bi-layer, which had a 10 nm or 50 nm pMMA film on the top, could be developed
almost perfectly, as shown in Figure 3.11(a). Figure 3.13 illustrates this through sem images.
White laser lithography leads to the widening of the PMMA opening after the development
(Figure 3.12) but as long as it results in a successful lift-off and the opening dimensions can be
deterministically controlled by regulating the laser intensity (laser power and exposure durat-
ion) and the development time, it is as good as a perfect development. In fact, the possibility
of varying the opening size during development is advantageous for obtaining Au patches of
deterministically controlled size. Applying this technique, we have developed holes with en-
trance widths ranging from 200-2500 nm. In other words, we have attained Au patches with
diameters from 200 nm to 2500 nm. The rate of flow of the developer through a larger hole
is more than the flow rate through a smaller hole. Therefore, to create a significant undercut
in a small hole, it requires a longer development time. By systematic study, we were able to
find the suitable laser power and exposure duration (that decide the size of the opening in
the resist bi-layer) and the corresponding development durations, that allowed us to obtain
Au patches of different sizes.
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Figure 3.12 Development of LOR3A (diluted) under 10 nm PMMA

Figure (a) is an AFM image of the hole made by a supercontinuum laser into a resist bi-layer of LOR® 3A
(diluted) (100 nm) + PMMA (10 nm). The image below shows the corresponding height profile. Figure (b)
shows the same hole after being developed with MF®-319 for 10s. Note the increase in the hole size at
the top and the bottom, and the development residue in (b) that creates steps on the sides. The fact
that we could perform the lift-off around the holes of this sample (Figure 3.21) rules out the possibility of
overdevelopment (Figure 3.11(b)). This fact and the increase in hole size suggests that we are in the case of
Figure 3.11(c). It seems that during the development, some part of the 10 nm thick PMMA film from the top
edge of the hole is removed into the developer solution (thus increasing the entrance size) but an undercut
is still created which later allows the lift-off.
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Figure 3.13 Development of LOR 3A under 10 nm PMMA: 405 nm laser lithography
On three similar samples that had a resist bi-layer of LOR” 3A+PMMA, holes were burned using a 405 nm laser
with the same power and exposure conditions. Figures (a), (b), and (c) show sem images of the holes after the
samples were developed with MF®-319 for 55, 10's, and 20s, respectively. As the resist bi-layer was burned
with a 405nm laser, the opening thus created in the PMMA did not expand after the development—this
case is depicted in Figure 3.11(a). The undercut length increased from 220 nm to 505 nm as the development
time increased from 5's to 20 s. Despite increasing the development time, in the presented case, we do not
record the PMMA falling down and blocking the development path as shown by Figure 3.11(b). This can be
confirmed from the images above and the observation that the sample could be developed further by
increasing the time of development.
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3.4.1 Fluorescence microscopy view of LOR® development

After a successful development process, as illustrated by step B of the lithographic prot-
ocol (Figure 3.1(a)), all the LOR® in the concerned area is removed and an undercut is created.
The true confirmation of the removal of LOR® after development comes from AFM analysis as
depicted in Figure 3.12. The creation of an undercut can be confirmed if a successful lift-off
takes place. In case the undercut is not created, in the following step, the depositing Au forms
a continuous film, which prevents the solvent from doing a lift-off. It would be possible to
image the undercut, observe its shape, and measure its length by imaging a tilted sample with
SEM [152, 126].

Development

Development

Figure 3.14 Fluorescence images showing development

In two different areas of a sample, the resist bi-layer was burned using the supercontinuum laser as shown
in (a) in one area, and in the other area, as shown by (c), the 405 nm CW laser was used to burn the resist
bi-layer. The sample was immersed in a bath of MF-319° for 55 for development. Figures (b) and (d) show
the areas of figures (a) and (c), respectively, after development. As depicted in (b) and (d), the develop-
ment of LOR® changes the contrast at the boundaries—which is a fluorescence microscopy confirmation of
development. The change in contrast is more pronounced when the sample is viewed by eye in full colors.
Our ccD camera captured only black and white images, therefore full contrast cannot be presented here.
We note that after development, the holes burned with the 405 nm laser preserve the entrance diameter,
whereas the supercontinuum laser holes widen.

Though ArM and seM analysis gives accurate information about the development, these
imaging techniques are time consuming, and moreover, in the usual experiments, precise in-
formation about the development such as the undercut length and shape are not required—it is
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sufficient to know whether the development process worked or not. When we started working
with the development of LOR®, we noted that using fluorescence microscopy, it was possible to
confirm whether the development was successful or not. To validate the mentioned, we took
a few samples that showed signs of successful development when viewed with fluorescence
microscopy. These samples were then imaged with AFM and the AFM images confirmed that
the development had worked. After this result, we have only used fluorescence microscopy
to note the development unless there was reasonable doubt that demanded substantiation by
AFM analysis. This rapidity and ease of fluorescence imaging to convey information about the
development process was timesaving.

Figure 3.14 shows how development can be noted by fluorescence microscopy. The di-
rection of development of LOR® extends outwards from the hole boundary. The development
of LOR® results in its removal from the developed area, which changes the luminescence
properties of the developed area and this serves as information about the development when
the sample is viewed by fluorescence microscopy. Figure 3.14 shows that the development
process results are different for the holes burned by the supercontinuum laser and the 405 nm
laser. The fluorescence images of Figures 3.14(a) and (b), and the AFM images of Figures 3.12(a)
and (b), verify that the development process results in widening the holes in the resist bi-layer
when they are burned with the supercontinuum laser. The fluorescence microscopy images
of Figures 3.14(c) and (d), and the sem images of Figures 3.13(a), (b), and (c), suggest the
entrance burned by the 405 nm CW laser does not widen after development.

The results discussed above show that the supercontinuum laser (emitting at 550—605 nm)
burns the resist bi-layer differently than the 405 nm CW laser. This seems to be because of
the following factors: 1) the laser wavelengths are different, and 2) the burning durations are
different (very short for 405 nm laser and longer for the supercontinuum laser)—the burning
duration depends on the laser wavelength and power.

3.4.2 Is PMMA attacked by the developer?

Our lithographic protocol (Figure 3.1(a)) requires the sample to be immersed in a bath of
ME-319° at step B1 for development, and at step B for the lift-off. The solvent MF-319° at
tacks LOR". Does it attack PMMA? We confirmed that PMMA is not attacked by MF-319° at the

\

development step (5-10s) or during lift-off (20-60s). In fact, we have recorded that a 10 nm
thick PMMA film is not attacked by MF-319° in 8 minutes, which is much longer than the time
required for development or lift-off. As a 10 nm thin pMMA layer is not attacked by MF-319°
in 8 minutes, it can be said that during the development and lift-off steps, the PMMA layer in
which the nanocrystals are embedded is not damaged and its thickness remains the same. The
thickness of this layer affects the spp coupling and therefore the nanoantenna operation.

To test if PMMA was attacked by MF-319°, a usual sample, as shown in Figure 3.1(b), was
prepared. The upper bi-layer on this sample consisted of LOorR*3A (300 nm), and on top of
this layer was a 10 nm thick PMMA layer. The nanocrystals on this sample were observed with
fluorescence microscopy. Into the upper resist bi-layer on this sample, a 3x3 matrix (similar
to the one shown in Figure 3.14(a)) was burned using a 405 nm laser. It should be noted that
laser light can burn holes into the resist bi-layer only if LOR® is present. As PMMA does not
absorb the 405 nm light, it does not contribute directly to hole burning. After the optical
lithography, the sample was put in a bath of MF-319° for 8 minutes and then washed with
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water and dried. By observing the sample with a fluorescence microscope, we could observe
the fluorescing nanocrystals. This meant that the 8 minute attack of MF-319° on the sample
did not attack the lower layer of PMMA (25nm) in which the nanocrystals were embedded.
Near the 3x3 matrix of holes, we observed a lot of development and in the developed areas,
we could see the fluorescing nanocrystals. In an undeveloped area, using the laser, we could
make holes in the resist—this confirmed the presence of LOR®3A in the undeveloped areas.
After exposing the sample for 8 minutes to MF-319°, LOR® could remain intact only if was
protected by the 10 nm thick upper pMmMA layer. This concluded that during the time for
which the sample was in contact with MF-319°, PMMA on the sample was not attacked.

It should be pointed out that deep cuts or cracks on the sample serve as entrances
for MF-319°, and therefore we have avoided such unwanted entrances. When the sample is
immersed in the MF-319°, the liquid developer can enter from the uncovered edges of the
sample. We ensure that the edges of the sample are sealed during the spin-coating process.
During the spin-coating procedure, the entire sample is covered with the pPMMA solution, such
that the solution overflows the sample edges. In this way we are sure that after the sample is
spun, there is a protecting layer of PMMA at the sides of the sample.

3.4.3 Improving the development of LOR®
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Figure 3.15 Improving the development process by removing the residue

Au
deposition

Figure (a) shows the regular development process that can leave some resist residue, which causes the
patch to be unevenly and inappropriately placed above the nanocrystal. Though oxygen plasma etching
can remove the resist residue, it can even remove the PMMA covering the nanocrystal. This is avoided by
depositing a layer of SiO, above the PMMA covering the nanocrystal as depicted in (b). Now oxygen plasma
etches the residue without damaging the nanocrystals. In this way, more uniform and appropriately spaced
antenna patches can be deposited.

The development of LOR® may leave some residue, which leads to the deposition of a
unevenly spaced and nonuniform Au patch. This may affect the antenna performance, and
if worse, the extra thickness introduced by the residue can destroy the spp coupling. The
situation is illustrated in Figure 3.15(a). As the residue is a hydrocarbon compound, it can
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be removed by oxygen plasma etching [168]. But with this method we risk removing the
PMMA (also a hydrocarbon resist) covering the nanocrystal. This has two drawbacks: 1) Plasma
etching removes the dielectric covering the nanocrystal, and 2) after the removal of the PMMA
on the nanocrystal, the nanocrystal comes in direct contact with the charges in the plasma,
which can damage it.

The above mentioned drawbacks can be overcome by depositing a thin film of SiO,
above the pMMA layer covering the nanocrystals, as described in section 2.3. The thickness
of this pPMmMA layer covering the nanocrystal can be reduced such that the total thickness of
the pMMA + SiO, layer is as required. In addition to SiO,, other non-hydrocarbon dielectric
materials like ZnS, YF;, and SizN, can be used as well. These materials are not attacked by the
oxygen plasma and the development residue is etched without damaging the dielectric spacer
above the nanocrystal. Though some of the upper pMmMA layer (which creates the undercut) is
etched by the oxygen plasma, this does not pose a problem if its thickness is about 30 nm or
more. To follow this method, we can use an upper pMmMA layer of 50 nm thickness. As shown
in Figure 3.15(b), the use of oxygen plasma to etch the development residue should result in
more flat and uniform patches.

3.5 Deposition of gold on nanocrystals embedded
in PMMA

Our plasmonic patch nanoantenna (Figure 1.2) requires the nanocrystal to be embedded in
a dielectric, which in our case is PMMA. Above this sandwiched nanocrystal, a gold patch is
deposited at step B of the lithography protocol (Figure 3.1(a)). As described in section 2.2,
the Au deposition is carried out by means of thermal evaporation.

In section 2.3, it has been discussed how physical vapor deposition of a dielectric material,
such as SiO,, ZnS, and YF;, directly on individual nanocrystals was damaging them perman-
ently. When the same nanocrystals were coated with a PMMA layer of about 10 nm thickness,
and then SiO, was deposited on them, no nanocrystal damage was recorded.

As expected, after covering or embedding nanocrystals in a layer of PMMA, or PMMA
+ SiO,, we have never recorded any quenching. In fact, covering a nanocrystal with PMMA
protects it from oxidation, thus increasing its life as a fluorophore. When a fluorophore (such
as a quantum dot) is placed very close to a metal (e.g., Au) surface, quenching effects may
reduce its fluorescence [169, 68]. If the metal-fluorophore distance is increased, the quenching
effects subside, and after a certain distance, they disappear completely. When quantum dots
of sizes less than 10—15 nm are placed directly on a Au surface (Figure 2.5), the quenching is
very pronounced, such that almost none or very dim fluorescence can be observed [85]. In
the case of the quantum dots (¢ = 15 — 19 nm) that we have used as antenna emitters, the
quenching effects are less pronounced because the large size of the shell increases the effective
Au-nanocrystal distance. For all the CdSe/CdS core/shell nanocrystals that we have tested,
we found that a 10-15 nm thick PMMA film spin-coated on the Au surface was sufficient to
prevent any noticeable quenching. The diameter of these spherical nanocrystals from different
production batches varied from 5-25 nm.

If the separation distance between the bottom Au surface and the Au patch is increased
more than 50-60 nm (Figure 2.1), the spp coupling is reduced. Given the size of the nanocrys-
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tals, we decided to work with a 25 nm separation. To attain this, as described in section 3.1,
using a 0.5% [m/m] solution of PMMA in toluene, a 10 nm thick pMMA film was spin-coated

on a 200 nm thick Au surface. After baking the sample and spin-coating individual nanocrys-
tals (¢ = 15—19 nm), another 15 nm thick layer of PMMA was spin-coated using a 0.75% [m/m]

solution of PMMA in toluene. Reasoning that if a 0.5% [m/m] PMMA solution coating could

protect the nanocrystals from SiO, evaporation damage, then a 0.75% [m/m] PMMA solut-
ion coating should prevent them from similar damage that could occur when depositing Au

by evaporation. But results showed otherwise. Following the Au deposition on nanocrystals

embedded in a stack of 10+15 nm PMMA, we attained the structure of Figure 3.16(c). In this

structure, none of the nanocrystals could be observed fluorescing. Usually, with a ccb camera

acquisition time of 50 ms, we are able to detect significant fluorescence, but in this case, even

with acquisition times as high as 8s, no fluorescence could be observed. A laser is more

suited for scanning fluorescent emitters but these emitters could not be scanned even with a

405 nm CW laser. The deposition was carried out at 0.02 nm/s with the Leybold Univex 300

thermal evaporation system at INsp. On similar samples, we carried out the deposition at

different rates (0.01-0.3 nm/s), under better vacuum conditions, using thermal and electron

beam evaporation, but the result was the same—the nanocrystals didn’t fluoresce following

the deposition.
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Figure 3.16 Gold deposition on sandwiched nanocrystals

Figure (a) shows the sample after spin-coating nanocrystals on a PMMA film. Then a drop of 0.75% [m/m]
PMMA solution in toluene is placed and after spin-coating it, the sample is shown by illustration (b). The
PMMA film thickness on the nanocrystal top surface is very likely different from the film thickness on the lower
PMMA substrate. This difference has been pointed out in the figure. By thermal evaporation, a 20 nm thick
Au film is placed on the top PMMA film as shown in (c). In figure (c), the distance between the nanocrystal
surface and the Au film is shown by the two arrows. It is very difficult to comment on this distance, especially
when the shape and size of the spin-coated nanocrystals varies.

If a 10nm pmMMA film could protect these 15-19 nm thick CdSe/CdS core/shell nan-
ocrystals from SiO, deposition (section 2.3), then why couldn’t a 15nm pMMA film protect
the nanocrystals from Au deposition? In an experiment, we prepared a few samples as shown
in 3.16(b). On some of them we deposited Au by evaporation, and on the others we deposited
SiO, by evaporation. The deposition rate and temperature were kept the same in both the
cases. After the deposition of SiO,, we could observe fluorescing individual nanocrystals on
all samples, but on the samples on which Au was deposited, no nanocrystals were found
fluorescing. Following this 20 nm thick Au deposition, we were unable to collect the fluores-
cence signal even with an acquisition time of 10 s. Was this severe reduction in fluorescence
due to quenching or some other sort of internal damaging of the nanocrystals during the Au
deposition? We will analyze this question in the coming paragraphs.



3.5 DEPOSITION OF GOLD ON NANOCRYSTALS EMBEDDED IN PMMA 81

The quartz balance in the deposition chamber informs us about the average rate of film
growth but it does not provide any information about the charge and size of the depositing
clusters. Comparing the AFM images of the surface of a 20 nm thick Au film in Figure 2.7 with
the surface of a 13 nm thick SiO, film, it seems that the grain size is almost the same in the
two cases. But this may not imply that the size of the depositing clusters is the same. It has
been shown that charged clusters of Au are generated during its thermal evaporation [118].
In the absence of information about charges on clusters, their momentum, and the dynamics
at the deposition interface, it is difficult to comment further. However, we are certain that
when the nanocrystals are placed near a Au film, their fluorescence quenches, whereas this
is not the case when they are placed near SiO, films. Moreover, unlike a SiO, film, a 20 nm
Au film is lossy, which means that a part of the fluorescence of the nanocrystals is absorbed
by the film. A 20 nm thick Au film placed on a transparent material like glass gives a bluish
tint when looked through.

Fluorescent light

Laser Microscope Gold T20 nm
objective o 10 nm
%70 pm

PMMA
Glass

CdSe/CdS
core/shell
nanocrystal
®

10 nm T [PMMA
20 nm | | Gold
170 pm | Glass

() (b)

Figure 3.17 Nanocrystals above and below 20 nm thick gold

The sample of figure (a) was made by spin-coating nanocrystals on a film of PMMA, and the sample of
figure (b) was made by spin-coating PMMA on nanocrystals, and then evaporating Au on it. Due to a smaller
nanocrystal-gold separation and a larger surface area closeness, fluorescence quenching is more pronounced

in (b).

We have mentioned that our 15-19 nm thick nanocrystals do not show quenching when
placed 10 nm away from a Au surface. As illustrated in Figure 3.16, a PMMA solution that
forms a 10 nm thick film when spin-coated on a Au surface, does not give a film with the
same thickness on the nanocrystal top. This nanocrystal-Au film distance decides the ext-
ent of quenching. Moreover, the former situation (Figure 3.17(a)) is quite different from the
latter (Figure 3.17(b)). In an experiment we took a glass slip and deposited a 20 nm thick
Au layer on it by thermal evaporation. Then using a 0.5% [m/m] solution of PMMA in tolu-
ene, a 10 nm thick pPMmMA film was spin-coated on it. On top of this layer, nanocrystals were
spin-coated and their fluorescence was observed as shown in Figure 3.17(a) . On another
glass slip, nanocrystals were spin-coated, and on them a 0.5% [m/m] solution of PMMA in
toluene was spin-coated. Then a 20 nm thick Au film was thermally evaporated on it and the
sample was observed by fluorescence microscopy as shown in Figure 3.17(b). By positioning
the microscope objective below the sample, we avoid losses that the fluorescent light would
have incurred if it had to pass through the 20 nm thick Au film. As the separation between
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the nanocrystal and the Au surface is less and the surface area proximity is more (the Au
film covers the nanocrystal top) in the sample of Figure 3.17(b), the fluorescence quenching
is more. If nanocrystals are spin-coated on a Au surface, a particular nanocrystal touches
the Au surface at one or a few points. Whereas when Au is deposited by evaporation on a
nanocrystal, the depositing clusters cover most of the area of the nanocrystal, thereby creating
many contact points. Consequently, quenching in more pronounced in the latter case.

3.5.1 Conclusion

SiO, vapor deposition on individual nanocrystals embedded in pMmMA did not reduce their
fluorescence but they stopped fluorescing when a 20 nm thick Au film was deposited on
them under similar conditions. The complete loss of fluorescence after Au vapor deposition
could be due to quenching, or by some other mechanisms that occur during deposition and
damage the nanocrystals. Both of these issues can be avoided by using a thicker layer of
PMMA above the nanocrystals. A thicker layer of PMMA above the nanocrystals can protect
the nanocrystals better during the vapor deposition process, and it prevents fluorescence
quenching by increasing the effective nanocrystal-Au film distance. The results of the next
section suggest that this reduction in nanocrystal fluorescence following Au vapor deposition
is due to quenching.

3.5.2 PMMA thickness to keep nanocrystals observable after
Au deposition

We have described how Au deposition on nanocrystals (sandwiched in PMmMA) reduced their
fluorescence. To solve this problem, the effective thickness of the PMMA layer between the
nanocrystal and the upper Au film was increased by spin-coating higher concentration PMMA
solutions on the nanocrystals. By studying the effect of 20 nm thick Au film deposition on
nanocrystals embedded between pMMA films of different thicknesses, we solved the problem
of Au vapor deposition.

Four samples were prepared as described in section 3.1 with different thicknesses of the
top PMMA layer. The materials stacked in these samples were:

—~~

15 nm)
21nm)

Sample 1: Si + Ti (10 nm) + Au (200 nm) + PMMA (10 nm) + Nanocrystals + PMMA
Sample 2: Si + Ti (10 nm) + Au (200 nm) + PMMA (10 nm) + Nanocrystals + PMMA
35 nm

)
58 nm)

)
Sample 3: Si + Ti (10 nm) + Au (200 nm) + PMMA (10 nm) + Nanocrystals + PMMA
)

Sample 4: Si+ Ti (10 nm) + Au (200 nm) + PMMA (10 nm) + Nanocrystals + PMMA

10 nm 10 nm 10 nm 10 nm
Gold 200 nm Gold 200 nm Gold 200 nm Gold 200 nm
Sample 1 Sample 2 Sample 3 Sample 4

Figure 3.18 Increasing the spacer above the nanocrystal

By spin-coating a solution of high concentration, the thickness of the spacer (PMMA) is increased, which
enabled us to prevent a reduction in nanocrystal fluorescence after the subsequent Au deposition.
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The value of thickness of the top PMMA film is based on measurements of section 2.4.3.1.
It is the thickness of the second PMMA layer above the first PMmMmA layer and probably it is not
the real thickness of the pMMA film just above the nanocrystal. However, it can be said that
a thicker upper PMMA film usually results in a larger PMMA thickness above the nanocrystal.
Figure 3.18 sketches samples 1, 2, 3, and 4, which have an upper pMMA film that was depos-
ited by spin-coating solutions of PMMA in toluene of concentrations 0.75% [m/m], 1% [m/m],
1.5% [m/m], and 2% [m/m], respectively.

The four samples of Figure 3.18 were placed in the deposition chamber and by thermal
evaporation, a 20 nm thick Au film was deposited on them. Figure 3.19 shows the fluorescence
microscopy images of three samples before and after the Au deposition. The nanocrystals on
Sample 4 did not show any reduction in fluorescence after the Au deposition (see Table 3.1).
The results of Sample 4 are similar to those of Sample 3, therefore its images are not displayed

in Figure 3.19. Fluorescent light
Lamp

Microscope

@/ objective @

Sample 1
0.75%
PMMA

Sample 2
1%
PMMA

Sample 3
1.5%
PMMA

Figure 3.19 Nanocrystals before and after gold deposition

These images were recorded with the same CCD camera acquisition time of 200 ms. For the corresponding
samples, fluorescence microcopy images (a), (c), and (e) show the sample before the 20 nm thick Au depos-
ition, and images (b), (d), and (e), respectively, show it after the Au deposition. After the deposition of
Au, no emitters could be observed fluorescing on Sample 1, on Sample 2 a few were visible but they were
very dull, and on Sample 3 almost all of them fluoresced. The before and after deposition areas shown in
the figure are not identical but as the spatial distribution of nanocrystals is quite homogeneous, the images
give a clear picture of the deposition effect.
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Using a Photonic Science ccp camera (appendix A.2), we can usually detect fluoresc-
ing nanocrystals with an acquisition time of 50 ms. After depositing Au on the sandwiched
nanocrystals, we observed them with acquisition times from 200 ms to 10s. Table 3.1 sum-
marizes the results about the visibility of nanocrystals on samples 1-4 after the 20 nm thick
Au film deposition.

Sample | PMMA Film Visibility
number | concentration| thickness
[m/m] (nm) Eye [ Camera Camera | Camera
facq=200mS | facq=28 | faq=10s
f
1 0.75% 15 X X X Ve(rl’é%f)w
Few Many
2 1% 21 X X (26%) (58%)
All All
3 1.5% 35 X X (100%) | (100%)
4 2% 58 v Ve v v

Table 3.1 Results of gold deposition on nanocrystals beneath different PMMA thicknesses
The cross indicates that the nanocrystal fluorescence could not be observed, and the check mark indicates
that it could be observed. On each sample, a region was selected and the number of emitters were counted
in that region. After the gold deposition, the same region was viewed by fluorescence microscopy. The
images were collected with different acquisition times and the number of emitters were counted. On these
samples, without the 20 nm thick Au film on top, the nanocrystals could be observed by eye.

The fluorescence reduction in Sample 1 was very strong. Even with t,., = 10 s, only 16% of
the emitters were visible and they were very dim. Confocal scanning by laser is more adequate
for scanning emitters but due a to very low fluorescence signal in Sample 1, very few emitters
could be scanned. Moreover, in order to boost the fluorescence signal, the emitters had to be
scanned with high laser power, which was sufficient to photobleach them within 10-20s. If a
nanocrystal cannot be scanned harmlessly by a laser, it cannot be used as a nanoantenna em-
itter. The least thick PMmMA film below which the nanocrystals were visible with 100% success
was the film produced by spin-coating 1.5% [m/m] PMMA in toluene (Sample 3). Sample 4
also showed a 100% success rate but it had a thicker film than Sample 3. It may be possible to
find a film thickness that is less than the film thickness of Sample 3 and more than the film
thickness of Sample 2, and that gives a 100% success rate. The results of this experiment were
supported by the success rate of antennas that had been made with different thicknesses of
PMMA. Antennas that had nanocrystals beneath a film made with 0.75% [m/m] PMMA solution
were almost impossible to scan, whereas all the antennas that used a 1.5% [m/m] pmMMA film
could be scanned. In the case of Sample 4, the Au deposition did not reduce nanocrystal
fluorescence at all and they could be observed by eye.

3.5.2.1 Conclusion

Because the nanocrystals could be observed by increasing the image acquisition time, the
reduction of fluorescence seems to be due to quenching and not because of some other type
of permanent nanocrystal damage during the Au deposition. However, we cannot rule out
the possibility that the deposition of Au was damaging the nanocrystals by creating some
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permanent defects in them. In any case, the results of this experiment show that by using
high-concentration PMMA solutions for spin-coating, we can increase the thickness of the
PMMA film just above the nanocrystal, and therefore the nanocrystal-Au patch separation.
This allows us to avoid any permanent damage to nanocrystal fluorescence due to the vapor
deposition of Au.

3.5.3 Enhancing SPP coupling

Two of the most important factors that decide the efficacy of a plasmonic patch nanoantenna
are the coupling between the emission and the Au surfaces, and the spp coupling between
the bottom 200 nm thick Au surface and the 20 nm thick Au patch [40]. By using spin-coated
films of different thicknesses, we can vary the distance between the bottom Au layer and the
Au patch, and we can place a nanocrystal at the intended vertical position between them.

In the nanoantennas discussed in this thesis, the thickness of the PMmMA bi-layer stack is
10+35 = 45 nm. If the thickness is less than this, we expect the spp coupling to be better, which
will accelerate the emission of the nanocrystal due to field enhancement. In a working system
like this, there is a competition between field enhancement and fluorescence quenching [25,
170], and one has to settle for the best compromise. As 1.5% [m/m] spin-coated PMMA films
showed 100% observability, and in the development stage of the lithographic protocol we
wanted to use reliable components, we chose to work with the mentioned. Now after the
fabrication protocol has been developed, it would be interesting to experiment with thinner
PMMA bi-layer films and note the effect on antenna emission.

3.6 Lift-off

At step B of the lithographic protocol (Figure 3.1), the lift-off procedure is carried out by
immersing a sample inverted inside a bath of MF-319° and shaking it for 20 s or more. The
time required for the lift-off depends on the size of the entrance available for the solvent to
attack Lor°—the bigger the entrance, the shorter is the lift-off duration. Unlike the develop-
ment duration, the lift-off duration does not need to be very precise as the only goal of lift-off
is to get rid of the material around and above the patch. However, it should be emphasized
that the lift-off duration cannot be extended very long because after a certain time, the solvent
starts attacking other materials in the sample.

3.6.1 Lift-off requirements

A lift-off operation is intended to clean the Au patch by removing the material above and
around the patch, especially any material that can degrade the antenna performance. Our
main concern is the Au film that is above on the sides of the patch because its presence in the
radiation path may alter the radiative behavior of the antenna. The resists (LOR® and PMMA)
and their residues (obtained after the lift-off process as a result of the chemical reaction with
the developer) are not an impediment to antenna functioning as their refractive index is about
1.5 and they do not degrade the spp dynamics. Considering the mentioned, we would like
to discuss about the requirements of a successful lift-off. This will allow us to perform an
appropriate lift-off without investing more effort or time into achieving a thorough lift-off
that does not give better plasmonic patch nanoantennas.
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Figure 3.20 Lift-off requirement

The figure displays a typical case of a sample after the lift-off process. After the lift-off, the upper Au film is
removed such that its edge is at a horizontal distance d from the patch edge. Here h is the vertical distance
between the Au patch and the Au film, and 0 is the angle made by the edge of the etched upper Au film
with the edge of the patch.

Figure 3.20 illustrates a sample after a typical lift-off. The patch antennas discussed in
this thesis were obtained by using resist bi-layers of two thicknesses: 1) LOR®3A (300 nm)
+ PMMA (10 nm) (used for supercontinuum laser lithography), and 2) Lor®3A (500 nm) +
PMMA (50 nm) (used for e-beam and LG mode lithography, chapters 4 and 5). The simulat-
ion results of Figure 1.3 show that the radiation of a patch antenna with a vertically oriented
emitter dipole is confined within a cone whose half-angle is less than 30°.

Patch diameter (um) |Cone half-angle 0 (°) h (nm) d (pm)
0.6 30 300 0.2
” » 500 0.3
1 20 300 0.1
” » 500 0.2
2 10 300 0.05
” ” 500 0.1

Table 3.2 Optimum patch—film distance after lift-off
For the given patch diameters and the corresponding cone half-angles, the minimum patch—film distance d,
as shown in Figure 3.20, has been listed. We note that d > 0.3 pm results in a successful lift-off.

Let us consider a very bad case of low directivity, which increases the demands of lift-off.
Consider a patch antenna whose cone half-angle is 70° (not directive), and & = 500 nm (worst
case). This gives d = 1.4 um. From this we can safely say that d > 1.5 um leads to a succes-
sful lift-off, even in worse cases. AFM analysis of our patch antennas demonstrates that all
our antennas meet the requirement of 4 > 0.3 um and many of them even fulfill the more
demanding (but most likely not required) condition of 4 > 1.5 um.

The concept of radiation pattern (Figure 1.3) is applicable for far-field radiation, which is
not really the case for the distances mentioned in Table 3.2. However, it can be assumed that
the field divergence in the limiting cases of the far-field (like the one discussed above) is less
than in the far-field. Therefore, the argument presented above is valid insofar as the radiation
path is concerned. Following this and the calculated values listed in Table 3.2, we can say
that if the horizontal distance between the patch-edge and the edge of the upper Au film is
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more than 0.3 um, the lift-off is acceptable. It has been observed by AFM measurements that
our lift-off strategy satisfies this criterion for all patch sizes, which include patch antennas
fabricated using the supercontinuum laser, e-beam, and LG mode lithography.

3.6.2 Supercontinuum laser lithography patch antennas after
lift-off

Figure 3.21 is an AFM height image of a gold patch antenna fabricated using supercontinuum

laser lithography. The image was recorded after the lift-off. It can be seen that the patch—film

distance is about 1 um, which is more than the requirement of 0.3 pm. There is some lift-off

residue above and around the patch but the circular patch of 1 um diameter is discernable. In

one of the areas pointed out in the image, the patch thickness of 20 nm can be observed.
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Figure 3.21 A patch antenna realized by supercontinuum laser lithography
The AFM height image shows an antenna patch (¢ = 1pm) and some leftover lift-off residue. The height profile
along the marked straight line is graphed below the AFM image. Though the patch is covered with some
lift-off residue, its edge is clearly demarcated. At one point (pointed out by the marked arrow), where there
is no lift-off residue, the 20 nm thickness of the patch can be noted. For the plasmonic operation of the
nanoantenna, the presence of some lift-off residue is not an issue.
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The lift-off process involves the removal of the resist by chemical etching and some
residue resulting from this chemical removal may remain on and around the patch after the
lift-off. The residue can be reduced by performing the lift-off for a longer duration or by using
additional cleaning steps such as oxygen plasma etching. But before performing any further
action, we have to analyze if an additional cleaning step is required.

As described in the previous section, we assume that the presence of some resist residue
does not depreciate performance of these patch antennas. Moreover, an additional cleaning
step may involve undesirable effects. For example, with a longer duration lift-off, we risk
removing the patch, and we have found that while reactive-ion etching cleans the residue,
it also bleaches the nanocrystal beneath the patch. Our experiments show that mild oxygen
plasma etching (e.g., at 30 W for 10 minutes) may be used for cleaning the residue without
damaging the nanocrystals.

()

500 nm

(b)

300
250} 250}
= E
= 2007 — 1 £ 200t
5 3
S150¢ ] % 1501
< o
5 100} 2 100f
T o0
50} T 50}
0 0
0 05 1 15 2 25 3 35

0 200 400 600 800 1000 )
Lateral distance (nm) Lateral distance (um)

Figure 3.22 Varying the size and shape of nanoantenna patch

AFM height images (a) and (b) show two different nanoantenna patches (black area) fabricated using superc-
ontinuum laser lithography. The corresponding height profiles are given below the AFM images. In the case of
(a), the patch shape is roughly elliptical; the major axis is about 250 nm and the minor axis is about 150 nm.
This shows that with our technique we are able to achieve patch sizes that are truly sub-wavelength. Laser
light in a range of 550-605 nm was used for the lithographic task. The patch in (b) is quite circular and its
diameter is about 600 nm. In both the cases, some lift-off residue remained around the patch boundary. Its
presence is more prominent in the larger patch because when the lift-off was carried out on this sample,
more resist was removed from the larger entrance of (b) (note the steps on the sides of the patch) than
from the smaller entrance of (a). Due to the leftover residue, the boundaries of the patch appear higher
than the patch. The emission of the patch antenna of (a) is characterized in Figures 3.26(c) and (d). This
lithography technique is capable of attaining patches of different sizes and shapes.
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3.6.3 Nanoantenna patch size

The acceleration of emission (Figure 1.2) and the directivity (Figure 1.3) of a patch nano-
antenna depends on the size of the patch [1, 8]. Sections 3.3.2 and 3.4 elaborate how the
supercontinuum laser lithography allows us to vary the patch size by means of controlling
the laser power and focusing, exposure time, and the development time. AFM measurements
confirm that the supercontinuum laser lithography is able to attain patch diameters in a range
of 200 nm to 2.5 pm.

In addition to the size of the patch, its shape can also be of interest. If the laser beam
cross-section is circular, it is likely to burn a circular hole in the resist bi-layer, and finally a
circular patch is obtained. We can use mirrors to deflect the laser such that it has an elliptical
cross-section. A hole burned by such a laser beam is likely to be elliptical and so will be the
antenna patch.

The antenna imaged in Figure 3.22(a) was very bright. It showed a very fast decay rate
(Figure 3.26(c)) and could be excited with very low laser power at 405 nm. The power was less
than 11 nW; the exact value could not be recorded as it was too low to be sensed by the laser
power meter. We have never been able to excite a nanocrystal with such low laser intensity.
This suggests that, as far as antenna radiative capabilities are concerned, this plasmonic patch
antenna was functioning well. Figure 3.23 displays two fluorescence images of this antenna
recorded with different acquisition times.

Figure 3.23 Fluorescence microscopy image of a bright antenna

The fluorescence microscopy images (a) and (b) were captured by the ccb camera with the acquisition times
of 10 ms and 200 ms, respectively. The bright spot in both the images is the radiating patch nanoantenna of
Figure 3.22(a), which is characterized by Figures 3.26(c) and (d). Due to the low acquisition time, we observe
no fluorescing nanocrystals in (a). After increasing the acquisition time, they become visible in (b) but the
bright antenna starts saturating the image. The two light spots above and below the antenna in image (b)
are due to some parasite optical or electronic effect.

3.7 Nanoantenna characterization

Several nanoantennas were fabricated using the supercontinuum lithography technique. The
illustration in Figure 3.24 shows the structure of these antennas. The shape and size of the
Au patch can be varied using the methods described in sections 3.3.2 and 3.4. This allows us
to control the emission acceleration, antenna directivity, and investigate the physical effects
that are affected by the patch size and shape.
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Figure 3.24 Nanoantenna made by supercontinuum laser in-situ optical lithography
The emitter in these nanoantennas was a CdSe/CdS core/shell nanocrystal with a total diameter of 15-19 nm.
By varying the Au patch size, we can vary the emission acceleration.

Figure 3.25 Confocal scan of an antenna
The colors in the image are artificial. The bright area is the nanoantenna from which the emission was
recorded, and the dark area is the background. Note the size of the antenna—it is bigger than the optical
size of a nanocrystal (650 nm).

The samples on which the nanoantennas were fabricated were scanned confocally using a
405 nm CW laser. Figure 3.25 shows a confocal scan of an antenna. The fluorescent radiation
of the nanocrystal is coupled to the bottom Au layer and the top Au patch, and spp are
generated at the metal—dielectric interfaces. The spp produce enhanced optical near-fields at
the metal surface [25]. As the thickness of the Au patch is only 20 nm, these near-fields result
in photon emission from the patch. This emission is directed to a photodiode by means of
confocal microscopy, and a confocal scan of the nanoantenna is obtained. The circular shape
depicted in Figure 3.25 has a diameter of about 900 nm, which is larger than the optically
limited size of a fluorescing nanocrystal (650 nm) on our setup. This is because a fluores-
cing nanocrystal is a point-like emitter (its physical size is only 15-19 nm), whereas in our
nanoantennas, the entire Au patch emits. Therefore, in the case of a nanoantenna, where the
spP coupling exists and whose patch is bigger than 650 nm (the optically limited size when a
405 nm laser is used for scanning with a 0.80 N.A. microscope objective), the confocal scan
should correspond to the physical size of the nanoantenna patch.
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3.7.1 Radiative emission from exciton and multiexciton
phenomena

An exciting laser pulse may generate a large number of excitons (electron—hole pair) in a
nanocrystal. The higher the intensity of the excitation, the more is the number of excit-
ons. An exciton may recombine radiatively by emitting a photon or non-radiatively. Excitons
interacting strongly with each other are called multiexcitons. The Auger effect, which causes
multiexcitons to recombine non-radiatively, is in competition with the radiative multiexciton
recombination. The multiexciton decay rate I'y;x can be described as:

Pyvx = Taug + rﬁ\;{c)l( (3.9)

where T™X is the radiative multiexciton decay rate, and T Aug 1S the Auger decay rate. When
Lagg >> I™X, the non-radiative recombination overcomes the radiative one. For example,
in small nanocrystals, which have strong confinement, the Auger effect is very efficient: As
the Auger recombination is faster than the radiative recombination, all the interacting excit-
ons (multiexcitons) recombine non-radiatively except the last exciton which may recombine
radiatively by emitting a single photon. In large nanocrystals, like the ones used in our an-
tennas, the confinement is weak and the Auger effect is not as efficient. As a consequence,
multiexcitons may recombine radiatively. Multiexciton recombination involves a cascading
process [4]. For example, in biexciton recombination [171] (which consists of two interacting
excitons), the fast recombination (radiative or non-radiative) of one of its exciton is followed
by a slower exciton recombination (mostly radiative in our case) that emits a photon. Multiexc-
iton emission from our nanocrystals can be noted in Figure 1.14. The histograms plotted in this
figure show that under low intensity laser excitation, the emission decay of has two parts—the
fast slope region is due to biexciton recombination and the slower trace is due to exciton
recombination. Therefore, the decay curves can be fitted with a bi-exponential equation. Un-
der high excitation, as depicted by the red curve in the figure, the proportion of the photons
emitted due to fast recombination increases. This is expected because increasing the laser
fluence on a nanocrystal creates more excitons, and therefore more multiexcitons [172].

In most cases, the non-radiative Auger effect is not negligible. Consequently, the number
of photons emitted by the radiative biexciton recombination is less then the number of phot-
ons due to radiative exciton recombination. Even in the cases where the Auger effect is neglig-
ible, the number of photons due to biexciton to exciton radiative recombination can never be
more than the number of photons emitted due to radiative exciton recombination.

Excitation of high-confinement structures with high laser fluence creates multiexcit-
ons that can combine radiatively. For example, a tri-exciton can be involved in a three-step
cascading recombination: XXX—XX, XX—X, and X—photon. The tri-exciton to biexciton
(XXX—XX) and biexciton to exciton (XX—X) transitions can be radiative or non-radiative.
Finally, the considered tri-exciton decay emits 1-3 photons. The XXX—XX process is the
quickest (and the least efficient in emission), and radiative exciton recombination (X—photon)
is the slowest. The decay curve obtained from tri-exciton phenomena requires a tri-exponential
fitting. When the Auger effect is negligible, the number of photons emitted by the radiative
exciton recombination is less than the photons emitted by XXX—XX and XX—X processes.
Our results show that due to the competition between the Auger effect and radiative mul-
tiexciton emission, the probability of single photon emission decreases as the probability of
radiative multiexciton recombination increases.
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Emission from our CdSe/CdS core/shell nanocrystals always shows photon-antibunching
(g?@(0) ~ 0.25 — 0.4) when they are excited with a 405nm laser of intensity as high as
15 W/cm? . Figure 1.16 shows a typical antibunching curve obtained when these nanocrystals
are excited with a laser intensity of about 3 W/cm?. When these nanocrystals were placed
in the nanoantenna and excited with less than 3 W/cm? of 405 nm laser intensity, we could
observe antibunching only in some cases. In their work, Ji et al. [173] synthesized 30 nm thick
colloidal CdSe/CdS core/shell nanocrystals and chemically coated them with a 35 nm thick
SiO, shell, and then by chemical synthesis, a 20 nm thick Au shell was grown around the
CdSe/CdS + SiO, ensemble. Photon-antibunching was not recorded for any of these struc-
tures [174] and the typical value of g(z)(O) was 0.9. In such structures and in many of our
antennas, due to the Purcell effect, which leads to the acceleration of emission, the Auger
processes are overcome by multiexciton radiative recombination, that is:

MY >> Tayg (3.10)

where Fi\g and I, are the radiative multiexciton and Auger recombination rates, respect-
ively. In these structures, the multiexciton recombination is mainly radiative. This inhibits
single photon emission but increases the overall intensity of the radiated light.

3.7.2 Antenna emission lifetime

The emission decay curves of four patch antennas fabricated by supercontinuum laser lith-
ography are plotted in Figure 3.26. In all these patch antennas, significant acceleration of
emission can be noted by comparing their decay curves with that of a typical nanocrystal
placed in a homogeneous medium (Figure 1.11(b)).
The decay curve of most of these antennas can be fitted with a bi-exponential equation
of the form:
I(t) = aje™% v aye™™ 4 ¢ (3.11)

where 7; and 7, are the short and long emission lifetimes, a; and a, are constants, and ¢
is the noise. Fitting the emission decay histogram with equation (3.11) requires finding the
parameters a;, Ty, 4y, Ty, and c. We did this using the curve-fitting options of MATLAB®; the cor-
responding equation has been plotted and mentioned for each decay curve in red color.

To explain the emission characteristics, we attribute 7; = 1/I'yx to photon emission from
multiexciton recombination (probably biexciton), and 7, = 1/T'x to photon emission from
exciton recombination because the former is always faster than the latter [4]. Assuming that
in our antennas, the multiexciton phenomena is mainly biexciton phenomena, and therefore
treating 7; as the biexciton lifetime, we define « as:

o = @. (3.12)
mh
The parameter « is proportional to the ratio of the number of photons due to exciton recom-
bination (X) to biexciton recombination (XX—X). We have found that generally our patch
antennas show antibunching if @ > 5. It should be noted that the emitter of all our patch
nanoantennas is a CdSe/CdS quantum dot from the same production batch (see section 1.3)
that is embedded in a 45 nm thick PMMA spacer as shown in Figure 3.24.
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Emission from a very few patch antennas could not be described using a bi-exponential
equation but it could be fitted with the following tri-exponential equation:

I(t) = a1e™% + a,e™™ + aze™™ 4+ ¢ (3.13)

where 7y, 7,, and 73 are emission lifetimes in increasing order, and a;, a,, a3, and ¢ are con-
stants. For each emission decay curve, these parameters are found as described above. These
emission lifetimes can be attributed to multiexciton recombination (probably tri-exciton and
biexciton) and to exciton recombination.

The emission of a nanocrystal is affected by the fluctuations in its environment. Ther-
efore, even if the emission of the nanocrystal is due to exciton recombination, sometimes
its decay curve cannot be fitted by a mono-exponential equation. A better fit can be then
obtained by using bi-exponential fitting because it offers more fitting flexibility. In such cases,
as the bi-exponential fitting is required to account for fine adjustments to a mono-exponential
decay, the two lifetimes and the two corresponding coefficients are of the same order of mag-
nitude. The bi-exponential fitting parameters of these decay curves cannot be interpreted as
biexciton (XX—X) and exciton (X) emission characteristics. In fact, fitting this curve with a
mono-exponential fit reveals more truth about the underlying exciton recombination (which
is mono-exponential). The same argument holds for a tri-exponential fit. It should be pointed
out that it is very difficult to distinguish if a tri-exponential fit is required to account for
fine adjustments or it really depicts a tri-exponential decay due to radiative multiexciton
emission (that involves tri-excitons and higher). This is because the lifetimes involved are
shorter than or comparable to the temporal resolution of our measurement setup, which is
about 300 ps.

The antenna decay curves fitted with a tri-exponential fit contain three lifetime values:
1) 7;, the shortest lifetime (XXX—XX), which are as short as the temporal resolution of our
system, 2) 7,, which can be attributed to XX— X process, and 3) 73, which is the longest and is
due to exciton recombination. The values of 7; and 7, are very close, and therefore, it is difficult
to discern if this depicts physical reality (lifetimes of tri-exciton and biexciton processes) or if it
just a mathematical adjustment to account for fluctuations. In this latter case, the emission can
essentially be fitted by a bi-exponential fit. Therefore, we always plot both the tri-exponential
and bi-exponential fitting curves. If the bi-exponential fits are acceptable, we will restrict
our discussion to bi-exponential phenomena (biexcitons and excitons). Otherwise, we will
consider the tri-exponential fit as as a good physical description of the emission decay.

In conclusion, the emission from most of our antennas can be fitted with a bi-exponential
equation, and most of the very few that require a tri-exponential fit can be described with
a less good fitting but more reasonable bi-exponential fit. Therefore, we use Eq. (3.11) as the
main equation for analyzing the decay curves and for calculating a.

3.7.3 Purcell factor of a patch antenna

As demonstrated in Figure 3.26, the emission of most of our patch antennas can be fit with
a bi-exponential. We expand the general definition of the Purcell factor (Eq. (1.1)) and define
it for our patch antennas:

FP _ Thomogeneous _ Ttypical _ § (3]_4.)

Tantenna Ty Ty
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where Tyypica = 35 18 is the typical exciton lifetime of our nanocrystals in a homogeneous med-
ium, and 7, is the slow lifetime of the bi-exponential fit of Eq. (3.11), which is associated with
the exciton lifetime. Reference [175] has used a similar definition of the Purcell factor.

Our nanocrystals have a very good quantum efficiency and it can be assumed as 1. The
plasmonic nanoantenna structure results in strong confinement of electromagnetic field ar-
ound the nanocrystal embedded inside. This effect leads to a high density of states in the
nanocrystal, which accelerates its exciton emission, which is given by the Purcell factor. In
other words, when the quantum efficiency of exciton decay #x = 1, and Fp is the Purcell
factor, we have:

antenna antenna,rad

1—‘X = 1—‘X + 1—‘non-rad

—_——

~0 as nx~1

homogeneous,rad
- R (3.15)
; A tenna,rad _

where {7 s the decay rate of the emitter in the antenna, I3 ¢ is the radiative decay

rate of the emitter in the antenna, I',, .q is the non-radiative decay rate associated with

homogeneous,rad . o s . .
and Ty 8 is the radiative decay rate of the emitter in a

exciton recombination,
homogeneous medium. We note that the Purcell factor of the antenna is the same as its
acceleration of exciton emission.

The same Purcell factor could be applied to the radiative decay rate of the biexciton
as well, but unlike the exciton quantum efficiency (~ 1), the quantum efficiency of radiative
biexciton emission is very small. To some extent we can suppose that the Auger decay rate
['ayg is not affected by the environment. Therefore, the biexciton decay rate of the antenna
can be given as:

t antenna,rad
e = T
homogeneous,rad
= Fp (Iyx )+ Taug (3.16)
ranennarad o the radiat-

ive biexciton decay rate of the emitter in the antenna, 'y, is the Auger decay rate associated

h rad | e
and Ty o8P is the radiative biexciton decay rate of the

where F;’&enna is the biexciton decay rate of the emitter in the antenna,

with biexciton recombination,
emitter in a homogeneous medium. Influenced by the relative value of I, the acceleration
of emission from the biexciton recombination is thus always smaller than Fp. It reaches Fp
when [y, becomes negligible.

For this reason, the Purcell factor cannot be estimated correctly from biexciton decay
rates. Moreover, for estimating the Purcell factor, we have to divide the nanocrystal emission
decay rate in the antenna by its decay rate in a homogeneous dielectric medium of the same
refractive index. The exciton decay rate of a nanocrystal in a homogeneous medium can be
found easily but its biexciton decay rate cannot be estimated easily and rigorously as it is much
faster and it is highly dependent on the field confinement and Auger effects. The biexciton
decay rate for low excitations can be considerably lower than for high excitations. For example,
in Figure 1.14 we note that the biexciton decay rate increases (from 0.5ns™ to 1.2 ns™) as the
excitation is increased from 3 W/cm? to 15 W/cm? .
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3.7.4 Discussion on the results

The emission decay rates and photon-antibunching curves of some patch antennas fabricated
using supercontinuum laser lithography are given in Figure 3.26. A 405 nm pulsed laser (at
2.5 MHz) was focused through an air objective (100x, 0.80 N.A.) to excite the antennas.
Figure 1.18 shows the optical measurement setup. The Fp and « values of these antennas are
given in Table 3.3.

Antenna # Fp a Antibunching
1 12 3.6 x
2 23 0.3 x
3 14 0.3 x
4 4 6.6 v

Table 3.3 Characteristics of antennas obtained with supercontinuum laser lithography

Antenna 1 shows a Purcell factor of about 12, « ~ 3.6, and g(z)(O) ~ 0.8. It is differ-
ent from the others because its decay curve, though fitted with a bi-exponential, looks qu-
asi mono-exponential. The fluctuations in the antibunching curve makes it difficult to know
if it is completely lost; the calculated value of g¥(0) ~ 0.8 suggests very poor antibunching.
Its a parameter shows major exciton emission along with less efficient biexciton emission. Its
biexciton lifetime of 1ns is more than the biexciton lifetime of other antennas. This can be
explained by the existence of an efficient Auger effect in the nanocrystal.

Antenna 2 has the fastest decay curve with Fp ~ 23 and @ = 0.3. This antenna was exc-
eptionally bright. Its fluorescence image is depicted in Figure 3.23. The brightness of this
antenna and its high Purcell factor can be attributed to its small size. An AFM image of this
antenna is depicted in Figure 3.22(b). Moreover, it is likely that the nanocrystal dipole had a
more vertical orientation, which resulted in a stronger Purcell effect.

Antenna 3 has Fp ~ 14, a ~ 0.3, and g?(0) ~ 1.

For antennas 1 and 2, the Purcell factor is very high, photon-antibunching is lost, and « is
smaller than 1. As discussed in section 3.7.1, this is a sign of radiative multiexciton (at least
tri-exciton) emission. The high acceleration of emission leads to an increase in the multiexc-
iton emission rate, which becomes much more than the Auger rate.

Antenna 4 has Fp ~ 4, a ~ 6.6, and g(Z)(O) ~ 0.6. Its decay curve has been fitted with a
tri-exponential function and with a bi-exponential function as well. Though the fitting is better
with a tri-exponential function, the bi-exponential fit makes more sense. The observation of
partial photon-antibunching and its a ~ 6.6 verifies the condition of a > 5. Its value suggests
that the majority of the photons are due to exciton recombination. The emission characteristics
of this antenna show that the Auger effect is in close competition with the radiative biexciton
recombination. It allows some biexciton emission (which tries to increase the ¢g'®(0) to 1),
but intermediate-valued emission acceleration (which increases the exciton emission) and
the efficient Auger effect limit the contribution of biexciton emission to the overall emission,
thus making antibunching noticeable. In other words, in this case, even though the excitation
creates many biexcitons, due to Auger effect, only a few of them recombine to emit photons.
And these photons due to biexciton recombination are less than the photons from accelerated
exciton emission, which results in photon-antibunching.



96 OPTICAL LITHOGRAPHY PROTOCOL AND SUPERCONTINUUM LASER

(@) o ‘ ‘ (b) 25
1t Fit 1 20l
ER) , g
< I(t) = 3700 et/ + 4500 /3 + 17 g 15!
30 Antennal 3
B £
g4 S 10¢
c
:'E"S [ Fy~12 ) ] 5|
6L a=3.6
7 ‘ | ‘ 0
0 10 20 30 20 0 1000 2000 3000
Time (ns) Photon arrival time At (ns)
©°© ‘ C
?'2 i 7 n
< 4 1(#) = 15000 e103 + 1000 15 1 13 Y40+
=T 1 c
%\_4 I | Antenna2 é 30
< c
_5t =
k= 2 S§20¢
£ | F=23 10}
7t a~03 7
-8 ‘ ‘ ‘ 0 bl
0 5 10 15 20 0 1000 2000 3000
Time (ns) Photon arrival time At (ns)
350
(e o \ ‘ f)
Fit
27 1 £250
=}
Kl I(t) = 15000 e 04 1 700 e4/25 1 3 I 5001
=4 1 Antenna3 5
iz 2150+
[0] -6+ o]
= 0100}
= | For14 |
=803 50
0 A
-10 : ; : 0 1000 2000 3000
0 10 20 30 40 . .
Time (ns) Photon arrival time At (ns)
0 ‘ ‘ 140
‘g’ ""
a0 —oFit | 120}
S —I(£) = 12500 /07 + 10000 et/54 | 0100}
= N +4200 126 4 61 I
-3t N Ant 4 G 80f
G N, - - 1) = 10000 e-t/! ntenna 4 o
13 4 +7000 &9 1 50 £ 607
£ . ) L
= 5 Fp~ 40
% a=6.6 20
-7 k ‘ ‘ ‘ 0
0 20 40 60 80 100 0 1000 2000 3000
Time (ns) Photon arrival time At (ns)

Figure 3.26 Lifetime and photon antibunching measurements on some nanoantennas
For four patch antennas (numbered 1-4) that were fabricated by in-situ supercontinuum laser lithography,
the histograms in the left and right columns show the lifetime and g (At), respectively. Compared to the
lifetime of a nanocrystal in a homogeneous (~35 ns) medium, the emitter lifetime in all the nanoantennas is
reduced. The reduction in radiative lifetime is very pronounced in antennas 1-3. In antenna 4, the exciton
lifetime is relatively longer and we observe partial antibunching as displayed in (h). The temporal resolution
of the optical measurement setup was 0.3 ns.
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3.7.5 Dynamics of antenna emission

From our first study of these patch antennas, we can recognize some general trends based on
the values of a and Fp. In the following chapters, we will note if these trends are followed by
patch antennas made by our other lithography techniques.

For a > 5, the Purcell factor is usually close to 1 and photon-antibunching can be ob-
served. The larger the value of a, higher is the contribution of single photon emission to the
total emission. For many antennas, the Purcell factor is about 4 and « is also about 4. Photon
antibunching is not very clear from their g» histograms. The last case considers antennas
whose a < 1. Their emission is due to multiexciton (tri-excitons and higher) recombination
and they show no photon antibunching.

3.7.6 Perspectives on improving the patch antennas

The simulation results of Figure 1.2 about the Purcell factor of these patch antennas allow us
to comment on the acquired results, but the simulation values cannot be in perfect agreement
with the real antennas due to the imperfections of the materials involved, which were not taken
into account in the simulation. One parameter that is limiting the Purcell factor of the analyzed
antennas is the ~45 nm spacer between the bottom 200 nm thick Au layer and the 20 nm thick
Au patch. We can reduce the spacer thickness to 30 nm and this will improve the spp coupling
and the realized antennas will benefit from significantly higher acceleration of emission.

For the fabricated antennas, the orientation of the emitter dipole, which is very crucial
for achieving high acceleration of emission, was not estimated. Therefore, it is difficult to
relate the emitter orientation with the antenna characteristics. In the future, using polarizat-
ion analysis, we will estimate the nanocrystal dipole orientation of the single nanocrystals
and fabricate patch antennas using well-oriented nanocrystals. For antennas with vertically
aligned emitter dipoles, we expect a ten times increase in the Purcell factor. We do not have
the radiation pattern measurements of these antennas to comment but this will be accomplis-
hed very soon. Finally, the knowledge of emitter orientation (known by polarization analysis)
and patch size (0.2—2.5 um, controlled by lithography and measured by Arm) will result in a
significant optimization of these patch antennas.

One motive behind the fabrication of the plasmonic nanoantenna was to achieve acc-
elerated single photon emission. In our antennas, we observe an acceleration of emission,
which makes the antenna brighter, but it seems to be at the cost of loss of single photon
emission. This effect is very pronounced because already the nanocrystals used in these ant-
ennas, due to their large size, have a tendency to show radiative multiphoton recombination. It
may be possible to find emitters which show both acceleration of emission and single photon
emission when they are positioned appropriately in the antennas. Smaller CdSe/CdS core/shell
nanocrystals seem appropriate to begin with. As our technique can work with other type of
emitters like nitrogen vacancy centers in nanodiamonds, patch antennas can be made with
these emitters as well.

3.8 Conclusion

Performing deterministic optical lithography on single emitters involves several challenges.
Developing the technique of deterministic in-situ optical lithography with a defocused superc-
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ontinuum laser allowed us to fabricate several single emitter plasmonic patch antennas. More
control over the fabrication process will allow effective comparison of these patch antennas
with their simulation studies, thus providing better insight into the involved physics. It would
be interesting to use emitters like nitrogen vacancy centers in nanodiamonds, rare-earth
doped emitters, and other quantum dots. This should reveal some additional information
about the concerned emitter. A comparative study of patch antennas using different kinds
of emitters can be very informative. The first studies of the fabricated patch antennas have
opened ways for optimizing these patch antenna structures to achieve higher Purcell factors,
decrease the excitation threshold, and increase the light—emitter interaction. The developed
lithography technique can be used for fabricating other photonic structures as well, especially
those involving deterministic lithography on single emitters.



ELECTRON-BEAM
LITHOGRAPHY

his chapter will describe the second technique that we have developed for fabricat-

ing plasmonic nanoantennas. The technique can be used to synthesize a variety of

nanophotonic structures, especially single emitter structures such as nanoantennas,
Tamm structures, and other photonic cavities with a fluorescent emitter inside. It uses a
combination of e-beam and in-situ optical lithography on a resist bi-layer.

To establish the protocol, the initial e-beam test experiments were carried out at the cle-
anroom of Laboratoire Matériaux et Phénomenes Quantiques (Paris) with the valuable help
of Cherif Belacel and Stéphan Suffit. The first successful test of the entire protocol used the
e-beam treatment done by Michael Rosticher at the cleanroom of Ecole Normale Supérieure
d’Ulm (Paris). To finalize and improve the protocol, most of the e-beam experiments were
carried out at the cleanroom of iNsp with the generous help of Loic Becerra. The optical
lithography was performed as described in the previous chapter.

Our new lithography procedure has permitted the production of patch nanoantennas
with very good control over the patch size and shape. As e-beam lithography offers high
resolution and superior control over optical lithography, our method, which uses e-beam
writing, can be used to fabricate optical structures of different geometries with high resol-
ution. Moreover, the process in its final form has a success rate of 100%, i.e. we are able to
confine all the selected emitters within nanoantenna structures. With the final parameters,
no visible nanocrystal damage was recorded throughout the protocol.

We begin this chapter with an introduction to e-beam lithography, our protocol that
combines it with in-situ optical lithography and leads to the fabrication of single emitter
plasmonic nanoantennas, and related issues. The lithography is done on a resist bi-layer that
consists of a stack of LOR® and PMMA but unlike our other protocols, this technique does not
burn the resists as such. The incident e-beam exposes the PMMA in a specific region, which is
then removed chemically. Given our experience with resist bi-layers and the lack of suitable
resists for the task, we decided to work with a resist bi-layer of LOR® and PMMA. The low
luminescence of LOR®, its insensitivity to photo-exposure (unlike photoresists), and the ease
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of burning it by laser light makes it possible to image fluorescing nanocrystals beneath it and
the optical lithography on it.

4.1 Principle of e-beam lithography

As the name suggests, e-beam lithography uses an electron beam to create nanoscale and
microscale patterns. The de Broglie wavelength of an electron accelerated to an energy of
25keV is only 0.0074 nm. As a result of the low wavelength of electrons, the diffraction effects
are negligible, which means more precise and controlled lithography [176]. This is the main
advantage of e-beam lithography over optical lithography—in the latter, the diffraction effects
limit the lithographic resolution. E-beam lithography has been shown to work at resolutions
below 5nm [177].

E-beam lithography is based on the principle of operation of sem, which was first int-
roduced in its modern form by Zworykin, Hillier, and Snyder in 1942 [178, 179]. E-beam
instrumentation was developed in the late 1960s by modifying the sem apparatus [180]. In
our fabrication protocol, the e-beam lithography is done on pPMMA, which was first used as
an electron resist by Hatzakis in 1969 [181]. This discovery highly increased the application
of e-beam lithography in circuit design [182].

v —— Electron gun

/ Electron beam

Beam forming optics
—/ op

—_ |
- Beam blanker
][

{ ) ~__— Condenser lens

‘ — Aperture

Deflector

/ Electrostatic objective lens

Sample on stage

INL

Figure 4.1 E-beam column

The schematic demonstrates the principle of e-beam lithography. The image has been adapted from [183].
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Figure 4.1 is an illustration of an e-beam column. The electron source or gun emits
a beam of electrons, which passes though some beam-forming optics and goes through a
beam blanker. The beam blanker can rapidly turn the beam on/off. The condenser lens and
the aperture modify the beam shape and diameter. Further, the beam is deflected by the
deflector and focused by the electrostatic objective lens to expose selected regions on the
sample, which usually rests on a movable stage. The e-beam energy, its shape and size, and
the exposure time are chosen according to the resist and the requirements. After the exposure
of the resist on the sample, the exposed regions are etched.

The movement of the sample stage can be controlled precisely by laser interferom-
etry [182] or with some basic motion capabilities. Precise motion control enhances the lith-
ography possibilities. In the case of a basic movement stage, the entire lithography area has
to be treated by using electron beam deflection, which is limited. We have used such a stage
but as our treatment area was less than 100 x 100 um?, the e-beam deflection was sufficient
to cover the entire area precisely.

E-beam machines can be dedicated e-beam lithography machines or converted SEMs
that have added components for e-beam lithography [182]. Dedicated e-beam lithography
machines offer higher electron acceleration (typically up to 100 kV), superior lithographic
performance, and are more expensive. Converted or adapted sEMs allow relatively lower elec-
tron acceleration (typically up to 30 kV) but are a very cost effective solution. We have used
Zeiss® adapted seMs for the task. Most of our work, and all the work discussed in this thesis was
performed at INSP using a Zeiss SUPRA®40 converted SEM with a GEMINI® electron optical
system [184].

4.2 Protocol for deterministic e-beam lithography
on individual nanocrystals

Our technique uses a combination of optical and e-beam lithography to deterministically pos-
ition metal patches on individual nanocrystals. Firstly, we will discuss the reasons for selecting
this fabrication strategy, and then the protocol will be described. Then in the following section
(section 4.3), relevant results obtained at different stages of the protocol will be presented.

4.2.1 The fabrication strategy

For e-beam lithography using Sem, the natural choice for deterministic positioning is cath-
odoluminescence. The group of Reitzenstein has reported deterministic in-situ e-beam lith-
ography on individual InGaAs quantum dots [185, 186, 187]. Our CdSe/CdS quantum dots
are cathodoluminescent but performing cathodoluminescent experiments on them can alter
their photoluminescence properties. In his work [67], Dijksman discusses how just one cath-
odoluminescence experiment on CdSe/CdS quantum dots blue-shifted their photolumines-
cence spectrum by 10—16 nm and reduced their lifetime by a factor of 7-8. It should be
noted that doing cathodoluminescence experiments on nanocrystals can damage them and
cause very rapid photobleaching. This is due to their interaction with electrons, which is far
more devastating than interacting with photons as in the case of fluorescence. Due to the
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non-availability of a cathodoluminescent measurement setup in our Sem, and for the ment-
ioned reasons, we did not pursue e-beam lithography based on cathodoluminescent determ-
inistic positioning. However, it would be interesting to explore this option as well.

Our main concern when performing e-beam lithography on nanocrystals was their dam-
age by the electrons of the e-beam. If a polymer, such as PMMA, is used as an electron resist,
the penetration of depth of electrons can be of the order of 100 nm and 12 um when the
accelerating voltages are 2kV and 30 kV, respectively [188]. To avoid this issue, we adapted
the resist bi-layer protocol for e-beam lithography. With the help of the LOR® layer in the resist
bi-layer stack, the separation between the nanocrystals and the surface could be increased.
For this bi-layer, we found the appropriate voltage and charge dose values that could expose
the pMMA layer without damaging the nanocrystals. Thanks to the low luminescence of LOR®,
we could deposit a sufficiently thick layer of LOR® and observe the fluorescing nanocrystals
beneath it.

Using our experience with optical lithography on a resist bi-layer, we adapted the same
protocol to work with e-beam lithography. This has two main advantages:

1) For deterministic e-beam lithography on a substrate, alignment marks have to be
created on it. The marks are usually created by e-beam exposure and etching of
the exposed regions, and this is followed by metal deposition in the etched reg-
ions [189]. By adapting our optical lithography protocol, we create the alignment
marks by optical lithography, thus avoiding the extra etching and deposition proc-
esses. Before the sample is exposed to an e-beam, it has to be imaged by fluorescence
microscopy—at this step, we make the alignment marks as well.

2) Our previous knowledge about resist baking, development and lift-off, and Au depos-
ition can be incorporated directly into this protocol, therefore saving the effort of
devising new strategies.

4.2.2 The protocol

Described below are the steps of the protocol to fabricate plasmonic patch nanoantennas
that use a single nanocrystal as an emitter. We refer the reader to the general fabrication
protocol given in section 3.1 for the procedures that are common between the general prot-
ocol and this method. After discussing the protocol, we will focus on the crucial aspects of
e-beam lithography on our structures in the following section. The protocol is illustrated in
Figure 4.2(a).

1) The sample is prepared as described in the general protocol (points 1) to 3) of section 3.1).
The resist bi-layer consists of LOR°5A (500 nm) + PMMA (50 nm). We are at the end of
step il of Figure 4.2(a).

2) At step B of Figure 4.2(a), the sample is imaged by fluorescence microscopy and the
single nanocrystals are observed. An area with an appropriate density of nanocrystals
is chosen, and at the edges, three 2D lattices of holes are burnt with the laser. One
corner hole from each lattice serves as an alignment mark for the e-beam lithography.
The number of holes in each lattice is different, which makes them distinguishable—this
allows us to designate a position to each fluorescing nanocrystal in the ccb camera image
and helps us in orienting the sample throughout the protocol.
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3)

4)

5)

On our samples, each hole of the lattice was burned by exposing the sample to a
4.5-5mW CW 405nm laser for 3s. The size of the imaged area depends on the field
of view of the ccp camera and the optical setup. The samples were imaged with a 100x
objective. Given our optical setup, the 1392 x 1040 pixels on the ccb camera image
corresponded to a real size of 92.17 x 68.86 um? . From this we deduce the length of
1 pixel on the ccp camera image as 66.21 nm.

From the ccp camera image of the nanocrystals and the alignment marks, an e-beam
exposure pattern is created using a compatible software. The image dimensions are cal-
ibrated and its center is treated as the origin. The nanocrystals to be exposed are assigned
the coordinates accordingly. Around each nanocrystal, the shape to be exposed is drawn.
For example, we drew many circles of diameters 600 nm, 1000 nm, and 1500 nm centered
on different nanocrystals. On the fluorescence image, markers or flags are placed at the
respective centers of the three alignment holes. We had used Raith ELPHY Quantum
software for the task [190].

The sample is scanned rapidly with sem and the alignment lattices are observed. The
scanning should be quick and very optimized because a slow scan or multiple scans on the
same area, especially at a high voltage, can expose the scanned PMMA and render the area
useless for lithography. After zooming in on the alignment holes, the marker positioning
is confirmed, thus making the SEM output correspond with the fluorescence image via the
e-beam software. The e-beam is cut temporarily. The writing procedure then commands
the e-beam to expose the pattern with the designated exposure charge doses. This process
takes about 1 minute. Mentioned below are the e-beam parameters that we had used:

e Voltage = 10kV

e Working distance = 8 mm

e Aperture = 10 um

e Writefield = 100 um

e Number of vertices per circle = 128

e Exposure dose (also called area dose, see Table 4.1)

Circle diameter (nm) Exposure dose (uC/cm?)
600 45
1000 40
1500 30

Table 4.1 Exposure dose for e-beam lithography
These charge dose values were found after studying the parameters for sufficient PMMA exposure
without deteriorating the nanocrystal fluorescence. For example, in the $=1500 nm circles, the dose
of 45pC/cm? destroyed the fluorescence of the nanocrystal in many cases, whereas with a dose
of 30 pC/em? , all the nanocrystals survived and the e-beam treatment was effective.

After the e-beam exposure, the sample is taken out of the machine, and immersed
inversely and shaken in a bath of MiBK and isopropanol (mixed in a ratio of 1:3) for
45s at 20-21°C. Then the sample is cleaned by immersing it in a bath of isopropanol,
and is blow-dried. This procedure removes the exposed pmMmmA, and marks the end of
step E of Figure 4.2(a).
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6) The procedure of points 5) to 7) of the general lithography protocol (section 3.1) is fol-
lowed, and several patch antennas with three different patch sizes are obtained.*

(a)

CdSe/CdS core/shell

nanocrystal

n A sample is prepared as shown.
Note the individual nanocrystals
embedded in PMMA. The resist
bi-layer is coated on the top.

Undercut

n MEF-319 solvent, without attacking
PMMA, develops LOR.
Note the undercut.

(b)

Spin-coating

Spin-coating

Spin-coating

Thermal evaporation

Fluorescent light

Lamp
and then

laser Microscope

objective

E Fluorescing nanocrystals are
are imaged in an area of
about 90 x 60 um? and
alignment marks are made.

Gold layer Gold disk
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Figure 4.2 Optical and e-beam lithography protocol

Figure (a) illustrates the lithographic protocol. Figure (b) shows the thickness of the layers and their depos-

ition method.

4 By comparing the sample state at step B2 of the protocols illustrated in Figures 4.2(a) and 3.1(a), it can be
said that the minimum development time required by the e-beam lithography protocol is longer than the
latter. This is because the development process at step of Figure 4.2(a) has to remove a 500 nm deep
layer of LOR®, whereas this is not the case at step Bl of Figure 3.1(a), where the hole burnt by the laser is
already deep. Our experimental results show that a development duration between 5 to 10 is fit for both

the cases.
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4.3 Aspects of the e-beam lithography method

This section will deliberate on the main issues that were treated during the development
of this new technique that combined fluorescence imaging, optical lithography, and e-beam
lithography to attain single emitter plasmonic patch nanoantennas. The topics of drawing
e-beam writing patterns on fluorescence microscopy images, the accuracy of the technique,
e-beam charge dose for the exposure of PMMA, the penetration of e-beam electrons into the
resist bi-layer, and the development of LOR® will be discussed.

4.3.1 E-beam pattern on fluorescence images

An area with a good distribution of single nanocrystals is selected on the sample, and the
alignment marks are burnt by optical lithography (Figure 4.4). On almost each individual
nanocrystal in this image, we would like to place a gold patch of a specific size and shape.
To do the mentioned, the 50 nm thick PMMA layer above each nanocrystal (the nanocrystal
and the 50 nm thick PMMA layer are separated by a LOR® layer) has to be exposed locally by
the e-beam. To carry out the e-beam writing task, the fluorescence image is used as a base
on which the e-beam exposure pattern is drawn. Treating the center of this image as origin
and using the total real image size, we can assign position coordinates to each nanocrystal
and alignment marker. After the sample area is scanned by sEm, we update the position of
the three alignment markers on the sem scan and make the SEmM scan image correspond
with the fluorescence image. In this way by using the position of a specific nanocrystal on the
fluorescence image, we can command the e-beam to go to that nanocrystal on the sample.

The precision with which the Au patch can be placed on the nanocrystal depends on
the accuracy of designating coordinates to individual nanocrystals in the fluorescence image,
the precision with which the position of the alignment marks can be confirmed in the sEm
scan, and finally the precision with which the e-beam can be deflected to a given distance.
The following text will treat these topics in detail.

4.3.1.1 Measuring distances on fluorescence images

At step H of the protocol (Figure 4.2(a)), after creating the optical marks, the fluorescence
image of a sample looks as depicted in Figure 4.4. During the fluorescence imaging and optical
lithography procedure, the sample is attached to a piezoelectric stage that has a motion resol-
ution of 1 nm. To create the 4x4 lattice, as shown in Figure 4.4, the sample was brought to
focus, and the stage was instructed to move a distance of 10 um in four steps in the x and
y directions. At each point, the stage was brought to rest for 3s and during this time the
405nm CW laser at 4.5-5 mW burned the resist bi-layer. After resting for 3 s, the piezoelec-
tric stage takes 10 ms to move to the next position, where it rests for another 3s. When the
stage is in motion (in the 10 ms interval), the laser is automatically turned off. The other two
lattices were made in a similar way. As the maximum travel distance of the piezoelectric
stage is only 15 um, additional motion assembly is required to displace the sample by larger
distances. The piezoelectric stage is connected to another larger stage, which can be moved
mechanically using the attached micrometer motion controller. In this way, we move from
one lattice to another. As this is done manually, the lattices are not perfectly aligned but this
does not affect the lithography because only one corner hole from each lattice is selected as
an alignment marker.
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A well-aligned TEM(, laser mode isotropically burns very circular holes into the resist
bi-layer. Figure 4.6(b) shows the sem image of such a hole (¢ =~ 1 pm) made by our 405 nm
laser into the resist bi-layer. The center of these circular holes is clearly distinguishable in AFMm,
SEM, and optical microscopy images. And we have used this attribute to accurately measure
distance with AFM and correspond them with optical microscopy images, thus making it
possible to assign accurate distance calibration to optical images.

4.3.1.1.1 Accuracy of piezoelectric stage motion

We use the accuracy of the motion of the piezoelectric stage and the lattice size to determine
the number of pixels in one lattice length, and from this we deduce the length of 1 pixel on
the ccp camera fluorescent microscopy image. We made several AFM measurements that
confirmed the precision and trueness of the piezoelectric stage movement. Figure 4.3 shows
an AFM measurement on a sample on which the piezoelectric stage was instructed to make
4 x 4 matrix or lattice of a length of 15 um. The AFM measured this distance as 14.99 pum,
which is very close to the instructed value of 15 pm.
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Figure 4.3 AFM confirmation of the accuracy of piezoelectric stage movement

Figure (a) is an AFM height image of the surface of a resist bi-layer into which holes were burnt by a laser. The
piezoelectric stage was commanded to set 15 um of separation between the two outer holes along profile 1.
Figure (b) shows the height profile along path 1. The distance between the centers of the two outer holes,
as measured by AFM, was 14.99 um. This value is very close to the nominal value of 15 pm, thus verifying
accuracy of movement of the piezoelectric stage.

4.3.1.1.2 Distance calibration on fluorescence images

We use the AFM verified accuracy of the piezoelectric stage movement and appearance of the
burned holes in fluorescence images to assign a calibration scale to the fluorescence image
and measure distances on it. With our measurements on a sample, we found that:

10 pm of real distance = 151 pixels (4.1)

which we have used as the calibration scale for our fluorescence images that were recorded
under similar conditions. Using this scale, the total size of the 1392 x1040 pixels ccp camera
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image is noted as 92.16 x 68.85 um? and the length of 1 pixel is deduced as 66.2 nm. These
values are entered in the e-beam lithography software along with the fluorescence image. The
estimation of these values was extremely important because the accuracy of e-beam writing
depends directly on them.

Figure 4.4 shows a sample on which three lattices of 10 um side length were burned as
described in section 4.3.1.1. Using the scale of Eq. (4.1), we noted the displayed distances.
By digitally zooming in on an image, we increase the measurement resolution. After digital
magnification of the fluorescence image, the center of the circular hole or the fluorescence
spot of a nanocrystal can be pointed out clearly and distances can be measured.

10033 nm
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Figure 4.4 Florescence image with optical alignment marks

Figure (a) is a fluorescence microscopy image recorded using a 100X objective. Note the three lattices with
4x4, 3x3, and 2x2 holes (not all the holes of the lower matrices are visible). One corner hole from each of
these lattices serves as an alignment marker. The white dots in the image are fluorescing individual nanocrys-
tals. Figure (b) is a digitally magnified image of the nanocrystal pointed in (a). The yellow circle superimposed
on the fluorescent spot of a nanocrystal has a diameter of about 650 nm. Note that the 15-19 nm thick nan-
ocrystal is at the center of the circle—this allows us to specify the position of the nanocrystal with accuracy.
Image (c) is a digitally magnified image of the laser holes of (a). As each of these holes is larger than the
optically limited size of the measurement setup, and the edges of the hole fluoresce more than the center,
these hollow holes appear like rings. Calibrating the length of 151 pixels to 10 um, the center to center distance
between the holes was measured as 10.033 pm, which is very close to the nominal value of 10 pm.



108 ELECTRON-BEAM LITHOGRAPHY

Based on the comparison of distances measured by AFm with the distances measured
on the fluorescence images (using the calibration scale described above), we estimate that
the error in distance measurement on the ccb camera fluorescence image is less than 0.5%.
This accuracy is due to the trueness of the piezoelectric stage motion (which was justified by
AFM imaging) and its precision (that was confirmed by measuring multiple movements), and
finally on the accuracy of digital zooming.

4.3.1.2 E-beam exposure pattern

The fluorescence microscopy image is opened with an e-beam lithography software. The image
size and the nanocrystal and alignment marker coordinates are decided designating the center
of the image as the origin and using the real value of the length of a pixel.

Figure 4.5 E-beam exposure pattern on a fluorescence image

The image is a screenshot of the e-beam exposure pattern made using ELPHY Quantum software. The
yellow (¢=600 nm), cyan (¢=1000 nm), and pink (¢=1500 nm) circles were respectively exposed with a dose
of 45,40, and 30 pC/cm? . Each circle was centered on the digitally magnified image of the nanocrystal fluores-
cent spot as shown in Figure 4.4(b). Due to aliasing and low resolution rendering of the screenshot image ab-
ove, some circles may not seem exactly centered on the nanocrystals. This is just a visual effect produced in the
screenshot image. Actually, the circles were very well centered on the nanocrystals. Note the three flags on
the alignment marks—one in each lattice. The white boundary in the image indicates the working area.

To use a nanocrystal as an antenna emitter, the PMMA above the nanocrystal should be
exposed locally to the e-beam. To set the exposure area, we digitally zoom in on a nanocrys-
tal in the fluorescence image, and place the exposure region with respect to the center of
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its fluorescence spot. We have worked with three exposure regions, which were circles with
different diameters. Other shapes such as ellipses, squares, triangles, etc., can also be created
and positioned as intended. Using the ELPHY Quantum software, we can assign exposure
regions to different writing layers, and the exposure charge dose of each layer can be varied.
Once the e-beam writing procedure is run, all the layers are written. Figure 4.5 shows three
different exposure regions placed on the nanocrystals. The diameters of the yellow, cyan, and
pink circles are 600 nm, 1000 nm, and 1500 nm, respectively.

The blue cross bounded by a red square in Figure 4.5 denotes an alignment mark. There
are three such alignment marks that are flagged as 1, 2, and 3, respectively. After these align-
ment holes are scanned by Sem, the corresponding flags are positioned right at the center of
the hole and this ties the movement of the e-beam on the sample to the coordinates on the
fluorescence image.

4.3.1.3 Placing markers for e-beam lithography

As the number of holes in different lattices is different, these lattices can be distinguished
when the sample is observed with sem. This helps us visualize the orientation of the sample
as placed in SEM, and rotate the sample as required, such that the scanned image of SEm
has the same orientation as the fluorescence image. as The distance between the neighboring
holes is different in the three lattices. Therefore, when sEM scans are zoomed in on a lattice,
we can confirm exactly which lattice it is by noting the difference between the neighboring
holes. After discerning the scanned lattice, we zoom in on the alignment hole and place
the corresponding numbered alignment marker. We make three alignment marks, which are
flagged as 1, 2, and 3—one for a corner hole from each lattice.

With every sem scan we risk exposing the 50 nm thick PMMA layer. As the lattices are
scanned a few times for placing the flags, the scanned areas on the pMMA layer are exposed.
Due to this undesired but unavoidable exposure, the regions for e-beam writing (the circles
to be exposed) should be positioned at least 10—15 pm away from the alignment marker.

Figure 4.6 Alignment marker for e-beam lithography

Figure (a) is a SEM scan of a 4x4 lattice, and (b) is a magnified scan of the alignment hole from this lattice.
The overlaying red cross marks the position of the flag. The accuracy of positioning the flag influences the
accuracy of e-beam writing.
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How well the alignment markers are placed on the alignment holes scanned by sem
(Figure 4.6(b)) sets the degree of matching between them and the alignment flags on the fluor-
escence image (Figure 4.5), and therefore affects the accuracy of e-beam writing. Figure 4.6(b)
shows that with the help of sEM scans at high magnification and the circular shape of the
alignment hole, an alignment marker can be placed accurately at the center of the alignment
hole. This results in higher accuracy of the e-beam lithography process.

4.3.2 Accuracy of e-beam deflection

In sections 4.3.1.1 and 4.3.1.3, we discussed two factors—distance measurement on fluores-
cence images and placement of alignment markers on SEm scans—that influence the accuracy
of the e-beam lithography process. Another factor that affects the accuracy of the process is
the accuracy of e-beam deflection. To expose different areas on the substrate we rely upon
e-beam deflection. At the beginning of the writing process, the e-beam is at the origin (which
corresponds to the center of the fluorescence image). Once the writing command is run, the
e-beam is deflected to expose the regions of interest.

We perform the e-beam lithography at 10 kV, at a working distance of 8 mm, and with
a 10 um aperture. With these settings, if the e-beam is deflected such that it travels a lateral
distance d on the sample then the accuracy of this movement is 0.08% of d [191]. On our
samples, the maximum distance covered by the e-beam from the origin is 50 um, therefore
the maximum error due to the e-beam deflection is less than 40 nm. Most exposure regions
are less than 30 um from the origin, therefore the error in positioning the exposure patch is
less than 24 nm in most cases.

To reduce the impact of the error due to e-beam deflection, it is preferable to position the
small patches of ¢ = 600 nm near the origin, and the large patches of ¢ = 1500 nm far from
the origin. In this way we reduce the error in centering the patch over the nanocrystal.

4.3.3 A note on the accuracy of e-beam writing

The error in the accuracy of e-beam writing is mainly due to the calibration of distances on
the fluorescence image (section 4.3.1.1) and because of the error in e-beam deflection (sect-
ion 4.3.2). The total error is decided by taking into account the error due to these two fac-
tors. The error due to the positioning of the alignment markers is negligible compared to
these two.

Our calculations estimate that the maximum uncertainty in positioning a nanocrystal
at the center of a circular region using this protocol is 150 nm. By looking at the fluorescing
nanocrystals inside the ¢ = 1000 nm and the ¢ = 1500 nm holes on three samples (where it
is possible to distinguish between the nanocrystal fluorescence spot and the edge of the hole),
we confirmed that in most cases the positioning error was less than 100 nm. The accuracy of
this protocol may be enhanced by using more appropriate imaging optics and piezoelectric
stage with a larger travel distance.

4.3.4 Exposure dose

The exposure dose parameter decides the charge per unit area in the exposed or dwelled
region. To estimate an appropriate value of the exposure charge dose, a regular sample (as
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shown in Figure 4.2(b)) was prepared and several circles with ¢ = 1 um were dwelled. The
dose on these circles was varied from 1 pC/cm? to 225 uC/cm? . After exposing regions on
the 50 nm thick pmmA layer with the e-beam, the exposed areas were chemically etched and
observed with reflection microscopy (Figure 4.7). By means of image contrast, we noted signs
of etching in circles that were exposed to charge doses of 30 uC/cm? and higher.

45 pC/cm?
30 pC/cm?

1 pC/cm?

Figure 4.7 PMMA exposure with different area doses

The figure depicts a colored reflection microscopy image of the sample on which circles of 1um diameter
were exposed by e-beam, and the successfully exposed areas were chemically etched. Green spots in the
image are successfully etched areas. The 50 nm thick layer of PMMA was exposed to charge doses varying
from 1pC/ecm? (invisible lower left circle) to 225 uC/cm? (top right circle) with an increment of 1pC/cm?.
Mild signs of exposure can be seen at 30 pC/cm? , and clear exposure can be seen from 45 uC/cm? . The two
black irregular marks seem to be due to accidental scratches on the sample surface.

As shown by Figure 4.7, the dose of 45 uC/cm? seemed appropriate and was selected as
the exposure dose. Though reflection microscopy gave information about the signs of PMMA
etching, it did not confirm if the PMMA layer in the exposed regions was etched till the bottom,
such that the development of LOR® could be carried out. Figure 4.8 illustrates incomplete and
complete PMMA etching. To confirm if the PMMA etching was complete, several areas were
exposed and etched on another sample with a dose of 45 pC/cm? The sample was then put
in a bath of MF°-319 for 5s and then washed with water. By fluorescence microscopy, we
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observed that the LOR® in all the holes was developed, thus confirming that the 50 nm thick
PMMA layer was etched till the bottom as depicted in Figure 4.8(b).

CdSe/CdS core/shell
nanocrystal (15-19 nm)

50 nm
500 nm
45 nm
200 nm | Gold Gold

(2 (b)
Figure 4.8 After PMMA etching

E-beam exposure of certain areas on the 50 nm thick PMMA layer may result in incomplete etching as illustrated
in (a) or in complete etching as shown in (b). Less than adequate e-beam exposure may result in absolutely no
etching at all, which cannot be observed by optical microscopy—this case is not shown here. LOR” below the
etched PMMA can be developed only if the PMMA layer is etched till the bottom as demonstrated in (b).

4.3.4.1 Fine adjustment of charge dose

While fabricating the first nanoantennas using an exposure dose of 45 uC/cm? on circles of
¢ = 600,1000, and 1500 nm, after the pMMA etching (step E of Figure 4.2(a)), we observed
that the nanocrystals in some circles stopped fluorescing. And most of the circles in which the
nanocrystals stopped fluorescing were the large circles, mostly with ¢ = 1500 nm and some
with ¢ = 1000 nm. Based on the hypothesis that electron charge was damaging the nanocrys-
tals, and the fact that the net charge is more in a larger circle than a smaller circle, we devised
of a solution to the problem of damaging of nanocrystal fluorescence after e-beam exposure.
In Figure 4.7, it can be noted that the first signs of development begin to show with the dose of
30 uC/cm? . Electron scattering should be spatially more widespread when the exposed area
has a large diameter. Based on the above stated, we exposed a sample using the doses listed in
Table 4.1. These were: 45 pC/cm? for ¢p = 600 nm circles, 40 pC/cm? for ¢p = 1000 nm circles,
and 30 pC/cm? for ¢ = 1500 nm circles. After etching the exposed PMMA on this sample, the
development of LOR® was successfully carried out in all the circles. By fluorescence microscopy
we observed that all the holes had been developed and the nanocrystals in all the holes were
fluorescing. On several samples, these charge dose values have given a 100% success rate, i.e.,
they have exposed the pmMMA layer without damaging the nanocrystal beneath.

Our charge dose values (Table 4.1) work for a 50 nm thick pMMA layer, which is produced
by spin-coating a 2% [m/m] solution of PMMA in toluene and baking the sample at 150°C
for 2 minutes. The weight average molar mass of PMMA was 101 000. The exposure dose is
likely to be higher for a thicker pmMmMA layer. The molecular mass of PMMA also affects the
exposure dose.

For e-beam lithography on PMMA resists, Tennant and Bleier recommend a dose of
900 uC/cm? at 100 kV [183], and MicroChem® recommends a dose of 50-500 uC/cm? in the
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energy range of 20-50kV [192]. To avoid nanocrystal damage due to electron penetration,
we expose the PMMA layer at only 10 kV with a dose as low as 30 uC/cm? We are able to
perform e-beam lithography with low charge doses at low energy because we use a relatively
thin PMMmaA layer, which is only 50 nm thick. For nanoantenna fabrication this solution works
very well and offers decent lithography resolution.

4.3.5 Chemical etching of exposed PMMA

After the e-beam exposure of the selected regions on the 50 nm thick pPMMA layer, the
exposed PMMA is chemically etched by miBk. The etching takes place at step E of the prot-
ocol (Figure 4.2(a)). The sample is inserted inverted in a solution of MIBK and isopropanol
(ratio 1:3) for 455, and then washed with isopropanol and blow dried. Figure 4.9 shows the
sample of Figures 4.4 and 4.5 after the exposure and etching of the selected areas on the
PMMA layer.

Etched PMMA
(it was exposed
during scanning)

Exposed and

etched holes Alignment hole

Unintended
e-beam scan

Alignment hole Alignment hole

Figure 4.9 The sample after chemical etching of exposed PMMA

This is a reflection microscopy colored image of the sample after the e-beam lithography. The circles in
the image are regions that were exposed and etched. The diameters of the exposed circles were 600 nm,
1000 nm, and 1500 nm, respectively. Note the 4x4, 3x3, and 2x2 lattices, and the corresponding alignment
holes. Note the regions around the lattices which were exposed while scanning. The scanning in the 2x2
lattice was very precise—just the alignment hole was scanned.

Figure 4.10 shows ArM height images of two regions from which the exposed pMMmA
was removed by chemical etching. We note that the exposed PMMA was well removed. The
e-beam used for writing had a Gaussian intensity profile along its cross-section. In the absence
of scattering of electrons from the material, the energy distribution into the resist should be
a Gaussian like the incident e-beam (or at least show a strong radial dependence) [183]. But
due to scattering, it is not the case. However, if the resist layer to be exposed is not very
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thick, like in the case of our 50 nm thick PMMA layer, a clean cleavage can be obtained as
shown in Figure 4.10(a) and (c). For lithography with higher resolution, higher e-beam energy
is recommended [192] but a high energy e-beam can damage the nanocrystals. Therefore, we
did not use a high energy e-beam, and moreover, the lithography resolution obtained with
our low energy parameters is acceptable. Wenchuang et al. have reported improvement in
lithography resolution by using cold chemical etching at 4—10°C [193]. It would be interesting
to test cold etching on our structures.

The width of the bottom of the pMMA hole decides the size of the nanoantenna Au patch.
For a given set of e-beam parameters, the size of the patch can be related accurately to the
diameter of the exposure circle. In this way, the patch size can be varied with an accuracy of
tens of nanometers.
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Figure 4.10 Holes in PMMA made by e-beam lithography

On a sample, by e-beam lithography, holes were made in a 50nm thick upper layer of PMMA of the
resist bi-layer LOR® (500 nm) + PMMA (50 nm). The instructed exposure areas were circles of $=600nm and
¢=1500 nm. Figure (a) is an AFM topography image of a $=600 nm exposed area. After etching the exposed
PMMA, the hole looks very circular but it is not perfectly cylindrical. Figure (b) shows the height profile along
path Tin (a). The removal of the exposed PMMA was thorough. The lower part of the hole is 440 nm broad
and its FWHM is 550 nm. Figure (c) is an AFM topography image of a ¢=1500 nm exposed region. The height
profile along path 1is shown in (d). The hole is 1200 nm wide at the bottom, and its FWHM is 1500 nm. The
geometry of the bottom of the PMMA hole decides the Au patch geometry.
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4.3.6 The development of LOR®

After removing the exposed PMMA, at step B of the protocol of Figure 4.2(a), the sample
is treated with MF°-319. This results in the development of LOR® from the etched regions.
Figure 4.11 shows the sample of Figures 4.4 and 4.5 after the development of LOR®. The rem-
oval of LOR® from the developed holes makes the nanocrystals beneath them more visible
because the luminescence of LOR® does not contribute to the fluorescence signal.

In Figure 4.11, the 1000 nm and 1500 nm diameter circles are clearly visible as they have
even larger darker boundaries after the removal of LoRr®. Comparing this image to Figure 4.5,
we can even point out the nanocrystals in the 600 nm diameter circles. Their small size
provides a small entrance for MF®-319, as a result of which the boundary created after the
development of LOR® is also small. The nanocrystal spot is about 650 nm, which is not much
smaller than the developed LOR® region boundary. This makes it more challenging to identify
¢ = 600 nm circles in fluorescence images. But upon close examination they become evident,
especially when viewed in full colors by directly looking through the microscope eyepiece.
Lifetime measurements on the nanocrystals inside all the developed holes confirmed the
absence of LOR® in the holes.”

Figure 4.11 A sample after the development of LOR

This is a fluorescence image of the sample after the development of LOR®, which is a luminescent material.
Therefore, its removal from some regions makes them appear darker in the image. This image shows 34
emitters inside developed holes.

5 If lifetime measurements are made on a nanocrystal lying beneath a layer of LOR®, then the lifetime curve
contains contribution of the lifetime of the luminescence of LOR®. As the luminescence lifetime of LOR®
is much shorter than the fluorescence lifetime of the nanocrystals, the former can be distinguished from
the latter.
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We end this section with a note that very fine control over the development of LOR® may
require different development times for entrances of different sizes. The development of LOR®
creates an undercut in the PMmMA layer, whose length depends on the size of the entrance for
the developer and the thickness of the PMMA layer [152]. Developing LOR® under a large and
a small PMMA entrance for the same time can result in an underdeveloped small entrance or
an overdeveloped large entrance (Figure 4.11(b)). As the development time affects the entire
sample, it would be good to use one sample per entrance size. That is, for a more controlled
development, circles with the diameters of 600 nm, 1000 nm, and 1500 nm may require three
different samples.

4.3.7 The thickness of LOR and the deposition of gold

Section 3.5 elaborated on the problem of deposition of a 20 nm thick Au layer on individual
nanocrystals sandwiched in PMMA. We concluded that placing the nanocrystals above a 10 nm
thick pMMA layer and below a 35 nm thick PMMA layer (as in sample 3 of Figure 3.18) resulted
in successful Au deposition (Table 3.1). Incorporating this result about Au deposition to the
supercontinuum laser lithography protocol, many nanoantennas were fabricated. Throughout
this protocol, LOR® 3A was used to spin-coat the lower layer of the resist bi-layer. The thickness
of this layer was about 300 nm.

Figure 4.12 An e-beam lithography sample with LOR3A after lift-oft

The image is a fluorescence microscopy image taken after the lift-off. Each circle in the image has a nanoant-
enna at its center, and the nanocrystals in these regions were fluorescent until the deposition of Au. After the
deposition of Au (20 nm) by thermal evaporation, the nanocrystals in the nanoantennas stopped fluorescing.
The nanocrystals outside the holes (on the left side of the image) were fluorescing. The image was captured
with an acquisition time of 3 s—an acquisition time of 2 is sufficient to observe the nanoantennas.
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The first experiments with e-beam lithography used a resist bi-layer of LOorR*3A (300 nm)

+ PMMA (50 nm). The e-beam lithography was carried out with 100% success till step E¥ of
Figure 4.2(a). After the e-beam exposure and the etching of the selected areas on the 50 nm
thick pMmMA film, the LOR® 3A beneath them was developed, and all the nanocrystals in the
developed holes could be observed with fluorescence microscopy. But after the thermal evap-
oration deposition of a 20 nm thick Au film, almost no nanocrystal in any of the holes could
be observed fluorescing. Figure 4.12 shows such a sample after the lift-off. We note that none
of the nanocrystals in the holes were fluorescent. However, the nanocrystals outside the holes
showed fluorescence.

4.3.7.1 Hypothesis about Au deposition and e-beam lithography

The key observations that helped us in hypothesizing about the problem of Au deposition
and finding a solution are:

1) In the supercontinuum laser protocol, the Au deposition can be carried out successfully
on samples with the following initial structure:

Si + Ti 10 nm) + Au (200 nm) + PMMA (10 nm) + Nanocrystals + PMMA (35nm) +
LOR’3A (300 nm) + PMMA (10 or 50 nm).

In the antenna structures, the Au patch is deposited on the 35nm thick pmmA layer,
which holds the nanocrystal just below. But when e-beam lithography is done on these
structures, the nanocrystals stop fluorescing after the Au deposition.

2) On these samples, the nanocrystals in the holes survive the e-beam lithography and are
visible after the development of LOR®3a (Figure 4.11), but they stop fluorescing after
the deposition of Au (Figure 4.12). On the same sample, nanocrystals that had not been
subjected to e-beam exposure fluoresce even after the Au deposition.

3) We have observed that thermal evaporation of materials on nanocrystals can damage
the nanocrystals.

From the above mentioned points and the fact that e-beam exposure involves penetrat-
ion of electrons, we hypothesized that during the e-beam exposure of selected regions on the
50 nm thick PMMA layer, some electrons penetrated into the LOR®3A layer beneath it, and
into the pMMA layer below it, and possibly even the surface of the nanocrystal. From the flu-
orescence and photobleaching measurements, we did not record any nanocrystal damage just
after the e-beam lithography. The thermal evaporation of Au seems to have activated the dam-
aging of the nanocrystals which were sandwiched in PMMA just below the Au patch—these
nanocrystals were placed below the regions that were exposed to the e-beam earlier. The
nanocrystals that were not under the e-beam exposed regions fluoresce even after the Au
deposition, during which they lie beneath a resist bi-layer of LOR®3A + PMMA.

4.3.7.2 Solution to the problem

To solve the problem of nanocrystal fluorescence damage after the Au deposition, we increased
the thickness of the LOR® layer, reasoning that a thicker layer will be more efficient in stopping
the penetrating electrons of the e-beam. By using LOR®5A instead of LOR® 3A, we obtained a
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500 nm thick layer. The solution worked—the Au deposition was carried out successfully and
operating plasmonic patch nanoantennas were obtained with 100% success.

Our method of e-beam lithography on a resist bi-layer benefits firstly from the usual
selective etching of the layers, and secondly from the attribute that if the top layer is the elec-
tron resist then the lower layer—due to its thickness—can function as a electron-protecting
layer for the materials beneath it. In this way, as witnessed in our case, it would be possible
to perform e-beam lithography on materials that would been damaged if they were covered
directly with an electron resist.

4.4 The fabricated nanoantennas

We have fabricated several patch nanoantennas using the protocol described in this chapter.
The Au patches were of three different sizes, with an approximate diameter of either 600, 1000,
or 1500 nm. The Au patch size and shape can be varied because of high resolution writing
capabilities of e-beam lithography. The material of the patch can be varied too. Instead of
Au, other plasmonic metals such as Ag and Al can be used as well. Figure 4.13 illustrates the
structure of these patch nanoantennas.

600, 1000, or 1500 nm

Gold 20 nm
PMMA
35nm
10 nm
CdSe/CdS S
nanocrystal
Gold 200 nm

Figure 4.13 Nanoantenna made by optical and e-beam lithography

The antenna emitter was a CdSe/CdS quantum dot about 15-19 nm thick.

Figure 4.14 presents AFM analysis of two patch antennas (¢ = 600 nm and ¢ = 1000 nm)
after the lift-off process. The accuracy of e-beam writing results in very circular antenna
patches. The residue of lift-off can be observed but this does not limit the functioning of the
nanoantenna. If required, the lift-off duration can be extended for a more thorough lift-off.
Mild cleaning processes like oxygen plasma etching at lower power and for short duration
can be used as well.

Figure 4.15 shows the confocal scans of two patch nanoantennas with different patch
diameters (¢ = 600 nm and ¢ = 1500 nm). The antennas were scanned using a 405 nm CW
laser. The optical size of the nanoantennas was larger than the optical size of a nanocrystal (it
is a point-like emitter and its optical size is restricted by the optical limits of the imaging
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system). The same was observed in the case of the nanoantennas made by supercontinuum
laser in-situ optical lithography (section 3.7). In plasmonic patch nanoantennas which meet
the coupling requirements, the spps generated in the patch cause the whole patch to rad-
iate (antenna effect), and therefore the confocal scan is larger than the optical limit of the
system when the patch dimensions are more than the optical limit.

The patches that were obtained with the e-beam method were very circular. The high
resolution of e-beam writing allows the fabrication of several shapes (circles, ellipses, rectangles,
triangles ... ) of different sizes with high precision. This can be used to fabricate a variety of
single emitter photonic devices and study the involved phenomena.

(a) 400 nm (b) 600 nm
350 500
300
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200 300
150 200
100 100
50
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(C) 350 (d) 600
. 300+ 500
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Figure 4.14 Patch antennas fabricated with e-beam lithography

On a sample, patch antennas were fabricated using the e-beam lithography protocol described in this
chapter. Figures (a) and (b) are AFM height images that respectively show a ¢ =600 nm and ¢ =1pum patch
antenna after the lift-off. Corresponding to (a) and (b), the height profiles are plotted in (c) and (d),
respectively. The lift-off residue can be noted in both the images because of which the antenna patch can-
not be discerned. The resist bi-layer of LOR®+ PMMA was about 550 nm thick. Because the smaller ¢ =600 nm
provides a narrower entrance for MF®-319, the efficiency of the lift-off procedure in this case is less than for
the larger ¢ =1um hole. The thickness of the lift-off residue in the ¢ =600 nm hole of (a) is about 200 nm.
There is a 500 nm deep area in (b), and on its opposite side, we observe a slope created by the residue.
The emission of the antenna of (a) has been characterized in Figures 4.17(g) and (h). The emission decay
and photon-antibunching curve of the antenna of (b) are given in Figures 4.18(c) and (d), respectively.
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Zcp=1800nm

(b)

Figure 4.15 Confocal scans of two nanoantennas

The images display the confocal scans of two nanoantennas in artificial colors. The e-beam exposure areas to
fabricate the patch antennas of figures (a) and (b) were circles of 600 and 1500 nm diameters, respectively.
The confocal scan size of a nanocrystal (a point-like emitter) is about 650 nm, which is the optical limit of
our imaging system. Due to the sPp coupling, the entire nanoantenna patch emits. Therefore, the confocal
scans of patch antennas are larger as they correspond to the physical size of the patch, which is more than
the optically limited size. The overlaying white circles in the two images correspond to the physical size of
the patch—for such structures, due to imaging limitations, the observed optical size is usually slightly larger
than the physical size.

4.4.1 Patch antenna brightness and excitation efficiency

\

One major advantage of these antennas is that they can be excited with very low laser int
ensities. This is very interesting because when these antennas are imaged with fluorescence
microscopy (Figure 1.17) that uses excitation light at 438 + 25 nm (filtered from a mercury
lamp), usually we cannot observe them with eye or with 200 ms of ccb camera acquisition
time.® This is in agreement with theory, according to which patch antennas are generally not
bright. If the antenna emitters (nanocrystals) are placed on a glass slip, using the same imaging
conditions, they can be observed by eye or with 50 ms of ccb camera acquisition time.

When viewed with fluorescence microscopy, generally the antenna emission is signif-
icantly low (ccp camera acquisition time of at least 500 ms is required to observe them)
as compared to the nanocrystals around. Figure 4.16 is a fluorescence image of four patch
antennas and some nanocrystals. As the lift-off removes the resist only from the vicinity of the
antenna, the nanocrystals in other areas were beneath the following layers: LOR*5A (500 nm)
+ PMMA (50 nm) + Au (20 nm). Despite the absorption of fluorescence light by the 20 nm Au
layer above the nanocrystals which were not inside an antenna, these nanocrystals were much
brighter than the patch antennas.

6 We have recorded two exceptionally bright antennas. One of them has been discussed in Figure 3.23. These
antennas could be excited with very low laser intensity. We have never been able to excite individuals
nanocrystals (placed on a glass surface) with such low laser intensities.
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Figure 4.16 Antenna fluorescence vs nanocrystal fluorescence
The figure shows a fluorescence microscopy ccb camera image of a sample taken after performing the
lift-off. The image was recorded with an acquisition time of 400 ms, and the excitation light was filtered
from a mercury lamp through a 43825 nm optical filter. The four patch antennas (dark spots) are very dull
compared to the nanocrystals (white spots) elsewhere, which were fluorescing from beneath the following
stack: LOR® (500 nm) + PMMA (50 nm) + Au (20 nm). This shows that patch antennas are not bright.

We observed that under blue light (438+25 nm) excitation from a mercury lamp source,
our nanocrystals placed inside the patch antennas fluoresced considerably lower than similar
individual nanocrystals placed on a glass surface. However, these antennas could be con-
focally scanned with very low laser excitation at 405 nm. The laser intensity required to scan
the patch antennas was generally less or similar to the one required to scan individual nan-
ocrystals placed on a glass slip. And this intensity was less than that was required to scan
other individual nanocrystals outside the patch (like the ones imaged in Figure 4.16). This
is intriguing because it is expected that weak emitters, such as patch antennas, need to be
excited with higher intensity but our observations show otherwise.

Disregarding the role of wavelengths in this phenomenon, we suppose that the interaction
of focused excitation laser light with the antenna patch results in more efficient excitation of
the nanocrystal that is placed at a distance of a few nanometers behind the patch. The same
patch, however, is not able to efficiently excite the nanocrystal when excitation source is a
blue light emitting lamp. It seems that the patch causes efficient excitation only when the
excitation light has a high intensity like focused laser light. Our analysis states that insofar as
laser light excitation is concerned, the plasmonic metal patches—by means of the involved
light-matter interactions—increase the efficiency of excitation.

4.4.2 Lifetime and antibunching measurements

To treat the emission decay curves of the patch antennas fabricated by e-beam lithography,
we use bi-exponential fitting of these curves, which has been described in section 3.7.2. The
Purcell factor is calculated using Eq. (3.14) and « is found using Eq. (3.12).

The antenna emission was recorded after exciting them with a 405nm pulsed laser
(repetition rate: 2.5 MHz) using an air objective (0.80 N.A., 100x). See Figure 1.18 for an
illustration of the optical measurement setup. Figures 4.17, 4.18, and 4.19 show the emission
characteristics of several ¢ = 600nm, ¢¢ = 1000nm, and ¢ = 1500 nm patch antennas,
respectively. The results of these figures have been summarized in Table 4.2.
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Antenna # Fp a Antibunching

¢ = 600 nm 1 1 14.4 v

Figure 4.17 2 8 0.5 X

3 4 4 X

4 4 4.4 X

¢ =1000 nm 1 4 0.3 X

Figure 4.18 2 5 4 X

3 2 12.2 v

4 2 51 v

¢ =1500 nm 2 0.5 X
Figure 4.19

Other antennas 1 3 1.4 X

Figure 4.20 2 1 10 v

3 1 10.3 v

Table 4.2 Purcell factor and a of patch antennas obtained with e-beam lithography

600 nm diameter patch antennas (Figure 4.17)

Antenna 1 has Fp ~ 1 and a ~ 14.4, and it shows antibunching (¢'¥(0) ~ 0.6) at low
excitation. The Purcell effect is negligible, and the decay curve almost looks like that of
a nanocrystal, though the antibunching is not as good.

Antenna 2 is a fast antenna and its shows significant multiexciton emission. Using the
bi-exponential fitting equation, we find Fp ~ 8 and a = 0.5. No antibunching is witnessed
due multiexciton emission.

Antenna 3 has Fp ~ 4 and a =~ 4. The contribution of biexciton emission is comparable
to exciton emission.

Antenna 4 is quite similar to antenna 3. With Fp ~ 4 and a ~ 4.4 it shows intermediate
acceleration and almost no antibunching.

1000 nm diameter patch antennas (Figure 4.18)
Antenna 1 requires a tri-exponential fit. It shows intermediate acceleration with Fp ~ 4
but with high multiexciton emission with a ~ 0.3.
Antenna 2 is similar to 600 nm diameter antennas 3 and 4. Its Fp ~ 5 and a ~ 4.
Antenna 3 has Fp ~ 2 and a ~ 12.2. It shows good antibunching.
Antenna 4 shows a quasi mono-exponential decay curve. As described in section 3.7.2,
a mono-exponential fit is more suited in this case. A bi-exponential fit is required to
accommodate fluctuations; the short lifetime of 4.2 ns does not depict biexciton lifetime.

A Purcell factor of about 2.5 can be estimated from 1/e change in the decay curve. As
expected, the antenna shows good antibunching.

1500 nm diameter patch antenna (Figure 4.19) show multiexciton emission with a =~ 0.5
and Fp = 2, and shows no antibunching.
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Figure 4.17 Lifetime and photon antibunching measurements of 600nm patch nanoantennas
The figure shows the response of four 600 nm diameter patch antennas (numbered 1-4) that were fabricated
by the protocol described in this chapter. The histograms in the left and right columns show the lifetime and
g (AD), respectively. The equation of the bi-exponential fit equation is mentioned for each decay curve.
The small and big values of 7 correspond to the biexciton and exciton lifetimes, respectively. Compared
to the typical lifetime of a nanocrystal in a homogeneous medium (~35ns), the emission lifetime of most
nanoantennas is reduced. Where the contribution of the fast decay component is more (Antennas 1 and 2),
no photon-antibunching is recorded. In antenna 1, the slow decay rate component contributes significantly
to the lifetime curve in (a), and in (b) we can observe partial photon-antibunching.
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Figure 4.18 Lifetime and photon antibunching measurements of 1000nm patch nanoantennas

The figure shows lifetime and photon antibunching histograms of four patch nanoantennas made by the
e-beam exposure of 1000 nm diameter circles. As noted before, photon antibunching is observed in the
cases where the contribution of the slow decay component is more (antennas 3 and 4).
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Figure 4.19 Lifetime and photon antibunching measurements of 1500nm patch nanoantenna

The figure shows the lifetime and photon antibunching histograms of a 1500 nm diameter patch nanoantenna
made with the technique demonstrated in this chapter.

From the Purcell factor shown by different antennas (Figures 4.17, 4.18, and 4.19) with
different patch sizes (¢ = 600,1000, and 1500 nm), it does not seem that the smaller anten-
nas show a higher Purcell factor. This is probably due to the orientation of the nanocrystal
dipole in the antenna and moreover, for patch diameter greater than 1.2 pm, the Purcell factor
variation remains almost constant (Figure 1.2). To note the effect of patch size on the Purcell
factor, more antennas with varying diameters (e.g., ¢ = 300 — 1500 nm) with known emitter
orientation should be analyzed. This will be treated by our future work on patch antennas.

4.4.3 The effect of lithography on nanocrystal fluorescence

From the fabrication perspective it is valid to question how the process of fabrication affects
the constituent materials. The same applies to our fabrication of plasmonic patch nanoant-
ennas. Our fabrication process involves the deposition of metal, polymers, and nanocrystals,
and the baking of the sample at various stages of the process. Our experiments suggest that
the most sensitive of these—in fact the deciding factor—is the effect of any fabrication proc-
ess on nanocrystal fluorescence. Throughout the thesis this problem has been discussed at
various points. We have mentioned about the destruction of nanocrystal fluorescence due to
direct dielectric (SiO,, ZnS, etc.) deposition, plasma vapor deposition of Au, photobleaching
by high intensity laser light, and the electrons of the e-beam. In sections 4.3.4 and 4.3.7 we
discussed how inappropriate e-beam charge doses and excessive electron penetration were
destroying the fluorescence of nanocrystals. After solving these problems, we fabricated patch
nanoantennas with a 100% success, that is all the selected nanocrystals could be placed within
the nanoantenna structure and all of these nanoantennas fluoresced. The measurements on
the nanoantennas (some of them presented in Figures 4.17, 4.18, and 4.19) were carried out
within a week after their fabrication. It is true that all the nanoantennas fluoresced just after
their fabrication, but are they still active after a few months? This issue is more pertinent when
we use e-beam lithography because the electrons involved may interact with the nanocrystal,
thus creating defects in them which eventually result in destroying their fluorescence.
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Figure 4.20 Nanoantennas after three months

These figure displays the results of measurements done on three antennas after three months of fabricating
them using e-beam lithography. Antenna 7 has a=14, and it shows no antibunching. Antennas 7and 2 are

quite similar with a Purcell factor of about 1, a=1, and they show antibunching.

We have made several samples with single CdSe/CdS nanocrystal embedded in a layer
of pMMA, and the samples were baked two times at 150°C for 2 minutes. It was observed
that the single nanocrystals on these samples fluoresced even after 6 months from the date

of sample creation. These samples had the following components:

Glass + pMMA (10-50 nm) + Nanocrystals + PMMA (15-50 nm)

The same was observed for samples that had undergone the Au deposition process with the

appropriate parameters. These samples consisted of:

Si + Ti (10 nm) + Au (200 nm) + PMMA (10 nm) + Nanocrystals + PMMA (35nm) +
Au (20 nm)
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We were interested in finding out if the nanocrystals in nanoantennas show similar flu-
orescence stability. Using the lithography protocol described in this chapter, we had made
several nanoantennas on a sample. All these nanoantennas were active after their fabricat-
ion. We tested these antennas after 3 months and found that only half of them were active.
Figure 4.20 shows the lifetime and photon antibunching curves measured on some of these
nanoantennas, which were excited as usual, and the observations show typical behavior.

Following the discussion presented in this section, it seems that e-beam exposure on nan-
ocrystals may result in damaging them, though the signs of fluorescence bleaching may not
be visible immediately. This conclusion is based on the observations that nanocrystals fluor-
escence was bleached by excessive charge doses (section 4.3.4) and the penetration of elec-
trons (section 4.3.7).

4.4.3.1 A proposed solution

We have used a 500 nm thick layer of LOR®5A in our samples, which proved to be better than
300 nm thick LOR® 3A layer. Following the argument elaborated in section 4.3.7, we can use a
thicker layer of LOR, for example, a 1 um thick layer to further prevent the penetration of elec-
trons during e-beam exposure. Under this layer, we should be able to observe the fluorescing
nanocrystals. The thickness of the layer is limited by its luminescence. Generally, the thicker
the layer of LOR®, the more luminescent it is. The thickness of this layer can be increased
until we are able to observe the nanocrystals below it by fluorescence microscopy. Increasing
the thickness of the layer op LOR® may require adjusting the parameters of its development,
which can be found by experimentation.

4.5 Conclusion

The high resolution and precision of e-beam lithography permits the fabrication of advanced
nanoscale structures. Combining e-beam writing capabilities with optical lithography allowed
us to develop a new technique that uses fluorescence microscopy images to draw e-beam
patterns and fabricate nanostructures of different sizes and shapes, while avoiding the destr-
uctive interaction of electrons with the fluorescing emitters. This method will find applicat-
ion in domains that require the precision of e-beam lithography but cannot observe some
concerned components, such as fluorescing quantum dots, by cathodoluminescence because
direct electron exposure can damage them. These components will be imaged harmlessly by
fluorescence and the writing will be carried out by e-beam.

The accuracy of this method is mainly limited by the calibration of distances on the flu-
orescence microscopy images, which can be improved by using more suitable and advanced
optical imaging systems. Analysis and improvement of details like e-beam resist thickness,
development time, and electron exposure dose will increase the efficacy and applicability of
the protocol. This technique can be used to fabricate nanostructures with complicated shapes,
which is extremely difficult or impossible using only optical lithography.

The fabricated patch antennas showed acceleration of emission. Photon-antibunching
could be observed in only those antennas which had a moderate Purcell factor and domin-
ant exciton emission. Antennas with a high Purcell factor showed significant multiexciton
emission, due to which photon-antibunching was lost. The same was observed in the patch



128 ELECTRON-BEAM LITHOGRAPHY

antennas fabricated by supercontinuum laser lithography. As compared to our relatively big
quantum dots, smaller quantum dots show considerably less multiexciton emission. By using
smaller quantum dots we can limit the photon emission due to multiexcitons and achieve
high Purcell factors while preserving single photon emission. These plasmonic patch antennas
can be improved by using well-oriented emitters and by reducing the spacer thickness. This
will result in a better spp coupling, a higher Purcell factor, and a lower excitation threshold.
Moreover, using the capabilities of e-beam lithography, the antenna patch size and shape can
be precisely controlled to obtain extremely high Purcell factors.
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earching for a solution to deterministically place a metal patch on a single emitter, we

conceived and developed another technique that included generating Laguerre-Gaussian

(LG) laser modes and performing in-situ optical lithography with them. Owing to the
spatial distribution of light intensity in LGy (I > 1) modes, they can be used for doing sp-
ecialized lithography and producing unconventional structures. At the beginning of chapter 3,
we have discussed the problem of photobleaching of nanocrystals under the high intensity
laser light that was required for optical lithography. Most lasers emit light as a Gaussian
beam, usually in its fundamental (TEMy) mode [194]. Figure 5.1 illustrates the light intensity
distribution in a fundamental Gaussian mode and in a donut mode. Since the intensity of a
Gaussian beam is maximum at the center, when such a beam is focused on a nanocrystal for
optical lithography, the nanocrystal photobleaches as it is exposed to high intensity laser light.
A donut mode, such as LG;, modes, resolves this problem. The intensity of such a mode is
minimum at its center and therefore by centering it on a nanocrystal, we can burn the resist
locally around the nanocrystal without any photobleaching. Inspired by this idea, we acquired
a spatial light modulator (sLm) to generate LG modes from Gaussian laser beams. The gener-
ated modes were focused though the microscope objective to carry out the lithography.

We used a phase-only liquid crystal on silicon (LCoS) sLM to generate LG modes. I am
very grateful to Bruno Viaris de Lesegno and Laurence Provost of Laboratoire Aimé Cotton,
Orsay for sharing their expertise on the generation of LG modes using sLMs, and for providing
the phase masks for the sLm.

This chapter will begin with an introduction to LG modes, which will be followed by a
description of their generation using spatial light modulation by means of specialized liquid
crystal screens connected to a computer interface. After describing our optical setup, the sub-
sequent sections will deal with in-situ optical lithography using LG modes on a resist bi-layer.
Finally, we will show some results characterizing the optical performance of the nanoantennas
fabricated with in-situ optical lithography using LG modes.
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Figure 5.1 A fundamental Gaussian mode and a donut mode

The upper images in (a) and (b) show the respective light intensity distributions of a fundamental Gaussian
beam and a donut beam. Corresponding to these images, the lower images show the intensity profile along
a line passing through the center of the mode patterns shown above. Intensity at the center of an ideal
donut mode is zero.

5.1 Laguerre-Gaussian modes

LG modes are a complete set of solutions to the paraxial wave equation in cylindrical coor-
dinates [167, 66]. For an optical beam, e.g. a laser beam, propagating along the z axis with a
propagation vector or wave vector k, the paraxial approximation assumes [195]:

k*>> kZ + k; (5.1)
which leads to:

k, = kyJ1-

2 Y (5.2)

2, g2
k% + k3 . _(kx+ky)
where k = ||k||, and k,, k,, and k, are the respective components of k along the x, y, and z
directions. In cylindrical coordinates’ (p, ¢, z), the complex amplitude Upp(p, @, 2) of a scalar

Laguerre-Gaussian mode is given as [66, 196]:

7 Complex amplitude: For a real wavefunction u(r,t)=a(r) cos[wt+¢(r)], the corresponding complex function
is defined as U(r,t)=a(r) e/?™ ¢/*, The complex amplitude U(r) of the complex function U(r,t) is defined as
U(r)=a(r) e/*™, From this description it follows: u(r,t)=Re{U(r,t)}. Here, r is the position vector, t is the time,
w is the frequency, and « and ¢ are the amplitude and phase of the wavefunction.
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which contains the following terms:

w(z) = wo4 [1 + (i)z, (5.4)
2
R(z) = z|1 — 11, 55
2) z[ (2) } (55)
C(z) = arctan (zi)' (5.6)
R
Wy = ﬂ, (5‘7)
T
=l px p
Lllx) = % %(x'””’e_x). (5.8)

Here, w(z) is the beam width, w, is the beam waist radius, R(z) is the wavefront radius of
curvature, zp is the Rayleigh range, A, , is a constant, and ]Lllfl(x) is the Laguerre polynomial
function over x, where the integer [ is the azimuthal index and the positive integer p is the
radial index. The positive and negative values of I denote the left-handed and right-handed
helicity, respectively. Eq. (5.3) contains information about the Gouy phase, which is [197]:

(2p + |l| + 1)C(z) = 2p + || + 1) arctan (zi) (5.9)
R
The LG mode of Eq. (5.3) has a topological charge of I, and 2p + |I| is the total order of the
associated Laguerre polynomial [198].
From Eq. (5.8), we can write the following:

2

Lix) =1 L) =1-x; LO(x) =1—2x + % (5.10)

5.1.1 Nomenclature

In this thesis, an LG, or LG;J mode corresponds to a field whose complex amplitude is des-
cribed by Eq. (5.3), where | and p are the azimuthal and radial indices, respectively. We
mention this explicitly to avoid confusion because some books, e.g. references [167] and [199],
use the notation LG, by placing the radial index before the azimuthal index.

Figure 5.2 shows the intensity maps of a few LG modes. We note that the light intensity
distribution in LGy is the same as in TEMg. For a given p, the size of the central zero intensity
circular region increases with /. The number of rings in an LGy, is p + 1. The LGy modes,
with [ > 0, are types of donut modes. Donut modes are called so because the distribution of
intensity along their cross-section resembles a donut. They can be expressed in non-cylindrical
coordinates as well.
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Figure 5.2 LG modes

The figure displays computer-generated intensity maps (in gray scale) of some LG, modes. White color
corresponds to high energy intensity.

5.1.2 Angular momentum of light

The concept of the linear momentum of a photon pppeton is discussed in most introductory
modern physics textbooks. It is stated as [200]:

Pphoton = x = Ik, (5.11)

where h = /1/27 is the Planck’s constant, A is the wavelength, and k is the wavenumber. In
addition to linear momentum, light may have a spin angular momentum (sam), which is
connected to the polarization of the electric field. Its value per photon is [201]:

SAMiinear polarization = 0 (5.12)

and
SAMcjrcular polarization = +h. (513)

The positive and negative signs correspond to right or left circular polarizations, respectively.
A perfectly plane wave, even if circularly polarized, cannot carry any spin angular momentum



5.2 SPATIAL LIGHT MODULATORS 133

because it does not have any component of electric or magnetic field along the propagation
direction. But real beams, such as laser beams, are not perfect plane waves—they may have
a field component along the propagation direction, which results in non-zero spin angular
momentum.

The concepts of spin angular momentum and orbital angular momentum (oaM) of light
have been examined in scientific literature [202, 203], and the history of spin angular mom-
entum of light dates back at least to 1909 in the work of Poynting [204, 205]. In 1992, Allen et
al. [206] showed that all light beams with helical phase fronts carry orbital angular momen-
tum, and such beams can be easily generated. Though the concepts of orbital and spin angular
momenta of light were already known, Allen et al. were the first to report its relation to 2. LG
laser modes are helical beams, and for an LG mode defined by Eq. (5.3), the orbital angular
momentum per photon is [206]:

OAMhelical mode = [/ (5.14)

where | is the azimuthal index. Since helical beams carry orbital angular momentum, they
can exert torque on the illuminated system.

Because of their interesting properties and applications, LG modes have attracted much
scientific interest in several fields, which include fundamental optics research [207, 208, 209,
210, 211], optical tweezers [212, 213, 214], precision interferometry [215, 216], and cold atom
studies [197, 217, 218].

5.2 Spatial light modulators

We generate LG modes by phase only spatial light modulation of a TEM(, laser mode. The
phase only spatial light modulation is obtained using a reflective liquid crystal on silicon
(LCoS) HOLOEYE LETO SLM [219]. A spatial light modulator (sLm) is a device capable of
modulating the amplitude, phase, polarization, or direction of light in space and time [220].
Depending on the method of addressing the modulator, SLMs can be categorized as optically
addressed and electrically addressed [221, 222, 66]. All electrically addressed sLMs are pixelated
and have diffraction issues but they have proven to be highly applicable in many fields. There-
fore, they have been developed intensively and their drawbacks are minimizing with each
new development stage. The HOLOEYE LETO SLM is electrically addressed. Moreover, it is a
phase-only reflective LCoS sLM, which means that it uses a lattice of liquid crystals on silicon
to modulate only the phase of the incident light, and utilizes an array of reflecting pixels.
LCoS devices benefit from the light modulating properties of liquid crystals (usually
nematic) and state-of-the-art complementary metal oxide semiconductor transistors [223,
220]. Both of these domains have been blessed with remarkable progress in the recent years,
as they are central to many modern electronic and optical applications. LCoS sLMs can be
transmissive or reflective, and can offer amplitude or phase modulation. Phase-only LCoS
sLMs offer real-time phase only modulation, which is highly functional and can be obtained
effectively by using nematic liquid crystal displays [224]. Phase-only LCoS devices have found
applications in various fields such as optical imaging and beam optics [225, 226, 227], holog-
raphy [228, 229], wave-front and aberration correction [230, 231, 232], diffractive optics [233,



134 LITHOGRAPHY WITH LAGUERRE-GAUSSIAN MODES

234], wavelength selective switching [235], telecommunication applications [236], compact
optical correlators [237], and metrology [238]. For optics, specialized beams, such as Bessel
and Mathieu beams, are of particular interest because under ideal conditions they propagate
indefinitely while preserving their transverse shape [239, 240]. The phase modulation cap-
ability of sLMs along with other diffractive optical elements like axicons can be employed to
generate such beams [214].

5.2.1 Principle of operation

An LCoS sLM uses layers of liquid crystals. A liquid crystal consists of many molecules
which are oriented in a specific manner in a mesophase® state [241]. There are two types of
liquid crystals: 1) thermotropic (their phase is just temperature-dependent), and 2) lyotropic
(their phase depends on the temperature and the solution concentration). Following Freidel’s
characterization of liquid crystal mesophases, the alignment of the constituent molecules
defines the three main liquid crystalline mesophases: nematic, smectic A, and smectic C [241,
242]. Figure 5.3 shows the temperature-dependent phases of liquid crystals. A liquid crystal
molecule can be rod-like (calamitic) or disc-like (discotic). Most applications use rod-like
molecules, which can be modeled as shown in Figure 5.4(b).
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Figure 5.3 Liquid crystal mesophases

The rod-like shaped objects are molecules of the liquid crystal, which is in a solid crystalline form below the
melting temperature T, and in an isotropic liquid state above the clearing temperature T_. At temperature T,
when T, < T < T, the liquid crystal is in a mesophase state and looks like a milky liquid.

8a mesophase is an intermediate phase between a solid and a liquid phase.
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Figure 5.4 A calamitic molecule and its physical model

Figure (a) shows the chemical structure of 4'-Pentyl-4-biphenylcarbonitrile (5CB), which is a calamitic rod-like
molecule and (b) depicts its physical model with approximate dimensions [243]. This liquid crystal under-
goes a phase transition from crystalline solid to nematic at 18°C, and from nematic to isotropic liquid at
35°C [244].

The arrangement of the constituent atoms and molecules in some materials like liquid
crystals and calcite (CaCOj3) makes them optically anisotropic, that is, their optical propert-
ies are not the same in all directions. The optic axis of a crystal is the direction in which
the constituent atoms or molecules are arranged symmetrically [245] and light of any polar-
ization propagates along this direction without any change in polarization [246]. A crystal is
called uniaxial if it has only one optic axis. As a result of optical anisotropy, liquid crystals
are birefringent; they exhibit two distinct indices of refraction depending on the polarization
direction of the incident light. Birefringence An of a uniaxial crystal is defined as [245]:

An = n, —n, (5.15)

where n, is the ordinary refractive index that is experienced by the incident light whose
polarization is perpendicular to the optic axis (director) of the crystal, and #, is the principal
extraordinary refractive index that is experienced by the incident light with polarization
parallel to the optic axis (see Figure 5.5). Most liquid crystals are uniaxial and positively
birefringent with A#n in the range of 0.05 to 0.45 [223].

R

Optic axis / director

Figure 5.5 Uniaxial refractive index ellipsoid

The figure displays a schematic to model uniaxial birefringence. The value of the effective extraordinary
refractive index n.g depends on ng, ne, and 6.

Figure 5.6 illustrates the components of an sLM screen. The assembly is connected to
a controller, which is connected to a computer interface, and the sLm screen is used as a
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monitor screen. On the sLM screen, a phase map is displayed. A phase map is a greyscale
image and the value of greyness of any pixel on this image decides the voltage applied across
the corresponding pixel on the sLm screen, where the image is displayed. In this way by dis-
playing specific images on the sSLM screen, we control the voltage across each pixel of the sLm
screen, and thus the orientation of liquid crystal molecules on each pixel. When a coherent
monochromatic beam (e.g. a laser beam) with an appropriate polarization direction is incident
on the SLM screen, the voltage-controlled orientation of the liquid crystal molecules induces
a voltage-controlled birefringence, which introduces a specific retardation in the phase of the
incident beam and the final resulting beam is modulated in phase. Figure 5.7 describes how
a voltage-controlled liquid crystal cell modulates an incident light beam.

The phase retardation o of the incident beam as it passes through a phase-only reflective
LCoS device is given as [223, 247]:

B 2m2d

0
A

(7e(6) = o) (5.16)

where A is the wavelength of the incident light, and d is the thickness of the liquid crystal cell.
1, is the ordinary refractive index of the liquid crystal, and 7.(0) is the effective extraordinary
refractive index of the liquid crystal, which depends on the on the liquid crystal tilt angle 6.
By applying voltage across a pixel, the tilt angle 0 is controlled, and thus #.(6). To obtain a 27
phase retardation, the minimum required thickness of the liquid crystal cell of a phase-only
reflective SLM is:

d=— " (5.17)

which implies that thicker liquid crystal cells are required to implement a 27t phase retardation
of larger wavelengths. For a liquid crystal cell of a given thickness, a transmissive sLM offers
half the phase retardation of a reflective sLm.

Cover glass

Transparent electrode Alignment

layer

Liquid crystal
layer

Complementary metal-oxide semiconductor
silicon backpane

Printed circuit board

Figure 5.6 Phase-only reflective LCoS SLM screen components

The image shows the components of a phase-only reflective LCoS sLM screen. The transparent electrodes,
typically made of indium tin oxide, with the help of the silicon back pane of transistors, apply the controlling
voltage across the liquid crystal layer on each pixel and orient the liquid crystal molecules accordingly. The
thickness of the spacer is related to the thickness of the liquid crystal layer, which is of operational imp-
ortance. Most phase-only LCoS sLM configurations use parallel-aligned nematic liquid crystals, which act like
a switchable waveplate [220].
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Figure 5.7 Liquid crystal cell

Figure (a) is a parallel-aligned liquid crystal cell. The incident beam propagates along the direction of the blue
arrow, and polarization direction of the field is depicted with the black double arrows. As the polarization of
the incident beam is perpendicular to the optic axis (Figure 5.5), it faces just the ordinary refractive index. (b)
Changing the voltage across the liquid crystal layer can rotate its molecules and activate the extraordinary
refractive index, which can modulate the phase of the incident beam. Depending on the sLM type, the
modulated beam can be transmitted or reflected. The thickness of the liquid crystal layer is d.

5.2.2 LCoS sLM performance parameters

The key parameters that affect the capabilities and performance of an LCoS sLM are listed
below. The method of measurement of these parameters may vary from manufacturer to man-
ufacturer; therefore, the values stated as such are not absolute but they can give an estimate
of device performance.

5.2.2.1 Fill factor

Due to fabrication constraints, there is a dead space (Figure 5.8) between the pixels on the
sLM screen, which does not contribute to any light modulation. The fill factor of an sLm
screen is defined as:

Total pixel size

Fill factor = (5.18)

Total pixel size + total dead space’

1 pixel (1 independent electrode)

Dead space

| Interpixel gap

Pixel pitch

Figure 5.8 SLM screen pixels and dead space

The schematic shows the dead space between pixels, the interpixel gap, and pixel pitch.
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The HOLOEYE LETO SLM has a fill factor of 93%, a pixel pitch of 6.4 um, an interpixel
gap of 0.2 um, and a total number of pixels of 1920 x 1080 [248]. The higher the fill factor,
the more the relative light intensity in the primary diffraction order (which is usually the first
order) [224]. Increasing the fill factor is one of the goals of sLM manufacturers.

5.2.2.2 Diffraction efficiency

The light modulated by an LCoS sLm is diffracted light. The pixel lattice of the sLm behaves
as a two-dimensional diffraction grating, thus light is diffracted into higher orders. The dead
or inactive space between the pixels does not modulate light and contributes to the zeroth
order of diffraction, also known as undiffracted light or the dc component/term [249, 250].
The diffraction efficiency is defined as the ratio of the intensity of light in the first diffraction
order (I;) to the intensity of light in the zeroth diffraction order (I,) [251]:

I
Diffraction efficiency = I—l (5.19)
0

The diffraction efficiency of an sLm is wavelength dependent. For any particular wavelength,
the sLM has to be calibrated to achieve the best diffraction efficiency. The goal of sLm cal-
ibration is to obtain the maximum light intensity in the first diffraction order. Usually, only
the light of the first diffraction order (+1) is utilizable, e.g. we perform lithography with only
the 1%t order. The HOLOEYE LETO SLM claims diffraction efficiencies of more than 80% [248].
Figure 5.9 shows the light intensity in different diffraction orders after the sLm calibration.

Figure 5.9 Diffraction efficiency optimization

A 532nm laser light was projected onto the SLM screen, on which a binary 10-level blazed grating was
displayed. The voltages corresponding to the minimum and maximum phase modulation were regulated
for the incident wavelength till the power in the first diffraction order reached the maximum value. After
measuring the laser power in the zeroth and first diffraction order spots, the diffraction efficiency was noted
as 63%. Better calibration results in higher diffraction efficiency. Being very bright, the first order spot was
saturating the camera, and therefore appears white in the image.

5.2.2.3 Light utilization efficiency

It is defined as the ratio of the intensity of the average reflected light (I,) to the incident
light (I;) when the supply voltage is increased from 1V to the maximum [251]:

r

Light utilization efficiency = T (5.20)

1

The loss of light is due to the pixelated structure, scattering by liquid crystal molecules, ab-
sorption and losses due to other components. The HOLOEYE LETO SLM has a reflectivity of
about 75% (the pixels are not 100% reflective) and a diffraction efficiency of 80%, which results

in a total light utilization efficiency of 60% [248].
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5.2.2.4 Angle of incidence

The angle between the incident beam and the normal to the sLM screen affects the diffract-
ion efficiency [252], the polarization selectivity and modulation properties of the sLm [253].
Reference [252] reports that if the angle of incidence is below 30°, the change in diffraction
efficiency is less than 15%. Lizana et al. [253] showed that an angle of incidence less than 10°
does not significantly modify the modulation properties of a reflective LCoS sLM. For a more
efficient operation, the angle of incidence should be kept as low as possible.
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Figure 5.10 Mode and image generation by SLM

Figure (a) is an explicit binary phase mask of LG4 to which a 49-level binary blazed grating was added to
shift the zero-order diffraction spot and to clean the mode—the obtained phase hologram is shown in (c).
Image (c) was displayed on the SLM screen and the incident TEMgq laser mode—after modulation—generated
an LG4 mode. Figure (b) shows a ccb camera image of this mode, and (d) depicts the intensity profile
along the red line in (b). The sLM modulates the incident TEMgg mode as programmed by the phase mask
displayed on its screen. The reflected light produces a Fourier transform of the phase mask in the far-field.
Note the singularity at the center of (a) and (c), which is responsible for the dark central region in the
LG mode. Figure (e) is a computer-generated hologram of image (f), which modulated fundamental mode
laser light to form the photographed image of (g) in the far-field. Note the pixelation in (g) and the bright
zero-order diffraction spot at its center. The phase scale of the holograms in (a), (c) and (e) is shown at the
bottom of the figure.
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5.2.3 Binary phase masks and computer-generated holograms

A diffractive optical element is a component that can modify light wavefronts by interfer-
ence and phase control [254]. An explicit binary phase mask, also known as an explicit bin-
ary phase hologram (Figure 5.10(a)), is a type of diffractive optical element in which the
phase-controlling information encoded explicitly as a binary image. A computer-generated
hologram (cGH) is a kind of diffractive optical element which contains a series of phase (or
amplitude) masks which generates wavefronts of several orders with low diffraction effic-
iency [254, 195]. The 1920 x 1080-pixel image that we display on the sLM screen has inform-
ation encoded in 256 grey levels (8 bits) that controls the phase of the light beam from 0
to 27t.

To generate a far-field image whose intensity distribution corresponds to a particular
2D image, the hologram of the 2D image should be displayed on the sLm screen. The qual-
ity of the generated image will depend on the quality of the hologram and the limitations
of the sLm and the optical setup. Using the HOLOEYE Application Software version 3.0,
the computer-generated hologram of Figure 5.10(e) was created, which modulated light as
depicted in Figure 5.10(f). Low noise phase-only computer-generated holograms can be cre-
ated using the Gerchberg-Saxton algorithm [255], which is based on iterative Fourier tran-
sform [195]. The Gerchberg-Saxton algorithm is known for its rapidity but other more accurate
alternatives exist as well [256].

The synthesis of a computer-generated hologram, as described above, involves numerical
approximations and simplifications. Thereby it can produce modulated light beams with some
intensity distribution but these beams are not proper modes of propagation (Figure 5.11).
In fact, even with explicit phase masks of proper modes of propagation, we cannot generate
perfect proper modes of propagation due to the limitations of the apparatus. However, these
are proper modes of propagation with some limitations and can be used as such. By using
explicit phase masks of LG modes included with binary blazed gratings (Figure 5.10(a),(c)), we
have generated real proper LG modes of propagation (Figure 5.10(b)) that could be focused
by a microscope objective for scanning fluorescing quantum dots and doing in-situ optical
lithography.

(a) (b) (<)

Figure 5.11 A donut intensity distribution

Figure (a) is a black background image created by overlaying the small black circle on the large white circle.
This image was used to obtain the computer-generated hologram of (b), which modulated the TEMgy mode
to create a far-field image of (c). Image (c) is a photograph of the intensity distribution of the modulated
light beam projected onto a wall. This light beam was not a propagating mode and was very divergent. Due
to divergence, alignment, and focusing issues, these beams cannot be used for in-situ optical lithography.
Note the zero-order diffraction spot at the center of (¢)—this can be removed by adding a binary blazed
grating to (b).
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5.3 Generating Laguerre-Gaussian modes

Figure 5.12 illustrates the optical setup that we use to modulate the phase of an incident laser
beam and generate other modes, such as LG and Bessel beams. A 170 mW CW diode laser
is sent through a polarizing beam splitter (PBs) cube, which selects only the s-polarization
part of the laser. A diode laser is generally polarized and by letting it pass through a pBs, we
enhance the polarization purity of the transmitted laser light. The beam is spatially filtered by
a diaphragm and transmitted through a half-wave plate (or retarder). This half-wave plate and
the following pBs allow us to control the power of the laser beam incident on the sL™ screen.
After passing through another diaphragm, the beam passes through an assembly of two lenses,
which acts as a beam expander. Using lenses of focal lengths f; and f,, respectively, we attain
a beam expansion of f,/f,. The goal of beam expansion is to cover the entire screen of the
sLM—it eases the alignment of the centers of the phase mask and the incident laser beam
(which results in better modulation) and reduces the incident laser beam intensity on the
sLM screen (thus preventing damage to the liquid crystals). The expanded laser beam passes
through a pBs, through which only the s-polarization is transmitted. The transmitted light
beam is incident on a phase-only reflective sLM screen, which is connected to a computer and
an LG, explicit phase mask (with an included binary blazed grating) is displayed on it. The
direction of the optic axis of the sLM screen is almost parallel to the polarization of the incid-
ent beam. The resulting light consists of the phase-modulated diffracted light (which includes
several orders of the diffraction) and the zero-order or undiffracted light. The blazed grating
separates the zero-order spot from the center of the diffracted LG mode, and the diaphragm
spatially filters only the first order of diffraction. The selected first diffraction order can be
propagated and aligned as required.

Polarization direction
of incoming laser light
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Figure 5.12 Generating LG modes with SLM

The schematic displays our optical setup that is used to generate LG modes by means of phase-only spatial
light modulation. The term D denotes a diaphragm. We use a 5x Kepler beam expander. The two intensity
maps show a fundamental laser mode incident on the sLM screen and a first diffraction order LG laser mode
filtered by the diaphragm.
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Figure 5.13 depicts two ccb camera images that show the light intensity distribution in
LG,y and LG, modes that were obtained after modulating a 473 nm fundamental laser mode
by means of a reflective phase-only sLM. The modes were let directly into the ccp camera,
which was placed in the far-field. As deduced from the computer-generated intensity maps
of the modes (Figure 5.2), the first ring of the LG, is larger than LG,,. Note that the phase
masks used to generate the corresponding modes consisted of an explicit phase mask (LG,
or LGyo) and a 49-level blazed grating. The optical path of the mode does not change when
the phase mask displayed on the sLM screen is altered between LG,, and LGy, given that
the same blazed grating is used in both the cases. This means that after selecting a suitable
blazed grating (we used a 49-level blazed grating) and optically aligning the first diffraction
order LG mode into the microscope, we can simply switch the phase masks on the sLm
screen to obtain several modes such as LGy, LG,o, LGz, and LGy, while still preserving the
optical alignment.

Figure 5.13 LG20 and LG40 modes

(a) shows an LGyg mode and (b) shows an LG49 mode. After filtering the zeroth diffraction order by using
a binary blazed grating, the 1°* diffraction orders of the two concerned modes were spatially filtered and
imaged with a ccp camera placed about 3m from the sLM screen without any added magnification. The
cover glass protecting the camera sensor introduced some artifacts (circular rings) in the image.

5.3.1 Enhancing the quality of the generated modes

Before any optical measurement or lithography session, the generated LG modes (1* diffraction
order) were imaged with a ccp camera and noted for uniformity in shape and light intensity
distribution. If required, the optical setup was improved till a good mode pattern was observed
on the ccp camera. The key optical alignment factors affecting the mode quality are:

1) Collimation of the expanded laser beam: The inappropriately set beam expander may
generate a non-collimated laser beam. To check the quality of collimation, the divergence
of the expanded laser beam is observed just after the beam expander and after a few
meters from it—the lens separation in the beam expander assembly is adjusted to obtain
a good collimation. The beam should pass through the centers of the two lenses.

2) Aligning the centers of the incident collimated laser beam and the phase mask: This is
crucial for obtaining effective phase modulation. The collimated beam is approximately
centered on the sLM screen, and then using the HOLOEYE sLM Application Software, the
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phase mask is moved pixel-by-pixel to achieve the best results by simultaneously noting
the LG mode on the ccp camera screen. Mounting the sLM screen on a micrometer
lateral translation stage eases the alignment task.

3) sLm calibration: To efficiently modulate the phase of the laser beam of a given wavel-
ength, the sLM should be calibrated to operate specifically for that wavelength. Firstly,
the voltage values corresponding to the minimum and maximum phase are chosen such
that the power in the first diffraction order is maximal (Figure 5.2.2.2). Secondly, the
lookup table for the sL™ is optimized by using wavelength specific files supplied by the
manufacturer or by using the method of interference fringe shift calibration [257] and
creating customized calibration files.

5.4 In-situ optical lithography with LG laser modes

This section will describe our protocol for performing optical in-situ lithography with LG laser
modes to fabricate plasmonic patch nanoantennas that use a single quantum dot as an emitter.
The protocol can be used to fabricate other nanophotonic structures as well. The process uses
a 473 nm CW laser emitting at 170 mW and a HOLOEYE LETO reflective phase-only sLm.
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Figure 5.14 LG mode in-situ lithography

An emitter (CdSe/CdS core/shell quantum dot) is confocally scanned by the 405nm laser and photon
antibunching is noted to confirm if it is a single photon emitter. The piezoelectric stage position is fixed, the
pin-hole is removed from the fluorescence path, and the first diffraction order of the LG mode (generated
using an SLM) is used to scan the same nanocrystal—the inset shows a confocal scan of an LG4 mode. The
nanocrystal is positioned at the center of the green-yellow ring of the mode. Before the LG mode is utilized
for confocal scanning, it is let into the ccb camera by removing the flipping mirror and it is optimized as
described in the previous section. At position P1, a power meter can be placed to measure the laser power
or a mechanical blockage for blocking the laser beam can be positioned.



144 LITHOGRAPHY WITH LAGUERRE-GAUSSIAN MODES

1) A sample is prepared as described in section 3.1, after which we are at the end of step
of Figure 5.15(a). For optical in-situ lithography with LG modes, we obtained the best
results by using a resist bi-layer of LorR* 54 (500 nm) and PMMA (50 nm). The 50 nm thick
top layer of pMMA (Figure 5.15(b)) was formed by spin-coating a 2% [m/m] solution of
PMMA in toluene at 4000 rpm for 40s.

()

CdSe/CdS core/shell

nanocrystal

Fluorescent light

Microscope
objective

A sample is prepared as shown. E A nanocrystal is located with The sample after the hole has
Note the individual nanocrystals a low power laser and the resist been made; note the profile
embedded in PMMA. The resist on top of it is burned with a high of the hole.
bi-layer is coated on the top. power laser.

Undercut i i
ndercu Gold layer Gold disk Gold layer Gold disk
n MF-319 solvent, without attacking E Gold is deposited by thermal E LOR is removed by MF-319; due
PMMA, develops LOR. evaporation. Note the gold patch to this the PMMA and Au film
Note the undercut. on top of the nanocrystal. above it are removed too. The
plasmonic single photon emitter
nanoantenna is ready.
(b) CdSe/CdS core/shell

nanocrystal (15-19 nm)

Spin-coating P 50 nm
) ) 500 nm
Spin-coating y To save space, the 10 nm
o 45 nm adherence layer of Ti/Cr
Spin-coating - between Si (280 um) and
Thermal evaporation 2 200 nm Au (200 nm) has not been
280 um shown here.

Figure 5.15 LG mode optical in-situ lithography protocol

Figure (a) displays the optical in-situ lithographic protocol with LGy laser modes. Figure (b) shows the
thickness of the layers and their deposition method.

2) Using the 405 nm laser, the sample is confocally scanned and a single nanocrystal is
selected for the lithography task. The pin-hole is lifted and the 473 nm LG laser mode is
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let into the 100x microscope objective to scan the same emitter. In fact, the emitter scans
the LG mode—the inset of Figure 5.14 shows the confocal scan of an LG,q mode. The
LG laser mode is generated by a reflective phase-only sLm as explained in section 5.3.
The power of the scanning mode is about 100-200 nW.

3) Using the piezoelectric stage, the selected nanocrystal is positioned at the center of the
LG mode, and then the LG mode is blocked from entering into the microscope. The
power of the laser mode at position P1 (Figure 5.14) is increased to 7 mW, the blockage
is lifted, and the mode is passed into the 100x microscope objective to locally burn the
resist around the nanocrystal for 90s. After this time the laser mode is blocked from
entering the microscope. The main parameters for optical in-situ lithography with LG4,
or LG, are recapitulated:

Power of the LG mode at position P1 = 7mW
Exposure time to locally burn the resist around the nanocrystal = 90's

Now we are at the end of step H of Figure 5.15(a).

4) Steps 5-7 of the optical lithography protocol described in section 3.1 are followed and
a plasmonic Au patch nanoantenna is realized. These steps include the development of
LOR® 5A with MF°-319 for 5 s, the deposition of Au by thermal evaporation, and the lift-oft
using MF°-319 for 50-100s.

5.5 LG mode holes and the development of LOR®

In this section, we would like to describe an interesting feature of resist bi-layer burning
by LGjy modes, especially when I > 4. Figure 5.16(a) shows a cylinder drilled into a resist
bi-layer (LOR°5A + PMMA) that was exposed to an LG4, mode for 90s. The wavelength of
the mode was 473 nm and its power was 7 mW. Note the height profile along path 1 in the
figure below. Development of the sample with MF°-319 removed the central relief and the
hole shown in Figure 5.16(c) was obtained. The height profile along path 1 in this image is
shown in the figure below.

It has been confirmed in several cases, as depicted in Figure 5.16(a), that with LG mode
optical lithography we can obtain cylindrical holes with sub-wavelength edge thickness. By
reducing the development time in the following step, such that an undercut in the top 50 nm
thick PMMA is created but the central relief is not completely removed, it should be possible
to fabricate other interesting photonic structures.

When LGy, at 7mW was used to burn the resist bi-layer for 90s, it was observed
that a complete hole was created and there was no remaining central part. However, when
the exposure time was reduced to 30—45s, the burn hole had a cylindrical profile as in
Figure 5.16(a). Our understanding of the hole burning process suggests that a hole is burnt
when the incident laser light is absorbed by LOR® and it heats up. The LOR® at high temperature
heats the pPMMA above it and finally both are evaporated. This explains why in 90 s, usually, a
7 mW 473 nm LG, mode creates a cylindrical hole whereas an LG, creates a complete hole.
An LG4y mode is larger than an LG,, mode (Figure 5.13) and the same is true when they
are focused by a 100x microscope objective. For the same average power, the light intensity
is higher in LG,, than in LGy, and the dark central region in LG, is smaller than in LGy,.
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Therefore in a given time, the region of LOR® that is heated by a focused LG, is smaller (which
means the heat energy density is more) and heat propagates quickly to the center from the
edges and evaporates the resist bi-layer. But in the same exposure time, the heat absorbed
from a relatively larger and low energy intensity LG,q mode does not have time to fully reach
the central part, thus the holes are cylindrical.

Our work on the bi-layer burning process by LG modes enables us to conclude that
by manipulating the LG mode order, its power, the exposure time, and the thicknesses of
the resist bi-layers, other interesting features of this lithography technique can be explored
and used.
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Figure 5.16 LG40 hole before and after development

Figure (a) is an AFM height image of a cylindrical hole burnt into a resist bi-layer of LOR® 5A + PMMA using
an LG4 mode. The height profile along path 1 is plotted in (c). The sample was developed with MF®-319
and the central relief inside the hole was removed as shown by (b). The hole deepens to the bottom of
the resist bi-layer (d). The widening of the hole after development corresponds to the situation illustrated
in Figure 3.11 and described in section 3.4. Usually, we generate smaller LG49 modes than the one used to
burn the resist bi-layer of (a). Therefore, the usual LG4q cylindrical hole is smaller than the one displayed
in (@) and the developed hole is smaller than the one displayed in (b).

5.6 LG mode patch antennas after lift-off

Following the lithography protocol described in section 5.4, after the vapor deposition of the
Au patch, the lift-off is performed and plasmonic patch nanoantennas are obtained. To better
understand the LG mode lithographic process, we will discuss some successful cases and an
unsuccessful case.
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On a sample (with a structure as shown in Figure 5.15(b)), in-situ optical lithography was
performed using LG, and LG, laser modes. After the Au deposition, the lift-off was carried
out by shaking the inverted sample in a bath of MF°-319 for 50 s. Figures 5.17, 5.18, 5.19, and
5.20 present an AFM analysis of some of these patch antennas.

The lift-off leaves some residual resist above and around the patch, which is not an issue
as such (section 3.6). From the results obtained on this sample, a lift-off duration of about
100s or larger seems more appropriate for the holes made with 473 nm CW LG modes at
7 mW. The presence of a Au patch in these structures is confirmed by the significant increase
in the emission decay rate, and it is substantiated by the AFM image analysis. As expected,
the patches obtained with LG,, laser modes were smaller than the ones realized with LGy
laser modes. The possibility of varying the cross-sectional size of the LG mode by means of
optical components or by using a holographic lens on the sLm screen allows us to fabricate
antenna patches of different sizes. Figure 5.20 describes an incomplete hole-burning proc-
ess—this feature of LG mode optical lithography can be used to synthesize structures which
are usually not possible to fabricate with TEmM(, mode optical lithography.
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Figure 5.17 Patch antenna made with LG20 mode lithography

AFM height images (a) and (b) show the same Au patch antenna fabricated with LG,q mode lithography.
Figures (c) and (d) plot the height profile along the straight lines marked in (a) and (b), respectively. Along
the edges of the lifted-off region in image (a), the slope of change in height is very steep, and therefore the
information provided by AFM may not be accurate. But this not an issue for imaging the patch because the
topographic change around it is not so sudden. The resist residue remaining after the lift-off covers the patch
and regions nearby. After measuring the height profiles along several directions, the estimated position of
the Au patch is given by dashed cyan ellipse in (b). The presence of a patch was confirmed by the reduction
of nanocrystal emission lifetime in the antenna as compared to its lifetime in a homogeneous medium.
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Figure 5.18 LG20 patch antenna

Figure (a) shows an AFM height image of a Au patch antenna made with LG,q mode lithography and (b) is
a magnified view of the same antenna. Images (c) and (d) plot the height profiles along the paths marked
in (a) and (b), respectively. From (b), the patch diameter seems to be about 1pm, and a resist residue
of 20-200 nm thickness can be seen above the patch. Some lift-off residue can be seen around the patch
as well. One of the passages for the removal of the resist can be seen at the lower right corner in image
(b). The etched resist residue flowed from the sides of the treated region and settled on the patch—this
resulted in depositing a non-uniformly distributed material of about 20 to 200 nm thickness on the patch.
A structure like this can serve as a dielectric lens. This patch antenna was exceptionally bright that could be
excited with very low laser intensity. Its emission characteristics are discussed in Figures 5.23(c) and (d).
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Figure 5.19 Patch antenna made with LG40 mode lithography

Figure (a) is an AFM height image of a patch antenna made with LG4y mode lithography, and (b) shows the
height profile along the line marked in (a). The antenna patch is covered with some resist residue.
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Figure 5.20 Incomplete LG mode lithography

Figure (a) displays an AFM height image of an LG,4q incomplete hole-burning process recorded after the
lift-off. Image (b) shows its 3D perspective view, and (c) depicts the height profile plots along the colored
lines marked in (a). The triangular shape of height profile 1is an AFM artifact that occurs as the AFM tip
(scanning from left to right) encounters a steep slope at the edge of the hole; this artifact can be made less
pronounced by reducing the scan-rate. In (a), we note that during the hole burning process, only two areas
of the ring could be burned. This occurs when the intensity of the LG mode is not uniform around the entire
ring or when the there is not sufficient time for burning the entire ring. Our observations of the hole burning
process by an LG mode suggest that the creation of a cylindrical hole starts at a few points (mostly one or
two) which correspond to the regions of maximum laser intensity. Then within a few seconds the entire ring is
created. When the resist bi-layer starts evaporating, the edges thus created start diffracting light—we cons-
ider this as a sign of the state of the burning process. Incompletely burned rings cannot be usually developed
to form a hollow hole but this feature can be exploited to fabricate specialized lithographic structures.

5.7 Nanoantenna Characterization

The structure of the plasmonic patch nanoantennas realized by deterministic LG mode laser
lithography is illustrated in Figure 5.21. By using donut LG modes of different orders (e.g., LG,
and LG,,) and by varying the cross-sectional size of an LG mode with suitable components,
the size of the hole burned into the resist bi-layer can be controlled, and thus the size of the
deposited metal patch.

Figures 5.23, 5.24, and 5.25 show the emission-decay and photon-coincidence histogram
plots of some plasmonic patch nanoantennas obtained with LG, and LG,y mode lithography.
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The measurement was carried out by exciting the antennas with a 405 nm pulsed laser (rep-
etition rate: 2.5 MHz) that was focused through an air objective (0.80 N.A., 100x). The optical
measurement setup is illustrated in Figure 1.18.

As expected, these patch antennas show similar optical behavior as observed in the case
of similar antennas that were made using the lithography techniques described in chapters 3
and 4. Using the discussion on patch antenna emission presented in section 3.7.2, we analyze
the emission decay and ¢ histograms of these antennas. Table 5.1 recapitulates the results
of Figures 5.23, 5.24, and 5.25.

| 1-2.5 uym
e
Gold 20 nm
PMMA
35nm
10 nm
CdSe/CdS —
nanocrystal
Metal 200 nm

Figure 5.21 Nanoantenna realized by LG mode lithography

The figure shows the general schematic of the patch antennas obtained with LG,q and LG4 mode in-situ
optical lithography. By varying the PMMA spacer thickness and the Au patch dimensions, these antennas can
be optimized.

Antenna # Fp a Antibunching

LGy 1 9 0.2 X

2 1 147.4 v

LGy 3 1 4 v

Figure 5.23 4 4 1.2 X

LGy 1 6 5 v

Figure 5.24 2 2 14.3 v

3 2 16.4 v

4 3.5 13.9 v

LGy 11 1.8 v
Figure 5.25

Table 5.1 Purcell factor and a of patch antennas obtained with LG mode lithography
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LG,, antennas (Figure 5.23)

Antenna 1 shows the typical behavior of antennas that have a high Purcell factor and low
a. It has Fp = 9 and a@ = 0.2. Due to high multiexciton emission, it shows no antibun-
ching.

Antenna 2 has Fp ~ 1 and a very high @ ~ 147.4. The emission decay is quite mono-expo-
nential and a bi-exponential fit was required to account for the fluctuations. Its emission
is mainly due to radiative exciton recombination, which manifests in very noticeable
photon-antibunching. This antenna was exceptionally bright and it could be excited with
a very low laser intensity. Nanocrystals placed on a glass slip cannot be excited with such
low intensity. Fluorescence images show that the nanocrystal of this antenna was not
bright before being placed inside the antenna. Figure 5.22 shows a fluorescence micros-
copy image of this antenna, and its AFM height image is given in Figure 5.18.

Bright LGy antenna

O
Nanocrystals

/ elsewhere

Q

Other LG 20 /

ERISINES

Figure 5.22 An exceptionally bright LG20 antenna

The figure is a fluorescence microscopy image (excitation source: 438+25 nm filtered from a mercury lamp),
acquired by a ccb camera in 400 ms, after the lift-off procedure. There are four LG, antennas and many
nanocrystals elsewhere. The nanocrystals outside the antennas were fluorescing from beneath the foll-
owing layers: LOR® (500 nm) + PMMA (50 nm) + Au (20 nm). Because of the usual patch antenna emission
strength—which is low—the emission from the lower three antennas could not be recorded in 400 ms.
The fluorescence from the individual nanocrystals outside the antennas is just noticeable—generally, these
nanocrystals fluoresce more than the patch antennas. Contrary to the general trend, the antenna at the top
was exceptionally bright—its high fluorescence saturated the ccb camera image. Figure 5.18 is an AFM height
image of this antenna.
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LG, antennas (Figure 5.23)
Antenna 3 has Fp ~ 1, a ~ 4, and shows partial antibunching.

Antenna 4 shows multiexciton (probably biexciton) emission with Fp ~ 4 and a =~ 1.2.
The measurement was carried out at very low excitation intensity.

LG, antennas (Figure 5.24)

Antenna 1 displays good emission acceleration with Fp ~ 6 and shows antibunching
with a = 5.

Antenna 2 has a decay curve that is almost mono-exponential. The bi-exponential fit
just accounts for lifetime fluctuations, thus its biexciton lifetime of 4.5 ns has no physical
significance. The ¢g'» histogram shows clear antibunching.

Antenna 3 shows good antibunching like antenna 2. Its Fp ~ 2 and a ~ 16.4.

Antenna 4 is interesting. It has a moderately high Purcell factor of about 3.5, and with
a =~ 14.9, it shows photon-antibunching (g<2)(0) ~ 0.4).

LG, antennas (Figure 5.25)

The antenna has a quasi mono-exponential emission decay, It has been fitted with a
mono-exponential and a bi-exponential fit. Even with a small @ = 1.8, it shows antibun-
ching. From the bi-exponential fit we deduce Fp = 11, and using the mono-exponential
fit equation, we get Fp ~ 13.

Compared to other antennas, this antenna displays very different emission charac-
teristics. One interpretation is that the non-radiative channels in the nanocrystal of this
antenna were more efficient than in the typical case of other antennas. Consequently,
even for a high acceleration of the radiative channels, the biexciton radiative recombi-
nation rate does not overcome the biexciton non-radiative recombination rate.

We note that most LG,y antennas are slower than LG,, antennas and the antennas
fabricated using other techniques (supercontinuum and e-beam lithography). This seems to
be due to the relatively large patch size of the LG, antennas, which leads to a lower Purcell
factor (Figure 1.2). However, it should be taken into account that the Purcell factor is very
dependent on the orientation of the nanocrystal dipole. Therefore, from the analysis of a
few results, it is difficult to discriminate between the effect of the dipole orientation from
the effect of the patch size. It may have been the case that most LG, antennas had a mainly
horizontally aligned nanocrystal dipole, which worsened their emission acceleration. To make
a sound conclusion, more cases have to be analyzed.



5.7 NANOANTENNA CHARACTERIZATION

(a)o

1k Fit 1
ER)
< I(t) = 30000 e /11 + 2000 e+ + 65
=3t
=
2.4/
g
e
=57
= Fp~9

b6 a=02

-7 . . |

0 10 20 30 40
Time (ns)

] 1 '
w N —_

In[Intensity] (a.u.)

1
N

1
(O]

——Fluorescence
Fit

I(t) = 3700 /025 4 5050 et/27 1 90

Fp~1
a~147.4

o

(e)o

100 200
Time (ns)

300

AL L

In[Intensity] (a.u.)

'
w

'
o\

——Fluorescence
Fit |

1(£) = 2300 /8 + 2800 e4/20 + 57 |

100 200
Time (ns)

300

7~

(L]

) A
L o

In[Intensity] (a.u.

1
N

| I Y (R .
o U AW N

——Fluorescence
Fit 1

I(t) = 18000 e*/08 + 1600 e /11 4 22

"

|
oo

60 80 100
Time (ns)

40 120

Antenna 1

Antenna 2

Antenna 3

Antenna 4

(b)

Coincidences

153

0 1000 2000 3000
Photon arrival time At (ns)

Coincidences
w A O

- N
O O O O O o

;

(f) 50

0 1000 2000
Photon arrival time At (ns)

3000

N w N
o o o

Coincidences

—_
o

\

0 1000 2000
Photon arrival time At (ns)

3000

(h) 50

N w N
o o o

Coincidences

—_
o

0 1000
Photon arrival time At (ns)

2000 3000

Figure 5.23 Patch antennas obtained with LG20 and LG40 lithography

The figure displays the results of optical measurements on the antennas fabricated by LG mode lithography:
Antennas 1and 2 with LG, and Antennas 3 and 4 with LG 4q. The histograms in the left and right columns show
the lifetime and g® (AD), respectively. The bi-exponential fit equation is mentioned for each decay curve.

For most cases, the small and big values of 1 correspond to the biexciton and exciton lifetimes, respectively.
Compared to the typical lifetime of a nanocrystal in a homogeneous medium (~35 ns), the emission lifetime
of some antennas is reduced. Antenna Tis quite fast but shows multiexciton emission. Antibunching is noted

for antennas with slow decays and a low Purcell factor (antennas 2 and 3).
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Figure 5.24 LG40 patch nanoantennas

All the four antennas were fabricated with LG4, laser mode lithography, and they show antibunching. The
histograms in the left and right columns show the lifetime and g? (At), respectively.
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Figure 5.25 An LG40 patch antenna

The antenna was obtained with LG4q laser mode lithography. Its emission decay histogram (a) is almost
mono-exponential, and in (b) we note antibunching. Based on the mono-exponential fit, its Purcell factor is
deduced as 13 (higher than the bi-exponential fit value of 11).

5.8 Conclusion

Due to their special features, LG modes are of interest to many fields in optics and they have
drawn significant scientific attention. Generation of perfect LG modes has been a challenge
and new methods are being developed to achieve it. LCoS spatial light modulation, which
benefits from the highly developing field of liquid crystals, offers a very practical solution to
generate LG modes.

We have developed a technique in which the phase of a usual TEM(, laser mode is spat-
ially modulated to generate LG modes of different orders. Using these LG laser modes, we
perform deterministic in-situ optical lithography on single nanocrystals and fabricate single
emitter plasmonic patch nanoantennas. To our knowledge, this is the first report on determ-
inistic in-situ optical lithography with LG modes. This method avoids the photobleaching
of the concerned emitter that occurs in optical lithography with TEMy, mode. Using SLMs,
specialized optical beams can be generated to perform lithography and fabricate particular
nanostructures. Moreover, these beams can be used to investigate other physical phenomena,
which is usually not possible with conventional laser beams.

The patch antennas fabricated with LG,, and LG4, mode show acceleration of emission
to a varying extent. Generally, the antennas with high Purcell factors show prominent mult-
iexciton emission, as a result of which photon antibunching is lost. This is consistent with the
observation of similar antennas fabricated using other protocols (supercontinuum and e-beam
lithography). By controlling the nanocrystal dipole orientation and by reducing the patch di-
ameter, we can optimize these antennas. The patch diameter can be reduced by using narrower
LG,y and LG4, modes—this can be achieved by the sLm or through appropriate optics.
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CONCLUSION AND
PERSPECTIVES

ingle photon sources are of importance to fundamental science and are highly dem-

anded in the field of quantum communications. Colloidal core/shell quantum dots are

promising single photon sources. The field of plasmonics offers solutions for improving
these single photon sources. One of these solutions is to use a plasmonic patch antenna to
accelerate and direct the emission of single emitters. On the one hand, plasmonic patch ant-
ennas accelerate the emission of these single emitters, and on the other hand they provide a
tool for understanding the light—matter interactions at a single emitter level. Many interesting
phenomena, that are invisible due to averaging in ensemble studies, become evident in single
emitter analysis.

Deterministic fabrication of single emitter plasmonic optical patch antennas demanded
significant adaptation of the conventional lithography techniques. Techniques like photolith-
ography and dielectric thin film deposition that could be used on a cluster of emitters to
realize patch antennas were not suitable for the production of single emitter antennas. This
was due to the low emission signal and photobleaching of a single emitter as compared to a
cluster of emitters. To deterministically fabricate single emitter plasmonic patch antennas, we
have developed three new lithography techniques. To our knowledge, this thesis is the first
report on these methods and the single emitter patch antennas obtained implementing them.
The first technique utilizes a supercontinuum laser to perform in-situ optical lithography on
a resist bi-layer. The second method uses a combination of in-situ optical lithography and
e-beam lithography on a resist bi-layer. The third process includes the generation of LG laser
modes using spatial light modulation and performing in-situ optical lithography with them.
All these techniques can be extended and adapted to fabricate a variety of nanostructures,
especially single emitter photonic structures.

By comparing these protocols in their present form, it can be said that the in-situ optical
lithography protocols using the supercontinuum laser and LG laser modes offers more ac-
curacy than the combination of optical lithography and e-beam writing. The smallest anten-
nas (which show a higher Purcell factor) were obtained with the supercontinuum laser lith-
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ography protocol but as far as controlling the size and shape of the antenna patch is concerned,
e-beam lithography is the best. Defocused supercontinuum laser lithography allows varying
the patch size, and the emitter can be centered or off-centered with respect to the patch. LG
mode lithography offers less possibility of controlling the patch size but due to the beam shape
of LG modes, this technique can be used to fabricate specialized structures, which are usually
not possible with TEMy, mode optical lithography. Improvement and optimization of these
protocols will increase their accuracy;, efficiency, and capability. Better calibration of distances
on the fluorescence microscopy images will enhance the accuracy of the e-beam lithography
protocol. The superior resolution of e-beam lithography can be exploited to fabricate such
structures that are not possible with optical lithography.

The first studies on the plasmonic patch antennas obtained with the three techniques des-
cribed in this thesis show similar optical characteristics. This was expected because all these
antennas used the same kind of emitters (CdS/CdS quantum dots from the same production
batch) and the same spacer thickness around the quantum dot. It was observed that most
antennas with a high Purcell factor showed significantly high multiexciton emission, as a
result of which photon-antibunching was lost. In these structures, the radiative multiexciton
recombination rate becomes larger than the competing non-radiative Auger decay rate, and
this leads to multiexciton emission. Many antennas with a low Purcell factor exhibit antibun-
ching because the acceleration of multiexciton emission is not sufficient to overcome the
more efficient and rapid non-radiative Auger processes. In a few cases, we observed a high
Purcell factor and photon-antibunching—it seems that the emitters of these antennas had very
efficient Auger recombination channels, which limited the radiative multiexciton decay rate,
and this resulted in antenna emission which was mainly due to exciton recombination.

Our thick-shell and relatively big emitters easily show photon emission due to multiexc-
iton recombination even when placed on a glass slip, and especially when excited with mar-
ginally higher laser fluence. We have noted that we could excite the single emitters inside the
patch antennas with very low laser intensity. This laser intensity was lower than the intensity
required to excite similar emitters placed outside the antenna or on a glass slip. This suggests
that patch antennas are efficient in exciting the emitters. The interaction of the exciting laser
light with the antenna patch probably creates strongly enhanced near-fields in the vicinity of
the emitter, which is placed just below the patch. As the excitation intensity is enhanced by the
patch, the emitters (which already have a tendency of showing multiexciton emission under
high excitation) exhibit very pronounced multiexciton emission. Several studies show that the
Auger effect is very efficient in small quantum dots (for example, CdSe/CdS and CdSe/ZnS of
a total thickness of about 6 nm). Using such emitters in the antenna will limit the multiexciton
emission, and photon-antibunching will be attained with a higher Purcell factor.

The thickness of the dielectric spacer, which holds the antenna emitter between the Au
patch and the Au film, is a crucial parameter that affects the spp coupling, and thereby the
efficiency of the antenna. The first batches of antennas had a ~ 45 nm spacer, which is too thick
to support an efficient coupling. By ultrathin spin-coated polymer films, we can regulate the
spacer thickness. And by reducing the spacer thickness, we can enhance the Purcell factor.

Theoretical studies have shown that the orientation of the emitter dipole inside the ant-
enna considerably influences the acceleration of emission. Through polarization analysis of the
emission of a quantum dot, the three-dimensional orientation of its dipole can be estimated.
By choosing well-oriented quantum emitters and then placing antenna patches on them, we
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should be able to fabricate the spontaneous emission decay rate by more than 10-100 times.
Optical characterization of antennas, whose emitter dipole orientation is known, will reveal
interesting information about the optical interaction in these structures.

The efficiency of an antenna to direct emission is found in its radiation pattern. In addit-
ion to their directivity, the radiation pattern of patch antennas also reveals information about
the patch size and its lateral position over the antenna emitter. These measurements could
not be performed and presented during the writing of this thesis, but very soon we plan to
measure the radiation pattern of the fabricated patch antennas.

The possibility of deterministically controlling the spacer thickness, the patch size, and
the three-dimensional positioning of the patch over well-oriented emitter dipoles will lead to
highly efficient plasmonic patch antennas which can serve as excellent single photon sources.
The surface characteristics of the antenna patch and the metal film beneath the emitter can be
influential to the propagation of spps. Theoretical and experimental work has shown that in
these disordered films, electromagnetic energy can be confined in sub-wavelength structures
called /ot spots, which can cause strong enhancement of the intensity of the emitted light.
This feature can be explored to make better patch antennas.

The protocols developed in my PhD work can be implemented to fabricate antennas or
other photonic structures with a variety of single or multiple emitters, like quantum dots and
nitrogen vacancy centers in nanodiamonds, using different types of dielectrics, and depositing
different types of metals such as Au, Ag, and AL

In our work, we have developed methods for obtaining clusters of quantum dots with
controlled size distribution. Using these clusters as antenna emitters can give rise to sp-
ecial light—matter interactions. We may be able to observe and investigate (the clusters are
size-controlled) effects like superradiance (radiation enhancement in systems with multiple
quantum emitters). By including nanocrystals with a nonlinear optical response as antenna
emitters, we can exploit the nonlinear interactions and create high intensity light sources.
More generally, the possibility of creating highly confined and strong electromagnetic fields
inside these antennas adds new dimensions to realizing and studying nanostructures which
benefit from strong interaction of field with matter.
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APPENDIX

A.1 Lasers

PicoQuant 405 nm laser
Manufacturer: PicoQuant
Type: LDH-D-C-405
Wavelength: 405+10 nm
Maximum repetition rate: 80 MHz
Maximum CW power: 50 mW
Maximum CW power after collimation: 7 mW
Pulse FWHM:
Low power < 50 ps
High power < 500 ps

SuperK EXTREME supercontinuum laser
Manufacturer: NKT Photonics
Type: SuperK EXTREME high power supercontinuum laser
Wavelength: 400-2400 nm
Master seed repetition rate: 80 (standard) or 40 MHz
Repetition rate reduction: 80—2 MHz (40 steps), 40—1 MHz (40 steps)
Pulse suppression ratio: > 1:10 000
Operation mode: Constant Pulse energy
Changing repetition rate: < 1s (no need for electrical shutdown)
Timing trigger output jitter: < 20 ps
NIM trigger output (BNC): 0.1-1V peak
Monitor trigger output (BNC): 0-1V
Gate trigger output (BNC): 0-1V
Delay shift between pulse picker ration: < +250 ps
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Adjustable trigger delay timing: up to 9.2 ns
Adjustable trigger delay resolution: 15 ps

SuperK VARIA (tunable wavelength filter for the supercontinuum laser)
Manufacturer: NKT Photonics
Type: SuperK vARrIA tunable wavelength filter with variable bandwidth
Wavelength tuning range: 400—84.0 nm
Minimum bandwidth FwHM: < 10 nm
Maximum bandwidth FwHM: 100 nm
Transmission through module: (Average in 50 nm bandwidth) 70-90% (unpolarized)
Out of band suppression: > 50 dB
Output Polarization: Unpolarized or p-polarized (adding output polarizer)
Tuning speed: > 10 nm/s
Repeatability of wavelength position (with collimator inserted): < 0.2 nm
Absolute wavelength accuracy: +5 nm
Wavelength temperature sensitivity: < 0.05 nm/deg
Transmission temperature sensitivity: < 0.2%/deg
Interlock: Collimator, lead
Output mode: Collimated free-space or SuperK CONNECT

A.2 Microscopy

Avalanche photodiode photon counting detector
Manufacturer: Micro Photon Devices (MPD)
Type: Solid-state based pPbM series photon counting detector module

Specifications @ 25°C and 5 V overvoltage Minimum| Typical |Maximum| Units
Photon Detection Efficiency
@ 400 nm 21 24 %
@ 550nm 45 49 ’
@ 650nm 34 37
Single Photon Timing Resolution s
TTL Counting Output 250 (e \5 HM)
NIM Timing Output(additional internal circuit board required) 35 50
After -pulsing probability 0.1 3 %
Dead Time 77 ns
Supply Voltage unregulated DC, any value 5V ~ 12V
TTL Output
Pulse rise and fall times < 2ns on 10pF load
Output pulse duration 20ns typical
Gating input 5V CMOS control (0V, detector off)
Supply input connector Standard 3.5 mm supply socket
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Intensified ccp camera
Manufacturer: Photonic Science
Type: Intensified ccD camera
ccD array size: 1392 x 1040 pixels
Input pixel size: 6.45 x 6.45 pm?
13 fps at full resolution @ 25 MHz
32 fps in binning 2x2 @ 12.5 MHz
Readout noise: 8-9 electrons @ 12.5 MHz and 11-13 electrons @ 25 MHz
Dark current: 3 electrons/pixel/second
Synchronization/control: via TTL pulse

AFM cantilever specifications
Manufacturer: Bruker
Type: RTESPA MPP-11120-10
Shape: Rectangular
Resonant frequency: 300 kHz (minimum: 200 kHz, maximum: 400 kHz)
Spring constant: 40 N/m (minimum: 20 N/m, maximum: 80 N/m)
Length: 125 ym (minimum: 115 pm, maximum: 135 pm)
Width: 35 pm (minimum: 30 um, maximum: 40 pm)
Thickness: 3.75 pum (minimum: 3 pm, maximum: 4.5 pm)
Material: 0.01-0.025 Qcm Antimony (n) doped Si
Back Side Coating: Reflective Aluminum
Top Layer Back: 40 + 10 nm of Al
Cantilever numbers: 1

AFM tip specifications
Manufacturer: Bruker
Type: RTESPA MPP-11120-10
Geometry: Rotated (Symmetric)
Tip height: 15-20 pm
Front angle: 15 + 2°
Back angle: 25 +2°
Side angle: 17.5 + 2°
Tip radius: 8 nm (maximum: 12 nm)
Tip setback: 15 pm (minimum: 5 pm, maximum: 25 yum)

A.3 Chemical products

PMMA powder
Product name: Poly(methyl methacrylate), secondary standard
Chemical formula: [-CH,C(CHj3)(CO,CHj3)-],
Producer: Aldrich Chemical Company, Inc.
Product number: 37003-7
CcAS number: 9011-14-7
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Lot number: 0159KU
Weight average molar mass, M,, = 101000
Number average molar mass, M, = 48300

Toluene
Product name: Toluene AnalaR NORMAPUR®
Assay (on anhydrous substance): 99.8%
Chemical formula: C,Hg
Producer: vwR International Ltd
Product number: 28676.297
cAs number: 108-88-3
Formula weight: 92.14 g/mol
Water < 0.03%
Batch: 10J260505
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