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General Introduction

General Introduction

Many of the breakthroughs in human technology have resulted &odeeper
understanding of the properties of materials. In the éastdecades one goal in this
ca® is to control the optical properties of materials [Lhe development of the
nanotechnologies opens the way to artificial materials tl@avsalfor a tight control of
the spatial-temporal trajectory of photons. This approach, db-called light
harnessing, leads to numerous functionalities: strong cordineor slow-down of
light, super prism phenomena... One of the most interesting possibility is to confine
the light within a tiny space (as compared to the wavelength)faniong time (as
compared to the period), while achieving efficient light addnesép), or collection
(from) the wave-length scale photonic structures where theyeaeat to be confined.
The general approach to achieve strong confinement of photosisisoin high index
contrast structuring of space at the wavelength scaleerldis commonly in use for
that purpose are structured metals or high optical index diegecimmersed in low

index dielectric material such as e.g. silica or air [2].

High index dielectric materials, such as semiconductmse been widely used for
photon confinement, along the so called refraction and Pleo@nysstal (PC) based
diffraction schemes: for the former, use is made of tial tor partial internal
reflection of photons at the semiconductor-low indeatemal interface; for the latter,
diffractive phenomena occurring in periodically structuredemiels are exploited to

control the spatial-temporal trajectory of photons [2, 3].

On the other hand, metals have attracted considerafeletian in the context of
plasmonics: very strong spatial confinement of photamsb®e attained in plasmonic
nano-structures, such as in metallic nano-particulesaooantennas (NAs) [4, 5], at
the expense however of a limited resonance strength (or coefime¢nmme) as a result
of optical losses induced by metal absorption and of radi&tidree space continuum.

In recent years, we have witnessed a flurry of activity inuhedmental research and
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development of surface plasmon based structures and dd@ice3heir unique
properties enable a wide range of practical applicationgjding optical devices [7],
optical energy transport [8], near field scanning optical rmemopy [9, 10],

surface-enhanced spectroscopies [11], and chemical and biologisalsgL2].

Although it may seem that metallic nanoparticules (or opéiogennas) are almost an
off-the-self product, some issues need special attentdrspecific research. A key
challenge is to address and collect light from those wsaade systems. The tiny
active area of the optical antenna is both an advantagis fminiaturization, and a
real limit for the level of the collected signal. Themef one needs to reconsider how
to drive efficiently such NAs. NAs are usually illuminated from far field in a large,
at best diffraction limited, focus. However, this procedwendt very efficient to
address metallic micro-nano-structures or NAs. Theoredies in the difficulty to
achieve a sufficient coupling rate between the incomingaplbeam and the NA in
order to compensate for the rather large optical lossédaficn to free space and
metallic absorption). A new approach is proposed in the presekitfovahe optimum
addressing of NA with a free space optical beam via theofisEn intermediate
coupling resonator structure, which is aimed at providirey dppropriate modal

conversion of the incoming beam, in the time domain [2, 13

In this thesis, we propose to tackle this important issugdsygning and realizing a
novel nano-optical device based on the use of a photonitatffZC) structure to
generate an efficient coupling between the externarcgoand a NA. On one hand,
the PC structure can take the place of intermediatpling resonator structure to
address the NA better. On the other hand, the NA canZecdie optical field of the
PC cavity in a very tiny space to create a subwaveldiggthsource. Details of the

PC-NA coupling analysis and its optimization were published elseaMi&].

Some researches with similar kinds of plasmonic-photbytizid nanodevices were
approached by other research groups [14, 15, 16, 17, 18, 19]. They had studie

far-field optical characterizations of the hybrid nanodeviaoas had proposed a wide

2
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range of applications. In our research, we expected to exttendstudy at the
near-field level and to demonstrate a plasmonic-photaystad laser. This device

may apply as a nano-laser source [20, 21, 22, 23].

In this dissertation, the content is arranged into threepders. Chapter 1 introduces
the theoritical background of this research including surfdgsnpn and photonic
crystal concepts. This chapter also shows the designeotybrid devices and
demonstrates the numerical simulation of their optical pt@se Chapter 2 mainly
describes the process and the fabricated samples. The naesdana fabricated on
an InP membrane substrate. The critical technologyhfer fabrication is complex
electron beam lithography. With this technology the aligmned the positions of PC
structure and NA is well controlled. Chapter 3 demoretrathe optical
characterizations of the hybrid nanodevices including iédd-tharacterizations and
near-field characterizations. The far-field measuremest performed by
micro-photoluminescence spectroscopy at room temperatbeerelults show that
for the defect PC cavities, the presence of the NA inflas the optical properties of
the laser, such as lasing threshold and laser waveleffgthnear-field measurement
is performed by near-field scanning microscopy, at room terperalso. The
investigation shows that the NA modifies the optical fielstrébution of the laser
mode. The modification depends on the position and direofiche NA and it is

sensitive to the polarization of the optical field.
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Chapter 1: Research Background and Device Design

Introduction

Photonics at the nanoscale, manophotonicanight be defined as: the science and
engineering of light-matter interactions that take place wavelength and
subwavelength scales where the physical, chemicalyaststal nature of natural or
artificial nanostructure matter controls the intérats. Broadly speaking, over the
next ten years nanophotonic structures and devices pronaiggatilt reductions in
energies of device operation, densely integrated informatiotesgswith lower
power dissipation, enhanced spatial resolution for imagingpatt@rning, and new
sensors of increased sensitivity and specificity. Both qrhios and plasmonics
concern investigations into building, manipulating, and chanactg optically active
nanostructures with a view to creating new capabilitresnstrumentation for the
nanoscale, chemical and biomedical sensing, information comdmunications
technologies, enhanced solar cells and lighting, diseaseam&raa environmental
remediation, and many other applications. Photonics andmpfass share the
characteristic that at least some of their basicepts have been known for-ZD
years, but they have come into their own only in the lastyéars, based on recent
discoveries in nanoscience. Photonic materials and eeViave played a pervasive

role in communications, energy conversion, and sensing since the 1#6087&s.

Many of the critical concepts for today’s rapidly growing and diverse field of
nanophotonics were established in past decades, but reogregs in the ability to
control materials at the nanoscale in multiple dimensiassallowed the validation of
those concepts and the anticipation of yet moregmimg and powerful photonic
behaviors. For example, an early paper by Yablonovitch (1987)ssied dielectric
materials with spatial variations in index of refractiontbe order of a wavelength of
light. He anticipated that thegdotonic crystalsvould have a dramatic effect on the
spontaneous emission of light within these structures. Negatdex materials, a
component of a class afietamaterialswere anticipated as early as the 1960s by
Veselago (1968 )Surface plasmonisave played an important role in surface-enhanced

8



Chapter 1: Research Background and Device Design

Raman spectroscopy (SERS), an active area of rdseace the late 1970s. Today’s
research in plasmonics encompasses an even broader rarggeuatfires and
applications, as is the case for photonics. Plasmonics @nexploit the unique
optical properties of metallic nanostructures to enablengaind active manipulation
of light at the nanoscale. It has only been in the past 1@ yeat the young field of
plasmonics has rapidly gained momentum, enabling exciteyy fundamental
science as well as groundbreaking real-life applicationhe coming 10 years in
terms of targeted medical therapy, ultrahigh-resolutivaging and patterning, and
control of optical processes with extraordinary spatia &equency precision. In
addition, because plasmonics offers a natural integrabompatibility with
electronics and the speed of photonics, circuits and sydtemed of plasmonic and
electronic devices hold promise for next-generation systdhat will incorporate the
best qualities of both photonics and electronics for comp utatid s@mmunicationta

high speed, broad bandwidth, and low power dissipation.

1.1 Advances in the last 10 years and current status

1.1.1 Photonics

Over the last 510 years we have witnessed an enormous increase muheer and
diversity of photonics applications. This has resulted frlearsignificant advances in
computational design tools and their accessibility, #mergence of new
nanofabrication techniques, and the realization of newcalptand structural
characterization methods. At the forefront of theseaades are the developments in
the area of micro- and nano-photonic devices that havergimns on the order of or

below the wavelength of light.

Advances in electromagnetic and electronic device simmlatools have been
tremendous over the last decade. Good commercial and feeeodes (e.g., finite
difference time domain (FDTD), discrete dipole approximat{®DA), boundary

element methods (BEM), or finite-difference frequency dom(FDFD) codes are

9



Chapter 1: Research Background and Device Design

inexpensive and available to virtually everyone. Improvemdan nanofabrication
techniques, greater accessibility of high-resolution pattgriie.g., electron beam
lithography), and pattern transfer processes (e.g., low-damaegssisted etching)
have produced photonic crystal, microdisk, and ring resonataicete with

exceptional performance.

Discovery in nanophotonics has been enabled by the acagg®ibdptical nanoscale
characterization tools such as scanning near-field opticabsocopy (SNOM), atomic
force microscopy (AFM), nano-Auger, nano-secondary ioassmspectrometry
(nano-SIMS), scanning electron microscopes (SEMs), and ntisgisn electron
microscopes (TEM). These instruments have had a major inguathe ability to
correlate the size, atomic structure, and spatial arrangsroé nanostructure to the

observed optical properties.

The progress in both simulation and fabrication of nanaptiotstructures has
resulted in the formation of ultrahigh-quality (Q, meaning-lptical-loss) optical
structures [1]. These structures, in turn, have allowesktarehers to engineer
distinctive optical states, localize and slow the velooityight, and create efficient
light-emitting sources and strongly coupled ligmatter interactions, resulting in new

guantum mechanical states:

» Slowing of lighthas been observed in photonic crystal waveguides [2, 3] and in
coupled ring resonators [4]. This is an achievement not only sciatitifibut also for
the implication in controlled delay and storage of light dompact, on-chip

information processing.

« Strong coupling between dielectric nanocavities and quantumhdstby now been
observed by a number of research groups [5, 6, 7]. The exgltoton (polariton)
states that result can form the basis of quantum int@machemes, or produce

ultra-low threshold lasers.
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1.1.2 Plasmonics

Although surfaceenhanced Raman spectroscopy (SERS), one of the first “killer
applications” of metallic nanostructures, was discovered in the 1970s [8, 9, 10], the
young field of plasmonics only started to rapidly spread into nesetibns in the late
1990s and early 2000s. At that time it was demonstrated in ggicession that
metallic nanowires can guide light well below the seemingly passable diffraction
limit [11], that metal films with nanoscale holes show exudtaw@rily high optical
transmissioni2], and that a simple thin film of metal can serve as an optical[igh
Plasmonic elements further gained importance as popularpasants of
metamaterialsi.e., artificial optical materials with rationally designed gedries and
arrangements of nanoscale building blocks. The burgeonirdy dietransformation
optics elegantly demonstrates how such materials can faciibptecedented control

over light fL4].

As these novel phenomena captured the imaginatiorbadaad audience, researchers
in the lab started to also gain respect for some of the skwdagions of metals. The
most important challenge that still persists today is¢ thatals exhibit substantial
resistive heating losses when they interact with liglo. #his reason, it will be
valuable to explore ways to get around that issue. In some tassheat generation
may be used to advantage, and in some cases heating losdesreglected. A very
diverse set of plasmonics applications has emerged inlaiteten years. Early
applications included the development of high-performance -freddr optical
microscopy (NSOM) and biosensing methods. More recently, manyewdnwologies
have emerged in which the use of plasmonics seems pngmiscluding thermally
assisted magnetic recording5], thermal cancer treatmentig], catalysis and
nanostructure growthif], solar cells {8, 19], and computer chip(, 21]. It now has
been established that modulators and detectors can be achieveg ¢hdle stringent
power, speed, and materials requirements necessary to inéerpaamonics with

CMOS technology. Plasmonic sources capable of effigiecbupling quantum
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emitters to a single, well-defined optical mode may first fipgliaations in the field
of quantum plasmonics and later in power-efficient chip-scaleasurces22, 23].
In this respect, the recent predictiot][ and realization 45, 26, 27] of coherent

nanometallic light sources constitutes an extremely importareial@ment.

1.1.3 Exploit Synergies between Plasmonics, Photonics, and Electronics

Over the last decade, it has gradually become clear wigaplasmonics can play in
future device technologies and how it can complement eigict and conventional
photonics. Each of these device technologies can performeufugations that play
to the strength of the key materials. The electrical propertiesmitenductors enable
the realization of truly nanoscale elements for conjmuiaand information storage;
the high transparency of dielectrics (e.g., glass) fataht information transport over
long distances and at very high data rates. Unfortunately, semicondlecttvonics is
limited in speed by interconnect (RC) delay-time issues, aatbpiss is limited in
size by the fundamental laws of diffraction. Plasmoroders precisely what
electronics and photonics do not have: the size of eleick and the speed of
photonics. Plasmonic devices might therefore naturally interfeith similar-speed
photonic devices and with similar-size electronic compaentreasing the synergy
between these technologies. The assembly of hybrid nawophodevices from
different fundamental photonic entitiesuch as single molecules, nanocrystals,
semiconductor quantum dots, nanowires and metal nanopatticdn yield
functionalities that exceed those of the individualwits. The next generation of
challenges in the design and applications of nanophotwrdaits, fueled by the
continuing development of powerful and flexible top-down and bottpm-u
nanofabrication techniques, lies in understanding and manipylatollective
phenomena— phenomena that emerge from the interactions of imlagvidual
photonic, plasmonic, electronic and mechanical componentsschitiering, radiative
and mechanical properties of structures and materials nébexdi by collective

phenomena can differ significantly from those of indial components. Additional
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degrees of freedom offered by complex heterogeneous tnactoses can be used to
obtain new device functionality through coupling-inducedotaidl control of

fundamental physical processes.

Although merging these different systems on a single hybaitfopin is at present
challenging, it promises improved performance and novel deviearticularly rapid
progress is seen in the combination of plasmatkgectric constituents with quantum
emitters that can be assembled on demand into fundanmsodel systems for future
optical elements. Photonic and plasmonic nanostructures opetascinating
opportunities for controlling and harvesting light-matter intecanstion the nanoscale.
In particular, a capability of optical microcavities andspi@nic nanostructures to
manipulate the local density of electromagnetic stateddcopen up a variety of
practical applications in optical communications and ni@dical research.
Properly-designed photonic and plasmonic nanostructures dsalgr@vide a useful
testbed for the exploration of novel physical regimestam& physics and quantum

optics.

In the scope of this thesis, we approach this technologaavant challenge by
considering the design, fabrication and characterization of hybrid pibgplasmonic
devices that exploit the coupling between localized surfasampla resonance (LSPR)
of a bowtie antenna and a photonic mode provided by photoni@aksyuctures. In
the next section the basic building blocks of the optoplasmstnucture will be

highlighted.

1.2 Basic building blocks of the hybrid device:

1.2.1 Metallic nanostructures

1.2.1.1 The world of Plasmon

13
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Many of the fundamental electronic properties of the sdéitescan be described by
the concept of single electrons moving between an iomdatiihe motion of the

electron gas in metals can be described by a classical agoatignamics where the
electron cloud follows a harmonic oscillatory behaviour. If wasider the metal as a
three-dimensional crystal of positive ions and a frectedn gas moving on the
periodic potential created by the ions, when an electridestremagnetic excitation
is applied to the metal, the electron cloud will reaghtcorresponding electric field
displacing from its equilibrium position. On the other hande positive ionic

background induces a restoring force attracting the electoad back to its original
position. The action of those two forces will cause an osotflaxf the electron gas at

a frequency, around the equilibrium position:

o, = /ﬂ (1.1)
m,

Wherew, refer to the volume or bulk plasma frequency, n is thet@n density, and
me is the effective mass of the electron. The specédicer ofw, for most metals lies

in the ultraviolet region, which is the reason why theysmay and glittering in the
visible spectrum. A light wave with< o, is reflected, because the electrons in the
metal screen the light. On the other hand>fo, the light wave gets transmitted (the
metal becomes transparent), since the electrons iméfel are too slow and cannot

respond fast enough to screen the field.
1.2.1.2 Surface Plasmon Polaritons

Surface plasmon polaritons are similar to bulk plasnmuvgever they are typically
bound to and propagate along metal-dielectric interfaces. $nctdse, a combined
excitation of free electrons i.e. a plasmon and a phidom a propagating mode
bound to the metal-dielectric interface. A necessary tondfor surface plasmon
polaritons is that materials at the interface must laaRe¢) of opposite sign. Metals,

which are strongly absorbing, inherently have agR&(0 and when interfaced to a
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dielectric this condition is often met. Upon excitatioh the surface plasmon
polaritons, transverse and longitudinal electromagneéitdsfi propagate where a
maximum intensity is present at the interface. Beyondaavaly from the interface,
the field exhibits near-field or evanescent behavior withoezntial decay from the

interface (Figure 1.1). The frequency of surface plasma pmiarisy is then:

(1.2)

Bulk Plasmon/,’

Medium| glw) >0 -7/ Light in vacuum (w=ck)

.............................

rd = _./ .
Medium |l ew) <0 fi Surface Plasmon Polariton

Momentum k

Figure 1.1: a) Schematics of SPP at an interface separating two sémteimégions
with two dielectric functions of different sign, propagating along x direcéiod
confined in z direction. b) Energw) versus momentum (k) dispersion line of the

propagating surface plasmon polariton (blue-dashed line). The bulk plasma frequency

wp and the surface plasmon energy, = wp/N2 are marked as dotted horizontal lines.

1.2.1.3 Localized surface plasmons (L SP)
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polarized electron
cloud

Figure 1.2: Excitation of particles plasmons through the polarization of neetalli
nanoparticles. At the resonance frequency the plasmons are oscillating Wbk a

phase difference (180° above resonance).

In general, we have seen that plasmons arise from aplayesf electron density
oscillations and the exciting electromagnetic fields. Inghisse, we should talk about
surface plasmon polaritons and also distinguish the propagating (eeanasodes at
the interface of a metal and a dielectric from thedalized counterpart at the surface
of metallic particles (so callegarticle plasmon polaritons If an electromagnetic
wave impinges on a metallic nanoparticle (whose spdiriagnsion is assumed to be
much smaller than the wavelength of light), the electgas gets polarized
(polarization charges at the surface) and the arissgpring force again forms a

plasmonic oscillation (Figure 1.2)

The metallic particle thus acts like an oscillator and dbeesponding resonance
behaviour determines the optical properties. Since we soigdyss particle plasmon

polaritons in this work, we will furthermore always refer tonhe

LSPs exhibit some distinct and special properties which gawerated promising
prospects in a variety of fields of science and technolvdgy summarize some of

these properties:
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« Localization of the electromagnetic fieldShe fields induced by surface plasmons
decay exponentially as we move away from the interfacreminey are excited. Thus,
all the electromagnetic effects induced by those fial#gsreduced to a small region
close to the surface (typically some nanometers). Gamegtarily, plasmons have
shorter wavelength compared to the incoming source thatesxthem. As a
consequence of these two effects, it is possible to concelmfaten regions smaller
than the diffraction limit. Thanks to this property, for exde greater resolution can
be achieved if plasmons are used for imaging purposes. On the atbertins feature
is also essential for spectroscopic applications whereadl smount of molecules

located near a surface can be sufficient for the detection purpose

* Field enhancemenifhe plasmonic resonances induce charge pile up autfiece
of the metals and those charges induce electromagiedtis 6n the surroundings of
the surface. Therefore, the fields are enhanced compareectmeinagnetic fields in
free space. This field enhancement is a key property for hasipnic applications,

such as spectroscopy and sensing.

« Tunability: Plasmons have also the capability of tuning the energyhei
resonances through the modification of both the geometdfomrthe coupling
between different systemsg] 29, 30]. This opens up the door to engineer the optical
spectral response in optically active systems to optimzetbperties of plasmons
for the requirements of a particular application. In additplasmons are extremely
sensitive to the environment that surrounds them. Thus, a smatige on the
dielectric function of the surrounding medium can produce lgrgetsal shifts on the

far-field radiation of the system.

Such metallic nanostructures with specific length cah as efficient resonant
antennas with strong potential for field enhancement seferAmong diverse
nanoantenna designs, closely placed patrticle pairs recentty ditracted extensive
research interest, and they are usually referred toeasahoparticle dimmers. Early

studies of the two interacting metal nanoparticles dedua theoretical study ir31],
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an experimental observation of gold spherical partirlgs2] and systematic studies
of separation distance of gold nanodisks 38| and elliptical pairs in 34]. These
studies of nanoparticle pairs were important becausedbepling effect will lead to
stronger field enhancement as well as much more eféeconfinement compared
with a single particle3s, 36, 37]. In particular, obvious concentrations of luminance
were observed near the sharp tips or inside the gap betheeémo particles of these
dimmer nanoantennasg. The resonance can be further controllable by changing
certain dimensional parameters and thus has potential engmepplications 39,

40]. The resonance's tuning characteristics depending ogajheare investigated in
[41, 42]. Most intensively studied coupled particles structuredudte the bow-tie

antenna, nanorods antenna and dipole antegnag] 44].

1.2.2 Photonic element

The general approach to achieve strong confinement of photons semsistcturing

space with high index contrast at the wavelength scaleinitbe sub-micron range
for the optical domain. Materials commonly used for thisppse are structured
metals, including metal nano-particules, or high optical inderctig¢s, immersed in
low index dielectric material such as e.g. silica or air. Weamincentrate on the later;

the former being relevant to plasmonic has been described in the presabios.

The most commonly used high index dielectrics are semigiod materials,
including 1lI-V compound semiconductors and silicon. For ¢hosaterials, two

confinement strategies are usually applied or combined:

- The refractive confinement scheme exploits thel tt@artial internal reflection of
photons at the semiconductor-low index material intecfadis strategy, widely used
in traditional Optoelectronics, is principally devoted to devices opgraolely in the
waveguided regime. Strong confinement of optical modes can beveat vieth this
approach, owing to the high index contrast between the confiningcasinctor

micro-structures and the surrounding cladding material.
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- The diffractive confinement strategy exploits diftiee phenomena in periodically
structured materials to control the spatial-temporal trajgof photons. This strategy
is at the heart of quite a few of the recent develogsnan the field of
Micro-Nanophonics, along the line of the Photonic Crystal (PCicam. A photonic
crystal, in which a periodic modulation of the index ofaefion of a dielectric can
guide light tightly and control its dispersion they are considered/tasidundamental
building block for the ultimate control of light in spatial asgectral domains
(trapping of light in the photonic band gap regime, slowing dowphotons in the
slow Bloch mode regime). In the following, the basic coteed photonic crystal

will be reviewed.

1.2.2.1 Photonic crystal: a brief overview of basic concepts

A Photonic Crystal is a medium which the optical indexvghoa periodical
modulation with a lattice constant on the order of theratmen wavelength. The
specificity of Photonic Crystals, inside the wider famibf periodic photonic
structures, lies in the high contrast of the periodic natehun: this specific feature is
central for the control of the spatialtemporal trajectdrglmtons at the scale of their
wavelength and of their periodic oscillation durationgufe 1.3 shows schematic

views of a variety of photonic crystals with dimensions rangiomfl to 3.

St et T

[ __“:_:-; ]
- Eﬁﬁ_ﬂ"

Figure 1.3: schematic view of Photonic Crystals with different dimensiosalitie
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One dimensional photonic crystals (1D PC) have been around feraglaibg time in
the very fertile field of thin fiim optics; however, thEeriodic structuration being
limited to only one direction of space, devices based oRCBuffer rom a limited
angular resolution and their ‘lateral’ size cannot be made compact. The concept of 3D
PC was demonstrated experimentally for the first timéhé microwave regime. The
initial motivation was the full control of the spontame emission of an active
emitting material. 3D PCs are potentially the best cateld@r this purpose and for
many other applications, where the best control of photorspace and time is
requested. However fabrication technology of 3D PC in thacaptomain is

extremely complex.

In between, 2D PCs are far more accessible than 3D PC, since they fahyidaded
using planar technological schemes which are famibathe world of integrated
optics and micro-electronics. A real 2DPC consists irsidemning a 2D structuring of
a planar dielectric waveguide where photons are “index guided”, that is to stay
vertically confined by the vertical profile of the opticadex. Figure 1.4 shows
schematic and SEM views of a real typical 2DPC, comgjsiti a triangular lattice of

holes formed in a semiconductor slab.

2D Photonic crystal
in a SC slab waveguide

80 PC rows}, 1
L-36pm | SESEN
\ &

V=

a~ 0.5ufor A ~ 1.5p

Figure 1.4: schematic and SEM views of a real 2DPC, consisting in a trangul

lattice of holes formed in a semiconductor slab
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In the rest of this chapter we will concentrate ondbecalled membrane approach,
where the vertical confinement is achieved in a high isgaRriconductor membrane
surrounded with low index cladding or barrier layers (for exangml insulator like

silica or simply air).
1.2.2.2 Optical mode confinement schemes in 2D PC membranes

The principal characteristics of the photonic crystal feshithemselves in the so
called dispersion characteristics of the periodicatitycsured medium, which relate
the pulsation» (eigen value) to the propagation constdn{sigen vector) of optical

modes, and which are the eigen solutions of Maxwell enpsgtcorresponding to a
stationary spatial distribution of the electromagndiadd. It is appropriate here to
speak in terms of dispersion surfacesgk)= o(ks, ky), real space being
two-dimensional. Strong diffraction coupling between optit@des occurs; these
diffraction processes affect significantly the surface dspa characteristics, or the
so called band structure, according to the solid state shysioninology. The

essential manifestations of these disturbances cangs¢e Figure 1.5) the opening

of multidirectional and large photonic band gaps (PBG):
- The opening of multidirectional and large photonic band gaps (PBG)

- The presence of flat photonic band edge extremes (PBE§re the group

velocity vanishes, with low curvature (second derivative x ElG
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©ax

Figure 1.5: schematic representation of a photonic band gap (PBG) and of related

photonic band edges (PBE) in the dispersion characteristics of a photonic crystal.

PBG confinement scheme using localized “defect” or cavity modes

In the PBG scheme, the propagation of photons is forbiddeleast in certain
directions. This is in particular true when they argped in a so called localized
defect or microcavity and the related optical modeslacalized in this case the
propagation of photons is fully prohibited. Opening of large PBGtl{e spectral
range) provided by the PC, allows for a very efficient tnagpf photons, which can
be made strongly localized in free space. The basic buibliogks of photonic

components for in plane operation along the PBG sclaenenicro-cavities4p] and

waveguides46]. These building blocks were among the earliest strustinesed on
2DPC reported in the field: they have been the matter ddrge number of
publications since the late nineteen nineties and hawdted in the production of a
variety of devices including very high Q factor nanoresomsatfor Quantum
Electrodynamics47], very low loss wave-guidegd], micro-lasers49], channel drop

filters [50], etc...

PBE confinement scheme using delocalized slow Bloch modes

In the PBE scheme, the PC operates around an extremeéieofdispersion
characteristics where the group velocity of photons vanidhés.more appropriate to

speak in terms o$lowing downof optical modes (so called Bloch modes for a
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periodical structure): it can be shown that the latesénsion of the ared of the
slowing down Bloch mode during its lifetime is proportional toat [51]. As
mentioned above, one essential virtue of PC is to achieve dovecurvatureo at the
band edge extremes, thus resulting in strong slowing down and @ffrerent PBE
confinement of photons. Although the PBE scheme provideskeveconfinement
efficiency than with the PBG approach, it results inimproved control over the
directionality or spatial/angular resolution of the liglkctive as well as passive
devices have been demonstrated. For the former, Bloch mode-lasers designed
for in-plane emission have been reported (see, for exalsa) 53]). Passive
structures as channel drop filters making use of the RBEnNse have also been
proposed: the principal advantage over their counterpart asehe PBG scheme,

lies in their ‘natural’ propensity to provide a directional dropping [54, 55].

The issue of vertical confinement in 2DPC: below and above light-line operation

It has been explained previously that the vertical cemfient of photons is based on
refraction phenomena. However, full confinement of photonghén membrane
wave-guiding slab is achieved only for those optical modes wdpehate below the
light-line (see figure 1.6a). This mode of operation is restrigiadevices which are
meant to work in the sole wave-guided regime, where wave-gjuitles are not
allowed to interact or couple with radiative modes. For gaided modes with
dispersion characteristics lying above the light line, ngpwith the radiated modes
is made possible, the waveguided ‘state’ of the related photons is transitory, and the

photonic structure can operate in both waveguided and free gmioes (see figure
1.6b).
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Combined W-G/free space photonics
—stoward 2.5D Microphotonics
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=2D Microphotonics (®)
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Figure 1.6: below (a) and above (b) light-line operation of photonic structuresdbas

on 2D photonic crystals

1.2.3 Hybrid Plasmonic-Photonic Crystal structure

Hybrid resonant metallo-dielectric structures allow combinhegbest of two worlds:
multiple-frequency and high-Q properties of photonic componeitksthe nanoscale
dimensions of plasmons, leading to a wealth of novel effecisarticular, interaction
of high-Q photonic modes with the localized SP resonangesnable-metal
nanostructures results in giant cascaded field enhancemdthia subwavelength
volumes in hybrid optoplasmonic devices. Enhanced information raevd)\e transfer
in optoplasmonic materials due to greatly reduced diss@&isses when compared
to plasmonic waveguides is only one example where hybridmplaic-photonic
crystal creates new functionalities beyond the capalsilbiethe individual building
blocks. We anticipate that optoplasmonic components wilh déilitate active
nanoplasmonic circuit elements for field modulation andjuescy switching, as
photon recycling in microcavities; translates into nardowewidths and thus greatly

enhances mode sensitivities to external stimuli and environme atadges

In the following | will place a particular emphasis ammodel system combining a
metallic nanoantenna and a dielectric photonic crystaffioieatly collect radiation

over an extended area and funnel it into a single well-defined na@dscal spot.

1.2.3.1 The question of optimum coupling to the nanoworld

24



Chapter 1: Research Background and Device Design

Ultimate spatial confinement of photons can be attainedagn@nic nano-structures,
such as in metallic nano-particules or nano-antennas (NA)e axpanse however of
a limited resonance strength (or confinement time) assaltref optical losses
induced by metal absorption and of radiation to free sgactinuum. However,
excitation of individual plasmonic NA using free-spaceiaspis not efficient, and the
signalo-noise-ratio is very small. The reason lies in thicdity to achieve a
sufficient coupling rate between the incoming optical beadhthe NA in order to
compensate for the rather large optical losses (radidbiofree space and metallic
absorption) %6]. It has been shown that a darkfield microscope can beé tise
interrogate individual plasmonic nanoresonators by usingesteagtspectroscopybf].
This still requires a very sensitive detector and a bulligrascope system with a
precise alignment control. The inefficient coupling of the ligheveveach individual
plasmonic nanoresonator reduces the sigmabise-ratio in sensing and spectroscopy
applications; and it also limits the level of possibileldf enhancement, which is
necessary for efficient light-matter interaction. To hasndhe advantages of
plasmonic antenna for practical applications, it is essentiatgooive the coupling of

the lightwave to the localized surface plasmon resonancesmode

A new approach is proposed in the present work for the optimumssdayeof NA
with a free space optical beam via the use of an inteatedoupling resonator
structure, which is aimed at providing the appropriate modalvarsion of tke
incoming beam, in the time domain. The basic idea consists inngltha stringency
of the coupling conditions by increasing the optical enelgysity achieved in the
vicinity of the NA, owing to the photon storage capaietitof the intermediate
resonator. More specifically, the intermediate resonst@ PC membrane resonant
structure based on surface addressable slow Bloch modese ®tructures are
currently recognized as very versatile photonic platforra sense that there are not
only restricted to operate in the in plane wave-guiding redimecan be opened to
the third space dimension by controlling the coupling betweare-guided and

radiation modes. They have the capability to provide the opticronversion of the
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incoming free space optical beam into a wave-guided skoehBmode with spatial
and temporal confinement characteristics accurately designechieve the finest

coupling conditions to metallic NA.

We consider here a 1D PC membrane which consists in@meairray of low index
material slits (silica) formed in a high index silicon menmeraTl he structure, which is
designed in order to accommodate a slow Bloch mode Fano respmétit a large
quality factor, addressable in the vertical directiorshewn inFigure 1.7, where its
topological parameters (membrane thickness, period and silicg factor of the slit
array) are given. The transmission spectrum obtaine2iCblfDTD simulation (here
we assume that the size of the structure along thdigittion is infinite with respect
to the wavelength) is also reported and reveals a resonance neanth506e lateral
size of the incoming excitation beam iuh2 and its polarization is TM (electric field

perpendicular to the slits: blue arrowFigure 1.7).
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Figure 1.7: Schematic view of the 1D PC membrane reflector used as an intermediate
coupling resonator. (The topological parameters of the structure arengivehe
figure). The field intensity distribution at resonance and the trangmisspectrum

are also shown.

The strength of the resonance is given by the spectrudwigitihh 5 which is related

: : A :
to its quality factorQ,. :5—; = w,7,, where Ag IS the Fano resonance wavelength.

c?’

Qrcis around 4800, which corresponds to a rather strong resonanceefl€bévity

of the structure is close to 100% at the resonance wavhkiethgg indicates that the
above discussed optimum coupling, or impedance matching, coldii@ween the
incoming optical beam and the wave-guided slow Bloch modadmeved (in-plane
k-vector and lateral size matching). The field intensitgtrdiution of the Fano

resonance is also reported.

Let’s consider now the coupling scheme to the NA based on the use of the
intermediate PC membrane resonator, as showigume 1.8. The NA is a gold dipole
which has been designed to match the wavelength of the Sater with the
following geometrical parameters: 50nm thickness, 200nm arm le ngj4Gamm feed

gap width. The gold dielectric function was obtained bynfit on the optical buk
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experimental data reported iBg], for the frequency of interest. Other metals (eg
silver) could have been chosen as well to illustrate the proposptingpscheme. The
PC membrane is addressed with a Gaussian optical beanefeial@m) from the
bottom and the NA is located above the membrane at a ladadtance, which
results in a variable coupling time constaftetween the NA and the PC membrane
resonator: the topological parameters of the structteegaven in the figure. An
example of transmission spectrum of the system is also sivAvput directly on top
of the PC membrane): the narrow Fano resonance responselghastlin the much
wider background of the NA spectral response, which cannotaoe wisible in the

narrow wavelength range of the spectrum. This is a clehcaition that indeed, the

PC membrane resonance is much stronger than the one oAthe N
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Figure 1.8: Schematic view of the 1D PC membrane reflector used as an intermediate
coupling resonator. (Topological parameters of the structure are given ifigiine).

The transmission spectrum is also shown.

A plot of the maximum electric field intensity in the N a function of the distance
between the latter and the PC membrane is showrigime 1.9, at the resonance
wavelength (1.50m). As expected from coupled mode theory, the elected fi

reaches a maximum for an optimum coupling constght ichieved for an optimum
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distance between the NA and the PC membrane resondter.fidld intensity
distributions of the structure are also showRigure 1.9. The gloss of the NAreaches
its maximum under the optimum coupling conditions. For deecrga®upling rates,
that is for increasing coupling distances, the NA darkenshéo PC membrane
advantage, which brightness increases gradually, beforéingveff at a saturation

value.
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Figure 1.9: Plot of the maximum electric field in the NA as a funaifdhe distance
between the latter and the PC membrane. The field intensity diginbuin the

structure at resonance are also shown.

For sake of comparison, we have carried out FDTD simumatof the direct
addressing of the NA, positioned at the waist of a focusedabdieam under the
diffraction limit conditions (waist size down to 1uB): the optimum coupling
conditions could not be attained; the maximum field interfgbymalized to the total

input optical power) achievable in the NAwas a factor 3 below nbeachieved with
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the help of the PC membrane, which does not require light focusingcdihjgarison
is illustrated inFigure 1.10, where the electric field intensity distributiores shown
for direct addressing and PC membrane mediated addresding NA, respectively:
for the case of direct addressing, the field coloalesintensity has been artificially
multiplied by a factor of 3, in order to make clearly vsilfl) the focused incoming
free space beam and (ii) the factor 3 enhancement of the maxiohivable electric

field intensity in the NA, with the help of the PC membrane.

y (pm)
y (pm)

—0.5

-2 -1 0 1 2

x (purn) T (pm)

Intensity x3

Figure 1.10: Field intensity distributions at resonance for a NA diresdigiressed by
a focused Gaussian beam (left) and PC membrane mediated addressing of the NA
(right).

In the previous section, a generic approach for 3D light hangesmsed on the
coupling engineering between Photonic Crystal membranes andllieneptical
antenna has been discussed. No only does this approach alleeryfeafficient light
insertion in tiny micro-nano-resonator structures, but #lsmpens the way to the
production of a wide range of functionality. In the presamitribution, this approach
is illustrated with the demonstration of efficient ligitddressing of low quality factor
and very high Purcell factor metallic NA; it can be fruliff extended to the
addressing of high quality factor micro-nano-resonators, wWidiening the range of
accessible coupling regimes, including the strong couplingmegiAttractive

outcomes of the proposed scheme can be contemplated foagptcations where
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strong light concentration and/or accurate beam shapsngrequested with
sub-wavelength spatial resolution: they include low optical ggowonsuming
non-linear optics, sensing and bio-photonics, highly sensr@g®nant near-field

spectroscopy and imaging, light trapping with sub-wavelengthasp@solution,

€tc...

In the next section we will highlight the design of hybricagrhonic-photonic

structures combining a metallic bowtie antenna with:

- Aslow Bloch mode PC. As discussed formerly they can leel ts address
one or several NA from free space, improving the sigmabise ratio and the

field enhancement

- Adefect state based PC. The ability to confine light into ultrasmodlimes is
essential for enhancing the interaction of light and mattdwi®tmerging field
of nanophotonics. Surface plasmons provide a route to suatgsttical
confinement in the subwavelength regime and are of high ihtere&avity)
guantum electrodynamics applications. Because of theityatmilconcentrate
electromagnetic energy in volumes much smaller thanctwesponding
wavelength, they provide a very strong interaction between (quastuittgrs
and photon fields. However, plasmonic cavity Q factors hsovefar been
limited to values less than 100 both for visible and nearredravavelengths
[59, 60, 61]. An optoplasmonic structure can thus exploit this field congioes
exhibiting both high quality factors and pronounced hot spot hef t

electromagnetic field, potentially enhancing the interactibtihe cavity mode

with emitters or other types of active materials.

1.2.3.2 The antenna design

Optical and infrared antennas based on metal nanostrucdilloas for efficient

conversion of propagating light into nanoscale confined and strongly exdhaptical
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fields, and vice versa. This special capability enablegamety of cuttingedge
applications. In order to maximize the benefits of optica¢@mas it is necessary to
tailor them in order to satisfy the specific needsazheapplication. In that sense, the
control over the localization of the areas whereniar-field is maximum (hot-spots)
and the tuning of the resonant frequencies of the anteragmtral to reach the best
optical coupling condition with the PC structure. Bowi@oantennas have attracted
much attention in the scope of nano-optes B3, 64]. It consists of two opposing
tip-to-tip metal triangles, separated by a small gap (see figurg. T.hé sharp corner
of each arm leads to strong charge concentration at the edgelofriangle inside the
gap. Moreover, localization of fields inside the gap isanikely to increase while
two sharp edges with opposite charges are closely spaspdS|milar to a dipole
antenna, the ratio between the physical length and the incident wathedetermines
their impedance. The impedance of a bowtie antenna wité dacgn be denoted as
broad-band impedance, which make them useful for a largguefrey range dg].
Experimental observations on bowtie antennas show thated@nance peak is

dramatically influenced by the gap sisa]

Figure 1.11.: Sketch of a bowtie antenna

It is difficult to predict how the antenna characterisfiesy. resonance length) are
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influenced, when an antenna is scaled to the optical regimeptital frequencies
metals are no longer perfect conductors and the assumption snatessical antenna
theory, that e.m. fields are restricted to the outsidencdrgenna is no longer valid.
Depending on the permittivity of the antenna materialfidlds penetrate the surface
in an extent given by the skin depth. At optical frequentie skin depth for many
metals is quite large and is, even for thick antennaspable with the antenna
diameter. Seeing the antenna as e.m. boundary problem, the large skiatagyical
frequencies increases the complexity of the problem. clinent distribution and
hence the antenna input impedance of optical antennas wall thifsome degree from
the predictions made by classical antenna theory. This willtaffeaesonance length
as well as the achievable field enhancement in the feed gap®A. The presence of
a substrate also modifies the position of the resonafioggredict in more detail the
function of an OA one has to perform computer simulations tkatitdo account the
antenna shape and the finite and frequency dependant petynidti the antenna
material. To perform the design and to support the interpyatafithe experimental
data a commercial software (LUMERICAL) based on the fititge-domain (FDTD)
method has been used. The method requires that at leastrtickure itself is
discretized in a computational grid. The grid size (dx; dy; dz <A/(50n)) must be small
compared to the wavelength and smaller than the smalstdein the computation
volume. Structures with very fine details require a largemputational domain,

resulting in much longer solution times.

We performed FDTD simulations for a gold bowtie geometradiat InP substrate.
The bowtie geometryW=140nm,L =270nm, height= 40 nm, feed gap size=20 nm)
chosen for the simulation has been optimized to hold a plasmesunance exactly
matching the spectral position of the photonic mode. A skettheogeometry used
for the simulation is shown in Figure 1.12. The dieledwimtion for gold, titanium
adhesion layer, and InP was given by the simulation softwarediSteetization cells
were chosen to be 3x3x3Amubes. Exemplarily two monitor planes 0 nm andy

= 0 nm) are indicated. The bowtie is addressed with a plave woming from the
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substrate and polarized in the y or x direction.

y = 0 nm plane _,

Figure 1.12.: Sketch of bowtie geometry. Bowtie dimensions used for FDTD

simulations, W=140nm, L=270nm, gap=20nm, height =40nm.

The near-field intensity enhancement facter[lﬁ/ E0|2) 10 nm above the antenna as a

function of wavelength is reported &igure 1.13. The plane wave is polarized in the
y-direction (seeFigure 1.12) and &refers to the incident evanescent field in the

absence of the antenna.
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Figure 1.13.: Near-field intensity enhancement factor versus wavelength

There is a very large field enhancement (over 400) around 1.5unspmnckng to the
x-polarization. The spectrum is broad and the quality faofothe resonance is

estimated to be close to unity.

To understand the field confinement and enhancement in bowatigseoretical
simulation was done to model the electromagnetic field enhaeats in the different
polarization directions as shownrigure 1.14. The y-direction polarization enhances
the field in the center of the bowtie gap while y-direction exhistrong enhancement
along the outside tips of the bowtie. The enhancement is 4660twhen the bowtie

is launch with a polarization along y and 100 in the perpendicuksctein.
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Figure 1.14 Near-field intensity mappindE(/ E0|2) of the bowtie antenna with

incident polarization in the y-direction (a and b) et the x-direction (c and d)
1.2.3.3 Slow Bloch mode based PC design

In this part, we theoretically study the electromagnetic progeasfi@a PC microcavity

supporting a slow Bloch Mode (SBM) located at fhpoint in the first Brillouin zone.

The choice of this configuration is motivated by two main reasons

- The k-space localization of the mode is exploited todgrective vertical emitting

devices.

- Its small group velocity is used to get a better temboonfinement for a given
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cavity size

As a basic structure to build the slow light resonatoruseea InP-based 2D PC slab
that consists of a regular array of air holes, drilled in alonane, and which exhibits
a slow light mode around A=1.5um. In the remainder of this thesis, we will consider a
honeycomb (graphite) 2D PC structure for several reasgnsCompared to a
triangular or a square lattice, the surface filling factbthe semiconductor is higher
for a honeycomb structure which makes it easier to ipasithe NA in the
nanofabrication process. In an active structure a majofigmitters (qdot or qwell)
will be located far from the hole interfaces, reducing thffect of surface
recombination (ii) The honeycomb structure exhibits seveaibinds at thé-point.
Photons in such modes exhibit a low group velocity and tbeallight confinement
is then improved. Active 2D PCs were designed to support bdgel-eodes at the
I'-point of the first Brillouin zone. The structure comsistof a 240nm-thick
monomode slad InP (n=3.17 &t1.55.:m) bonded on Si@transparent substrate. At
the center of the InP slab, four quantum wells of InAsfaded by InP barriers (see
Figure 1.15) were embedded to provide internal photoluminescemwoe 1frdim to
1.65um. An array of honeycomb-like cylindrical air holes={) was drilled on InP
slab figure 1.15-a/b) to provide the periodical dielectric structure witigl contrast
of refractive index. The two basic parameters of the hmomp PC are the latic
parameter a (centéo-center distance of two nearest hexagons) and the fables r@).

The surface air filling factor was calculated from theofaiing formula:

2
ff :4—”[1j 1.3
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Air hole
!

< InP slab (240 nm)

— Quantum wells
(InP/InAsP/InP, 110nm)

Si0, substrate

c)

Figure 1.15: Model of defeetree honeycomb 2D PC. a) (Top view). An array of
cylinder air holes (white circles, e=1) centred at the vereyperiodically arranged
hexagons on InP slab (grey area, e=10iafl..55:m). b) (Top view) SEM image of a
typical 2D-PC. Real lattice parameters measured a=730nm, 2r=245nm, then
corresponding §=0.2. c) (Side view). Sample includes 240 nm thick InP slab bonded
on top of a SiO2 transparent substrate with four layers of InAsP quantulm wel
(separated by InP barrier) are embedded at the center of the InP slathedjirst
Brillouin zone with high-symmetry point$-K-M) in the reciprocal space with

respect to the real space unit cell.

The Plane Wave Expansion method (PWE) developed by thgadl has been used
to determine the band diagram of the PC structure. Itwelhknown method in
frequency-domain that allows extraction of the Blwzwve functions and frequencies

by direct diagonalization.
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Figure 1.16: Band diagram (TE polarization) of the graphite 2D PC (dashmd |
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light line), z-component of the magnetic field and intensity distributiorsedral

I-point modes.

Figure 1.16 shows typical map of the z-component of the etmgfield H, and
electric field intensity map of the differeftpoint band-edge modes. We consider
even modes (TE-like modes), with respect to a mirror placeted in the centre of
the slab. To get a large factor, we must ensure that the emitters couple tp @mé
resonant mode. Accordingly, tiépoint Bloch mode must be non-degenerate and
sufficiently spectrally isolated from the other slono&h modes. We see in figure
1.16 that two modes satisfy this requirement: the monopaidrhaxapolar modes.
The spatial distribution intensity of the monopolar modema&inly located in the
material as compared to the intensity of the hexapolar mode: 82% wi¢msity is in
the InP material. This promotes the interaction of the madlésthe emitters and also

relaxes the constraint of positioning the NA on the backborieed?€ lattice.

A PC lattice parametek = 730nm is determined so as to operate arowid5um.
This corresponds to a distance between the closest HoR¥)am. An air filling
factor offf = 20% selected and results from a balance between 2ar{@ro ensure
a good spectral isolation of the monopolar mode with redpewmtherI™- point slow

Bloch modes; (ii) to keep reasonable technological constraints.
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3D-FDTD with perfectly matched layers boundary conditions been used for
rigorous prediction of Q-factor, mode intensity and padmon patterns. The
numerical simulation is performed on a finite 2D PC (20)2f) with a lattice
parameter (A) of 730nm and 245nm hole- diameter (20% ofllaig ffactor). The
membrane consists of a 240nm-thick InP slab on & Sistrate (Figure 1.17a).
Computational meshes are 30 nm for x, y, and z. The monopolarisnegeited by a
dipole placed near the center of the structure. The simulatiéigure 1.17-b presents
the total electric intensity of mode M on the InP slabamaf It also shows that the
mode surface reaches the edges of the PC-structugemdde intensity is maximum
in the centre area of the PC and its global envelop is Gauddoreover, in Figure
1.17-c, a closer view into the unit cell indicates that tlelenintensity is distributed
in each honeycomb lattice unit cell as a “doughnut” with an inner and outer radius of
about 90nm and 260 nm, respectively. The electric polarizatioarpaith Figure
1.17-d shows that the field is azimuthally polarized in eactcetii the zero of the
field intensity in the centre region of each hexagorus th a phase singularitgg.
Figure 1.17-e/f present the mode intensity mapping for polarizedieléetd along x

(E3) ory (E).
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Figure 1.17: Intensity patterns of mode M on InP slab surface by 3D-FAD.
Finite honeycomb 2D PC structure (20x2?) with lattice parameter of 730nm and
radius of 245nm (20% air filling factor). (b) Normalized field intensiy? (+ E,?) at
the surface of the PC at 1602 nm. Mode M is excited by a dipole placedheear
center of PC structure. The intensity pattern presents the Gatssgue expansion
limited at the boundary of PC structure. (c) Zoom in the central @amode pattern
in unit cells with air holes in black clearly reveals the mode intensity in dougieut-|
shape. (d) Azimuthal polarization map of electric field in unit cell. Normalized

field intensity polarized along x (g%nd (f) y direction (E).
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1.2.3.4 Defect mode based PC design

The CLx cavity, which basically consists of x missingekoin a row, is one of the
most extensively studied types of PC cavities. This imigna@ue to the fact that it
supports a spectrally well separated fundamental mode witll smode volume
whose gquality factor can easily be optimized to relativegyh values. We consider a
linear defect nanocavity whose design is shown in figure 1.18 phb®nic crystal
consists of a triangular array of cylindrical holes (period d20and hole radius 100
nm) patterned on a thin InP slab (thickness 250 nm) positionem of a Si02
substrate The cavity is formed by introducing a linedeagomitting 7 holes) into
the 2D-PC. This defect is referred to as the LC7 microcaMig cavity structure is
designed so as to obtain several spectrally and spatially distinct maomles] 4.5um.
To achieve reasonably high quality factors, the radiatiseels were minimized by
engineering the holes positions at both edges of the ca@tylh our case, the two
holes on either side of the cavity were shifted by 80nmvard. The result is an
increase by up to 60 percent of the quality factor compaoedunmodified

microcavity.
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Figure 1.18: Views of the calculation domain (a) in the plane of the InP membrane (b)

Perpendicular to the InP membrane

The structure was simulated using 3D finite-differenoetdomain (FDTD) method

with the perfectly matched layers boundary conditiong flifl structure lateral size
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IS 13um x 1lum and consists of the crystal slab on a SiO2 substCatenputational
meshes were 42 nm for x, y, and z, corresponding to 10 cells for alggsbd. They
show that the microcavity supports several modes, fouhei having a quality
factor above 1000, the largest found being 5800. Figure 1.19a, 1.19b, 1.19c and 1.19d
present the mode cartographies computed at the surfdbe &iP slab, for the four
modes of lowest energy, labeled A€ 1444 nm Q = 1615), B\.(= 1483 nm Q =
1000), C L = 1517nm Q = 1550) and @ € 1530 nm Q = 5800). The fundamental
mode is mode D. The highest quality factor was obtainedhier mode which is
highly confined into the cavity with the intensity of the mode conagadrprincipally
at the center of the cavity, as it is shown by the vdrtioass-section cartography
along the longitudinal axis of the cavity (kiig 1.19¢e). The profile of the central lobe
is shown Fig. 1.19f. The other modes exhibit a weaker conéineifguality factor

around 1000) and different spatial distributions.
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Figure 1.19: Horizontal cartography at the surface (z = 0) (a) Modé A:1444 nm
Q = 1615 (b) Mode B = 1483nm Q = 1000 (c) Mode @:= 1517nm Q = 1550 (d)
Mode D:1=1530nm Q = 5800 (e) Vertical cross-section cartography of the mode D
along the longitudinal axis of the cavity (f) Profile of the central lobe. White bar is 1.5

um.
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1.3 FDTD simulation for the hybrid devices

1.3.1 FDTD simulation for the CL5 PC cavity without NA

The optical field distribution of CL5 PC cavity is simigdd via 3D-FDTD by Dr. Al
Beraouci. The simulation result is shown in Figure 1.20.dfial fields E§ are in
the centre of the cavity along the long axis of the gasitd optical fields Ex
distribute along the side of the cavity. The laser emissiahi$79nm and the peak is

very narrow. Theoretically, the result of CL7 PC cavity shouldrstie same regular.
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Figure 1.20 Numerical simulation of optical field distribution of CL5 P@itya a)
general distribution of optical field; b) spectrum of the laseremissiproptical field

domain of E%, d) optical field domain of Ex
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1.3.2 FDTD simulation for the bowtie NA

We modeled optical bowtie antennas on InP{Sifubstrate using 3D-FDTD
calculation. The plasmonic structure consists of twapted gold triangles separated
by a 20nm gap. The bottom edge of the triangle is 140nm andl&5em high.
Geometrical parameters are optimized to tune the optical response to 1.5um (Figure
1.21). The resonant peak is very wide, means that the NA can coupePC cavity
in a wide wavelength range. The optical field distributiesults show that the
resonant of NA is sensitive to the polarization. Wtienpolarization is horizontal to
the NA, the NA can concentrate the optical field in tjag centre. And when the
polarization is vertical to the NA, the NA can not concentiiagdeoptical field. But the

corners of the NA are bright. The electric field enhancermetite gap normalized to

the incident intensity can reach few hundreds.
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Figure 1.21 Numerical simulation of the NA optical response.
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1.3.3FDTD simulation for the CL5 hybrid structures

For the CL5 and CL7 PC cavities, the NAs are put at 3ipasion the cavity. First
position (P1) is in the centre of the cavity, the dimttdf the NA is vertical to the
cavity to get coupling with the optical field maintained by’ Pyplarization. Second
position (P2) is near the above edge or below edge akiviey, and near the hole to
get coupling with the optical field maintained by?Epolarization. The last position
(P3) is in the centre of the cavity again, but the do@cwvas horizontal to the cavity.
This design is to see whether the NA can be coupled with theabfiéild maintained
by EX polarization at the corner of the triangle. The dicatf the NA is horizontal
to the cavity. The simulation results of the hybrid stme&tuare demonstrated here.

The results of CL5 structures and CL7 structures show the sguoiarre
1.3.3.1 FDTD simulation for the CL5 hybrid structures for NA at P1

When the NA is at P1, the optical field distribution sown in Figure 1.22.
3D-FDTD simulation for the hybrid devices was done. The N#pdes to the optical
fields especially the optical field in the centre oé tbavity. The optical field is
localized in the gap of the NA. And the intensity of the opfiedd in the gap is much
stronger than other fields (c)). The emission wavelendtbiénm. Compare with the

PC cavity without NA (A = 1679nm), in this case, the emission wavelength has a
blue-shift (b)) of 3nm.
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Figure 1.22 Numerical simulation of optical field distribution of CL5 &wity with

NA in the centre and vertical to the cavity.
1.3.3.2 FDTD simulation for the CL5 hybrid structures for NA at P2

When the NA is at P2, the optical field distribution BBown in Figure 1.23.
2D-FDTD simulation for these hybrid devices was demonstradtence one cannot
see the wavelength shift in this case. The NA couplebemptical fields especially
the optical field maintained by Exyolarization under it. The optical field is localized

in the gap of the NA. And the intensity of the optical field in thp & much stronger

than other fields.
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Figure 1.23 Numerical simulation of optical field distribution of CL5 €4vity with

NA in the side and horizontal to the cavity.

1.3.4FDTD simulation for the CL7 hybrid structures

The simulation for CL7 PC cavity without NA is not done, b@thould similar to the
result of CL5 PC cavity. For the hybrid CL7 structures, ohgydase of NAat P2 is

simulated. This work is done by Prof. Di Feng.
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>

Figure 1.24 Numerical simulation of optical field distribution of CL7 Wity with

NA in the centre and horizontal to the cavity.

When the NA is at P3, the optical field distributionCif7 hybrid structure is shown
in Figure 1.24. The NA couples to the optical filed of theitya However, the

coupling situation is complex. The gap of the NA iskd&ince the direction of the
NA is not along the polarization of the optical field under dt.tBe optical field is not

confined in the gap. The optical field is induced to the founers outside. The four
corners also couple to the optical field near them.r&bee, the four corners of the
NA are bright but the gap is dark. This result indicakesdoupling between the PC

cavity and the NA is sensitive to the polarization.

Conclusion

In this chapter, we discussed the theoretical design mfval photonic-plasmonic
hybrid resonator in which photonic crystal modes are efficientlyledup plasmonic

NA modes. To achieve a completely resonant situationletingth and width of the
NA have been tailored to display a resonance exactly matching theaspesition of

the photonic mode. This structure is not alignment sensitivetlae excitation and
detection does not require bulky free-space optics. The hybridwsEwan be used as
an efficient functional lab-on-chip platform for biochemicaénsing, energy

harvesting, on-chip signal processing, and communications. The pdopos
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ultra-compact device can be implemented on a chip in anatgelgplatform. This is

the purpose of chapter 2

More specifically, 2 hybrid platforms have been studied in thhapter, both
demonstrating an efficient coupling between a PC resonator andiaddgaasmonic
mode. In the first configuration, we take advantage of the effiegiddressing of a PC
Bloch mode by a free space beam in order to funnel the light to the NA. Ircthadse
one, which is investigated experimentally in this thesis, tAeidNinserted in a PC

based microcavity. The choice of this coupling scheme dsivated by 2 main

purposes:

- From a physical point of view, it can be considered as arseal example of
the coupling between dielectric and metallic resonators. Moreibepens the
way to optical characterisations under a lasing regime ethdgain material,
like 111-V semiconducting quantum structures, can be easily tedan the PC
cavity, leading to an efficient optical feedback and to @amed emission. In
that case, the goal is to study how the localized plasmuoade will capture

photons from the lasing mode to create a hot light spot at the NA position

From a device point of view, this configuration leads to an efficidttes sing
of the NA from a laser cavity. Therefore, a peculiarrdibe must be paid to
the design of the coupling strength. Indeed, the photons stotedthe
plasmonic mode will experience a large loss rate duéetaabsorption and
diffusion properties of the NA. To summarize, the trade-offoisget a
sufficient coupling between the NA and the PC modes in oalstote light
into the former, but avoiding a too strong decrease of thiac@r of the

hybrid mode which can result in the Killing of the stimulated emissio
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Introduction

In this chapter the fabrication processes and step$idiatbeen used to fabricate the
hybrid plasmonic-photonic crystal devices will be reviewede Thallenge in the
fabrication process includes highly accurate electron bghagraphy, high quality
dry etching techniques and ultimate alignment procedure betwheionic and
plasmonic devices. These devices have been fabricated mdt#ial systems and
have been used in the experimental work demonstrated in ths. thestonic crystal
cavities were fabricated in an active material thag g@wn by Dr Philippe Regreny
(INL) through solid source molecular beam epitaxy, as destrelsewhere [1]. It
consists of four InAs compressively strained quantum wells sepabgtinP barriers.
The fabrication process can be roughly divided into definingnadent marks,
processing the photonic crystal laser and positioning theadpiano-antenna on the
backbone of the photonic structure by another e-beam expfodloveed by a lift-off

process. The whole fabrication procedure is summarizedyurd-2.1.

/Auto alignment mark

Substrate preparation Alignment marks fabrication

PC structure

PC structures fabrication NAs fabrication

Figure 2.1: Schematic diagram showing the fabrication steps
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2.1 Epitaxial layer structure

The InP slab is 250nm thick, has a refractive index of 3.17 afiin%5d supports
only one guided mode around that wavelength. Four InAsP quantum @&, (
separated by InP barrier layers, are grown at theeceoit the InP slab. The
photoluminescence from the QWs occurs over a broad speetngé between
1250nm and 1650nm. This heterostructure is wafer-bonded onto patramsSiO2

host substrate. Compared to photonic crystal cavities fabdican free-standing
membranes, this approach yields a better heat sinking, a higher meksiatiday of

the structure, and enables front side and back side phot@texn of the quantum
wells. The 2D Photonic Crystal and Optical Nanoantenngtstres are designed to

exhibit modes in the wavelength range of the QWs emission.

The 11I-V heterostructure was grown by solid source mallacbheam epitaxy (MBE)

at INL. First a 300nm thick bx:Gay47AS etch stop layer is grown on top of a 2-inch
InP(001) wafer, followed by the growth of the active InP membj2@] (Figure 2.2).
Then, a 10nm thick Silayer was deposited by Plasma Enhanced Chemical Vapour
Deposition (PECVD) on the top of the InP slab. This step assisted by Electron
Cyclotron Resonance (ECRJ)he structure was transferred on the top of a fused silica
host wafer using S®SIO, wafer bonding. This step was performed at CEA-LETI.
The InP wafer and the each-stop layer were subsequdintiypated by selective wet
chemical etching at INLEinally, a layer of SiQ (100nm thick) was deposited on top

of the active InP slab by plasma assisted sputtering;ttasaa hard mask during the

reactive ion etching process [2, 3].
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a) InP

InGaAs sacrificial
layer

SiO,

Figure 2.2 Diagram of substrate prepareration: a) MBE grown of InGaAg layd
InP layer; b) PECVD deposition of Sidayer; c) Active layers transfer via SiSIO,

wafer bonding; d) Wet chemical etching; e) Hard mask layer deposition.

2.2 Electron-beam lithography

2.2.1 General description

Electron-beam lithography was used to create any crigedlire in the device masks
because of its superior resolution and easily modified masksompared to
photolithography. A 30kV Inspect F FEI scanning electron escope (SEM) was
employed to raster expose the e-beam resist, withatheof a Raith lithography
software. An accelerating voltage of 30kV and workingathse of 6 mm was always
used. The beam current (~10pA) was measured with a Faragaip cnaintain a
constant dose during the beam write. A magnification of £1@@rresponding to a
calibrated field of view of 100m on a side, was predominantly used. A proper

selection of the electron beam resist is very crucial to oltteinesolution inherent to
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the e-beam lithography systems. Two types of electron Ibesigts were used in this
thesis work: 950K molecular weight single layer PMMA resistthe definition of
photonic crystals and 950K/495K bilayer PMMA resists to write alignmaarks and
NAs. PMMA is an abbreviation for poly-methylmethacrylate. Theeddfhit sequences

are shown schematically in Figure 2.3.

Resist Exposure Development

Fig. 2.3 Diagram of E-beam lithography: a) Resist coating; b) E-beam expagure;

Development.

Of all the steps in the fabrication process, this step has pedste maximum degree
of variability and, as a result, considerable effort was steek in identifying and

addressing the issues. These are now highlighted.

Proximity effect - During lithography, an e-beam isn't contained within seaa
intended for exposure. Forward scattering (due to electron-elgotesactions within

the beam) and backward scattering (by the substrate bedweslist) widens the
e-beam, and as a result proximate features tend to gdt#iomal e-beam exposure.
In the worst case, this leads to the merging of relativielyecfeatures. This effect is
compounded by an e-beam that is defocused. Proximity-effectetion (PEC) is

accomplished by employing Monte Carlo simulation methbds ¢compute electron
trajectories (for several million electrons at a tjnfer a given accelerating voltage
and wafer stack, and can be used to adjust dosing for proper exposureuhdishat

for photonic crystal presented in this work, it suffices oink mask features by a

small amount to get optimal exposure.
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Charging effect - Resist charging can be a significant problem in eledieam
lithography. The beam deflection caused by it leads torpattieplacement, pattern
distortion, and registration error (see Figure 2.4). Thacaysolution is to add a
conductive layer either above or below the resist. Tlwcehof conductor (metal,
polymer, etc.) will depend on the details of the applicatinrsome cases, it may be
difficult to determine a coating/removal process that is aiim@e with the entire
device fabrication process. One simple solution to prevemerpatlistortion from
charging is to evaporate ~10nm of aluminium on top of thetrksisre writing and

etch it off in NaOH or KOH after the writing and before developing.

7/10/2012 | HV |mag O WD
6:43:42 PM |30.00 kV |14 896 x | 8.2 mm

Figure 2.4 An auto alignment mark fabricated with charging effect

2.2.2 Alignment issues and technique

Several structures have been fabricated by a high-pradisiee-step electron beam

lithography process and layer-by-layer stacking nanotechniqiesplete control
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over alignment mark definition provides the capability to aliga twide array. The
markers define a local coordinate system which is then fmsethe next layers to
achieve alignment on the nanoscale from layer to layee.steps are repeated for the
next layer using the metal markers to align the second Vaiyl respect to the first
layer in the electron beam system. The steps can be edpaprinciple as long as
the markers are detectable. Overlay accuracy down to 20nmum@elg on-chip
verniers can be routinely achieved. Before patterning theopicotand plasmonic
structure, several robust gold marks have been processtte substrate. The set of
photonic crystal defined in the first layer was pattermed positive tone resist and
transferred into a silica hard mask and in the InP membrk&inally, the set of
plasmonic structures defined in the second layer was ekpakgned with respect to

the common coordinate system, followed by thermal evaporatioridagd lift-off.

2.2.3 Sructure design

The full pattern can be designed in a working area of 500pum by 500um, cogni2bni
squares of 100um by 100um. The size of each square isteqbal write field for
each step of lithography. A set of 8 or 9 hybrid structoeesbe exposed in a 100um
by 100pm write field (Figure 2.5 and Figure 2.8). The location and déssach

pattern can be set, as well as the layer with the Raith @@ftw
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Figure 2.5 A full pattern of CL7 or CL5 PC cavities with NAs. The different colours of
the hybrid structures and large crosses show the different dose Saifttinese two

structures.
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Figure 2.6 One group of CL7 PC cavities with NAs: a) The whole pattern. b) Zoom in
one PC structure. c) Detail of the NA.

Each CL7 or CL5 PC cavity is made from a triangular arfagytindrical holes with
a period of420nm (Figure 2.6b). The structures are divided into 3 groupdioyg of
the holes. Holes radii have been set to 90nm, 100nm and 110maciorgroup. To
form a CL7 cavity, 7 holes are omitted at the centrth@farray. For CL5 structure, 5
holes are omitted at the centre of the array as \l@alth group is composed of 6
structures. The doses of each structure are set frora 2.8.tTo increase the quality
factor, two holes on either corner of the cavity aretsthiby 80nm outward [4]. The
bowtie NA consists of two isosceles triangles, head to headbase length of the
triangle is 140nm and its height is 125nm. The gap between ohartws is 20nm as
reported in Figure 2.6¢c. The dose of the NAs is set to 3. Theyylbean located at 3
strategic positions on the backbone of the PC cavities @& RBup). One position is in
the centre of the cavity, the direction of the NA &tical to the cavity to reach a

coupling with the optical field Eyand confine the optical field within the antenna gap
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as detailed in Chapter 1. The second position is alsc inghtre, but the direction is
horizontal to the cavity. This configuration allows us neestigate whether the NA
can be coupled with the optical field at the cornershefttiangles. Finally, the last
position is near the upper edge or lower edge of theyasid close to the hole,
where the optical NA can couple with the Ex component of tie. fihe direction of

the NA is horizontal to the cavity.
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Figure 2.7 The 3 positions where the NAs are positioned on the PC cavities. a), ¢) and
e) are overview of the hybrid structures. b), d) and f) are the details of the cavities.
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Bloch mode based photonic crystal cavities have also béenated (Figure 2.8).
The graphite-type PC has a size of 60um x 60um). 3 pehads been selected:
450nm, 460nm and 470nm, corresponding to the distance betweenothedve st
holes of the unit cell. The hole radius is 120nm. Each gmupade of 8 structures
with doses ranging from 1.3 to 3.4. The geometrical parameftéine dNA have been
set to display a plasmonic resonance at 1.5um and areécaldo the one grafted on
the CL cavity. A group of 16 NAs has been uniformly positionedhenPC to study
the optical coupling between the antenna and the monopadde rthe graphite

structure as shown in Figure 2.9.

min drato) New) - {GOSI| Viewer - testauto

M2+ N @ NI mOX
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Hybrid structures

with different dose  *Mignment mark

f Vernier pattern
+«— | arge cross

'y

|50 pm

p——
74 demarrer. TR hokirvcns DiocLrtact: .

Figure 2.8 A full pattern of graphite PC with NAs. The different colofithe hybrid

structures denote the different dose factors that have been used.
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Figure 2.9 Details of graphite PC with NAs: a) View of the PC with a NA; b) Zoom in
of the PC; c) to f) Different positions of the NA.

2.4 Alignment marks fabrication

Before Patterning the photonic crystal sheet, severdlimemarkers have been
processed on the substrate using a double layer of posagi PMMA. Using a
double layer of PMMA with a more sensitive PMMA as estfilayer yields an
undercut after exposure and development and hence fasilita lift-off process [5,

6]. The process flow is described as follow (Figure 2.10):

a- Spin on MMA (8.5) MAA EL 9 at 3000 rpm for 30s, which gives7@nm-thick
film. Bake for 90s at 150°C on a hot plate. Spin on 950 PMMA2000 rpm for
30s, which gives a 70nm-thick film. Bake for 90s at 180°C.

b- The sample is then exposed setting the diaphragm to Yolthge 30kV and the
spot size to 1.0. A10pAbeam current intensity has been measuredrFatraday cup
location and used to calculate the dwell time before scanning.operations of

“stage to sample adjustment” and “write field alignment” must be operated very
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carefully. The detail of the operations is shown in appendix B.

c- Develop with 2-Methyl-2-Pentanone (methyl isobutyl ketone, dKJidiluted
with 2-Propanol as 1:1 for 60s. Rinse with 2-Propanol, blow-dry witbggin, and
bake at 100°C on a hot plate for 60s.

d- Metals are deposited by electron gun evaporation ateaof ~1A/s. An adhesion
layer of 10nm chromium is evaporated before the evaporatio4AOnm gold and

10nm chromium.

e- The sample is put in a trichloroethylene bath at 6@tCL&min to dissolve the

residual PMMA and lifts-off the excess metal, leaving tleekers on the substrate.

f- The markers define a local coordinate system which is theth fos the next layers

to achieve alignment on the nanoscale from layer to layer.
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Development Evaporation
f)
Lift-off Final structure

Figure 2.10 Diagram of the lift-off process

2.5 Fabrication of PC structures

The PC patterns are created through electron beam (BE-biélaography of 70nm
thick layer of PMMA A4 (5000 rpm for 30s, baked on a hot plat&89°C for 90s).
The diaphragm is set to 6, the voltage to 30kV, and thesspetto 2.0. A value of
40pA for the beam current has been measured and used tatedtii® dwell time.
Computer-controlled alignment down to 20nm using the gold alignmmariters is
applied to ensure the accurate positioning of the PC steugtith respect to the

common coordinate system. Each mark is scan horizoraatly vertically over the
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arm of the cross (Figure 2.11). The software can record ispdhd the intensity of
the secondary electron as a function of the position][7Tt& intensity of the marks
is much higher than the rest of the substrate (Figure ZTh2).alignment marks are
scanned repeatedly until a satisfactory alignment is obtgimede details can be

found in appendix C).
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Figure 2.11 Schema of the two line scans on the auto-alignment mark
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After exposure, the resist has been developed in MBIK/IPA 1iring 45s, rinsed
2-isopropanol and finally baked at 18D for 60s. Reactive ion beam etching (RIBE)
is used to open the holes in the SiO2 layer with a fleogas. The hard mask pattern
has finally been transferred to the active InP membusivegg a CH4/H2 gas mixture.

These fabrication steps are described in detail in Table 2.1 and Figure 2.13.

Flow Pressure
Step Gas Prr (W) Time (S)
(sccm) (mTorr)
Etching SiQ CHR; 16 15 100 600
Removing
02 20 100 100 120
PMMA A4
CHa 15
Etching InP 30 200 300
Hz 30
Removing C O, 20 100 100 120
Removing SiQ CHR; 16 15 100 600

Table 2.1 Gases and working conditions during each step of RIE
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a) b)
PMMA A — S L L S . SiO, hard mask 1 [ O N
InP slab_/:_ +———InAsP QWWs —_—
Pattern on PMMA layer Etching through SiO, layer by CHF,

d)
N _§F _§F N |

c)

Removing PMMA A4 by O, Etching through InP layer by CH,+H,. A side
product of pure cabon occurs on top of sample.
e) f)
—_— e e B =
e e el e ey —_ e e e e
Removing C layer by O, Removing SiO, layer by CHF;

Figure 2.13 Diagram of RIE steps to transfer PC patterns into the InP slab

Figure 2.14 displays an alignment mark after the process of the photonad &yst.
Despite the RIE procedure, the mark is still robust axiubés sufficient contrast
(measured by secondary electron line scan) to be used graimuttilevel E-beam

lithography.

—5 pm ———

Figure 2.14 Auto-alignment mark after PC structure fabrication
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2.6 Fabrication of NAs

The steps are repeated for the plasmonic sheet using mekarsrio align the second
layer with respect to the first one in the E-beam sysi&ccurate stacking alignment
can be repeated in principle as long as the markers argtatdéewith the electron
beam. Individual metallic NAs are thus deterministicplbsitioned on the backbone
of the PC cavity by a second aligned e-beam exposure fdloby thermal

evaporation of 4nm Ti and 40nm gold, and a lift-off proceg#tical antennas with

reproducible gap sizes down to 10nm have been successfully produced

An alignment mark after the process of the plasmonic layepasted on Figure 2.15.

The metal deposition over the horizontal and vertical limassclearly visible.

7 2| HV |mag O] WD "‘é,?di’ﬁ I — T 1 —

©:49:07 PM |30.00 kV|18 102 x|8.2mm | 1.0

Figure 2.15 Auto-alignment mark after NAs fabrication
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2.7 Fabrication results and discussion

The fabrication quality of the hybrid devices has been investigatess EM, scanning
near-field optical microscope (SNOM) and atomic force mmwpy (AFM). For
SEM, 5kV Inspect F FEI SEM and 5kV Tescan SEM were employed. Theyusede
to investigate the feature of the devices. The SNOM system equipield D+ MDT
shear force head has been used to investigate the near-fied ppijerties of the
structures. The distance between the optical near-field prabthe surface of
sample is kept constant by a shear-force feed-back loop [9]. Th® paxithe probe
is collected and recorded during the raster movement. THidesride analysis of the
sample topography as well [3]. The sample topography has beestadsed with
Veeco di CP-1l AFM.

2.7.1 Alignment accuracy

Micro-vernier scales for subsequent alignment inspectiose halso been designed at
the center of the work field and fabricated together with tagk iimetallic part of the
vernier) and the photonic crystal (etch part of the vernieshaw/n in Figure 2.16.
Overlay measurements demonstrate that the deviatihe ialignment error could be
as small as 10nm. Figure 2.16 displays both the middle and egioing of the
overlapped vernier which confirm the alignment accuracy taubel®nm (resolution
of the vernier) in the x direction and 10nm in the \ediion. The auto-alignment

resolution is confirmed by another group of vernier strust(Fegure 2.17)
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Figure 2.16 Measurement of auto-alignment of a group of hybrid devices. a) SEM
image of the vernier pattern; b) measurement result of the mismatciwhiteeline is

used to label the matched rods.
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Figure 2.17 Measurement of auto-alignment for another group of hybrid devices. a)
SEM image of the vernier pattern; b) measurement result of #match, the white

line is used to label the matched rods.

The alignment between the PC structures and NAs is also veryateagrcan be seen
in Figure 2.18. Both images show high quality CL5 and CL7 PCicfamn. The
position, shape, and direction of the NAs are accuratesaitidg that the locations of

the NAs match the design very well.

The locations of NAs on graphite PC structures alsccimétte design very well
(Figure 2.19). The NAs are located accurately at 4 diffgpesitions to overlap the
monopolar mode of thBC. Additionally, the quality of PC structure is good also too.
The holes are very round with smooth edges, indicatiagttite beam astigmatism

correction was excellent.
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Figure 2.18 SEM images of fully fabricated CL5 or CL7 plasmonic-photonic devices:

a), ¢) and e) are overview of the hybrid devices; b), d) and f) are zoom in the cavities.
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Figure 2.19 SEM images of graphite PC hybrid devices: a) overview diyttrél

devices and the red circle marks the location of the NA; b), c), d) and e) are images of

4 different positions of NAs.
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Figure 2.20 Details of NAs: a) and c) are SEM images of two NAs; b) and d) are

measurement results corresponding to a) and c).

The bowtie NAs were observed in detail (Figure 2.20). The tréalbgse is estimated
to be in the in range of 135nm to 140nm while the length of the Bans from
270nm to 280nm. The gap sizes are in range of 20 to 30nm. The geametri
parameters almost match the designed values (base tridd@iem; length of NA:
270nm; gap size: 20nm). However, the surface of the NAs seems rattsmvbich is

common for thin gold layer deposition.
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2.7.2 The effects of SNOM tip

Figure 2.21 Effect of the fiber tip during a SNOM scan: a) SEM image before the scan;
b) SEM images after the scan; c) topography images recorded during 3 corsecutiv

scan.

SNOM is used to investigate the near-field optical propedfethe structures. In the
SNOM system, a near-field probe equipped with the shear foeael scans the
surface of the sample, the distance between the suafadt the probe is controlled by
a shear-force feedback system [9]. However, the NAs camppost the initial value

(set point) of shear force as much as former reseai@hesn a test, one hybrid

structure was scanned by a SNOM dielectric tip in fiedd- The set point was as
same as former researches. The structure was not pubplager source during the
test. Hence the affect of pump laser was excluded. After 3 timssaof the structure
was observed by SEM again (Figure 2.21 b)). As shown in FRj@de the shape of
the NA is changed a lot. The triangles are deformed and fheiga is larger than

before. In some other devices, the triangles are moved to miké&ions by the shear
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force (Figure 2.22).

Figure 2.22 A NA moved by SNOM probe: a) SEM image before SNOM scan; b) SEM

image after SNOM scan.

The AFM measurement shows similar result: the NAs casuopport a very high
atomic force from the AFM probe. Two hybrid structures were chanaed by AFM
and the results are shown in Figure 2.23 and Figure 2.24. TheRteésand NAs
can be clearly seen in an overview image (Figure 2.23). And the e oifftiee sample
is not smooth, there are some little projections be obdemwe far from the hybrid
structure. In the AFM images of localized characteidrabn NAs (Figure 2.24 b)
and e)), the triangles are not very clear. After the charzation, the structures were
observed by SEM again. Compare with the SEM images ditéNAs which were
observed before AFM, for one structure, the NA is not be deforn@d(Rigure 2.24
c)), while for the other, the shapes of the triangles andgéipesize change a lot
(Figure 2.24 1)). Since the AFM is depending on the atomic-force bettheesample
surface and the AFM probe, it means not every NA can sugporery high
shearforce ofthe SNOM, or atomic-force of the AFM.
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Figure 2.24 Measurement process of the AFM for two NAs: a) and d) iB&aYye

before the AFM measurement; b) and e) AFM images of the two Nasd d) SEM
images after the AFM.
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The reason of these events is maybe the Au fiimfisasal the metal layer does not
adhere to the substrate very well [10]. Therefore, to aglegiroy the NAs, during
SNOM measurement, the initial value of the shear-fdfeedback between the probe
and surface of the sample should be set lower than beforas hvay, the shear-force
exerted on the NAs will be smaller than before and the NAs can supgdie set-up

of the initial value depends on the fabrication quality ofsdneples.

Conclusion

To demonstrate the fundamental concepts of plasmonic-pbotybrid structure, a
complex e-beam lithography multilayer process has beealamd. Each of the
above steps was optimized over a two-year period in a bgsgeial manner of
processing samples. Overlay measurements revealed théiatewathe alignment
error could be as small as 10 nm. This type of hybrid strucaumeexhibit both high
quality factors and pronounced hot spot of the electromagneld; potentially

enhancing the interaction of the cavity mode with emitterstber types of active
materials. This novel system may open the route to aiplits in integrated
optoplasmonic devices for quantum information processing, as efffgiregle photon

sources or nanolasers, or as sensing elements for bio-chemwatspe
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Chapter 3: Optical Characterization in Far-Field for CL5 and CL7 Hybrid Structures

Introduction

In this chapter, we present the results of far-field optical cteniaation of the hybrid
nanodevices. Two kinds of investigation have been conduatethe structures:
far-field characterization, which enables analyseshefdlobal optical properties of
structure; and near-field optical characterization, wlyielid local information on the
light intensity. These investigations have been performigd two different set-ups.
The far-field set-up is particularly efficient to obtain armhation on the lasing
properties of the structures, including the spectral cteniatics, the lasing threshold
and the lasing curve. The near-field set-up allows gettrmyple mentary information
concerning the spatial distribution of the lasing modeit As not diffraction limited,

it has been used to study directly the effect ofNiAeon the PC mode. After a brief
description of the labels used to identify the differdnictures, the optical far-field
characterization experiments will be described and tlmultee presented. The

near-field optical characterization will be presented in neagte.

3.1 CL5and CL7 hybrid devices presentation

To indentify the different structures, we define here @&ifipenomenclature for each
sample. Three set of samples have been fabricated thethsame fabrication
parameters. Apart structural fluctuation due to the dabian process, these three
samples should have the same geometrical parameteksl(peradius of the hole r
or filling factor, NA dimension): they will be referred aample S1, S2 and S3. S1
and S2 have 144 structures for each. S3 has 36 structures sms®itly one kind of

hybrid structure.

The different structures consist of two types of lineawitees, CL5 (where 5 holes
have been removed from the crystal) and CL7 (where &shadve been removed).
For each cavity type, 3 different sizes of holes arel:u86nm, 100nm and 110nm.
The holes radiuses directly influence the filling factd the PC and therefore the

emission wavelength of the cavities. We use letter andl e to differentiate the 3
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groups (Table 3.1).

Letter c d e

Radius 90 nm 100 nm 110 nm

Table 3.1 Radiuses of PC cavity groups

For each group, 6 structures are fabricated with diffe re nisdwfse-beam lithography,
ranging from 1.5 to 2.0. The dose influences the real holes radiusesR(C ttavities

which can be, at the end of the fabrication slightly different fraamtiminal radius.

As was described before in Chapter 1 and Chapter 2, fdnyhed structures, NAs
are put at different strategic positions in the cavityhwliffferent orientations (Figure
3.1). To obtain a coupling with the component Ey of the fiblé perpendicular to
the long axis of the cavity), one position is chosen: incérdre of the cavity (Figure
3.1 (a)). To obtain a coupling with the component Ex of thlel fNA parallel to the
long axis of the cavity), two positions are chosen: in theter and at an edge of the
cavity. We use the extension “Hyc”, “Hxc” and “Hxs” to represent the different cases.
One group of PC cavities without NAs was also fabritaie a reference group. We

use “NO” to label them.

Therefore, each structure can be named in form of:

Sample -Cavity type-Dose number - group-NA position

For instance, a CL5 hybrid device on S1with holes radius of 90nrfabrdated with
the E-beam dose of 1.5, on which the NA is placed in theecemtthe cavity along

the short axis is named:

S1-CL5-1.5¢c-Hyc.
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Important: some of the samples were observed by SEM prior tocalpti
characterizations. It appears that these observatioght mave contaminated or

modified the surface ofthose samples. These effects wilidoes$ed.
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Figure 3.1 Positions of NA in the CL7 PC cavity: (a) structurec"HINA couples to
Ey; (b) structure "Hxc": NA couples to EXx; (c) structure "Hxs": NA coupdsx; (d)
structure "NO": No NA.
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3.2 Equipment set-up

Far-field optical set-up that has been developed in INLdeslicated to the
measurement of the photoluminescence emitted by a stuQur far-field set-up

enables global analyses of the optical responses of thieafedal structures and is
used generally used prior to SNOM measurements to get theadpbetracteristics of

the structures [1].

The optical characterization is performed by micro-photahescence spectroscopy
at room temperature (Fig. 3.2). The samples are opticalignpppd at room
temperature, using a pulsed laser diode (LD, Wavelength = 808 henpump beam
is focused under normal incidence with an achromatic dkgedéns, onto the
structures. The light emitted in free space by the sireids then collected through
the same objective lens. Emission spectra are recordeg aisipectrometer (0.15nm
resolution) and an InGaAs photo detector araditer passing an 1100nm-long pass
filter. A dichroic mirror, placed in the optical path enables tatiglly reflect the

emitted light to an infra-red camera for in-line observatigr2[ 3].

Laser diode IR Camera

l llluminator Fi|iel' Fiber
Q? Microlens 1

Spectrometer

Objective
I 7 S e iy

1 a &

Sample

Figure 3.2 Photoluminescence set-up for Far-field characterization. Punep (e
line) was focused on the sample by an objective. The reflected lightlifid) was
collected by the same objective and then directed to spectromedaghhfiber for

spectral analysis.
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In order to measure the lasing threshold, it is important to khevntident power on
the sample. This latteris controlled by the alimentatoment of the pump LD and
was calibrated as a function of the laser diode monitaumgent. Fig. 3.3 shows that
the relationship is linear. In our case, the duty cycléhefpulse LD is about 10%
(repetition rate 233 ns, pulse width 22.3 ns), , the collectiorctgeis 20X which

yields the following relationship between the incident powethe sample and the
monitoring current of the LD &mnpie(MW) = 0.06518 % Rurce (HA). This calibration

curve allows us to infer directly the effective incid@oiver on the sample from the

laser diode monitoring current. The detailed procedure of thiwadaon is described

in the appendix C.

—m— Measurement
Polynomial Fit of Measurement

2.5

2.0

1.5 4

Pump power (mW)

o
[4,]
1

0.0 4

Source current (UA)

Figure 3.3 The relationship of the incident power on the sample and thediaskr

monitoring current. The red curve is the measurement values and the blue curve is the

fitting result via Origin software.
3.3 Threshold and linewidth of the lasing emission measurement

In this section, we investigate the effect of the NA (pmsiand orientation) on the
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lasing effect, the spectral properties (lasing wavelengith) the lasing threshold of

the PC cavity modes.

The far-field optical characterizations of 40 structwese performed. Here we will

present the results concerning structures (CL5 and CLhbutiNA, hybrid CL5 and

hybrid CL7) fabricated in the same operating conditions topawentheir optical

properties.

3.3.1 Threshold of the lasing emission of CL7 and CL5 cavities without NA

The far-field optical characters of 15 structures of pot& and CL5 PC cavities

were measured as references for the hybrid structuere, the spectrum results of

S1-CL7-1.5e-NO and S2-CL5-1.8¢c-NO are present as representatives.
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Figure 3.4 Spectrum of laser emission of structure S1-CL7-1.5e-NOwhble

spectrum is inserting. The lasing wavelength is 1586.91nm.
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Figure 3.5 Laser peak intensity plotted against the effective pump powstructure
S1-CL7-1.5e-NO. The laser threshold is 45puW.

a. CL7 cavity

Figure 3.4 shows the spectrum of laser line of S1-CL7-1.5ejidOabove the
threshold. For this sample, the far-field measurement talesn before the SEM
observation. The lasing wavelength is 1586.91nm. The whole spestslown inset.
The broad shorter wavelength peak at 1507.08nm corresponds to erfisgiotie
quantum wells emission with the modes of greater energy of the CLZH(dbés not
present a lasing effect). Figure 3.5 shows the variatioth®flaser peak intensity
versus the effective incident pump power. The laser tbigsif S1-CL7-1.5e-NO is
A5pW.
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Figure 3.6 Spectrum of laser emission of structure S2-CL5-1.8e-NOwhbie

spectrum is inserting. The lasing wavelength is 1514.71nm.

b. CL5 cavity

For CL5 PC cavities, Figure 3.6 shows the spectrum of laser lin2-GLS-1.8e-NO
just above the threshold. The lasing wavelength is 1514.71nm. The whdaleispisc
shown inset. The spectrum of the QW emission by the CHists visible: the other
peaks (1495 nm, 1422.2nm) correspond to the modes of greater end¢rdy that
present lasing effect. Figure 3.7 shows the variation okbder peak intensity versus

the effective incident pump power. The laser threshold of S2-IC&&-NO is 20uW.
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Figure 3.7 Laser peak intensity plotted against the effective pump powstructure
S2-CL5-1.8e-NO. The laser threshold is 20puW.

3.3.2 Threshold of the lasing emission CL7 and CL5 cavitieswith NA

For the hybrid structures, the spectrum results of S1-Ch&- structures and
S2CL5-1.8c structures are present as representatives. Siaie fabrication
parameters of the PC cavities are same as the pureaWties which are shown
before. Hence the variation of the spectrum result is dueetthlAh Therefore, we can

evaluate the impact of the NAto the spectrum results of thetwiesc

3.3.2.1 S1-CL 7-1.5e structures

The presence of NA does not Kill the laser mode oPt@ecavity. Figure 3.8 shows
the spectrum of S1-CL7-1.5e-Hyc just above the threshold. Thesldrafieasure ment
was taken before the SEM observation. The lasing wavelaadgtb90.81nm. The
whole spectrum is shown inset. The peaks of higher energyspond to the higher

modes of the CL7.
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Figure 3.8 Spectrum of laser emission of structure S1-CL7-1.5e-NOwhbie

spectrum is inserting. The lasing wavelength is 1590.81nm.
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Fig. 3.9 Spectrum of laser emission of S1-CL7-1.5e structures. Thenagelength
of S1-CL7-1.5e-NO is 1586.91nm, the laser wavelength of S1-CL7-1.5e-Hyc is
1590.81, the laser wavelength of S1-CL7-1.5e-hxs is 1591.92nm.
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The laser spectra of the structures of hybrid structmeshown in Figure 3.9. They
are shown together with the spectrum of pure PC cauvifyowt NA. Spectra show
that the lasing wavelength seems to be red-shifted icabe of structure with NA.
The red-shift is respectively 3.9 nm and 5 nm for S1-CL7-1¥e-ldnd
S1-CL7-1.5e-Hxs. The presence of a red-shift was not pestliby the theory. For
these structures, the spectra measurements have bdemmpdron 23 structures.
Depending on the structures, both red-shifts and blue-shéte observed. The
blue-shift is expected in theory, the reason of the preseihaered-shift is not fujl
understand: another effect may be in play for this siractThis issue will be

discussed later in section 3.3.3.
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Figure 3.10 Threshold of the S1-CL7-1.5e structures. The threshold of

S1-CL7-1.5e-NO is 45uW, the threshold of S1-CL7-1.5e-Hyc is 130uW,esteottir
of S1-CL7-1.5e-NO is 100uW.

The variation of the laser peak intensity versus the effectodent pump power was
also measured to evaluate the effect of the NA oneser threshold. The results are
shown in Figure 3.10. It shows that the presence of the NA haspacton the laser

threshold. For the hybrid structures, the laser thresho&ld20uW and 100uW for
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S1-CL7-1.5e-Hyc and S1-CL7-1.5e-Hxs respectively, compared toNVA%qu the
structure wihout NA. This results, that have been obsereeddifferent CL7
structures, show that the laser thresholds of hybrigtstres are higher than the pure
PC cavity without NA, indicating the influence of the lattar the optical losses
(quality factor) of the lasing mode. More specifically teifect can be explained in

two ways:

- A Q factor decrease can be due to additional diffradtisses induced by the
presence of the NA. In that case, the NA can be sedheéblC mode as a

diffusion center.

- Ifa coupling occurs between the PC and NA modes, the resulting hybrid mode
is a linear combination of both modes. Therefore its €ofalies in between
the values of the NA and PC modes (see chapter 1). AB<QRC, then
Qhybrid <QPC.

Discriminating between these two explanations cannotnferréd from far field
measurements and near field experiments are needed aoge information on the

spatial properties of the lasing mode.

Note that in the case of this set of structures, the lasieghid is higher for the Hyx

structures than for the Hxs structures but this behaviaoisrecurrent: for other

structures, the Hxs threshold is higher than he Hyc.

3.3.2.2 S2-CL 5-1.8e structures

As for CL7 structures, the Figure 3.11 shows the spectrum oflinegust above the
threshold of structure S2-CL5-1.8e-Hyc. The lasing waveleisgtt505.47nm. The

whole spectrum is shown in inset.
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Figure 3.11 Spectrum of laser emission of structure S2-CL5-1.8edtgc.whole

spectrum is in insert. The lasing wavelength is 1505.47nm.

The laser spectra of the structures S2-CL5-1.8e-Hyc and S2-CLA4%s8&re shown

in Figure 3.12. They are shown together with the spectrug2@dL5-1.8eNO. The

laser lines are also just above the threshold. Thagasavelength are 1514.71nm
(S2-CL5-1.8e-NO), 1505.47nm (S2-CL5-1.8e-Hyc) and 1512.52nm (S2-CL5-1.8e
-Hxs). It shows that for this group of structures, thegumes of the NA creates a blue
shift of the lasing wavelength, in agreement with theoreticallsions (see. Chapter

1),
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Figure 3.12 Spectrum of laser emission of S2-CL5-1.8e structures.laBee

wavelength of S2-CL5-1.8e-NO is 1514.71nm, the laser wavelength of
S1-CL7-1.5e-Hyc is 1505.47, the laser wavelength of S1-CL7-1.5e-hxs is 1512.52nm.

The variation of the laser peak intensity versus ffec@éve incident pump power of
the group of S2-CL5-1.8e structures, including pure PCtyawid hybrid structures
are shown in Figure 3.13. The measurement condition is seamghe group of
S1-CL7-1.5e structures. Note that conversely to the previous sathglsample (S2)
was observed by MEB Tescan before far-field measurerégure 3.13 shows that
the variations of the laser threshold of S2-CL5-1.8acttres are similar to those of
the CL7 structures. The thresholds of PC cavities with NA giteehithan without N A.
The laser threshold of the S2-CL5-1.8e-NO is about 20 uWitHeonybrid structures,
the laser threshold is about 27 yW for S2-CL5-1.8e-Hyc, 22 uW fC1$21.8e-Hxs.
The threshold values are much smaller than those of CL7 @wtsctt is probably due

to a better quality of the fabrication of sample S2.
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Figure 3.13 Threshold of the S2-CL5-1.8e structures. The threshold of
S2-CL5-1.8e-NO is 20uW, the threshold of S2-CL5-1.8e-Hyc is 27uW, the threshold of
S2-CL5-1.8e-Hxs is 22puW.

3.3.3 Influence of the pumping power on the lasing wavelength

In the previous section, we observed that the presence of the tRAGL7 structures
produced a red-shift, which is not in agreement with the d¢lieaf predictions.
Conversely, an expected blue-shift was observed for the GLBx{dlain these facts,
we investigate another cause of wavelength variation, wikithe pumping power :
the mode wavelength of an active structure depends also ptitheing parameters.
For photonic crystal cavities, without NA, the behaviour of theelength mode with
the pumping power has been studied previously in former PéfistfiGaelle Legac,
Lydie Ferrier) [2, 4]. A blue shift is observed at low pungpipower, before the
pumping threshold. This blue-shift is attributed to the moaliibn of the optical
index by carriers injection due to pumping [5]. After ttieeshold, the carrier
population is clamped by the laser feed-back mechanism. fuh®ing increases
after the threshold, others effects have to be taken ictouat in particular thermal

effects as structure heating. This effect modifies thecaptndex as well and
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produces a red shift (PhD Gaelle Legac) [2]. To evaluate tatrely these effects
on the present structures, with and without NA, we stuthie evolution of the mode

wavelength with the pumping power for CL5 and CL7 structures.

3.3.3.1 S1-CL 7-1.5e structures

First, we studied the evolution of the wavelength of thsing mode of the
S1-CL7-1.5e structures (with and without NA) presented in pihevious section.
During the measurement, the pump power is increased slowly, Grdm about
0.45mW. When the pump power is below the threshold (0.045mW), only spontaneous
emission occurs. Above the threshold, lasing occurs. Thesem wavelengths
measured for different values of pump power are shoviigare 3.14. As expected,
it shows that below the threshold, the emission wavéttengdergoes a blue shift of
with the increasing pump power: the blue-shift occurs fothellstructure, with and
without NA and is about 3 - 4 nm. When the threshold i€head and after, the
emission wavelength presents a moderate red shift hatimtrease of the pump (2.3
nm/mW). In Figure 3.14, we see clearly that whatever the jgmgower, there is
always a clear red-shift between the structure withhd& and with NA. We also
seethat the three structures of the group show the saiadova; and particularly, the
identical variation rate for the red-shift (2.3 nm/mW)nticates that this behavior is
not affected by the presence or not of NAand can no explain thevetd sed-shift (it
could have been the case if the slope value was changed psegence of the NA).
However, we also see that the value of the shift depertieopumping powe. The
same measurements have been performed on other CL7usgtsuand it shows the
same behavior (Figure 3.15).The case 0ifC&11.7e is interesting because, here we
see that depending on the pumping conditions, the shift beagifferent. These
measurements show that to compare the wavelengthsffededt structure, it is

important to be clearly above the threshold.
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Figure 3.14 Wavelength variations of S1-CL7-1.5e structures along the variations

pump power.

a) b) ] S81-CL7-17e-NO
ot | —=— 51-CL7-1.6e-NO s 1605 ] SRS

1590 —e— S1-CL7-17e-Hyc

§1-CL7-1.6e-H 3
E \ IS1-CL7-1 Es-Hi; E 1 —A— 51-CL7-17e-Hxs
B | £ 15837 os
& 1588 & 1 LA L
o o 14
9 9 ] 0000
> > ]
g g 1581_ &'Lﬁ/,_"....
Z 1586 = {1 %
2 S 15797 »
2 z 3 Y , 0000
e ——
E . E ] ki XY
. . . . : : . 1577 : : . : . . ;
0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
Effective optical pump power (mW) Effective optical pump power (mW)

Figure 3.15 Wavelength variations of S1-CL7-1.6e (a)) and S1-CL7-1.7e (b))

structures along the variations of pump power.

3.3.3.2 S2-CL 5-1.8c structures

The same study has been performed on other CL5 structhHiesever, the

experimental conditions were a bit different because the @uétgres were observed

with SEM (MEB Tescan) before measurements.
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Figure 3.16 Wavelength variations of S2-CL5-1.8¢c-NO along the variations of pump

power.

The evolution of the lasing wavelength has been investigatedtwo CL5
(S2-CL5-1.8¢-NO, S2-CL5-1.8c-Hxs) by performing a cycle od-down for the

pumping power.

For structure S2-CL5-1.8¢c-NO, the measurements have be@mnped two times.
Results are shown in the Figure 3.16. In the first measme the pump power is
increased slowly from 0 to 3.26mW, and then decreased slowly fi®maximum to
0. The wavelengths measured during this process are shdviguire 3.16. It shows
that below the threshold (0.013mW), the wavelength blue-dftofts 1566.98 nm to
1565 nm. However, above the threshold, the wavelength keepsi@shifting fran
1565 nm to 1552 nm (at 1.5 mw). Above 1.5mW, the wavelength red shifts
moderately (0.75 nm/mW). The pump power is then decreased arentbksion
wavelength blue-shifts again moderately (-2.3 nm/mwW) until thengp power
decreases t®.13mW. Below this value, the wavelength increases again the
decreasing pumping power. The final emission wavelengtb62.03 nm at the end,

which is blue-shifted with respect to its initial value of 1566.8 nm.
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Figure 3.17 Variation of laser wavelength along period at fixed pump power of:

0.65mW (dark yellow) and 0.10 (wine).

A second measurement was performed on the samdusérusvo days later. The
evolution of the wavelength was investigated during a newecyldie goal was to
investigate the effect of the pumping duration on thevelength shift. In this
measurement, the pump power was increased slowly on destmednge (0 -
0.65mW). The starting mode wavelength was 1563.21nm. By increasingithg p
power, the emission wavelength blue shifts as observed psdyidu 0.65mW, the
pump power was maintained and several spectra were recordeg Z2vminutes.
During this time we observed a regular blue shift from 1553.92nm to 1548.7hem.
evolution of the wavelength shift is presented in Figure 3.1fer 40 minutes the
emission wavelength kept constant and stable (1548.77nm)rplete the cycle,

the pump power was then decreased slowly, until about 0.1mW.slpribhiess, the
emission wavelength exhibited a blue-shift and then a rdtdashishown in Figure
3.16. The pump power was kept at about 0.013mW and several spectra were recorded
every 2 minutes for 40min. We observed that the emissiohdteped-shifting, from
1552.82nm to 1560.98nm, before stabilizing (Figure 3.17). Finally the pump power

was decreased to 0: the emission wavelength red-shiftedl thet emission

10€



Chapter 3: Optical Characterization in Far-Field for CL5 and CL7 Hybrid Structures

disappeared at 1562.9nm, very close to its initial value. We only derabshis

behavior for structures that have been observed by SEM. Expseiments show
that the time of exposition to the pumping power is impordaat that a physical and
reversible phenomenon participates to the wavelength 3. will be discussed

later.
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Figure 3.18 Wavelength variations of S2-CL5-1.8¢c-NO and S2-CL5-1.8e-Hxs along

the variations of pump power.

The same type of measurements was performed on S2-CL5-1.8d-Igxse 3.18
shows the results for the structure S2-CL5-1.8¢c-NO and S2-CL5Hks8during one
cycle. It shows that the trends of emission wavelengtlation of both structures are
similar. It also shows that the hysteresis cycle of gtructure with NA is globally

red-shifted with respect to the cycle of the structure withtAit

Discussion:

For structures that have not been observed by SEM, the riauef the pumping
power on the wavelength variation is perfectly cladsitashows that above the

threshold, the wavelength is moderately red-shifted witkagation rate of 2.3
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nm/mW, which does not depend on the presence or not of the NA. It aibespitain
why, in certain cases (S1-CL7-1.5e) a red-shift is obsernm in other cases

(S1-CL7-1.7€e) a blue-shift is observed.

For structures that have been observed by SEM prior €lar-fneasurement, the
behaviour is different: the reason of the cycle varraof laser wavelength with the
pump power is not clear and a cross-disciplinary analysisiidtbe performed to
understand this phenomenon. However, a possible explanatiprop®sed here.
Recently, another group shows that the presence of wateimpact the refractive
index of a PC nanocavity. When water fills the holestle®f PC, the resonance
wavelength can be red-shifted of more than 10 nm [6]. In ose,cafter the
fabrication process, there may be some organic residu@riethe surface of the
sample or in the holes of the PC structures. Duringlahg SEM observation by
MEB Tescan, some chemical change due to the electric beanmsgahave occurred.
After the chemical change, the organics would become hydro@mt adsorb water
strongly. When exposed to a pumping laser diode, the water may ateapohen the
pump power is low, the thermal effect is weak and the watenains inducing a
red-shift of the laser wavelength of the PC cavity (caegbdo the cavity without
water). With the pump power increasing, the thermatéfiecame stronger and the
water evaporates, inducing a variation of the effecthdex and an extraordinary
blue-shift until the water totally evaporates. Withoutemathe laser wavelength red
shifts normally because of the thermal effect. When thrapis decreased, the laser
wavelength blue shifts due to the thermal effect deergagh the same slope as the
CL7 structures). When the thermal effect is weak enough, ttes e@mes back again
on the surface and the laser wavelength has an extraprdred-shift. This effect
would be compatible with the time constant that havenbeeserved for this

phenomena (about few 10 minutes)
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Conclusion

In summary, several conclusions can be drawn from thefiefdr optical

characterisations of CL7 and CL5 PC cavity.

- First, the presence of NA increases the threshold o&sise €mission. We show
that the laser thresholds of hybrid structures are highen the pure PC cavity
without NA, indicating the influence of the latter on thgtical losses (quality factor)
of the lasing mode. This can be due to additional diffrackisees induced by the
presence of the NA or by the coupling effect betweencthaty mode and the PC

mode.

-Second, the NA also impacts the wavelength of the tsession. The theory
predicts blue-shift but experiments show blue- and redsshithe NA does not
change the trend of the variation of the laser wangtle along the pump power

variation.
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Conclusion and Perspectives

Introduction

In the hybrid structures, the interaction between thec®aty mode and the NA is
expected to produce a radical change of the spatial distributithe difht intensity of
the structure mode. Particularly, a strong concentration digthteshould be observed
in the gap of the NA. To investigate the spatial properaé the mode, we use
Scanning Near-field Optical Microscopy (SNOM): this charazdibn method is
adapted to the observation of light localization phenomemoit aot limited by
diffraction. However, this technique is not non-invasiveitagequires placing an
optical nano-probe in the near-field of the sample, which modfieelectromagnetic
environment of the structure. However, if this perturbatiemains weak, it can be
neglected. In this section, we will first describe the expearialeset-up that have been
used, the results obtained on PC cavities will also be mexbas reference for the
cavity mode without NA. Finally, the results obtained on Histructures will be

presented and discussed.

4.1 SNOM principle and set-up description

Basically, the electromagnetic field present at thefaser of an object can be
described in two terms: propagating light and evanescent ligpet.farmer concerns
the components that can propagate away from surface rainimmum distance
comparable to the light wavelength, in a zone labeled far-fidid.ldtter are confined
to the surface within a distance that can be well undemtavelength, in a zone
labeled near-field. Propagating light can be detected in thdiefdrby using
conventional far-field microscopes; it gives precious infatiom about the spectral
properties of the object, about its radiation pattern or teittition of light at the
object surface as far as low spatial frequencies @neecned. However, propagation
acts as a low pass filter for spatial frequencies and 4fiefiak, the optical resolution is
limited, according to Rayleigh criterion, to 2. In order to roeame these limitations

and access to small light spatial modulation, specific detegsallow unveiling the
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information in rearfield have been developed. Scanning Near-field Optical
Microscopy (SNOM) has been developed for this demand. Sinadeuslopment,
SNOM related technologies have been utilized in manyareseareas and has
become an important part in nano-optics research. SNOMtowge@inciple relies
on a fundamental idea proposed in 1928 by Synge, an Irish scientatddn to
extend the optical resolution into the nanometer regime, ¢ylgoped to use a very
small object (<100nm), used as a probe that scatters evankgieenthich can turn
into propagating light detectable by a sensitive photo detdetotypical SNOM
systems, this nano-object is the apex of a tapered ofibeal which can be used to
illuminate the structure, or to collect the optical signal. Tlteer is recorded point by
point, as a function of the probe position above the surfacbeo$tructure and the
SNOM images are constructed by a computer during the scan. Meanwlaitder to
maintain sub-diffraction spatial resolution, the dis& between the tapered SNOM
tip and surface must be kept as low as few tenth of wagtleand regulate using
force microscopy, as shear-force or atomic force muopg Shear force is
particularly used in SNOM because it is a short range dagmpirce exerted on a
laterally vibrating tapered SNOM tiplhe vibration amplitude of the tip is damped
due to the shear force interaction between tip and thelsaupgface. This damping
depends of the distance from the tip to surface, whictegalated by a closed

feedback loop to remain constant around 10nm.

A SNOM configuration (collection or illumination) and ttye of probes are chosen
to fit a specific experiment purpose. In our case, we use a SNQ@ffiguration
designed to work in transmission and collection mode wahsparent samples. This
SNOM set-up is able operate either with tapered siiloar forobe or nano-aperture
probe miled at the apex of metalized polymer probe. The SNOM i
transmission/collection mode is advantageous in expeersnthat need to control
precisely the position and the size of pumping excitaspat with respect to the
structures on sample. In order to characterize optical pgrepeof the hybrid

structures at A = 1.5um, a commercialSNOM (NT-MDT SMENA) has been
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employed. The set-up was developped during the PhD theJisPo%o [1] and is

presented in Figure 4.1.
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Figure 4.1 SNOM in transmission set-up [2].

Since the sample under investigate is transparent. ANBWQransmission set-up is
built based on a commercial Axio Observer.D1. It is dedicate¢thhsparent sample.
The experimental set-up has four main sub-systéllasnination, SNOM head and
detection chain [1, 2]. The schematic diagram of SNOMupeis shown in Figure
3.19.

4.1.1 [Hlumination

The structure was pumped by a 50mW laser diode with aecemtvelength of 780
nm The diode is pulsed (6.25% of duty cycle) to avoid overheating theseudthe
laser diode is also modulated at low frequency (2kHZ) tdopara lock-in detection
and ameliorate the signal to noise rafidie DL light is coupled into a monomode
fiber (9um core diameter) through Thorlab’s coupler (objective 20X) and is sent into
the optical system of the microscopiter passing a dichroic mirror. For looking for

the structure, a white light emitted by a halogen bulb (1)) is sent into the
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microscope to illuminate the sample [1]. As was alreadg #a Chapter 2, the
photoluminescence of the structure occurs in the range of-1@50 nm. At this

wavelength region, InP material is transparent.

4.1.2 SNOM scaning system

4.1.2.1 Shear force regulation

The distance between the optical near-field probe andulffece of sample is kept
constant by shear-force feed-back loop based on a quartz tionkngystem. The
probe vibrates parallel to the surface of sample at tlaetzjuesonance frequency;,
about 32-36 kHZ, with quality factor Q = 500 - 10dhe raster movement of the
probe over the surface of the sample is controlled by the pieroegcanner located
in the shear-force head. The position of the probe is collected aardedauring the

raster movement. This enables the investigation of theledagography [1].

4.1.2.2 Collection of the optical signal

The optical signal in near-field is collected by an optma@be. When the probe is
very close to the surface, the interaction between theabignal and the probe
converts the evanescent fields into propagating fields. The bpigeal is guided

into a monomode optical fiber and is passed to the detection system [1]

4.1.3 Optical detection system

The optical signal is directed into a diffraction grating molromater (Jobin Yvon
micro-HR,). This system is equipped with micro-slits to &lnalyzing spectra with
spectral resolution up to 0.6nm [1]. The micro-slits also have anéuhction. During

the near-field optical field distribution measurement, mtie light intensity saturate
the detector, instead of decrease the pump power of the lases, songacan close the
micro-slits to a lower value to decrease the amoungabtf tollected by the detector.

This avoids to mofify the pumping power, which has an infleeoo the lasing
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wavelength.

The SNOM set-up has also been conceived to allowctrdethe far-field image of
the optical signal emitted by the sampléde infrated light emitted by the sample is
collected from the back side of the sample by the sametigjerchich has been used
for the excitation. The light is then sent to anothesrosicope output ports equipped
with a IR-camera. Therefore, the image of the radgatight at the surface of the
sample can be obtained [1]. It should be mentioned here¢hnddar-field images are

not filtrated and the image may contain optical signals atrdifftevavelengths.

4.1.4 Near-field probes

In SNOM, the probe diameter affects the spatial resolubd the distributed
evanescent field. Therefore the probe has to be sn@lighpn comparable to the size
of objects at least, for resolving the nanometric-scalectsire of sampleln this
research two types of probe have been used: homemadetritiepgobe (or silica
probe) and commercial metallised probe (Al-coating) [1]. For thelp@vanescent
fields, the dielectric probe can get good resolution. Howeviegn the optical field
radiates a lot, the dielectric probe is not adapted. In ¢age the commercial
metallised probe is employed. For this research, dielepiabes are used In
investigation of the CL5 and CL7 structures and metdllgbes for the graphite

structures.

4.1.4.1 Silica probes

The silica probes areadae via chemical etching (Tuner’s method) using hydro fluoric
acid HF [3, 4].The optical glass fiber is F-SMF-28 which supports well wavelesigth
1550nm.First, the outer protective polymer layer of a single moderfis stripped
out. Then the fiber is cleaved and dipped into HF (40%tisml at 30°C during 60
minutes in a Teflon vessel. An organic cover-layer (isof@jtds put on the surface of

the solution to protect the fiber mounts from the corrosiveviisour. Up to eight
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probes can be fabricated in one batch of fabricatioue to decreasing meniscus
height between hydrofluoric acid and organic over-layethas fiber diameter is
reduced by the etchant, tapered silica probe is formed. Witimdtisod, probes with

conical angles typically 30 and diameter 200nm can be got [1].

4.1.4.2 M etal-coated probe

The fabrication of commercial Al-coating circular prolseconducted by Lovalite
SAS and the principle of manufacturing process is reported elsefshérer, 8]. The
spatial resolution of SNOM optical images is controleg the light-transmitting
aperture defined at the probe apex by the metallic coating'[@ aperture size is

about 100nm [2].

4.2 Near-field characterizations of S2-CL5 structures

A group of CL5 PC cavities of sample 2, with and withdu@s, have been
investigated. The sample was observed by SEM MEB-Tescanebdiese SNOM
investigations. The SEM observation for all structures kdphg time. A homemade
dielectric tip fabricated from silica optical fiber wasngloyed for near-field

measurements. Prior to any near-field measurementstipthe placed at several
microns above the structure to allow spectral investigatiofai-field. The light

emitted by the sample is collected by the tip, in thefiddd, and send in the
monochromator for detection. This allows a direct colispar between spectra

performed in far-field and in near-field.

4.2.1 Spectroscopic results

With the SNOM equipment set-up, one can investigate thetrsipe information of
far-field and near-field. It is realized by target therrisald probe to the emission
light, the probe can collects the emission light and gegtsspectrum information.

With these measurements, one can select the fixed evayél for the optical
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distribution investigation. And it also helps to place thearffield probe more

accurate above the cavity where the emission is the strongest
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Figure 4.2 Laser emission spctra of S2-CL5-1.8e-NO in far-field and near-field.

Figure 4.2 shows the photoluminescence spectrum of strucBH€LS-1.8e-NO
recorded by SNOM, in far-field and in near-field at roommperature. To optimize
the signal, the micro-slits are full open and the resmutf the monochromator is
low (10nm). The Figure 4.2 reveals that two modes are lasing (1496 nm amar)532
both in far-field and near-field measurements. From thar-field optical field
distribution results which are shown in next section, indentified the mode at
1496nm as the fundamental cavity mode. The mode at 1532nm is anatyaroode:

it is a delocalized Slow Bloch Mode (SBM) presents atkthoint of the dispersion
diagram of the photonic crystal triangular lattice. Infiald, the lasing wavelengths

for both modes are remains constant and very stable in time.
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Figure 4.3 Variation of laser wavelength with time in near-field for S3-Ci8e-NO.

Purple curve is the fundamental cavity Mode and orange curve is Slow Bloch Mode.

However, when the probe approached the surface into the fi@lar-both
wavelengths underwent a red-shift, which magnitude depends on the Havdever,
the shifts are different. The fundamental cavity mode under went a larger shift (AL ~
14nm) than the SBM (AA ~ 6nm). Note that the shifts are not instantaneous: once in
the near-field, the wavelength shifts slowly (~15 min) tofital value (Figure 4.3
shows the evolution of the wavelength with the timefjeAl5min, laser wavelength
move to the final value, the wavelength is remained véalles It will not move
during all the near-field measurement for a whole day. Tédsshift cannot be
explained by the effect of probe-tuning only due to the looadlification of the
refractive index of the mode environment by the tip. Thiscfis instantaneous and

induced shifts of one or less nanometer. This latter effdldbevd iscussed later in this

section.

When the probe is withdrawn from near-field to far-fielde tiser wavelength of the
PC cavity had a very slow blue-shift. The wavelength vanatif the two modes is

shown in Figure 4.4. After one night, the laser wavelengtk bmthe original (about
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1496nm).
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Figure 4.4 Variation of laser wavelength along period in far-field zone after near-field

measurement. Purple curve is Fundamental cavity Mode and orange curve is Slow

Bloch Mode.
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Figure 4.5 Laser emission spctra of S2-CL5-1.9e-NO, S2-CL5-1.8e-Hyc and
S2-CL5-1.8e-Hxs in far-field and near-field.

The same phenomenon was observed on various structutdisamad without NAs,
with different designs (location of NA) and fabricatiparameters (dose of E-beam
lithography). This is illustrated in Figure 4.5 for threeati#nt structures. It indicates

that the wavelength shift does not depend onthe presence of NA. \@estane that
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the shift is mainly driven by the interaction between the probehersaimple.

The fact that wavelength shift is not instantaneouddkes a certain amount of time
when the probe comes into the near-field is not fully undedsyet. But, considering
the previous result obtained in far-field, some hypothesisbeadone. Figure 4.6
shows the measurement results for wavelength vargatiaf structure

S2CL5-1.8e-NO, measured by far-field set-up. The photolumarse spectra at
pump power 1.64mW and 0.14mW are shown as well. The emissioglemgth

variation shows that with a high pump power, the emission has a biiyeshipared

with the low pump power. In our previous hypothesis, this is due teviqgoration of

water on the surface of the structure or in the hofd3C structures. In our near-field
set-up, the pumping power is well above the threshold, it snd&t the remaining
water evaporates quickly and that, when the probe isrdam the sample, we are
already on the second branch of the hysterisis cyedte foint in Figure 4.6 (a)). To
explain the slow red-shift when the probe comes in theplanear-field, we had to
take into account the properties of the silica probe: thea grobes are hydrophilic
[10] and a thin layer of water may exits at its surfaceeWthe probe comes into
near-field, the water may cover the surface of thecaire or fill the holes of the PC
cavity again. It could explain a strong red-shift. However, acgogrid our hypothesis,
the wavelength should blue-shift again with the water evaporatierldMot observe
any blue-shift. In conclusion, on this sample, the tip industrong red shift of the
modes, this shift presents a time constant in agreementtigtmal effect. Most

probably, an interaction takes place between the tip andutace involving some

contamination brought by the tip.
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Figure 4.6 Wavelength variations of S2-CL5-1.8e-NO along the variations of pump

power and two specra of laser emission.

4.2.2 Far-field images of the laser mode

As described in section 4.1.3, with the IR-camera of thOENystem [1], one can
get the far-field image of the radiating modes. The ifld fimage is formed via
collected the emission light by the IR-camera from thekdide of the sample. The
resolution cannot exceed the diffraction limit. The @ofion wavelength is not fixed.

Therefore the far-field image is the pattern of the etdser mode.

Figure 4.7 shows the far-field images of structure S2-CiBe-NO, S2-CL5-1.8c-
Hyc and S2-CL5-1.8d-Hxs. One can see that the presenieolN# modifies the
far-field pattern of the PC cavity. The far-field patterf S2-CL5-1.8e-NO is large
and emanative. It seems have two bright spots linked to each other. ki¢hge-field
patterns of S2-CL5-1.8c-Hyc and S2-CL5-1.8d-Hxs are coratedtrand smaller.

And each of them has only one bright spot.
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§2-CL5-1.8e-NO 8§2-CL5-1.8¢c-Hyc $2-CL5-1.8d-Hxs

Figure 4.7 Far-field images of structure S2-CL5-1.8e-NO (a)), S2-CL5-y8(b))
and S2-CL5-1.8d-Hxs(c)).

4.2.3 Near-field optical field distribution

The optical near-field maps are recorded at fixed waveleNgite that for the same
design, the difference of holes radius of design and dosleeoE-beam lithography

only change the laser wavelength, but the patterns of tieabfield distribution are

conserved.

4.2.3.1 Pure PC cavity without NA

First, structure S2-CL5-1.9e-NO was investigated. The eomssiavelength was
measured at different 4 locations noted as postition 1t@Rd9sition 4 (P4). They are

shown in Figure 4.8. The wavelengths measured at these location are Ap; =

1514.39nm, Ap2=Aps=1514.21nmand Ap3 = 1513.62nm.
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® @ @

Figure 4.8 Different positions of fixed wavelength for S2-CL5-1.9e-NO.

Figure 4.9 shows the SNOM field intensity mapping measured at Ap1, Ap2 and Ap3. The
micro-slits value is same for all the results. The togply image shows the cavity
clearly. The cavity profile is same as the SEM image. The optéddIdistributions at
the different fixed wavelengths are shown in figures d), e))arfithé superposition of
the optical pattern with the topography are also showrgurds g), h) and i). This
measurement is in agreement with the simulation patiérthe fundamental mode.
We find that the near-field intensity distributions are dé#f& and depend on the fixed
wavelength. At Ap; = 1514.39nm (d)), the region in the centre of the cavity ig ver
bright. At Ap2 = 1514.21nm, the bright area extend to the corners of the cavity. And the
intensity of centre region is weaker than before. At Ap3 = 1513.62nm, the optical field
at the edge of the cavity is very strong. Meanwhile, thealpfield in the centre is
grows weaker. Note that the strong optical signal out efcdvity comes from the

holes losses.

Discussion:

This small wavelength tuning is due to the interaction betwthe photonic crystal
and the probe and has been observed for other cavity [10, 11, 12]. The predérce of

probe modifies the resonance condition of the cavity: given wavelength, only the
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resonant mode will exist only for a given position of the pr@behe centre of the
cavity for Ap1, at the edge of the cavity for Ap3). Note that the maximum wavelength

shift due to the tip position inside the cavity does not exceed 0.6nm.

> .
SEM HV: 2.0 kV WD: 5.00 mm

SEM MAG: 20.0 kx Det: SE
View field: 13.9 ym  Date(m/dly): 05/16/12

Ap;: 1514.39 nm Apo: 1514.21 nm Aps: 1513.62 nm

Figure 4.9 SNOM measurement result of S2-CL5-1.9e-NO. a), SEM imdge PCt
cavity; b), numerical simulation of the optical field map; c), topographthef PC
cavity; d), e), f, optical field maps at fixed wavelength of Ap1 = 1514.39nm, Apy =
1514.21nm, Apz = 1513.62nm; g), h), i), superpositions of the optical pattern with the

topography correspond to d), e), f).

Cross sections of the intensity distributions can dgie duantity information of the
optical field intensity. As we had already said in Chaptdorlthis mode, the field in
the centre of the cavity along central axis is mainly thuéhe contribution of E¥

polarization. And the field intensity measured along tlie if the cavity is mainly
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due to EX polarization. Figure 4.10 shows the cross sections of offtidd$ Ey
along long axis cavity at different wavelengths. The crossosecéire the blue lines in
tiles a), b) and c). And tiles d), e) and f) recorded the intesisiieespond to tiles a),
b) and ¢). The slit are opened in same value. At Ap; = 1514.39nm, the intensities of the
optical field EY decreases in order from centre to out side. At Ap> = 1514.21nm, the
intensity in the centre decreases. And@t 1514.21nm, the intensity in the centre is

much weaker than before. The intensities outside become strorng otiéin hand.
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Figure 4.10 Cross sections along the long axis S2-CL5-1.9e-NO. a),),bihec

schemas of the cross sections; d), e), f), the light intensities of the cramsssect

The other structures of CLBC cavities without NA show the same features. Figure
4.11 is tiles of recorded images of structure S2-CL5-1.8e-With various fixed
wavelengths, the near-field intensity distribution shohe same frequency tuning
phenomenon. For this structure, the range of wavelengtativariis larger and the
optical field intensity changes more. This probably indicates the interaction
between the tip and the photonic cavity is stronger. The moami wavelength shift

due to the tip position inside the cavity is 1.59nm.

In conclusion, the interaction between the near-fieldb@rand the PC cavity
influence the record result of the near-field opticalrdhstion of the PC cavity. This
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phenomenon complicates the SNOM image interpretatdrhas to be considered in

the study of the hybrid structure with NA.

Ap> = 1511.99 nm Aps = 1510.99 nm

Figure 4.11 SNOM measurement result of S2-CL5-1.8e-NO. a), topography & the P
cavity; b), SEM image of the PC cavity; c), d), e), optical fiedps at fixed
wavelength of Apr = 1512.58nm, Jpp = 1511.99nm, Ap3z = 1510.99nm; f), g), h),

superpositions of the optical pattern with the topography correspond to c), d), e).

4.2.3.2 Hybrid structure with NA

a. NAinthe direction of Ey

Figure 4.12 Different positions of fixed wavelength for S2-CL5-1.8e-Hyc.
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In this section, CL5 PC cavities with NA are investigatéigure 4.12 shows
S2CL5-1.8e-Hyc structure. The emission wavelength wassamed at two different
positions of the tip, noted as position 1 (P1) and position 2 BA2)s near the centre
of the cavity, to measure the lasing wavelength around #hePR is near the edge of
the cavity, to measure the lasing wavelength at the edgéheofcavity. The

wavelengths measured at these locadi@np1=1517.38nm and App = 1515.21nm.

Figure 4.13 shows the nefiedd optical maps recorded at Ap1=1517.38nm (d) and Ap2

= 1515.21nm (e). The patterns of the intensity distributions iffezedht from the PC
cavity without NA, which indicates that the NA modifidt® mode. The topography
shows the cavity clearly and one can see the feature ofAh&ie structure profile is
the same as the SEM image. The optical field distribstiah different fixed
wavelengths are shown in figures d) and e). The superpositite topography and
the optical maps are shown in figures f) and g). As observed befereyd near-field
intensity distributions depend also on the fixed wavelengtiis indicates that the
wavelength tuning phenomenon still exists for hybrid strestnd even seems
stronger (AA~2nm). At Ap; = 1517.38 nm (d)), the region in the centre of the cavity is
bright and there is a strong hot spot on the NA. The size dbthepot is smaller than
the size of NA. Most of the regions around the NA are d&hk. regions of optical
field far from the N A are bright. At Ap> = 1515.21nm, the optical fields at the edges is
very strong. Meanwhile, the optical field in the centrevasy weak. However, the
position of NA is still bright. It is brighter than the araeound. Compareed to the
numerical simulation pattern, one can find that the enhancasneot as much as the
simulation. This may be due to the losses which are yielggtiebcoupling between

the PC cavity and NA. This decreases the efficiency of the enhancg®gnt
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)\p] - 15]738 nm AP:’ — ]51521 nnm

Figure 4.13 SNOM measurement result of S2-CL5-1.8e-Hyc. a), SEM image of the PC
cavity; b), topography of the PC cavity; c), numerical simulation ofotitecal field

map; d), e), optical field maps at fixed wavelengthipy = 1517.38nm, App =
1515.21nm; f), g), superpositions of the optical pattern with the topography

correspond to d), e).

To evaluate the impact of the NA on the mode distributios,campare the optical
maps obtained on S2-CL5-1.8e-Hyc to S2-CL5-1.9e-NO. Figure 4.14 shoa®ske

sections of optical field at A = 1517.38nm for the structure with NA to the map
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recorded at 1514.4nm for the structure without NA. The presdrite dIA seems to
concentrate the light in a very tiny zone where the ligtensity is much higher. It is
however, very difficult to estimate the enhancement effibld with respect to the

case without NA.
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Figure 4.14 Cross sections of S2-CL5-1/8e-at 1 = 1517.38nm, compare with
S2-CL5-1.9e¥O at 1 = 1514.39nm. a), b), the schemas of the cross sections; c), d),

the light intensities of the cross sections. The red arrows show the NA.

The same comparison was performed for the two other emagiis and is shown in
Figure 4.15. Here again, the intensity of optical signal of NA is stitlmrhigher than

the overall background signal
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Figure 4.15 Cross sections of S2-CL5-1Me-at A = 1515.21nm, compare with
S2-CL5-1.9e¥0 at A = 1513.62nm. a), b), the schemas of the cross sections, c), d),

the light intensities of the cross sections. The red arrows show the NA.
b. NA in the direction of Ex

In the structure S2-CL5-1.8e-Hxs (Figure 4.16), the NA isgiet couple with the
optical field EX. The emission wavelength was measured for 4 differentigusiof
the tip. The locations (cf. Figure 4.16) are noted as postti®¥1)Lt¢ position 4 (P4).
The measured wavelengths at these location are Apy = Ap3=2Apa= 1514.8nm and Apz =

1514.4nm.
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Figure 4.16 Different positions of fixed wavelength of S2-CL5-1.8e-Hxs.

Figure 4.17 shows the near-field cartographies performed thattwavelengthd.p;

and Ap2. The topography shows clearly the cavity and the featuheoNA. The
structure profile is same as the SEM image. The opiield! distributions at different
fixed wavelengths are shown in figures d) and e). The superpositib@ tfpograp hy
and the optical maps are shown in figure f) and g). As befoeeobserve the
tip-position dependence of the resonance wavelength of the mogi@alterns of the
intensity distributions are also different from the R@&vity without NA, which
confirms hat the NA modifies the mode. At A = 1514.8nm (d)), The NA is very bright.

The regions around the NA are very dark. The optical fidddsirom the NA are
bright, but they are not as bright as the NA. At A = 1514.4nm, the optical fields at the

edge of the cavity arise and the intensity of them @ngtr Meanwhile, the NA still

shows the brightest signal.
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y {microns)

lum

Ap; = 1514.8 nm Ap> = 1514.4 nm

Figure 4.17 SNOM measurement result of S2-CL5-1.8e-Hxs. a), SEM image of the PC
cavity; b), topography of the PC cavity; c), numerical simulation ofoiptecal field

map, d), e), optical field maps at fixed wavelength of Ap1 = 1517.38nm, Apy =
1515.21nm; f), g), superpositions of the optical pattern with the topography

correspond to d), e).

Figure 4.18 shows the cross section of the optical signa¢ absition of the NA at A
= 1514.8 nm of S2-CL5-1.8e-Hxs. From the intensity records, omesex, for this

structure, that the light intensity at the position of N is much stronger than the
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signal from other location. In Figure 4.18, the signal from NA sasirtie detector.

Intensity {.')’
()] o o
e
—
Intensity g;
(9] (o] o

E
e
ST o
I
—

N
N
-

o

. : 0 -
0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
X (um) X (um)

A=1514.8nm
Figure 4.18 Cross sections of S2-CL5-1/8e-at 1 = 1514.8nm. a), b), the schemas

of the cross sections; c), d), the light intensities of the cross sections.u€har tmws

show the optical field near the NA.

To avoid the signal saturation, the monochromator siésr@aduced to a suit value.
Figure 4.19 shows the new maps and the new cross sections of apldcalyf at A =
1514.8 nm of S2-CL5-1.8e-Hxs in this situation. On this figure, we cleeglytst the
NA signal dominates the light intensity in the cavity. Compamwith the intensity
record of cross section of optical field Exeasured at A = 1514.39 nm of structure
S2-CL5-1.9e-NO, one can see for the structure S2-CL5-1.8e-Hgsjntensity of
optical signal of NA is stronger than the signals of otitical field EX. But for the
structure S2-CL5-1.8e-NO, the intensities of the optiteitls EX are same. It

indicates that the NA enhances the optical signal in ne&fr{ével.
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Figure 4.19 Cross sections of S2-CL5-1/8e- at A = 1514.8nm, compare with
S2-CL5-1.9eNO at 1 = 1514.39nm. a), b), c), the schemas of the cross sections, d), e),
f), the light intensities of the cross sections. The blue arrows ghewptical field

near the NA.

4.3 Near-field characterizations of CL7 structures

4.3.1 Spectroscopic results of the CL7 structures

For CL7 structures the recorded wavelength were meaditséigk These structures
were not observed for by MEB-Tescan before the near-fiddsmmements. Figure
4.20 shows the photoluminescence spectra of structure SZEGEMNO recorded by
the SNOM in far-field and near-field at room temperatutee 3lit is full open (slit =
200). The laser peatbtained at A = 1564nm corresponding to the fundamental mode

of PC cavity in both far-field (black curve) and near-figldd curve) measurement.
Conversely to CL5 structures, no extraordinary red-shift wlaserved for these
structures. The near-field spectrum shows several ®@mipsaks at other wavelength

corresponding to other modes [14].
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Figure 4.20 Laser emission spctra of S2-CL7-1.5¢-NO in far-field and near-field.

The other CL7 structures do not show the wavelength tuningopienon neither,
including different structures (PC cavities with and hoviit NAs) with different
design (location of NA) and fabrication parameter (doseéedfeam lithography).
Figure 4.21 shows the measurement results of structuré320c-NO (a)),
S2CL7-2.0c-Hxs (b)) and51-CL7-1.8c-Hxc (b)) for instance. From the spectra of
structure S1-Hxc-CL7-18c, one can see the laser emisdicundamental cavity

mode at 1562nm, and there is another cavity mode laser emissionat A = 1542nm [2].
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Figure 4.21 Laser emission spctra of S2-CL7-2.0c-NO (a)), S2-CL7-2.0c-Hxs (b)) and
S2-CL7-1.8c-Hxc (c)) in far-field and near-field.
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4.3.2 Far-field images of the laser mode
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8§2-CL7-2.0c-NO 8§2-CL7-1.9¢c-Hxs 82-CL7-1.8e-Hxc

Figure 4.22 Far-field images of structure S2-CL7-2.0c-NO (a)), S2-CL7Hx8())
and S2-CL7-1.8e-Hxc(c)).

Figure 4.22 shows the far-field optical images of struct8&CL7-2.0c-NO,
S2CL7-1.9c-Hxs and S2-CL7-1.8e-Hxc. It shows that the presercthe NA
modifies the far-field pattern of the PC cavity. The flaid pattern of
S2CL7-1.8e-NO presents two bright spots in the pattern. Thdéefdr patterns of
S2CL7-1.9¢c-Hxs and is concentrated and smaller. It has ongybright spot. The
pattern of S2-CL7-1.8e-Hxc presents three bright spots in. @iidanal bright spot
is in the centre. This spot may due to the presence ofHedever, since there are
two laser modes detected in the spectroscopic measuremestprbbably the

combination of these two modes.

4.3.3 Near-field maps of the CL7 structures

4.3.3.1 Pure PC cavity
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Figure 4.23 Structure S2-CL7-2.0d0.

Concerning the CL7 micro-cavities without NA, we choose &s@nt the results of
structure S2-CL7-2.0c-NO (Figure 4.23) because it is quiteeseptative. The
wavelengths of fundamental cavity mode measured in the centre of the cavity is A =
1543.00nm. For this cavity, the interaction with the SNOM-tis wafficiently weak
to neglect the tuning effect presented in the previous sedti@reason is probably
the effect of the cavity size (or mode volume) with respectei@ibbe size. Moreover,
the structures have not been observed by SEM, and theangtiekeeps stable both

in far-field and in near-field.

Figure 4.24 shows the SNOM measurement result with the wavelength set at A =
1543.00nm. From the topography image, one can see the cavitly.Cle® optical
field distribution is shown by figures c). From the figuoe® can see that this mode
is indeed the fundamental mode of the cavity. The optical fédtribution patterns

are in very good agreement with the simulations.
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Figure 4.24 SNOM measurement result ofC3Z-2.0cNO. a), topography of the PC
cavity; b), numerical simulation of the optical field map; c), optical field maps at fixed
wavelength of . = 1543.00nm; d), Superposition of the optical pattern with the

topography correspond to c).

As described in chapter 1, for the fundamental cavity mode, therfidie centre
along the long axis of the cavity is mainly due to the contalmubif Eypolarization,

and the field at the sides of the cavity is mainly due to th&ibotion of Ex
polarization. Figure 4.25 shows the cross sections of optical fiélihEke centre and
Ex at the sidesta. = 1543.00nm. The cross sections are shown in tiles a), b) and c).

And tiles d), e) and f) recorded the intensities correspond to theamnninsities of
both the optical fields Eyand EX decrease from centre to theside. Note that the
intensity of optical field E¥is much weaker than the optical field’Eanly about 1/2
of them. It is because the optical field’Ex scattered by the holes around the cavity,

so the signal of optical field Bxare much stronger.
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f) 10

Intensity
w

Figure 4.25 Cross sections along the long axis and the sides of S2-CL7-2.0c-NO.

The recorded optical field distributions of other CL7 P@itegs show the same

investigation resoiftsstructure

results. Figure 4.26 shows the near-field

S3CL7-1.7d-NO and S3-CL7-1.6¢c-NO.

A = 1489nm

S3-CL7-1.6¢-NO A=1525nm

Figre 4.26 SNOM measurement results of Ci3-1.7d-NO (a), b), c)) and

S3-CL7-1.6¢-NO (d), e), f)).

4.3.3.2 Hybrid structures

14C



Conclusion and Perspectives

a. NAinthe direction of Ex at the side of cavity

»<

Figure 4.27 Structure S2-CL7-2.0e-Hxs

CL7 PC cavity with NA had been measured. Here the memsuteresults of
structure S2-CL7-2.0c-Hxs (Figure 4.27) are presented. Figure 4.28 shows thé SNO
measurement result of the structure. The recorded wavelength is A = 1545.58 nm. The
topography image shows the feature of the cavity and the T™hA& optical field
distributions are shown in figures c). As for CL5 stuwes, the patterns of the
intensity distributions are different from the PC cgwitithout NA : itmeans that the

NA modifies the mode. The position of the NA is bright arel rdgions close to the
NA are very dark.
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A = 1545.58nm

Figure 4.28 SNOM measurement result ofC3Z-2.0c-Hxs. a), topography of the PC
cavity; b), numerical simulation of the optical field map; c), optical field maps at fixed
wavelength of A = 1545.58nm; d), superpositions of the optical pattern with the

topography correspond to c).

Figure 4.29 shows the cross sections of optical field atsire S2-CL7-2.0c-Hxs at
A1 = 1545.58nm (a) and b)). Comjxa with the result measured at A, = 1543.00nm
of structure S2-CL7-2.0c-NO (e) and f)). We can see that the NAlsigmanates the
light intensity in the cavity. For the structure S2-CL7-2.0;Hthe intensity of

optical signal of NA is stronger than the signals of other opfiells.
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Figure 4.29 Cross sections of £82-CL7-2.0c-Hxs (a), b), c), d)) and S3-CL7-2.0c-

NO (e).f).9).h)).

b. NA in the direction of Ex in the centre of cavity
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>«

Figure 4.30 Structure S3-CL7-1.9d-Hxc.

The measurement results of structure S3-CL7-1.9d-Hxc (F48@ are given. Since
the resonance of NA is sensitive to the polarizatiorthef exciting source. The
orientation of the NA is optimized for a coupling with tBg component. As there is
no EX component at this location, this is a test of the prd#éinn sensitivity of the
NA. Figure 4.31 shows the SNOM measurement result of the structure at A =
1485.02nm. The topography image shows the cavity the NA. Figureowa)sstne
optical field distributions. In this case, the four regiofi®ptical fields EX near the
corner of the NA are very bright. The intensity of sigimam the gap of the NA is
weak, indicating the polarization sensitivity of the hylsitlcture. The result agrees
with the theory expect [13] and the simulation result. Thisab®lir is reproducible

and has been recorded on several identical structures.
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| {SEEED)

d)

A =1485.02nm

Figure 4.31 SNOM measurement result ofC&3-1.9d-Hxc. a), topography of the PC
cavity; b), numerical simulation of the optical field map; c), optical field maps at fixed
wavelength of A = 1485.02nm; d), superpositions of the optical pattern with the

topography correspond to c).

4.4 First step of investigation of the optical properties of graphite hybrid

nanodevices

4.4.1 Far-field invistigation

The optical properties of graphite PC-NA hybrid structures are igagsti as well. In
the far-field measurement, most of the equipment set-wgme s the CL5 and CL7
PCGNA hybrid devises. The differences are mainly about thé@agikm situation. The
wavelength of the pulsed laser diode emitting is 780 nm.pUk&e with was 15 ns,
with a 7.5% duty cycle. The achromatic objective lens ¥, 1€ince the graphite

structure should be excited in a large area [3].
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Figure 4.32 shows a far-field measurement result of a hytstidtare. Figure 4.32 a)
presents the typical emission spectrum corresponding to #heplask of the mode of
the hybrid graphite structures. Figure 4.32 b) shows the ieariaf the laser peak
intensity versus the effective incident optical pump povtere, we consider the
incident mean power and we assume, according to our siongdathat only 35% of
the optical pump power is effectively absorbed by the InPdyarrA laser threshold

of 2 mW can be inferred from the data.

a) b)

30000+ 300004

a.u.)
a.u.)

20000+ 200001

Optical power
Peak power

‘£ 100004 10000

| . N

1520 1525 1530 1535 1540 0.0 1.0 2.0 3.0
Wavelength (nm) Effective optical pump power (mW)

Figure 4.32 Laser spectrum (a)) and threshold (b)) of a graphite hybrid structure.

4.4.2 Near-field investigation

The set-up of SNOM for the graphite PC structure is sasnthe CL5 and CL7 PC
structures.the only difference is the near-field probe. Smeeftical field of graphite
PC structure radiates a lot, the silica near-field prisbeot adapted the near-field
investigation for the optical field distribution of graghitybrid structure (cf TP Vo
PhD thesis) [1]. The aperture metalized-probe is employed.
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Probe Probe
H.
Probe Probe

Figure 4.33 A round-trip of the scanning process on a graphite hybrid structure.

However, when the probe is approached in to near-field, tleie very strong
interaction between the near-field probe and the PC-steycind the laser mode is
kiled. Therefore, during the near-field optical field dilstion investigation, while
the probe scans across the emission area, the laser mode is kdledilerthe probe
passes the emission region, the laser mode restores. This gimemocan be obtained
via the far-field images recorded by the IR-camera. Figu88 shows a round-trip of
the scanning process. In figure 4.33 a), the probe does not entmid®on area.
The far-field pattern of the laser mode is very bright andstiage is like a doughnut,
same as the pattern which is got in previous studie$[@lire 4.33 b) to e) show the
probe round-trip process. The red arrows point out the posifidine probe. In the
images, the probe is a little white spot. When the probetieatdge of the emission
area, the laser mode becomes weak. And when the probesctbeseentre of the
emission area, the laser mode disappears. After the probe teawasission area, the

laser mode restores totally. This phenomenon was not observedpirethous stude
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[1]. The reason of the phenomenon is not clear. Itayb®a due to some chemical
residues of the fabrication process change the surfapey of the PC structure.
And this change yields the interaction between the probe andP@h structure.
Therefore, the near-field optical field distribution aistkind of structure can not be
obtained. This investigation should be continued with some otiabte near-field

probes which have not interaction with the PC-structures andetangh resolution.

Conclusion

In summary, near-field properties of the PC-NA hybrid stmectiare investigated.
The measurement is difficult to reach. First reasdme&use the structures are easy
to be destroyed by the shear force of the near-field probe. The vahe siéarforce

is tested before the optical characterization. Secoasbreis some times there is a
huge interaction between the near-field probe and the wtesctwhich induce the

measurement difficult.

For the CL5 and CL7 hybrid structures, the measurementsmrédsat the coupling
between the NA and PC structure modifies the opticdd figstribution of the laser
mode. The modification depends on the position and direction of thend Aensitive
to the polarization of the optical field. If the directiohpmlarization and the NA is
same, the NA can localize and enhance the laser signa¢ indar-field zone. The

investigation demonstrates a plasmonic-photonic crystalilas@moscale.

The investigation also presents that a long period observayidiEB Tescan will
induces an extraordinary wavelength tuning to the laser mode. Hunrisanot clear.

An interdisciplinary research should be taken to study tbagxhenon.

The far-field and near-field properties of the graphite-NPA hybrid structures are
investigated in first step. However, because of the hugeaatien between the
near-field probe and PC structure, the near-field opticél fiestribution can not be

got.
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Conclusion and Per spectives

Conclusion

In this thesis, we design and realize a novel nano-opliate based on the use of a
photonic crystal (PC) cavity to generate an efficient diogpbetween the external
source and a nanoantenna (NA). The research work includes enao®dlesign,

fabrication and characterization.

The PC structures are formed in an InP-based memiffaneInAsP quantum wells
are in the centre of the membrane to act as an optical gagniahaf laser mode. The
PC structures include defect mode PC structures and Bimxe PC structures.
Defect mode PC structures are triangular array of cylindricashdldoles or 5 holes
are omitted to form the defects: CL7 and CL5 cavities. The Blamer?C structures
are large squares of regular hexagon array of cylindnoles. The bowtie NAs are
placed on the backbone of the PC structures. For the CL7 l&mdPC cavities, the

NAs are placed in three positions on the cavities to $ether the NA can couple to
the laser mode of the PC cavity. And for Bloch mode PC simgtthe NAs are

placed in four positions to couple to the monopolar mode of therB&wses.

The PC structures are formed in an active high refgtidex InP-based membrane
with four InAsP quantum wells in the cent®.SiO; layer is deposited on the top of
the sample as a mask layer for the etching process. Proce$siegPC is done by
electron beam lithography. Reactive ion beam etching (Ri8Esed to transmit the
patterns of PC structures into the InP layer. Individuabietnano-antennas (NAS)
are then deterministically positioned on the backbone of the PGus&siby a second
e-beam exposure followed by a lift-off process. Overlay measents showed that

the deviation in the alignment error could be as small as 50nm.
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Optical properties of the hybrid structure are investigatedath far-field and
near-field. The far-field measurement is performed by nupttoluminescence
spectroscopy at room temperature. The results show thdtAheouple to the PC
cavity and a laser signal can be detected. The coupling sesebe lasing threshold.

The wavelength of the laser is also impacted.

Near-field scanning optical microscopy (SNOM) has emplot@dnvestigate the
near-field optical field distribution. However, since thés are easily be destroyed
by the shear-force of the near-field probes, the invesiigdsi complex. A suitable
value of shear force should be set first. The measureresults show that the NA
modifies the mode of the structure and localizes the dpfiel under it. The
modification depends on the position of the NA and sensitive to taeizadion of the
optical field. This novel system may open the route to epfdins in integrated
opto-plasmonic devices for quantum information processing, fsierf single

photon sources or nanolasers, or as sensing elements foremocahspecies.

The far-field and near-field investigation also preseimd & long period observation
by MEB Tescan will induces an extraordinary wavelength tuningetdader mode of
the CL5 PC cavities and hybrid structures. The reason iscleatr. A possible

explanation is given here. An interdisciplinary resealotuld be taken to study the

phenomenon.

The far-field and near-field properties of the graphite-NPA hybrid structures are
investigated in first step. However, there is a huge intenattetween the near-field

probe and PC structures, the near-field optical field distriha@nnot be got. Further

studies on this kind of structure will be taken.

Perspectives

For the future research, we will continue to study thigl laf nanodevices. Since the

research has only just begun, we just got the prelimireayits of the properties of
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this kind of nanodevice. There are still a lot of propeied applications which can

be investigated.

In near future, the interaction between the defecs®P@tures and the NA should be
researched in detail. We should understand whether the NA caallige driven more
efficiently via adding the PC cavity and whether the NAagwks the intensity of the
optical signal from the PC cavity. Hence it is nhecestarpvestigate the interactions
between different NAs and different PC cavities. Weusthaote that the position,
direction of the NA, and the distance between the NAtaadPC cavity will impact
the interaction of them. After these researches we g the plasmonic-photonic

crystal hybrid system with an efficient coupling and low losses

The extraordinary wavelength tuning phenomenon will be imgeged in detail. The
surface characterization of the sample and the impiaitie SEM observation will be

studied.

In far future, the interactions between the plasmonicepfiothybrid structure and
other nanostructures will be investigated. For instance, goadots (QDs). The NA
can confine the optical signal from the PC cavity in a nanomedds. sthis scale just
matches the size of the QDs. And the NA can enhancexttieng light intensity to

provide an efficient exciting of the QDs. Therefore, if the do&s not quench the QDs,

we could provide a route to more efficiently exciting the QDs.

Several other applications of this kind of plasmonic-photbyitrid nanodevices will

be extended including efficient single photon sources and singéxuieldetection.
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Appendix
Appendix A: Patterns for Autoalignment E-Beam lithiography

For each group of hybrid structures, four write field aligmnmarks are put at the
corners of the write field (Figure 1). The alignment marks areseso€ach arm of the

crosses is 5pum long and the head of the arms are 1um wide.

Figure 1 Detail of an alignment mark

Four large crosses are put at the four corners of the ftérpaDuring the second and
third steps of lithography, they will be used for looking twe tvorking area, and will
be used in the step of stage to sample adjustment. Thef®aeh cross is 60 um by

60 um (Figure 2).
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Figure 2 Detall of an large mark

In each full pattern there is also a group of vernierepatFigure 3). There are two
groups of rods, which are used to measure the mismattie cdlignment between
two steps of lithography. One group is in horizontal (Xedtion and another is in
vertical (Y) direction. Each group contains two rowsads, side by side. Each row
consists of 19 rods. The width of each rod is 200nm. The twoimothe centre are
longer than the others and they are exactly head to headlidtance between each
rod is 1um for the lower and right row, and 1.01um for uppeérlaft row. So there
will be an alignment mismatch from -90nm to 90nm betweenrdlls lower and
upper, and the same to the right and left (Figure 4jjdgm the centre to the edge, for
the first pair of rods, the missing is 10nm. For the secondopaods, the missing is
20nm, until the last pair of rods, the missing is 90mhe upper rods and left rods are
outward. The upper row and left row are set in the sages l@ith photonic crystals.
And the rows which are opposite to them are set in thee skyer with the
autolignment marks. So if there is an alignment mismatch eetthe write fields of
the two steps of lithography for photonic crystal and agrnotent marks, the rods in
the centre will be not aligned, and another pair of rods lveil aligned, then the

mismatch can be measurdébr instance, in the horizontal rows, if the first pdir o

15€



Appendix

rods in right side is aligned very well, it means the write fiéldlotonic crystals has
a 10nm shift to left, corresponds to the write field of aupmadient marks. As shown

in Figure 5.
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Figure 3 Over view of vernier pattern. a) full pattern; b) upper and left rows; c) lower

and right rows.
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Vernier structure with
offset in steps of 10nm

O nm

-90 nm Onm 90 nm
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Figure 4 Detall of the vernier pattern. Figure from reference [1]
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Figure 5 Diagram of measuring the mismatch of write field by the vernier structure
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Appendix B: Sage to sample adjustment and Write field alignment of E-Beam
lithography

The steps of “stage to sample adjustment” and “write field alignment” must be

operated very carefully. The accuracy of the autoalignditéiatgraphy depends on
the accuracy of the positions of the alignment marks. Tbbagltransformation
should be chosen to transform the coordinate systems festdge (X, Y, Z) to the
sample (U, V, W). And after origin correction and angle coimeqrepeat one time
for accuracy), 3 points transformation was selected. Uséxl to calculate the shift,
two rotation angles and two scaling factors between the yaterss [1]. In this step,
some dusts were found at three locations on the sampleluBtewere far from each
other and not at the working areas. For the first dusr gfit a good focus on it, a
contamination point (Figure 1) was made by the focused e-beamnthe dust. After
got good focus on the contamination point, the locatiohan(X, Y, Z) system of the
point was read, the location in the (U, V, W) system of gbent was input. The
coordinate system transformation was proceed (Figure 2). Tieesaime process to
the other two locations. The process of 3 points transfoomastiould be repeated
several times with the contamination points, until goaegurate transformation. For
the origin correction and write field alignment, a contamimapoint could be made

and used also.
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Figure 2 Adjust UVW window of E-Beam lithography

For the write field alignment, since the system is equipped wétbea interferometer
stage, the laser stage could be used as measure standardamination point was
selected as a mark (for the equipment with laser imtarfeter stage, it only needs
one mark) [1]. In this research the write field should heaselOOum by 100pum and
the magnification was set as x1100. The alignment proced wesavacted, and then
scanned over the mark. In the mark window, there was a gress in the centre of
the image (Figure 3). The greeross defined the expected location of the mark [1].
The cross was drag and drop on to the mark in each imagtha correction values
were applied. The system would calculate the write fielshsfamation. This
sequence should be repeated with scan fields from 25umadedréo 500nm for

accuracy. A very precise alignment could be got due to the peoithe laser stage

[1].
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Figure 3 Mark window of E-Beam lithography

In the position list, we put the full patterns as a 7sliaed 7 columns matrix. The
period of the matrix was 500um, same as the length of edcpafitern. For the
scanning pattern, only layer 5 and 6 were scanned to put the autoalignankstand

the large crosses.

File Edit Search Fiter Scan Project Extras Window ?

2341 W B~ ~ ¥

AL EE RTINS

ID  |Ufmm |Wmm IAttribute ITemplate IComment IO
< 0.000000 0.000000 %S uy Full
2|1 0.500000 0.000000 %S uy full
? 2 1.000000 0.000000 XS5 uy full
'@|3 | 1.500000 0.000000 35 uy full
g 4 2.000000 0.000000 %S uy Full
‘@|s | 2.500000 0.000000 5 uy full
E6 3.000000 0.000000 %S uy full

Figure 4 Position list of E-Beam lithography

The contamination point caaiso be used to check the astigmatism correction of the
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e-beam, via the shape of the contamination point. If thpesbé the point is very
round, it means the astigmatism correction is very good. Csglyeif the point is

elliptic, the astigmatism correction is not good.
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Appendix C: Stage to sample adjustment and Write field alignment of

autoalignment E-Beam lithography

In this step of lithography, the step of “stage to sample adjustment” was different from
Appendix B. After found the matrix of the marks, a largessrat a suitable location
was chosen to do the origin correction. For instance the dangs which was at the
left down corner, noted it as cross 1. Note that the leftrdoorner of this cross
should be set as the origin in both global transformation and local tnaasifon. The
location need not to be very accurate. The angle correwasralso proceed in both
global transformation and local transformation. A positad the edge of a horizontal
arm of cross 1 was set as label 1. Then another laogs dn the same line in
horizontal direction was chosen, noted as cross 2. Cross 2 shouldfioenf&ross 1.
A position at the edge of the same horizontal arm o8€2 was set as label 2, and
then adjusted the angle correction. This step should be repeatddnes to get a
very accurate angle correction. For the 3 point correctloa, ldcal transformation
must be set. A contamination point was made in the cemtceoss 1, and then got
good focus on it and set it as point 1. Because the cr@asshe left down corner of
the write field, and the size is 60um by 60 um, so the location of poiosiba set as
U =0.03mm and V = 0.03mm. And then read the location in (X, Y, Z) systdrdidn
the coordinate system transformation. To set point 2, anotiger daoss which is far
from the origin could be directly arrived via stage control destinatib. For instance,
the cross at the left down corner of tH2 fill structure in the same horizontal line, it
could directly arrived by input U = 3.03mm and V = 0.03mm in stegatrol
command tab. The position actually arrived should be alofrém the centre of the
cross. Another contamination point was made in the ceoftrhe cross and the
location of the contamination point in (U, V, W) system was sé&l & 3.03mm and V
= 0.03mm. Then read the location in (X, Y, Z) system and dictabedinate system
transformation. For point 3, the process as same as point 2 was th&docdtions of
the 3 point should be far from each other. And the locatiodimgaand system

transformation process with the points was also regeatdil got an accurate
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transformation in this time of lithography (Figure 1).
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Figure 1 Adjust UVW window of autoalignment E-Beam lithography

For the write field alignment, a contamination point was madée centre of a large
cross. The process of the write field alignment was samehe first time of
lithography. After the write field alignment, it was theogess of checking the
accuracy of the autolignment system. The first full patteas dragged and dropped
to the position list. The position of the pattern wasadehe centre of the first write
field of the full pattern, U = 0.05mm and V = 0.05mm. The layer 68 sed. it is the
manual alignment process. After scanned, the autoalignmeks mauld be shown
in the mark window one by one in order of the write fiellise green cross needs to
be dragged and dropped to the centre of the autoalignment mark (Ejgatest like
the write field alignment process. If the autoalignment mar® \absent in the mark

window, it meant the autolignment system did not work.
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Figure 2 Mark window of autoalignment E-Beam lithography

After the manual alignment process, the layer 61 was seistahe autoalignment
process. After the system started scan, the system would @ihkewes of line scan
over the arms of the alignment marks, in order of wraéd§ for each full pattern. In
each write field, the system did line scan on two arfrth@® alignment marks at the
four corners. For each mark, one line scan was on a hbaizarm, another line scan
was on a vertical arm (Figure 3). The software coutdnand display the intensity
of the secondary electron as a function of the posjfibnThe intensity of the marks
is much higher than it of the substrate. So the systeuu dind the location of the
alignment marks and set the location of the write figthes as the first time of

lithography via the difference of intensity (Figure 4).
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Figure 4 The intensity of the secondary electron of a line scan
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After checking the autoalignment system, the full pattevheh would be scanned
were put into the position list and input the locations ahgaatterns were input. The
locations which were input must be the centre locatifribie first write field of the

full patterns (Figure 5). And the positions of working areastnsame as the marks

which we put in the first lithography. Layer 61 was setdoing the autoalignment
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and layer O for scanning photonic crystals. During the lithdgraghe system would
first do the autoalignment and then scan the photonic crystals, inadrdeite fields.

A big square with size 50um x 50um should be wrote for the ldlbtEo

File Edit Search Filter Scan Project Extras Window ?
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Figure 5 Position list of autoalignment E-Beam lithography
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Appendix D: The procedure of the calibration of pump power

In the far-field measurement for the CL7 and CL5 strustutbe period of the
pumping laser is 233 ns and the wide of the pulse is 22.5 ng tancuty cycle is
about 10%.The objective is 20X. During the far-field measurémenhe structures,
the effective incident optical pump power on the structures should be gwelo this,
before the far-field measurement on the structurespgeraf the powers of the laser
source, the position infrant of the objective and the plahdéhe sample were
measured. The power of the laser source was measurea kgithley 197A
autoranging microvolt DMM linked to the laser source. The BnitA. The power in
front the objective and the surface of the sample ales measured. They were

measured by a Newport power meter model 1918-C. The mode @bther meter

was CW continue mode. The unit is mW.
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Figure 1 The relation between the three powers

The relation between these three powers is shown ind-iguFrom this line graph,
after filter by the Orign software, it shows that théationship between the pumping

powers on the sample surface and the laser sourcgnigieUw) = 65.18 X Rurce
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(MA). Therefore, during the far-field measurement, the effecdticident optical pump
power on the structures can be calculate directly fimanpowers of laser source via

the relationship.



Abstract

Plasmonic-photonic hybrid nanodevice

Metallic nano-particles or nano-antennas (NAs) provideang spatial confinement
down to the subwavelength regime. However, a key challenge is tesadde collect
light from those nmo-scale systems. The tiny active area of M is both an
advantage for its miniaturization, and a real limit foe fevel of the collected signal.
Therefore, one needs to reconsider how to drive efficienigh SNA. Here, ve
propose to tackle this important issue by designing and readizimyel nano-optical
device based on the use of a photonic crystal cavity ¢®&aty) to generate an
efficient coupling between the external source abhtAaln this thesis, we design and
realize a novel nano-optical device based on the coupfigineering of a photonic
crystal (PC) cavity and a nanoantenna (NA). The resesock includes nanodevice

design, fabrication and characterization.

The PC structures are formed in an InP-based membranefowuithnAsP quantum
wells are in the centre of the membrane to act as acabggin material of laser
mode. The PC structures include defect mode PC strucaungsBloch mode PC
structures. The bowtie NAs are placed on the backboneeoPh structures. The
fabrication of the PC is done by electron beam lithograpégcive ion beam etching
(RIBE) is used to transmit the patterns of PC strustim® the InP layer. The NAs
are then deterministically positioned on the PC strastuny a second e-beam
exposure followed by a lift-off process. Overlay measuresnetiowed that the

deviation in the alignment error could be as small as 20nm.

Optical properties of the hybrid structure are investigatedath far-field and
near-field. The far-field measurement shows that the iNéreases the lasing
threshold of the PC cavity. The wavelength of the lase@lso impacted. Near-field
scanning optical microscopy (SNOM) has employed to inwestighe near-field
optical field distribution. The measurement results shbat the NA modifies the
mode of the structure and localizes the optical field undeThe modification

depends on the position and orientation of the NA.
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