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General introduction

Photonic crystals (PC) are periodic dielectric cmees on the scale of the
wavelength of photons (a few hundred nanometeligg the electrons or phonons in a
crystalline material, the dispersion relation obfns in a photonic crystal has a special
form, which is represented as a band diadraitheir most famous properties are the
presence of an energy band in which the propagafiphotons is forbidden: the photonic
band-gap (PBG). An effective band gap in three dsmans requires a three-dimensional
crystal. However, such crystals are technologicdifficult to fabricate. In contrast, two-
dimensional crystals, made in the membranes of mdbax dielectric are objects whose
manufacture is now well controlled by many reseagcbups. In addition, they have the
advantage of being well adapted to the developmémomponents devoted to planar
photonic integrated circuits. The propagation obtpohs is controlled horizontally by the
2D-PC and vertically by total internal reflectianthe membrane. During the past decade,
2D-photonic crystal (PC) slabs have proven to lveah "play-ground” for implementing
solid-states concepts to nanophotonics: photoni lgap, defect modes, Bloch modes
and more recently randomness. This has enabledetiization of a wide variety of
nanophotonic components. Typically, a 2D-PC cossadt a lattice of air holes in a
semiconductor membrane. By inserting defects, a tiatancy for instance, it is possible
to create various basic components, such as a cantyg. Photonic crystals enable the
production of very small components of the ordethef half wavelength. Their advantage
is also to be able to integrate in one unique P€iara one-step technology, a compact
optical circuit. In such circuit, the guides or thiéers are passive components in which
light is injected and distributed along the opti¢ahctionalities of the device. Other
components can have active properties. To makePBeactive, light emitters are
introduced into the crystal. The optical responk¢he system will then depend on the
coupling between the emitters and 2D-PC modesnBarting these emitters in a cavity, it
is possible for instance to make micro-light soarsich as micro-lasers with low
threshold. In the field of quantum electrodynamiaes, note that the realization of small-
sized cavities, with a low modal volume (V) butighhquality factor (Q) provides a Q/V
ratio authorizing a change in the spontaneous émnisaté. The strong coupling regime
has been observed at very low temperatures inies\aetween the photonic crystal cavity

mode and a quantum dot placed in the cavitfhese achievements offer very interesting
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perspectives for quantum information processing,thes realization of single photon
sourced Apart from defects, a different way to exploietband diagram is to use allowed
energy bandsi.e modes whose propagation are allowed in the crysiamed Bloch
modes) but controlled, in terms of wave vector gndup velocity by the dispersion
relation. In particular, slow Bloch modes for whitte group velocity vanishes opened the
way to new types of components such as micro-lasgitsout cavity. Among them,
surface addressable PC exploiting slow Bloch mg@&Ms) emitting in the vertical
direction, i.e. located at thel-point of the Brillouin zone have attracted much
attentiorr® "% Near this point, low curvature flat bands giveerito delocalized and
stationary optical modes. They are currently recgghto yield very versatile photonic
structures whose operation are not restricted @oirihplane wave-guiding regime. Slow
Bloch modes operating at tHepoint have already shown to be suitable for diyect
achieving laser vertical emission with peculiar godations, as azimuthal or radial
polarisation$'®**2 Many applications based on the novel propertfesaw light can be
addressed from non-linear optics, optical switchirguantum optics to optical

storagé*

.. It demonstrates that the full use of the disjoer relation of photonic crystals
offers several ways to control the light in timedapace on the scale of the wavelength.
Lastly, it has also been proposed to introduce aamss into 2D-PC to realize light
Anderson’s localizatiol?''®*". The theory of Anderson localization was develojred
1958'® and predicts the complete localization of wavesandom media by multiple
scattering. Successful realization of Andersonalization in active 2D PC could be
useful to better understand localization mechanisinsvave in other random media.
Moreover, extremely high quality factor of Andersdocalized mode could be used to

fabricate optical devices such as micro lasersngles photon sources in future.

Manufacture of high dimensional PCs still remainste complex. At INL, the
choice was to develop 2DPC based on 1lI-V materiedpecially InP. The advantage of
these materials is that they may be transparenthénrange of telecommunications
wavelengths (1.3um-1.6um). Micro and nano-pattertirese materials benefits from the
expertise of the laboratory in terms of epitaxy al&hn-room technology. The fabrication
of active structures implies the epitaxial growth tbe InP membrane and InAsP
compounds, in the form of quantum wells or quantiots.
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In general, with the miniaturization of photoniongponents, it is necessary to
develop characterization tools to observe the mpwgnetic field in such small-scale
structures. Direct access and local distributiorth&f electromagnetic field in terms of
intensity, phase and polarization are requiredalcdate the designs. The objective is also
to improve understanding of the physical phenonatoccur at these scales, such as the
phenomena of coupling between the emitter and #oplwstructure. In the case of slow
Bloch modes, one of the important features is tlobaj lateral expansion of the modes
and the field distribution inside the PC. Theorti; the expansion,e. the mode surface
(S) is proportional to the band curvature (whichnisinsic to the 2D-PC design) and to
the lifetime of the mode in the structtité’. In the case of an active structure, like a micro-
laser, the mode expansion can also be governedhigy mechanisms involving carrier-
induced refractive-index charigen brief, the real expansion of these slow made2D
PC structures is one of the elements to underdtendomplicated mechanisms of optical
losses. In turn, the lifetime of photon in PC stawes is directly linked to optical losses
and is the essential parameter to improve the-figgitter interactioh®> In addition, a
local inspection can help to explain the unexpebtiedavior of some components. In the
particular case of photonic crystals, the strudionaof space implies a structuration of the
optical modes at scale well below the wavelengthsedvation of modes is impossible by
conventional optical techniques because they amgeld laterally by the diffraction. While
far-field optical techniques allow to obtain thelghl information on the overall structure,
by transmission, reflection, or photoluminescertey fail to reveal details of the optical
modes present in a cavity smaller than the wavéter@onversely, near-field scanning
optical microscopy (NSOM) is able to overcome imst. It opened a clear path for the
characterization of micro and nano-device optiased visualization of the field pattern
in photonic crystal based structures was made lplesby the development of a NSOM

setup dedicated to these structures.

Our principle objective is to study Slow-Bloch neoldased on active structures. In
order to fulfill this goal, a NSOM set-up adaptexd dharacterize slow light mode was
developed. More specifically, we want to obtain fledd distribution of the slow mode
into the structure, investigate its expansion aothnzation properties. Indeed, NSOM
enables a direct access to evanescent fields eshéih PC surface and thus yields local
information about the field distribution of nanasttured materials. Among various

configurations, we focus to develop the NSOM setoptransmission due to its
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advantages. In comparison with NSOM configuratioorking in reflection mode, this
configuration allows us to gain a better controtizg illumination spot including its size,
its shape, its position as well as effective purgppower on the surface of sample.
Moreover, although dielectric fiber probes were destrated adapted to characterize the
near-field optical properties of cavity modes (uniight-line) in 2D-PG>?? it might be a
challenge to work with strong vertical laser emossof slow light operating above light-
line. The alternative metal-coating tip with ciraubperture can be qualified for this issue.
However, these aperture-probes suffer from thettawsmission coefficient (1910 for
100nm-aperture siZe that reduces optical coupling of near-field madefree-space.
Since larger aperture increases the transmissibmelduces the spatial resolution, trade-

off between the coupling light and resolution obge needs to be considered.

In order to overcome these root issues associattidtire conventional near-field
probes, Femto-ST, INL, GEMaC and Lovalite SAS dmlate in the frame of ANR
“Nano ANtennas for the Optical Electromagnetic nmaokection (NANOEC)” project.
This project is aimed to elaborate the novel efitinanoantennas (NAsS) as innovative
tools for probing the nanoscale electromagnetitd fieurrounding the nanostructures
(photonic crystals, plasmonic devices, etc...). Aliffjo many types of optical nano-
antennas have been developed, such as morfdpdlelipole®, bowtie® or Yugi-Uda
antenna%’,?®... they share the same operating principle thatbéskeed for the radio-
frequency reginfé. Generally, the optical nano-antennas can actaas-transmitters or
nano-receivers to transform reciprocally the eteotignetic field between nano-objects in
surface and free-space radiafforiThese NAs-based techniques have been expected to
reveal optical information still inaccessible witbnventional measurements responding to
the present and future needs of the growing naticsopommunity. The novel optical
properties of NAs, such as electromagnetic fieldirextion or polarization sensitivity,
especially the field enhancement and confinemente hdlustrated the essential
contributions of such structures to the strong mupment of the spatial resolution and
coupling enhancement in optical imaging. Thesebalties have also opened up the new
brilliant perspectives of NAs application in singteolecule detectio’t, non-linear

optics?,*® or recently quantum optit.

Among the large varieties of designing NAs to abttie optimal properties for
nano-imaging purposes as above-stated, the fradistabowtie aperture antenna (BNA)
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mounted on near-field probe have been surged asmaiging candidafé=>%¢3! Indeed,

the optical abilities of specially-designed BNAscBuas the high optical throughput,
polarization sensitivity, field enhancement and fcement inside the gap zone are
expected to increase the signal-to-noise ratios #mhance coupling efficiency of near-
field to BNA tip as well as improve the spatial akgion in optical patterns. Moreover
BNA-probe is also expected to have no perturbatmrihe real electromagnetic field

distributed on surface which is a strict requiretmerslow light characterization.

In this dissertation, the content is arranged iinte chapters. Chapter 1 briefly
reviews the principle theories concerning photoergstals, near-field scanning optical
microscope and nano-antenna concepts. In chapter @esent the details of our NSOM
setup working in transmission mode and the optdigihment system which have been
built in our laboratory. In addition, nano-fabriat processes such as Epitaxy, Electron
Beam Lithography (EBL), Reactive lon Etching (R&)d chemical etching which were
employed to fabricate from PC structures to neadfiprobes are described. We also
include in this chapter the FDTD simulation prideipusing for theoretical study of
photonic crystals and the description of micro-phahinescence set-up used for our far-
field characterization. Chapter 3 is dedicatedrasent the simulation, fabrication and far-
field characterization results of photonic crysta@lfapter 4 is dedicated to indicate and
discuss about experimental results based on NSOltunement. In the first section of
chapter 4, we present the surface mode charadierizavith conventional probes
(apertureless dielectric and Al-coating circulaerpre probe) to demonstrate the impacts
of probe nature to near-field optical pattern. Beeond section of chapter 4 is dedicated
to the surface mode characterization with BNA-tiye show that BNA-tip can provide
the spatial resolution of/13 in mapping the near-field patterns with couplin
enhancement of two orders of magnitude. The thedien of chapter 4 is to present and
discuss about the surface mode expansion over ppleatoystal structure. In chapter 5 we
briefly introduce the disordered photonic crystaincepts and present two separated
disorder methods (fluctuation of hole position anddification of hole size) as well as
their simulation results. The experimental respigformed by our NSOM set-up to track
Anderson’s localization in these two cases of disoced photonic crystal are also

presented and discussed.
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Chapter 1: Theory

This chapter will present context of this work and
the principle elements of theory concerning
photonic crystal, near-field scanning optical

microscope and optical nano-antenna.
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1.1. Photonic crystal

1.1.1.Introduction

Quantum mechanics theory demonstrates that the @yfstals, where the atoms or
molecules are repeated in space, present a penpadential for electrons propagating
through it and make electrons behave very difféyefom those in homogeneous
conducting media® For instance, electron waves might be forbidderpriopagate in
certain directions at various ranges of energys Hmalogy could also be applied to the
light wave, an electromagnetic wave, in photonigstal media where atoms and
molecules are replaced by differing dielectric comgnts while periodic potential is
substituted by periodic dielectric function. Theofmic crystal concepts have been surged
and discussed a long time, and defined as a tmaif their periodic structures of
dielectrics arranged either in one, two or threeatisions of spaéé Photons propagating
in these media experience periodic perturbatiorss strong dispersion. These effects
could provide photonic band gaps or low band cumest in diagram exactly as electron

behaviors in solid crystal media.

Photonic crystals are also a wonderful platfornrdusetransfer solid state concepts
to photonics. Recently they also have been proptuseshlize Anderson localization (AL)
experiments with photon, thanks the concepts obrdexed photonic crystals. The
Anderson localization was named after his predictim 1958 that disorder in
periodic/lhomogeneous systems may lead to localitates of waves and a strong
localization regime can be achieved. In 1987 it walicted that the AL regime may be
easier to reach in randomized photonic crystalk witle band gap, where the localization
phenomenon is assisted by random scattering of hBlwaves. Lately it has been

demonstrated experimentally in quasi one-dimensioiatonic crystal waveguid®$

Generally photonic crystals (PC) are sorted byrtip@riodic arrangements of
dielectric materials. By this definition, we havB-PC, 2D-PC or 3D-PC depending on
the periodicity of dielectrics in one, two or thrdenensions respectively as shown in

Figure 1.1
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a) periodic in b)  periodicin C) periodicin
one direction two directions three directions

Figure 1.1: The models of photonic crystals in whilielectric structures are periodic in
a) 1D, b) 2D or c) 3D. The different colors in bksaepresent the differences in dielectric

material<.

Among these structures, 2D photonic crystal sldbgufe 1-b) have important
advantages. They can be patterned using stateeedrtrsemiconductor micro-fabrication
techniques, such as the electron beam lithograpbgeps. This guarantees a strong index
modulation with a high structural resolution. Fermore, it is very simple to introduce
functional defects and components (simply by desgyhe soft mask for lithography).
The feature size is easily measured with a scanelagtron microscope. In fact, our
research works mainly deal with this 2D active phat crystal slab bond on transparent
glass substrate.

We here will briefly introduce theory of electronmagism that governs the field in
photonic crystal and investigate their essentigicapproperties as well their perspectives

in optoelectronics.

1.1.2.Electromagnetism in dielectric media

Generally all the macroscopic electromagnetic §iedde governed by a set of four
Maxwell equations We assume that the dielectric media consideredags no free
charges and electric currents, in MKS unit, the Wealks equations are expressed as:
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V- -Dr.t)=0,
V. B(r.t)=0,

‘ d \
V x E(r.t)=——DB(r.t).
ot

b, ‘ (1)
VxH(r.t) = ﬁD[-r.f}.
[

Where (respectivelyie andH stand for the macroscopic electric field and mégres|d;
D andB are used for displacement and magnetic inductibe. relation betweeB andH

is formulated as:
B(r.t) = poH (7. t) (2)

whereu, donates to magnetic permeability in vacupgs4rn x 107 Henry/m.

The displacement field are linked to a power series of electric filddcomponents
through permittivitys (o = 8.854 x 13 Farad/m) and; ™ n-th order components of
electric susceptibility of mediumin order to simplify this relation, we assumettid our
field strengths are small enough to be considesed tnear system, so that™ can be
neglected; (2) we choose to work in the frequerayge so that value of dielectric
constants is independent on frequency (no mateligdersion); (3) only transparent
materials where (r) is real and positive are considered; (4) oatemals are macroscopic

and isotropic. With these assumptions we can eg@emdE as following:
D(r.t) =cozs(r)E(r.t). G

Substitute all above relations into Maxwell’s egoias, finally we obtain:

V - A{s(r)E(r, 1)} =0, (4)

V- -H(r.t)=0,

) )
‘ (5)

o

VxH(rt)= :‘g;—‘('.r']m

E(r.t)
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These linear equations depict the complicated ioglatamong electromagnetic fiel&s
andH in time (t) and space (r) dependence. Consideffieltr as harmonic modes and

separate into two terms of time and space as fstlow

E(r.t) = E(r)e !

(r.t) = E(r) ©)
H(r.t) = H(r)e !

where o is the eigen-angular frequency aBk(¢) and H(r) are now eigen-functions of

wave functions. Insert into Eq. (3) we obtains:
OIH(r) =0
Ode(r)E(M)]=0 (7)

OxE(r)—iauH(r)=0
OxH(r)+iae(r)e,E(r) =0 (8)

Eq. (7) points out that no point sources or sinkelectric and magnetic fields in the

medium and the field configurations are transvelRearrange Eq. (8) and replace

2 one obtains the master equation in H(r):

DX( 1 DXH(r)j:(C—U)ZH(r) 9)
£(r) C

The master equation (9) contains the solutionsagmetic field modes in space of

C=(eopo)”

a given photonic structurgr) corresponding to frequencies The fields must satisfy the
transversality conditions stated in Eq. (7). Theovehble electromagnetic modes as
solutions of master equation are used to consthgcphotonic band diagram as indicated

in Figure 2.

In order to recoveE(r) from H(r), from Eqg. (8) we have:

E(r) = b OxH(r) (10)
wEE(r)
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1.1.3.Optical properties of photonic crystal

The band diagram of photonic crystals could proumest of the information
needed to predict their optical properties. Thedbatructures depend on the specific
geometry and composition of the photonic crystahsas the lattice size, the diameter of
the lattice elements, and the contrast in refraciidexX. The band diagram describes the
dispersion between normalized frequency and ineplavave-vector Kk in the first
Brillouin zones of the reciprocal space. Due to Byatry properties, the rest of Brillouin
zones could be built by symmetric translation o flreducible zone to cover whole area
of structuré. The Brillouin zone is a two-dimensional regionvedivevectors, where the
bandswn(k/) are actually surfaces. In practice the band emxg@ralmost occurs along the
boundaries of the irreducible zone. So, it is coiemal to plot the bands only along these

zone boundaries as depicted in Figure 1.2-right.

For a given photonic crystal with a periodic di¢gtecfunctione(r), resolving the
master EQ.9 enables to obtain the band structun@ituinswn(k), n being the band number,
and the allowable mod®¥s™. The various novel properties of strongly modudgtaotonic
crystals can be deduced from two important featurdated in band diagram: (1) the
appearance of multi-dimensional photonic band gaps (2) the strong modification of
dispersion. Exploiting these properties lead to ynd@vice applications from microlaser

to biosensor.

We begin to present the band diagram of 1D photorystal or multilayer film
structure. Though the simplest system, 1D PC s4fio show the fundamental optical
properties which are useful to explain the otheen@menon occurring in high-
dimensional system of interest. Figure 1.2-lefusttates a typical 1D PC with given

dielectric functiore(r)=¢(r+a), where a is the periodicity.

The photonic diagram of Figure 1.2-right shows adbgap which contains no
allowable mode. Band gaps are formed owing to thosite splitting of two accidental
degenerate modes propagating in PC structure wébepce of the oscillating potential
provided bys(x)=¢(x+a): the fielde(x)=cosx/a) is more concentrated in higher dielectric
material than the field(x)=sin(zx/a), so it thate remains in the low frequencies region.
The area below PBGs is named dielectric band (tenea band) since it contains the
modes which conserve their energy in dielectricemals (higher dielectric constant).

Similarly the band concerning the higher frequerscgamed the air band (or conduction
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band) since it contains the modes which conseree #nergy in air (lower dielectric
constant)™*2 This is analogous to the valence band and coimiuband in semiconductor
band structure.

a e(x) = e(x+a) Homogeneous
&lelgle&le ] &le gl e&]e, Wy “media

o(x)=sin(zx/a)

AN

e(X)=cosx/a)

I | — ]

NANAN

[

band gap

Band-edge

!
L]

0 K/ rla
Figure 1.2: lllustration of electromagnetic fiettistribution in periodic dielectrics of 1D-

PC (multilayer thin film structure). The higher Bietric materiale; is favorable for the
low-frequency modes e(x) and vice versus, thusrgeéng the band gaps between two

degeneracy modes.

Another way to exploit the optical property of 1DE€@ough the band diagram is
to consider the modes near band edgé&@tz/a in Figure 1.2-right). At these band edges
the photons are undergoing multiple reflections @nerefore only propagate slowly
through the photonic structure with a mean velgaigy Near the band edges, the group
velocity, envelope of light propagates within thaterial, defined ag,=odw/ok approaches

zero and slow light (stationary wave) is generated.

The following section will focus on the optical pexties of higher dimensional

PCs based on photonic band-gap and band edge.

a. Localized modes or defect modes of 2D PC slab

As definition, 2D PC is periodic in two directioasd homogeneous in the third.
The band-gaps, the range of frequencies in whictagws no guided modes, may appear
in the plane of periodicity. As a result, inciddight entering into this gap will be
reflected. Unlike 1D PC, 2D PC can prevent liglbnhfrpropagating in any direction within
the plane. Moreover, 2D PC provides the 3D confimets of light thanks to specific

design.
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Let consider the photonic band diagram of a tridgengRD-PC as shown in Figure
1.3-a. We are interested in the triangular latf since it is able to provide the large
photonic band gap. Since no allowable mode exigssity of states (DOS) in this gap is
zero. Thus, a photonic crystal with PBG is ableperate effectively as a perfect reflector
of light with very low losses* This triangular PC configuration (air holes in skb),
PBG appears solely in TE-polarization mode (in platectric fields) between normalized
frequency of 0.2080.275.

o
(&)

o
~
sl rssssnnny

Normalized frequency (&) £
o
w

——————— NN TE bands
_ Va N
. TM bands~
0.1 4 N
] Defect modes N
3 Ky
O = T T T T T T T T T T v v i i
r M K r

Figure 1.3: a) Sketch of triangular 2D-PC structdrey an array of air holes (r=0.3a,
a=440nm being the center-to-center periodicity, aggical e,;;=1) in high dielectric
material (Si slabg=12). Band diagram of this PC presents a large baags for TE
mode. The normalized frequencies are plotted arahedooundary of the first Brillouin
zones wherd”, M, K are high symmetric poirfitsh) SEM image of a seven-hole missing
linear cavity (CL-7). c) Optical image of electfield intensity distributes inside the CL-7

structure by FDTD simulation.

It is possible to create allowed bands within thetpnic bandgaps by introducing
point defects or line defects in the lattice of {gmic crystals. Light thus will be strongly
confined within the defects for frequencies regesdlof k-vector in the bandgap of the
surrounding photonic crystals since the DOS is redtesignificantly (Figure 1.4).
Therefore these modes are named localized modasfect modes. Figure.3-b shows the
SEM image of a seven-hole missing linear cavity {{Lin the InP slab. Figure.3-c
indicates the corresponding electric field intensdf a fundamental defect mode

distributed in the cavity by FDTD simulatibh This confinement of light within cavity is
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also demonstrated with near-field measurement tqubnproviding a high-Q lasing

modes.

(i)

___ Pholonic bandgap

Defzct mode

Y
Y

Diw) Diew)

(a) Free space (b} Photonic Crystal

Figure 1.4: Diagram of the density of states (D@S&jadiation field. a) in free space. b)
in photonic crystal media. The DOS in this mediatrengly modified indeed, especially

for defect modes in photonic band-gap which ingisahe sharp peak

PBG studies are motivated by their novel poteralications in optoelectronics
devices. First, the enhanced efficiency of lightterainteraction in high Q-nanocavity of
PC is used to improve the performance of variougalpdevices, such as lasers, optical
switches, modulators, memories and single photoittenst*'°> Second, a strong light
confinement with low losses makes PC suitable fgh ldensity of photonic integratidh
Third, PC containing high Q-nanocavities can modhg dwell time and transit time
which enables slow light and adiabatic tuning ofhti provides unprecedented

functionalities in photonicg,*.

b. Slow light modes (SBM)

In order to investigate this kind of modes, let aensider the photonic band
diagram of honeycomB2D-PC as shown in Figure 1.5. The lower inset 81 image
of honeycomb structure where A is lattice parameleere is no band-gap occurring in
the region of the first modes. At the-point, there are three slow modes, labeled
monopolar M, hexapolar H and dipolar D occurringnatmalized frequencies of 0.45,
0.47 and 0.50 respectively with a low band cunatuy and null of group velocityy. The
upper insets show three intensity mode patterngsponding to these modes obtained by
2D- FDTD simulation.
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J M ' K —— B

Kyt
Figure 1.5: Band diagram of honeycomb 2D PC witlida parameter A of 775 nm and
air filling factor of 20%. The lower inset showst®EM image of given PC. M, H, D
stand for three slow modes: monopolar, hexapolad dipolar respectively af-point.
Upper insets indicate the electromagnetic field, ldmponent) corresponding to three

slow modes M-H-D.

In theory the frequency dispersion could be desdribs the second order of k-

vector function using parabolic approximation:

w=a +v,(k=k)+ 2 (k=k) (1)

For extreme dispersiorg.g at I'-point of this diagram wherg,=0 at k=ko, the
guided modes become the stationary modes that gatgan the plane of PC. Thus the

Eq.1 can be reduced into:

w:%+gw—mr 2)
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DOS= (0”\') - 11 3)
dw membrane 2m a
Purcell fector = DOS e | - 1 (4)
DOS\/acuum a
s, =ar, (5)

The typical value ofu is in the order of 1®m2s'). This parameter strongly
impacts on the optical properties of given PC. étjeas shown in Eq.3 and Eq.4, the
density of state and Purcell factor are inversebpprtional to the value af. The Purcell
factor is defined as the ratio of DOS of the membrand the DOS of the vacuum: it
measures the enhancement of spontaneous emiss@m oh emitters placed in this
medium. The flatter the extreme, the smaller thedb@urvature and therefore the stronger
optical confinement is provided by the 2D PC, résglin an increased Purcell factor. The
honeycomb structure is known to present a flat baungtature. Moreover, as shown in
Eq.5, the surface mode,Svhich is defined by the area over which mode cdaerel and
keep coherency during its lifetintg, is linearly proportional to the-value. The lifetime
is linked to the coupling time; between the SBM and radiating modes apd which is
related to other losses of unavoidable imperfectibatructure fabrication. In the case of
an active structure, like a micro-laser, the moxjgaasion can also be governed by other
mechanisms involving carrier-induced refractiveerdchangé®. Thus estimation of

surface mode could reveal information above theermmhfinement with slow light*®

The research works on slow light are motivated H®y fact that it is expected to
enhance the various light—-matter interactions. &ledhancements might relate to (1) the
interaction time, which will become longer as theup velocityvy becomes smaller and
(2) the spatial length of an optical pulse will t@mpressed in proportion tg leading to
enhancement of the field intensity per unit inpawpr® 2. Generally, light-matter
interaction is very weak, which is a fundamentaktable for photonics applications,
particularly as regards photonic information praoeg. Thus, slow light has the potential
to solve this efficiency problem. Furthermore, slbght can be used to realize an all-
optical buffer memory, a very important componemtdonstruction of various all-optical
processing devices such as photonic roéterSlow light is another candidate for all-
optical memories, in which information packets wilih streams are delayed to hold the

information. If we can reduce the speed of lighie tsame amount of delay can be
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achieved with much smaller devices that could hegirated in a single chip. Another
advantage of slow light, as stated above is relateits compactne$d. The size of
photonic circuits and components can be signifigaréduced if slow light media are
employed, which is advantageous for photonic irgegn.

However, slow light structures also leave reseasckeveral major limitations that
need further studies, such as dispersion and [Bs. dispersion limit the available
bandwidth, that is, the information content cansh®ved down or stored, whereas loss

limits the storage time and interaction efficiency.

Although many challenges remain, especially in agptistorage, the slow-light
enhancement of linear and nonlinear functions agp@abe maturing rapidly and should

bear fruit in the short term.
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1.2. NSOM

1.2.1.Introduction

Basically, the electromagnetic field present at sheface of an object can be
described in two terms: propagating light and esaert light. The former concerns the
components that can propagate away from surfaeensinimum distance comparable to
the light wavelength, in a zone labeled far-fieldhe latter are confined to the surface
within a distance that can be well under the wangile, in a zone labeled near-fi&ld
Propagating light can be detected in the far-fiblgd using conventional far-field
microscopes; it gives precious information abowd #pectral properties of the object,
about its radiation pattern or the distributionlight at the object surface as far as low
spatial frequencies are concerned. In fact, astitited in Figure 1.6, due to diffraction,
the simple propagation phenomenon acts as a losv-fibr the spatial frequency of the
considered object. This is a wave-phenomenon wisiamot restricted to optical wave.
When an optical system is used to image the olfjeetcut-off frequency of the filter can
be formulated by the Abbe-Rayleigh's criteridnwhich stipulates that the optical
resolution of a far-field microscope cannot excebd0.6//NA where A is the light
wavelength and NA the numerical aperture. The médron about the high-spatial
frequenciesi(e the finest modulations of the electromagneticdiiehre contains in the

non-propagating field and remains in the closenigiof the object.

Figure 1.6: The illustrations of
diffracted field through sub-
wavelength apertures. Incident
plane wave passed though sub-

wavelength slits generated
Plane wave

A=1.55um ‘

~| evanescent field bounded to the

surface of thin fiim and

exponentially decayed as a

function of distance z from

r

surface.
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To illustrate this phenomenon, the evolution of filedd intensity as a function of
the distance has been computed in Figure 1.7 tiggieal nanophotonic device: a photonic
cystal based micro-laser. The microlaser consistslmear microcavity created in a 2D-
triangular photonic crystal. In this cavity, thenflamental mode presents a lasing effect
and has been extensively studied. Basically, thoderis confined into the cavity and the
field at the cavity surface is merely evanescertedretically, the intensity can be
computed at the surface (z=0 nm) of the cavity andifferent altitudes (z>0) from the
surface. Away from surface, the intensity decreasgsonentially; simultaneously the
mode modulation inxy-planes parallel to the surface becomes largerukda@=4/2,
almost all the near-field details present at thdase are lost since only the far-field
optical signal is collected. In order to overconhese limitations and access into the
nanoscale world, specific devices that allow unmgithe information in near-field have
been developed. Near-field Scanning Optical Micopyo(NSOM) has been developed for
this demand. Since its development, NSOM relatetinelogies have been utilized in

many research areas and has become an importairt pano-optics research.

z=A — 4

& Gy of; o

z=228 nm /7

z =396 nm A /4) Z=732nm /2

-10C 20C 50C 80C 110C 140(
Figure 1.7: Evolution of optical intensity and patts of cavity mode on photonic crystal

at 1=1530nm as a function of distance z from surfacé&néoNSOM probe. Further moving
away from the surface leads to significant reductiof the spatial resolution and

exponential decay of the near-field intensity.
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1.2.2.NSOM principle

NSOM operating principle relies on a fundamentaaidoroposed in 1928 by
Synge, an Irish scientist. In order to extend tipgical resolution into the nanometer
regime, he proposed to use a very small light soeroerging from a 100 nm diameter
pinhole in a thin, opaque metal film with a stramgitation light®. He proposed to uses
this tiny spot of light to illuminate subwavelengibparated particles and made the
hypothesis that a nanoscale resolution could behezhif the spot is placed in the near-

field of the sample (no more than the aperture diamor 100nm).

The first experiment was successfully conductedAsh et al. in 1972 in the
microwave regime where they demonstrated a resoluwf A/60 with a scanning near-
field microwave microscof@. In 1984, two research groups achieved indepehdent
measurement by near-field scanning optical micrgdo visible light regim& 2% NSOM
concepts development continued and finally differenage acquisition/light detection

2,33

techniques were developed such as illumination o , collection mod& and

scattering mode for apertureless NSB®1°"as shown in Figure 1.8.

In typical NSOM systems, optical signal is recorgexnt by point by the very
sharp probe that scatters evanescent light whiohwa into propagating light detectable
by a sensitive photo detector. The NSOM imageganstructed by a computer during the
scan. Meanwhile, in order to maintain sub-diffractispatial resolution, the distance
between the tapered NSOM tip and surface must lp¢ &8 low as few tenth of
wavelength and regulate using force microscopy, shear-force or atomic force
microscopy®. Shear force is particularly used in NSOM becaitisis a short range
damping force exerted on a laterally vibrating tadeNSOM tip*®. The vibration
amplitude of the tip is damped due to the sheacefanteraction between tip and the
sample surface. This damping depends of the distéom the tip to surface, which is
regulated by a closed feedback loop to remain eothstround 10nm. Various techniques
such as optical detection schefff@5and the piezoelectric tuning fork schefiédhave
been proposed for shear-force detection. Howevechamical detection, based on tuning
fork quartz, is often preferred over optical detattscheme, since it presents several
advantages: it does not need additional opticaksysit is easy to implement, cheap and

sensitive.
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There are six common NSOM configurations (in Figlu® that dominate most of
the experimental set-up. In collection mode NSOMgyFe 1.8-a/d), the sample is
illuminated by a far-field device and the NSOM peab used to collect light, whether in
transmission (Figure 1.8-a) or in reflection (Figut.8-d). In illumination mode NSOM
(Figure 1.8-b), the sample is illuminated with tife and the light is collected from the
sample in the far-field in transmission (Figure -h)8or reflection (Figure 1.8-e). In
illumination/collection mode (Figure 1.8-c) the gamis illuminated with light through
the tip and light from the sample is collected thlouhe same tip. In dark-field mode, or
photon channeling mode (PSTM) (Figure 1.8-f), iead light is totally internally
reflected from the substrate surface. In this whg, evanescent optical signal present in

the near-field region of the sample is collectaduigh the tip aperture.

% o .
P l
(@) (b) (©

/ e

. . o
7N
(d) (€) (f)

Figure 1.8: Six common NSOM configuratiéfis a) collection; b) illumination; c)

illumination/collection ; d) oblique collection ) @blique illumination ; f)dark-field

NSOM configurations are also sorted in term of grebe characteristics into

aperture-NSOM and apertureless-NSOM. In apertur&MSa sub-wavelength aperture
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opened at the apex of a metallized probe is usdtuininate or collect light in the near-
field of the sample. Conversely, apertureless-NS@és generally a non-transparent tip,
as an AFM cantilever or STM tip which scatters trear-field signal in the far-field.
However, scattered light directing to the photodete includes scattering from probe
apex, surface roughness and surface features.der @0 suppress the contribution of
probe apex, surface roughness scattering the fot&ehnique could be utilized. Note that
the use of a transparent probe, as a dielectrar¢dpoptical fiber tip can be considered as
an apertureless probe: no aperture is definedrantig scatters the near-field signal in the
far-field with the practical interest that the sains partly guided by the fiber to the

detector.

A NSOM configuration can be modified to be adapteda specific experiment
purpose. In our case, we use a NSOM configuratesigthed to work in transmission and
collection mode with transparent samples. This NS€#up is able operate either with
apertureless tapered fiber probe or nano-apertuoieepmilled at the apex of metallized
polymer probe. The NSOM in transmission/collectiomode is advantageous in
experiments that need to control precisely thetfmssand the size of pumping excitation
spot with respect to the structures on sample.hEurtore, this apertureless NSOM has
demonstrated to be efficient to characterize Blowdes emitting under the light cone,
and for which the field at the sample surface &entally evanescetit Inversely, NSOM
with circular aperture or bowtie nano-aperture ésigned to investigate the slow Bloch
modes above line cone.{.I"-point) which have a strong vertical emission. Te¢ails of

this NSOM set-up are described in chapter 2.

1.2.3.Apertureless NSOM

In apertureless NSOM, the probe acts as a scattdra@vanescent field and
converts it into propagating field. This kind of @8I probe can be very sharp (as small as
AFM tip), and provides a better spatial resolutiblan aperture one, reportedly up to
10nm*®. Apertureless probes can be made either of didear metallic material
depending on their applications. For surface plasnesonance-supported nanostructures,
a metallic probe is preferred since its strong tiagpwith surface plasmon enhances the
scattered light. However, dielectric probe are more efficient @rtain cases as it presents

some advantag&s
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(1) Low fluorescence quenching,

(2) Low nonlinear coefficient for second-harmoim@aging,

(3) Higher wear resistance,

(4) Strong field enhancement by phonon polarigsonance in polar dielectrics,
(5) No corrosive decomposition,

(6) Simple and reproducible fabrication.

The spatial resolution of apertureless NSOM is meitged by the tip radius, which
scatters the near-field of high spatial frequentyhe tip apeX. However, the optical
signal collected by apertureless NSOM sharp tipuotes both the signal scattered from
the background surface and that of the tip aper. dlimination of the background signal
dominating over the signal from the sample—prolstesy becomes more challenging with
a sharper tip. Normally lock-in amplifier could ieféntly eliminate the background signal

although the stray signals still exist after look@€chnique.

In case of strong vertical radiation from surfacks, instance slow band-edge
modes above light line at high symmetric pointpltonic crystal, the light that couples
into the optical fiber comes partly from the evaresd field but also from the propagating
light through the flank of the bare tapered prdbthe light coming from the radiated light
is dominant and unavoidable, the collected optsigihal to photodetector will contain a
large part of radiated field with respect to thamascent field. This significantly reduces
the spatial resolution in NSOM optical image. Thelettric probe is more adapted when

the field at the sample surface is purely evandscen

1.2.4.Aperture NSOM

Aperture NSOM can transmit information about tharrgeld signal through the
evanescent coupling between the light presentdiennear-field of the sample and the
evanescent tail of the guided mode of the tapeier.f Generally, the higher spatial
resolution is obtained with the smallest apertunanks to the stronger localized
evanescent field at the nano-aperture. Howevenrdim to diffraction theory?, light
passes through small hole punched on perfectly wdimd) sheet with transmission

efficiency proportional to the forth power of hotiameter a, or (&)*. Thus, the
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improvement of spatial resolution by reducing tiperéure size has to be trade-off with

low optical intensity in NSOM images.

In our NSOM setup, the aperture probe is specadligned not only to efficiently
filter out low spatial frequency of radiation fiel@ircular nano-aperture), but also to
enhance the coupling efficiency of the evanesdeld {bow-tie nano-aperture antenna or
BNA probe). Theoretically, bowtie nano-aperturelq@® can act as novel nano-collectors
and nano-polarizers to near-field mode due to theperties of field enhancement and
polarization sensitivit?>**% The enhanced and confined field in the gap zdrBNA-
probe as indicated in Figure 1.9 plays a key fatiamproving the spatial resolution of

resulting NSOM image.

-12C

@o

Figure 1.9: The near field confinement and enharezeénm gap zone of bowtie aperture

antennas. (a) SEM image of a BNA on NSOM probeElggtric field confinement in

aperture at resonance wavelength in simulation

Moreover, in comparison to the other shapes of taper such as square or
rectangular one, bowtie nano-aperture providesrtheh higher transmissidh’° as shown
in Figure 1.10. This novel property is very impottdo overcome the low throughput

associated with conventional apertures.
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24k phatan 3
counis’s per div g

(a) (b)

Figure 1.10: (a) SEM pictures of the individual b@wvslot antenna and comparable
square and rectangular aperture antennas in a 1®0tmick gold film. (b) NSOM image of
the antenna array in (a), which was 45° clockwistated with respect to the SEM image.

The incident light was polarized along y-axis aswgh by the arrow.
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1.3. Optical nano-antenna

1.3.1.Introduction

The conventional antenna plays a key role in taglégthnologies to transmit or
receive the electromagnetic wave in radio and mi¥quencies from distance. However,
their optical analog is basically nonexistent inmaun life. Recent researches in nano-
optics and plasmonics has generated considerateiest in the optical antenna concept,
and several studies are currently focused on howattslate established radiowave and

microwave antenna theories into the optical fregyergime.

The absence of optical antennas in technologicalliGgiions is primarily
associated with diffraction limit in nanoscale aheir small dimension. Antennas have
characteristic dimensions of the order of a wawglerof light, demanding fabrication
accuracies better than 10 nm. The advent of namoseiand nanotechnology provides
access to this length scale with the use of nowpldown nanofabrication tools (e.g.
focused ion beam milling and electron-beam lithpgsg and bottom-up self-assembly
schemes. The fabrication of optical antenna strastus an emerging opportunity for

novel optoelectronic devices.

While radio antennas were developed as solutiors communication problem,
the invention of optical antennas was motivated rbigroscopy. In analogy to its
radiowave and microwave counterparts, we definefieal antenna as a device designed
to efficiently convert free-propagating optical iatebn to localized energy, and vice versa.
In the context of microscopy, an optical antennteatively replaces a conventional
focusing lens or objective, concentrating extedaaker radiation to dimensions smaller

than the diffraction limit.

The introduction of the antenna concept into thécap frequency regime will
provide access to new technological applicationgticdl antennas will likely be
employed to enhance absorption cross sections aadtum yields in photovoltaic, to
release energy efficiently from nanoscale lightténmg devices, to boost the efficiency of
photochemical or photophysical detectors, and twemse spatial resolution in optical

microscopy.
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1.3.2.Fundamentals of antennas

Optical antennas are strongly analogous to theimRdF microwave counterparts,
but there are crucial differences in their physyalperties and scaling behavior. Most of
these differences arise because metals are necpednductors at optical frequencies, but
are instead strongly correlated plasmas describerl feee electron gas. Optical antennas
are also not typically driven with galvanic transeion lines - localized oscillators are
instead brought close to the feed point of the rards, and electronic oscillations are
driven capacitively. Moreover, optical antennas can take various walufrms (tips,
nanoparticles, etc.) and their properties may bengty shape and material dependent

owing to surface plasmon resonances.

N L \
\‘-\ N .\\'\\“\\\ \ ‘}2\ l"a RADIATION

< 1))

RECEIVER /
TRANSMITTER

Figure 1.11: Problem statement of optical antenhaotry. A receiver or transmitter

(atom, ion, molecule...) interacts with free opticdiation via an optical antenrii

The general problem statement of optical antenearthis illustrated in Figure
1.11. A receiver or transmitter interacts with fagaical radiation via an optical antenna.
The receiver or transmitter is ideally an elemeqtantum absorber or emitter, such as an
atom, ion, molecule, quantum dot, or defect cemmea solid. The antenna enhances the
interaction between the emitter or absorber andatiation field. It therefore provides the
prospect of controlling the light-matter interaation the level of a single quantum

system. The presence of the antenna might modifg roperties of the
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receiver/transmitter, such as its transition raed, in the case of a strong interaction,
even the energy-level structure. Likewise, the raméeproperties depend on those of the
receiver—transmitter, and it becomes evident thattivo must be regarded as a coupled

system.

The antennas performance is normally charactebigetie following parametet$
radiation pattern, directivity, gain, polarizatiand impedance. Below is briefly described
the above parameters in theory. For more detaferred to the Hongcang Guo’s PhD

dissertatiof®

a. Angular pattern (P)

Radiation pattern of antenna describes the angelaendence of radiation field as
antenna acts as transmitter. Consider a model afieal dipole in which the current
amplitude | of an ideal dipole is uniform along #ement lengthiz as shown in Figure
1.12-a. Figure 1.12-b/c present the normalizedl fradiation pattern from such dipole in
xy-plane In general, the total field power generated by mmaecould be separated into
two quantities: a near-field power and radiated @owpon the observation distance
(distance from antenna to the detector). The gérfexll expressions and inferred

guantities could be estimated by solving the Makeglations.

= P | rin]
F X 4
| Y il - 74
o ' ) . \i/'\"Hp \ "
Az i P : . ) Y J
NN
(a) (b) (c) '

Figure 1.12: (a) An ideal dipole with uniform cumtd in length4z (dz<<i and R ~ ). (b)
The radiation pattern of an ideal dipole. (c) E-péaradiation pattern polar plot of E

Radiated powerin case of the large distanfe> 1), the power could transmit to the far

distance, since it is named radiated power. Moezifipally, the electric and magnetic

field components of radiation are described byEQ€6):
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ITAz e «
E= .r'w';.at sin 66
47 r (6)
IAz  _e—Fr \
H = i ‘f sin B¢,
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wherep=w\(ue)=2x/).. Using the Poynting vector definition, the powlexfdensity S
surrounding ideal dipole at sphere radius of r is:

1
S':;EXH*

1 (IA2\° _ﬁsmz@ .
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This vector has a real magnitude and radical doecivhich obtains maximum

value at9=+90° and is proportional to. Thus the total power radiated from this ideal

a://&@:

_uJIU,J [’I‘l )

127

Since this quantity is real, it might travel wayrr the source to far-field and

dipole is:

indicates the dissipated power. Correspondingly,dllectric and magnetic components of
Eq.(6) are also named the radiated field.

Near-field powerr<< 1): the corresponding near fields now become:

; I‘_\ -:'f.'_!ldr . ~

H = Tblllgrﬂ, ()
, IAze IAze

E = _”}4;“3 3 sin 68 + in 5nd 13 cos Or

wherey="(ul¢) is the intrinsic impedance. In Eq. (9), magnetids- function ofr? and
equivalent to the induction field of slowly osclllzg current. Electric field E’ is a function
of r® and equivalent to the field of an electrostaticgomsi-static dipole with opposite

charges ofr-q and-q separated in distance 4%.
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The Poynting vector is calculated as:
1 * A *
§' = SIEHy# — EH}]

_in (1A °1 o (10)
= 2;3(4&_) Ps(mnﬂi sin A6

Unlike the radiated power density, this near-figldantity has an imaginary
magnitude which is corresponding to the standingenlacated very near the dipole and
decay as a function of. Similar to the radiated power, this near-fieldweo density gets
maximum value at thé=+90°. The interface to distinguish between near- amefiéd
distance is determined ej=1/2z in which their power densities are equal. In tegion
inside sphere of radiug the reactive field dominates over the radiatiwddl. Inversely,

outside this sphere the radiative field dominates.
b. Directivity (D)

Directivity D is a measure of an antenna’s abitibyconcentrate radiated power
into a certain direction. It corresponds to the waig power density relative to a

hypothetical isotropic radiator. Normally it is defd as:

P(6.¢)
S (11)

av

D(6,9)

whereP (@, ¢) is the angular radiated power per unit solid angie R, is an equivalent
power that would be obtained with an isotropic seuBy directing the radiated power in
a specific direction, the radiation intensity oftemma in that direction can be increased

with the factor of D in comparison with the powercase of isotropic radiator.
c. Gain (G)

The gain G of an antenna measures the efficienctramfsforming a potential
power at the input terminals to the radiated powehe selective direction. It follows a
definition similar to that of the directivity, buhstead of normalizing with the average
radiated power, the gain is defined relative tottital powerP, (including the radiated
powerP; and power dissipated into heat and other charitgls

P

G=De¢,, & :Pf+—P (12)

loss
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whereg, being the antenna radiation efficiency that intisahe losses of the input power

of antenna. Both D and G are usually measuredaibdks.
d. Impedance

The impedance of antenna presents the power disgipaAs definition, it is

composed of real and imaginary parts:
Z=R+iX

while the real parR, input resistance, indicates the radiation los&easnd ohmic losses
Ronmio the imaginary park, input reactance, presents the power stored infredd. At
the resonance, the reactantean be neglected. Based on the energy conseratignt

could be inferred:
R=R+Ronmic

R being the radiation resistance of an antenna exfda the input terminals aRr=2Py/12,

| being the current.

Ronmicis determined as:

L
Ro min ~ A RS’
" 2m (13)

_ |au
S

Rs being the surface resistance.

1.3.3.Optical properties of bowtie nano-aperture antenng BNA).

The most interesting properties of optical anterama their ability of field
confinement and enhancement. In contrast to simpketypes of antennas, BNA has the
advantage of robustness, greater control of thiatiad patterfi'. Bowtie slot antennas are
promising designs to obtain a particularly stroiedpgf enhancement due to their sharp edge
desigi>. Recently, it was demonstrated that the couplih§MNA to the tapered optical
fiber with specific design can cancel the backgdbeffect while keeping the high
nanoantenna addressing efficiend. It has been proved that the BNA shows the strong

confinement of field as compared to the other apershaped antenrfis
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The following parts are dedicated to the descnptd the BNA and their optical
properties. These summarize the essential resuitsdfin Hongcang’s PhD dissertafidn
and by Dr. Thierry Grosjean at FEMT®?*

a. BNA description

Resonant spectrum of a single BNA is known as tmeplex function of substrate
material and geometri¥s(aperture perimeter, flare angle, film thickness gap size...).
The general model of BNA opened at the apex of NS@bbe and its geometries are
illustrated in Figure 1.13. Its geometries are mdi byl (length), w (width), 6 (flare
angle),g (gap size) and (metal thickness). Impacts of metal material oae dptical

properties of BNA must also be taken into account.

In our case, BNA was designed to support the regomavelength around
1.55um”. For that purpose, BNA was opened at the apex wietallized polymer tip
which was coated by 100nm thickness of aluminuranfihum material was used owning
to the high conductivity at the infra-red regioradeng to high antenna effect and the
smallest skin depth in visible region to preverntiiag losses through the tapered region of
fiber. The refractive index of 1.52 and openinglanth® of such tip is considered. The
500 nm-radius of rounded curvature of tip assunespropagation of all guided modes
reaching to the tip end where BNA is located. Getiew of BNA™ are defined by a 310
nm-lateral size with 45 nm-square gap width andf#s® angles in Figure 1.13.

a) | b)

Bow-tie aperture
X 7 71 nanoantenna
(BNA)

Cladding,
D=125um

Polymer, n=1.52

Optical monomod
fiber

—e—

Core, D=9.8m

Figure 1.13: (a) Bow-tie aperture nanoantenna (BM#gdel in the aluminum thin film. Its
geometries are defined by | (length), w (widthfflare angle), g (gap size) and h (metal
thickness). The incident vector kz is directed upwavhose electric filed E is linearly
polarized along the x-axis. The axis of BNA is el parallel to x-axis. (b) Diagram of
an example BNA located on the apex of polymer tip.
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b. Resonance depends on geometries

As above-mentioned, the geometries of BNA are deffiny a set of parameters,
such as perimetqy, gap sizeg, flare angled... Generally, physical properties of single
optical antenna are strongly impacted by all trggometries since they relate to the
oscillation nature of conduction electrons. Belaw summarized some essential re§ilts

about the geometric parameters that strongly impacpectrum of bowtie antenna.

bl. Resonance.s Perimeter

In ref [60], the optical resonance of BNA as a fimt of perimeter ) is
investigated numerically using the similar modelskstched in Figure 1.13 but BNA is

designed on gold film instead of aluminum film. Malof p is determined as relation:
p=2[l+ \2w-(N2-1)g]  (14)

The impact of p on resonant spectrum of BNA is stgmted by varying the
outline dimensions or w (I=w). The other geometries, like gap (g=40nm), flarelang
(6=45°) and film thickness (h=30nm) are fixed. Figurel4 presents the calculated
transmission curves of BNAs with respect to p-valuaried from 0.93um to 2.38um in
step of 0.48umNote that the transmission curves are obtainedfoarray of BNAS in
which period varies from 350nm to 650nm in stepd@¥nm. Figure 1.14-a indicates that
resonant wavelengths of BNAs shift to the longewel@angth as increase of perimeters.
The linear dependence between aperture perimeteresonant wavelength is clearly
confirmed in Figure 1.14-b.
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Figure 1.14: Simulated transmission of BNA spectimigold filnf*.

For BNA, the resonances are emerged from osciflabibbcharges accumulating

inside the gap edge induced by presence of exteleetric field as shown in Figure 1.15-
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a. As a result, this charge oscillation ignites thierent flowing along perimeter of the
bowtie aperture as depicted in Figure 1.15-b. lat, fahe oscillation path length of
conduction electron that impacts the strength ofvithg current is governed by the
dimension of antenna or in case of BNA, the peranmeff aperture (p). This effect is
analogous to the resonant spectrum of a loop aatenoptical frequen& in which its
resonant wavelength is proportional to square cdaturface loop (3?). This surface is

corresponding to the area around bowtie apertuereMine charges oscillate.

a) E b)
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Figure 1.15:a) Electric field polarized along the antenna gap Hésin the accumulation
of charges in the gap edge at resonance. (b) Cudensity distribution shows the current

flows around the perimeter of aperture. The detailld be found in ref [60].

b2. Resonance.sgap size

The gap size is one of the most important paramedsrit is attributed to the
confinement and enhancement effects of BNA andiin, these effects lead to determine
the spatial resolution of near-field detection ahe optical power throughpiit. In
principle, the polarized charges accumulated ardbadyap zone are driven by Coulomb
force between two opposite charges distributeti@ttige of gap zone and restoring force
along the oscillation path length Increasing the gap size leads to reduction ofi@oh
force but improvement of restoring one, thus resuit the blue-shift of the resonance
wavelength of the antenna. Note that this effeatid@lso be explained based on the
relation between perimeter and resonant spectrustassd in section b.1. As depicted in
Eq. (14), the increase of gap size (g) while kegglre other geometric parameters of
BNA unchanged results in the alternation of perendsmaller), and also exhibits the

blue-shift of resonant wavelength.
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Figure 1.16 shows the transmission spectra of BWAIS various gap sizes. The
outline dimension of the antenna are fixedl=av= 300nm along with the period of
antenna array, gold film thickness and flare arge450nm, 30nm and 90° respectively.
By changing the gap size from 30nm to 60nm in stédOnm, the spectrum exhibits the

blue-shift of wavelength. This result is consisteith the previous predictions.
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Figure 1.16: Simulated transmission spectra of angeas a function of gap size on gold
film reported in ref [60]. The increase of gap siasults in the blue-shift of resonant

wavelength attributed to improvement of the resiorces.

The other geometries, such as thickness, flareeamghterial... which also have
important influences on the resonances of anteneee wnvestigated more details in
references [52,53,60].

c. Field confinement and enhancement of BNA

Field enhancement and confinement are the naturahgmenon in antenna.
Bowtie antennas have abilities to concentrate mla@gnetic energy into a tight space of
gap zone thereby generating a zone of high eneeggity. Theoretically, the enhanced
and confined field of BNA is attributed to the dkting electric dipole as charges
accumulate®>*+6%587 | gpecifically designed BNA, for instance, se@NA opened on
Al-coating probe as present in Figure 1.13, itésndnstrated in simulation that vertical
guided mode inside the structure rather than diszhplasmon resonance, is responsible
for the light confinement abilify. In fact, Fabry—Perot phase-matching conditionegos
the transmission of light through aperture, analsfypto the case of the enhanced optical
transmission obtained through annular apertureysita While the confined field is

responsible for the spatial resolution of NSOM cgitimages, the enhanced field results
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in the coupling enhancement of near-to-free spadetion. As indicated in Eq. (9-10),
the optical fields and power density of radio angeim near-field are proportional to the

length4z and a larger inverse power of distandeom the radiation zone respectively.

Figure 1.17 presents the enhancement factors oéldatric field intensity in the
gap zone normalized to the incident power calcdl&te a BNA on gold film as a function
of gap size (Figure 1.17-a) or distance from therma surface (Figure 1.17-b). The small
increase of either gap size (g) or distance (r)yafm@am resonant zone might result in a

large drop of field intensity.
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Figure 1.17: Near-field enhancement factor of efedield Ena/Encigent by FDTD in ref

[60] versus: a) gap size varying from 30nm to 60nmidiadce from antenna surface.

The confined field as the function of distamde determined at FWHM of the field
pattern, which depends mainly on the current dgmksgtribution induced by the external

field as depicted in Figure 1.18.
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Figure 1.18: Field confinement of antenna (spoéfimidth) is measured at resonance as a

function of distance from the antenna surf3ce
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In case of BNA-probe designed on the aluminum thim as sketched in Figure
1.13, the optical properties of BNA-tip are simatatoy Dr. Thierry Grosjean (FEMTO
group). A Gaussian excitation beam of TE mode abmant wavelength 1.55um is
injected into the fiber. Figure 1.19 indicates #hectric field intensity of BNA in emission
mode with various incident polarization directicass shown in ref [54]. In Figure 1.19-a,
the electric field distribution ixy-plane is mapped along last 2B from tip apex. The
incident field polarizes in x-direction to exciteetfundamental guided mode in BNA. Due
to the large curvature at the rounded end, theshipwvs no cut-off diameter at working
wavelength. This property helps driving efficienthe optical energy to the tip end with
less loss. The cartography was constructed witbrcatale of power of 2/5 in order to
increase the contrast. It explicitly indicated thia¢ electric field dramatically enhances
and confines with factor of 350 (~ 3222side the BNA gap.
b) C)

2/5 3.22 12C NS/
£l No cutoff v 0.15 w
0 0 A 0 A

Figure 1.19: (a). Global electric field distributioinside the tip body in the xz-plane and

polarized along x-axis of BNA. The field intensgynormalized to the maximum input
power. At the position of BNA, field enhancementlma estimated to the value of 350 and
confined mainly into the gap. (b). The electri¢dfimtensity in the xy-plane placed 10 nm
away from BNA and excited along x-axis)(ldicates explicitly the enhancement at BNA
gap. (c). The electric field intensity excited aomy-axis (E) shows no intensity
enhancement at BNA g¥p

In order to obtain the radiation patterns of BNp-trersus each polarization
component of excitation beam,(Bnd E), a detector is placed at 10nm away BNA-tip
surface. This distance is corresponding to the imgrklistance of NSOM-based BNA in
shear-force mode. Figure 1.19-b/c shows the detahhanced and confined field patterns
in the transversex{y) plane. With the electric field polarized x~direction (Figure 1.19-

b), the enhancement factor of field intensity (nalimed to the incident one) in the gap
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zone could reach 120 times. On contrary, if BNAxsited by the electric field polarized

in y-direction (Figure 1.19-c), very low enhancemni@agtor is observed in the gap zone.

d. Polarization

High asymmetric shape of BNA results in the chaxgeumulation in the gap zone
with presence of external field and responsible tfa@ high polarization sensitivity of
BNA. M.Mivelle et al. studied the normalized coupling power (§/8f dipoles (Figure
1.20) measured in the fiber at distance ofih@way from antennia With this approach,
BNA is excited by single pulsed dipoles placed 10mmside the fiber (collection mode)
and polarized in three directio@s, Oy andOzrespectively. With electric field excitation,
the enhancement factor through BNA in case of Orfpmation reaches 76 times in
comparison with power obtained in vacuum. We dethm polarization ratio as ratio of
coupling powers through BNA between Ox and Oy eich direction at resonant
wavelength. As calculated from Figure 1.20-a, thiso reaches 170 times. Note that the
curve of Oy-polarization in Figure 1.20-a is multiplied by fac of 1¢ for comparison.
The enhanced power is neglected for Oz-polarizationcase of using a non-local
excitation by plane wave to excite BNA in collectimode, the polarization ratio results in
the theoretical value of 37. The sensitivity of BNi&the polarization of electric field is
also confirmed as shown in Figure 1.20-b. Undermetig field excitation, with the same
condition as Figure 1.20-a, however, maximum enédrmower only reaches value of
unity and is negligible in comparison with the éfexcfield excitation.
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Figure 1.20: Collection spectra of BNA at the roeddapex of Al-coating probe versus
normalized coupling power (PP reported by M. Mivelle et & indicates resonant
wavelength of 1.58n. a) using electric dipole excitation. b) using gnatic dipole

excitatiorn*.
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Further investigations of polarization ration ver&NA gap size provide the facts that
both polarization sensitivity and resolution of BNwe strongly improved up to the value
of 3x10 times by the gap size of 5nm with dipole excitatibherefore, BNA-probe might
be used as an electric nanopolarizer to probingntee-field sources with high spatial

resolution.

Conclusion

In chapter 1 we have stated briefly the relatedories of photonic crystal
structures, near-field scanning optical microscapé optical frequency nano-antenna. In
section 1.1, the general optical properties anckni@l applications of 2D-PC laid on
cavity mode and slow light mode are discussed.dctien 1.2 we reviewed NSOM
developments as a novel tool for nanophotonicsarebes and discussed about NSOM
configurations. Section 1.3 is reserved for thecaptantenna and their properties. We
especially discussed about bowtie nano-antenna daedeon fiber probes as a nano-

collector and nano-polarizer for near-field invgation.
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Chapter 2: Experimental set-up description

This chapter is devoted to describe the main
experimental setups that are employed to perform
our experiments from NSOM, near-field probe, far-
field measurements to micro-fabrication facilities.

The FDTD simulation principle is also included.
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2.1. NSOM set-up

Conventional optical far-field techniques, suchnaisro-photoluminescence give
valuable information on the radiating part of thpgical field but do not provide the spatial
resolution, required to compare for instance comgbutmap to the measured light
distribution. Moreover, in the far field, confinemt guided light can be detected only
indirectly through out-of-plane losses. Near-fielptical microscopy, on the other hand,
allows one to probe the evanescent tail of guidedes with spatial resolution below the
diffraction limit (A/2). In order to characterize optical properties ptfotonic nano-
structures operating at 1.55um, near-field scanmpgcal microscopy (NSOM) has
proved to be an invaluable tool.

In the context of these work, which deals esskytwith the characterization of
2D active photonic crystal based devices, a NSOMupein collection mode has been
developed. Among its specifications, it had to warktransmission, enable the direct
access to sample surface and permit a perfectatooftrthe excitation spot size and
position with respect to the structure. Our NSOMfaguration is built to meet he above-

mentioned criteria in the scope of the NanoEC @ogr

2.1.1.Description

A NSOM in transmission was selected since it ezmbd resolve some drawbacks
of a former set-up” which was working in reflection mode (see Figure-B). As a matter
of fact, in the reflection configuration, the samps$ illuminated in oblique incidence.
First, this produces elliptic excitation spot aegand, it can be partially shadowed by the
tip during the scan. Furthermore, the exact locatd the spot on the structure was
difficult to estimate. In transmission configuratjcall these problems are solved as the
excitation is focused on the sample in normal ieo@k, producing a symmetric and
circular spot. The control of the size and the fiora of the excitation spot is easily
performed thanks to the spot visualization throtigh inverted microscope. However,
NSOM in transmission mode is restricted to transpsamplese(g. sample based on

silica substrate) due to backside illumination gtad.
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Figure 2.1-a: NSOM set-up relied on Axio Observaverted microscope (D1). Main
components consists of HAL lamp (1), laser aligrimsystem (2), filter slider (3),
aperture stop (4), field diagram (5), reflector eufb), switching beam path between base
port/front port/vis observation (7), base port (8ght outputs: front port (9), eye piece
(10), objectives 10x-40x—63x (11), CCD camera @ongle observation at side port (not
showed here) and sample holder with translationafjs (12).For future development, in
addition to visible and infra-red camera, the outpwould be connected to spectrum

analyzer or monochromator to analyze in real titme émission light from sample.

Laser spot projected b)
on sample

N
®

<— Laser spot
projected on
sample

NSOM in transmission NSOM in reflection

Figure 2.1-b: lllustration of two configurationsleft) New NSOM set-up in transmission

mode and (right) previous NSOM set-up in reflechrmrde.
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Figure 2.1-c: Principle of NSOM set-up consists folir sub-systems: 1. excitation
(modulator, pulse generator, laser diode, light m@u and single mode fiber), 2.
excitation control (microscopy stand including apti components, sample and CCD
camera), 3. NSOM (NSOM head and tip) and 4. detecdystem (monochromator, lock-
in amplifier and other electronics devices).

NSOM set-up is built based on a commercial Axio &bsr.D1 inverted
microscope stand as indicated in Figure 2.1-a. @hten of the sample and the
excitation spot is provided by a CCD working in theible range and mounted on one of
the output side port. Figure 2.1-c shows the expamtal set-up. It can be decomposed of
four main sub-systems: 1. lllumination, which caitsin the white light source to observe
the sample and a pump laser diode to excite thietate; 2. Alignment system allows to
control precisely the excitation laser spot (sine @osition) onto structure; 3. NSOM
head allows to control the tip-sample interactidn;A detection chain allows to filter,
detect and amplify the near-field optical signal.

a. lllumination

Our samples consist in active 2D-photonic structuiidey contain emitters, InNAsP

guantum wells, embedded in the center of a 250 mimslab. Their photoluminescence
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occurs in the range of 1250-1650 nm. At this wawglle region, InP material is

transparent.

= Excitation source

The pumping is performed with a 50 mW laser dioda & centre wavelength of
780 nm (Figure 2). To avoid overheating the stmetwhich can prevent lasing effect and
lead to destruction of the structure, the diodeuilsed (10% of duty cycle). To ameliorate
the signal to noise ratio, the laser diode is alsmulated at low frequency (2kHz) to
allow a lock-in detection of the signal. The siguodlthe laser diode is coupled into a
monomode fiber (9um core diameter) through Thogatdupler (objective 20X). The
laser beam is then collimated and is directed th& optical system of the microscope
after passing a dichroic mirror. The white lightiged by an halogen bulb (HAL100) is
sent as well into the microscope.

To electronic
devices

Modulator b)
Pulse generatg @ | 20 ns 200 ns
Dichroic
I .
1~ Colimator Laser diode

:' Fiber @780nm

1 1
1 1
1 1
1 1
1 1
1 1
1 1
: | Hood
i ! B
i mirror ~ Objective i 2kHz Lonnn
To microscope ey ! RN
: : [ N N N N ]
1 1
1 1
| |
1 1
! Light source '
1 1

Figure 2.2: Details of excitation system. a) Sketontains main components. b) Laser

diode is modulated with 2kHz and pulsed with doratf 20ns and duty cycle of 10%.

The incident power on the structure has to remah bBnough to excite properly
the structure. In particular, for microlaser stuttyhas to exceed the pumping lasing
threshold. In our case, the pumping power has tatleast of the order of the milliwatt.
Consequently, the optimization of the pumping powtong the optical path of the

excitation is crucial.

At the backside surface of the sample, the pumpower|umpingCan be estimated

by the following relation:

pumping = Ulaser fiber coupling microscopeoupling
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where: 1 pumpingiS the laser power estimated at the interfacsaofple.
- liaser IS the power measured at the output of the ldisele, mW

- Oriver couplinglS the coupling efficiency of laser to the optiélder (in fact it is the
ratio between output and input power of fiber)

- Omicrosope couplindS the coupling coefficient of laser inside thecroscope (it is the

ratio between the output and input laser powehefricroscope).

Oriver coupling CaN be optimized through optical alignment systend has been
estimated to be 0.4Pmicroscope couplind€flects the intrinsic optical losses of opticgstem
in microscope, and is estimated to be 0.53. Thus 6.2mW of initial pumping power,
lpumping Obtains 5.2(mwW) x 0.47 x 0.53 ~1.3 mW measured sample surface,

corresponding to 75% of losses.

= Alignment

Inside the microscope, the optical path is preskim Figure 2.3. The collimated
laser beam as well as the white light emitted by hlalogen lamp is directed into the
microscope and pass through a filter slider (blemkur case), a reflected light aperture
stop and a field diagram (reflected light lumindigdd stop). In the microscope, the laser
beam is deflected vertically by a Bragg reflectod docused by microscope objective on

the structure

Field Aperture Filter
diagram stop slider

] saton |
______ ———-F= <« From excitation !
” 1.|_ system |

Objective—

Bragg reflector—

Outputs
(CCD camera, Binocular...)

— Dichroic
mirror

Figure 2.3: Deployment principle of excitation caitsystem. This system includes
microscopy stand with all optical components (fiséder, aperture stop, field diagram,
Bragg reflector, mirror and objective), translatiahstage, sample and output devices

(CCD camera, binocular...)
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We found that the Bragg reflector significantly lu#nces Omicroscope coupling
Selecting carefully the reflector can improve atha pumping power on sample. What we
expect from this reflector is to have high refleityi in the visible range and a good
transmission in infra-red range. The optical prtpsrof the commercial Bragg reflector
was characterized as shown in Figure 2.4-a: thkectefity is 25% at our working
wavelength X~780nm), about 15-30% around 1.55um and reachetyrig20% at 1600
nm. This is actually more suited for excitation wkngth around 810 nm. To meet our
criteria, we design a homemade Bragg reflectocolitsists of a stack of 9 thin layers of
titanium dioxide (r2.5, 115nm thickness) alternate with silicaXrb, 148nm thickness).
It is deposited on a glass substrate by microwak€\FD (Plasma-enhanced chemical
vapor deposition). Figure 2.4-b indicates the wtilgty. It shows that the reflectivity
reaches nearly 75% in the visible region and 11%eninfra-red. This mirror improves 3-
fold the reflectivity with respect to the commetaieflector. Moreover, conversely to the
commercial mirror, the homemade mirror is free frpwlarizing effects, which is of
utmost importance for our experiments. That is tbason why we decided to use it

throughout our experiment instead of the commenmal.
a) 100 b)
75%R @780nm

100+

80 80

780nm: 25% R

60 60

40

40 11%R @1.55um

__________________ l

wavelength [nm]

Reflectivity, %R

204

Reflectivity [%

20

0 T T T
500 1000 1500

Figure 2.4: Reflection properties of Bragg reflastaneasuring at incident angle of 45°.
a): Reflectivity of a commercial Bragg mirror is akeat 780nm (25%) and high in infra-
red region (nearly 100% at wavelength 1600-1850nm)A homemade 9-layer Bragg
reflector provides a high reflectivity in visiblé5%) and weak in infra-red region (11%).

The pumping spot on the sample is observed thamkket CCD camera system

assembled at side output. Its position can be st the translational stage of the
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microscope. The CCD camera allows a good contraiscélignment with respect to the

structure. The sample itself is placed on a haddieiched to this translational stage.

The size of excitation spot can be estimated wita €CD camera imaging
abilities. Figure 2.5 shows an excitation spot atetect-free honeycomb lattice photonic
crystal. The rectangular PC (40x40um2) is illuma@shboth by halogen bulb (HAL100).
The diameter of excitation spot can be directlynested from image (Figure 2.5-a/b):
typical value of 9um for objective 63x/0.75 and 748n for objective 40x/0.6 are
measured. It can be more precisely measured byzanglthe Gaussian curve fitting for
linear optical intensity profile. As indicated ingkre 2.5-c, the profile cross-sections of
several excitation spots (Gaussian beam) are gdlate a function of the laser diode
current, from 32mA to 69mA (saturation). The spatesof 13.5+0.3um (objective
40x/0.6) is calculated from width of the Gaussianves corresponding te.d/e2. These

curves P60 and P69 were not taken into accountadteir saturation (flat at top).
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Figure 2.5: Excitation spot on defect-free honeylad® photonic crystal (40x40um?2)

pum

o

recorded by a visible CCD camera. (a): image capturwith corrected objective
x63/0.75. Excitation spot diameter is measured ado@um. (b): image captured with
objective 40x/0.6, excitation spot diameter is &l 3.7um. (c): excitation profile vs.
pumping power (P) of laser diode follows Gaussiaape and is used to estimate the spot
size (13.540.3 um, objective 40x/0.6). In this drapurves P60 and P69 are flat at top

due to the saturation and not taken into accourtadéulation.

b. NSOM scanning system

The heart of system, NSOM head (Figure 2.6, NT-NIWhs placed above the
sample on a homemade disk which has its own maramdlation stage to position the

NSOM tip with respect to nanophotonic structure.
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=  Shear-force requlation

The distance between the optical near-field pre the structure surface is kept
constant, typically around 5-10 nm by shear-foegutation based on a quartz tuning fork
sensot®. The fiber tip-quartz system vibrates parallel tte surface at the quartz
resonance frequency, about 32-36 kHz, with quafigtor Q=500-1000. Further
piezoeffect is applied: in the presence of mectsmmartz oscillations, the electrical
outputs of quartz have voltage response which &duss information signal about
amplitude of fiber oscillation. The raster movemehthe quartz-fiber tip over surface is
controlled by the piezoelectric scanner equippedN8OM head. Electronics systems
simultaneously evaluate the probe position, incafog data obtained from the feedback
system, and control the scanning of the tip and siyearation of the tip and sample
surface. The information generated as a resukidiag the interaction between the probe
and sample is collected and recorded by the compaimt-by-point during the raster
movement. This enables the measurement of the satopbgraphy. In addition to the
optical information (cartography), NSOM can generatpographical image or force data
from the sample in the same manner as the atormge fmicroscope (AFM). These two
separate data sets can then be compared to detettmeicorrelation between the physical

structures and the optical contrast.

Figure 2.6: NT-MDT NSOM head placed on stand oicaptnicroscope

The calibration of piezo-electronics system carfoogd in Annex A
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= Collection of the optical signal

The optical signal in near-field is collected wéh optical probe. These probes can
be a tapered bare optical fiber, or a tapered roetatled optical fiber or another optical
probe as described in section 2.1.2. The intenadigtween the near-field signal and the
probe (that has been brought very close to these)fconverts the evanescent fields into
propagating fields which are guided into a monomeopigcal fiber towards the detection

system.

c. Optical detection system

The optical signal transmitted by the monomoderfibas directed into a diffraction
grating monochromator (Jobin Yvon micro-HR, Fig@r&) with micro-slits that allows to
analyze spectra with spectral resolution up to ®.6/A longpass filter with cutoff
frequency at 1100 nm is used at the entrance ofntberochromator to filter out the
excitation laser and ambience light. The monochtomes equipped with an InGaAs
thermoelectrically cooled detector. A lock-in détee allows to improve the signal to
noise ratio. The modulation frequency is limitedtbg detector response time. This has an
impact on the scanning frequency of the tip andadetoff has to be done between the
detector sensitivity and the scanning speed. 2leHa §ood compromides it allows a

scanning rate of 0.2Hz with a detector sensitigit$6%.

- Topography
Electronics - Cartography

Electrical signal

A\

i - Spectrum i
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i ! 1 i
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Optical signal i 1 :
i Monochromatc i
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Figure 2.7: Detection system consists of monochtomilter, optical components and
photodetector), lock-in amplifier, electronics dms (computers, oscilloscope), infra-red

CCD camera and spectral analyzer can be implemefatefiiture development.
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Note that our set up allows also the detectiorheffar-field signal emitted by the
sample. The infra-red light emitted by the struetoan be collected from the back side of
the sample by the objective that has been usethéoexcitation. The IR light is then sent
back to another microscope output ports equippdial an IR-camera. It is then possible to

obtain the image of the radiating light at the acef of the sample.

For calibration procedure of monochromator, see éxiB.

2.1.2.Near-field probes

In near-field optical microscope the spatial raioh of the distributed evanescent
field depends at first order on the probe diamelberefore the probe has to be small
enough, comparable to the size of objects at |dastresolving the nanometric-scale
structure of sample. Several properties of suchgsare looked forward, for instance for
aperture tip, a high brightness, a well-definedwar aperture and a high optical damage
threshold”. To meet these specifications, the fabricatiothefprobe is a very important.
In our experiments, three types of probe have hmsed: homemade dielectric probe (or
silica probe), commercial metallized probe (Al-¢éog} and bowtie aperture nano-antenna

probe (BNA-probe) which has been developed in thméwork of the NanoEC program.

a. Silica probes

Generally these kinds of probe are made of opsdala fibers. Some methods
have been developed to obtain the good taped p€e of the most popular approaches
is chemical etching (Tuner's method) using hydmofia acid HF'®. Our selected
fabrication process is quite simple to implemeogr®mic and reproducible. The optical
glass fiber selected is F-SMF-28 which supportd v&¢communication wavelength at
1550nm. SMF-28 is a single mode fiber with diamedércore/cladding/coating of
9/125/25@m respectively. First, the outer protective polyrager of a single mode fiber
is stripped out, cleaved and dipped into HF (408b)tion at 36C during 45 minutes in a
Teflon vessel. An organic overlayer (iso-octane¥ \pat on the surface of the solution to
protect the fiber mounts from the corrosive HF vapdp to eight probes could be
fabricated in each batch of fabrication. The me@@rarof tapered silica probe formation is
due to decreasing meniscus height between hydraflaoid and organic over-layer as the

fiber diameter is reduced by the etclarMariation of organic solvent influences the
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resulting tip geometry. Although Tuner’'s methodvpdes higher optical throughput due
to larger conical angles (typically 30°), small digter (around 200nm) it leaves several
critical problems due to the sensitivity of the sipape to environmental impacts such as
vibrations, temperature drift during etching pragesesulting considerable roughness.
This roughness and asymmetry of tapered tip arerghy responsible for pinholes in the

subsequent aluminum coating and ill-defined op@éartures respectivély

In order to improve the probe quality, we attengptise tube etching method which
was proposed elsewhére According to these reports, instead of strippimg the
protective polymer layer of silica fiber before ldtey as Tuner's method, it is cleaved and
flattened. Finally the prepared silica fiber enddipped into the appropriate solution.
Consequently, the whole etching process performeitlé a hollow cylinder formed by
the fiber’s protective polymer coating that witheda degradation by HF.

The solution is mentioned as a mixture of JRAHHF and HO with strict ratio in
volume, here is 5:1:1. For instance, to obtain 36fdolution, an amount of 25ml NA,
5ml HF 40% (Fluka) and 5ml distillated water is degé and could be used to etch a batch
of eight cleaved optical fibers. An organic ovedajso-octane is used to protect the fiber
mounts from the corrosive HF vapor and has no émibe on the tip formation process
itself. The etching temperature of 30+0.1°C wastiadled by a thermostat. The etching
process takes place for 15 hours under given donditAfter etching, since chemical salt
(NH,4).SiFs is attached to the tip end, it should be rinsedNlapH solution and then by

distillated water for 5 minutes.

With respect to Tuner's method, tips fabricatedtllye etching have much larger
conical angle (44.30 vs. 28.80) and shorter tigtlen(120pum vs. 205um) as shown in
Figure 2.8. However, it is disadvantageous sineddhg duration of fabrication (15hours

vs. 45 minutes).
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129.31pm

Figure 2.8: Images of near-field tapped probe (lynwentional optical microscope)

fabricated by chemical etching approaches with different methods. (a) Tuner's method
provides probe with 28° conical angle, 205um lergtld 200nm diameter (probe apex).
(b) Tube etching method provides probe with 44icarangle, 130um length and around

200nm diameter (probe apex).

b. Metal-coated probe

The fabrication of commercial Al-coating circularope is conducted by Lovalite
SAS. The principle of manufacturing process is reb elsewherd**:**2 Below
describes in brief of practical fabrication procesfspolymer probe and Al-coating
polymer probe for infra-red working condition basedsingle mode optical fiber.

b.1 Polymer probe fabrication process:

The optical glass fiber selected is also a SMF-28eh The fiber was first cleaved
well and deposited a small drop of photosensitiolmer as indicated in Figure 2.9-a.
The laser He-Ne at 532nm was illuminated the dréppa@ymer and ignite photo-
polymerization process through the core of fibagiFe 2.9-b). The chemical reactions
occur during 1second with optical power betweeru@®/2to 1uW. Finally, the fiber was
rinsed in solvent of methanol or isopropanol to sgmthe soluble polymer of unexposed
area and left the resulting probe (Figure 2.94t)order to make the polymer probe more
solid, the fiber might be put in the thermo deva¢®0°C during 12h.
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Laser He-Ne
A=532nm
Optical fiber—
Drop of
photopolymer— llluminated area — Polymer apex—
a) b) €)

Figure 2.9: Diagram illustrated the manufacturingopess of near-field polymer probe by
Lovalite. (a) Depositing a drop of liquid photopoigr at the cleaved end of optical fiber.
(b) Exposing to laser 532 nm for polymerizationgass. (c) Resulting probe after rinsing

in methanol or an isopropanol solvent.

The obtained polymer probe is of course well aleyaethe core and could guide
the light to the extremity of fiber. The probe gexirg can be adjusted by variation of
basic parameters such as the geometry of the degasiop and the condition of the drop
illuminatior. Typical dimensions of polymer probe obtained veithgle mode fiber and
above-mentioned conditions are 30um long and 50@nbum of curvature radius. Figure

2.10-a indicates the SEM images of a typical polyprebe.

Figure 2.10: SEM images of polymer probe. (a) p@yprobe emerges from the core of
cleaved monomode optical fiber. (b) Probe metallibg 5nm thickness of Ti and 100nm

of Aluminum.

b.2 Al-coating circular polymer probe

The spatial resolution of NSOM optical images igédy governed by the light-
transmitting aperture defined at the probe apethkeymetallic coatinly. As the diameter
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of an uncoated fiber in the tapered region is reduseyond the mode-field cutoff of the
fiber waveguide, light escapes from the sides o# throbe, compromising the

characteristics of a well-defined aperture. Thustitecal parameter in most NSOM probe
fabrication procedures is the application of angy@ametal coating to reduce light loss
through the tapered region of the fiber, and tdfioenits emission to the desired aperture.
For the visible region of the electromagnetic speot aluminum has the smallest skin
depth and thus, in theory, should allow for theimum effective coating thickness on the
probe sides. Moreover, in the infra-red workingioegAluminum material has the high

conductivity leading to high antenna effect.

In practice, the performance of deposited alumiraoatings is compromised by
the tendency of the metal to form grains, and #ratoatings (would be predicted from
the theoretical skin depth) are required to previght leakage. To compensate for the
leakage resulting from granularity, a coating thiegs of 100 nanometers with
evaporation velocity less than 5nm/s and 10nmisuglly applied around the taper region
of the probe. In case of polymer probe, to imprthe gluing of metal on polymer layer
and the rigidity of tapered probe under strongnililmation, the 5nm-layer of titanium is
first deposited. The Al-coating process is condidicia the vacuum chamber of
evaporation device (EVA 450) and fiber is rotatedbtain homogeneous thickness. The
resulting metal-coating probe (see Figure 2.10abyi€ated by this procedure obtained
transmission coefficiefit approximate of 16-10°

c. BNA probe

The fabrication of bow-tie nano-aperture (BNA) whe heart of the NanoEc
program. Their conception and their development badn performed by Dr. Thierry
Grosjeart® in FEMTO-ST at Besancon, in collaboration with BrasNedeljkovic of
Lovalite. The BNA can be fabricated at the extrgnut a metallized polymer probe as
above-described. The operation was performed by(FtBused ion beam) meth8dBy
selecting the optimal working parameters (currezdarb equal 9pA and dwelltime equal
100s), the BNA was opened on the polymer metalinggirobe as indicated in Figure
2.11. Real dimensions of BNA are in agreement il designed dimensions: 220nm
length, 220nm width, 45nm gap width and 100nm mikiakness.
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Figure 2.11: Top view SEM image of a bowtie nanerape antenna (BNA) on the
extremity of metal-coating polymer probe fabricabsoFIB.

2.2. Characterization of BNA optical properties.

The far-field measurements of BNA optical propertiere performed by Dr.
Thierry Grosjean and co-workers at the FEMTO grolipe BNA was excited at the
resonant wavelength=1.55um in either emission or collection mode to investigthe
electric field enhancement and polarization serigjtproperties.

2.2.1.The BNA in emission mode

=1 5qum #@#

Figure 2.12: Sketch of experimental set-up to olesdine transmitted light through BNA

IR CCD
Camera

in emission mode. A rotating polarizer was empldyesklect the polarization direction of

incident light.

The electric field enhancement at the gap zonepatatization sensitivity of BNA
as theoretical prediction in section 1.3 might halgatively tested by observing the
transmitted light through BNA in emission mode. gk®wn in the Figure 2.12, BNA-fiber
probe was illuminated by a 10@/ laser beam at=1.55um polarized in direction either
parallel or perpendicular to the BNA gap edge. Rncamera placed after an objective
x100/0.9NA was to image the diffracted light on BN&rface. Owing to the strongly limit

background excitation fields of BNA, the antennfeeifcan be unveiled with this imaging
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set-up. Figures 2.13-a/b indicate explicitly th&etences of far-field intensity emitted
from BNA in two orthogonal directions of polarizedcitation laser. The bright spot was
solely observed (at white arrows) for the excitatight polarized along gap edge, implied
that its transmitted light was high. On contrailye trace of light was seen at the same
position if rotation of 9B For comparison, these experimental results atelplagree
with the corresponding simulations shown in Fig@ré3-c/d. This demonstrates the

expected dipolar antenna effect on these BNAs

0

Figure 2.13: a-b) Transmitted light through BNA-pe observing by IR camera with
incident light linearly polarized either in paralléa) and perpendicular (b) direction (see

insets). c-d) two corresponding optical images ByB-simulation.

2.2.2.The BNA in collection mode

Laser » ‘ Photodetector
A =1.55um

Figure 2.14: Sketch of experimental set-up to magjine polarization diagram of BNA in

collection mode. A rotating polarizer was employedelect the polarization direction of

incident light.
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This set-up was built to investigate the couplintensity through BNA as a
function of polarization of incident light. This lapization diagram is important to
estimate the polarization ratio betweefi &nd L—;z-components. Figure 2.14 is present the
experimental setup in which BNA works in collectiorode and was illuminated by infra-
red laser at resonant wavelength L5 The polarization diagram is constructed by
measuring the collected intensity (normalized te icident light) by aperture antenna
while rotating the polarization of incident ligh&. half-wave plate was used to rotate the
linear polarization light 36Dby step of 18 In addition, synchronous detection technique

could be used to increase the signal-to-noise afsorement.

Figure 2.15 shows the experimental polarizatiagdim of the BNA (solid blue
line) with respect to fluorescence diagram of glsimolecule¥ *® (dashed red line). The
agreement between the two curves confirms thatetbetric dipole moment polarized
along the gap edge (horizontal axis in diagram)egas the coupling resonance in the gap
of BNA-probe. The polarization ratio (seen as paktion sensitivity) between the two
orthogonal components was estimated to be abodtit:8omparison with the theoretical
ratio of 1:37 for plane wave excitation. For a dgoexcitation, the theoretical polarization

ratio could reach 1:170

- ldeal
1 = EXxperiment

180'---:"":"":"":

270
Figure 2.15: Polarization diagram of BNA-tip in ¢&ttion mode illuminated at resonance
wavelength 1.55um. The dashed red line presentfiubeescence diagram of an ideal
nanopolarizer of a single molecule (dipole absaptimoment). The blue solid line
indicates the experimental optical intensity meaduat free end facet of fiber. The

collected optical intensity is normalized to theident light. Experimental polarization




2. Experimental set-up description Page 77 of 178

sensitivity (between two orthogonal componentsjnaséd 1:32 with respect to 1:37 in

theoretical prediction in case of plane wave exmia

2.3. Far-field micro-photoluminescence characterizatiorset-up

Far-field characterization yields spectral infotima of photoluminescence
radiating from sample. This far-field set-up enabtpick and global analyses of the
optical responses of the fabricated structures lharmally used as a preliminary study

prior to NSOM measurements.

To perform these analyses we use a far-field getvith spectrometer (Figure
2.16). The sample was optically pumped by a pulsser diode (805nm, duration of 10ns
and duty cycle of 10%) through an IR-corrected ktiyo long-working distance objective
(x20) at normal incidence. The photoluminescenc#tedhfrom the sample was collected
by the same objective and directed towards an-meftlasspectrometer through optical fiber
after passing a 1100nm-long pass filter. A dichraigror placed in the optical path
enabled to partially reflect the emitted light toiafra-red camera for in-line observation.

Sample  Objective Dichroic mirrors Filter Microlens Fiber

ZI 1 \ \ M 1 ectrometer
E i AN N ‘\ “ l__/\/\_. Sp

IR Camera Laser diode [lluminator
780 nn

Figure 2.16: Photoluminescence set-up for far-fielthracterization. Laser diode (red
line) at 780nm was pulsed with duration of 10ns daty cycle equal 10%. An objective
was used to excite the quantum well of sample atidct the reflected light (blue line).

The radiation light was then directed to spectraenétirough fiber for spectral analysis.

2.4. FDTD simulation

The simulation of propagation of light wave in itdry geometries can be
performed with finite-difference time-domain (FDTBIgorithm. Since the FDTD method
is a direct resolution of the Maxwell's curl equais, it therefore includes many effects

than other approximation methods.
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2.4.1.Principle

All of macroscopic electromagnetism, including thepagation of light in a
photonic crystal is governed by macroscopic Maxwgliation®’. In the mixed dielectric
medium composing a region of homogeneous dieleptdterial, with no free charges or
currents, the set of Maxwell’s curl equations cambitten in cgs units as following:

OH(rt)=0 DxE(r,t)+u¥=o

DG(ER)=0  OxH(0)-elr) ‘"’Eg’t) ~0

where E and H are the macroscopic electric and setagfields respectivelye andu are

relative permittivity and permeability, c is spesdight in vacuum.

Such equations describe a situation in which tmepteal change (t) in the E-field is
dependent on the spatial variation (r) of the Hdfiand vice versa. The FDTD method
solves the Maxwell’s equations by first discretizihe equations via central differences in
time (At) and spaceAx, 4y and 4z) and then numerically solving these equations by
software. The most common method to solve thesatiems is based on Yee's mésh

In order to implement the FDTD algorithm, both plgs and numerical parameters are

required.

2.4.1.1Physical parameters: consist of:

* Material parameters include relative permittivéfy,o) and relative permeability
u(r,o) as a function of space and frequency. These rahf@moperties can be
specified by the following formulas:

D=¢E+P
B=gH +M
|
P%{M@Etf?+f@%+%ﬂﬂ%}
|
M=w{mA@H+X?V+Xﬂ@LH§JWFH}

The four terms of equations describe several effeltte first termgyE) presents

the linear index of system while second term takés account the change of
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index as function of frequency. The remaining tedescribe the non-linear effects

of system.

The electromagnetic field excitation is a dipoleiteed around the specific given
wavelength at certain spectral profile. The dipcd@ be oriented in all directions

of space giving the polarization of interest. Ithqmses of both spatial and
temporal excitation in formgq(r,t)=\/5f (r,)a(r) where P is the power of

excitation source, f@y is the spatial excitation at the launch plane gl is
temporal excitation. The input field is defined several functions such as a

Gaussian function, rectangular step function ortimalde function.

2.4.1.2Numerical parameters

The solution algorithm requires additional input form of numerical simulation

parameters as following:

A finite computational domain: defines domain lismito be used during the

simulation

The boundary conditions. Several models can be @agl two of the most
effective are perfectly matched la§e(PML) and periodic boundary conditidAs
(PBC). For the former, both electric and magneticduictivities are introduced in
such a way that the wave impedance remains consahsbrbing the energy
without inducing reflections. Meanwhile the lattex employed such that the
simulation is equivalent to an infinite structurengposed of the basics

computational domain repeated endless in all dimass

The spatial grid sizedk, 4y and4z), temporal grid {t) and the length of time for
simulation. The spatial grid size must be smallugioto resolve the smallest
feature of the field to ensure an accuracy simutatirhis can be described with
respect to the wavelength in materials or geomeftpyhotonic device. Typically,

the grid spacing must be able to resolve the wagdtein time, usually less than
2110 (in the materials).

The temporal step siz& must be satisfied the Courant condition to enawstable

simulation:




2. Experimental set-up description Page 80 of 178

1 1 1 -1/2

+
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where c is the velocity if light. The software wilutomatically enforce this

condition.

2.4.2.Implementation

The simulation FDTD allows observing the evolutioh electromagnetic (EM)
field in time at every point of structure and isgpithe cartographies (mode pattern) in
certain conditions. The spatial and temporal evotudf EM field also reveals the spectral
response of structure. To simulation, a dipole witpulse emission in temp is placed on
surface, at the center of structure. The tempagakldpment of different components of
EM field is measured at different points of struetand by Fourier transform, frequency
EM response is obtained. To obtain the spatiafidigion of EM mode intensity, FDTD
simulation has to be rerun with narrow spectrarsewhere only mode is excited. At this
step, quality factor of mode is calculated from fieéd evolution as function of time. In

fact, the quality factor can be extracted from axgrdial decay of mode in time.

2.5. Fabrication protocols

The two dimensional photonic crystal (2D PC) swoes under investigation are
composed of an array of air holes fabricated onigamuctor InP slab bonded onto a
glass substrate. In order to provide the optical gaaterial, four INAsP quantum well are
embedded in the centre of the InP slab. They aatsmirce of photoluminescence with an
emission spectrum from 1.3um to 1.65um. The fabangrocesses consist of three main

steps: epitaxial growth and layer transfer, litfagairy and etching.

2.5.1.Epitaxial growth and layer transfer

The basic heterostructure consists of the activelnnane, including the quantum
wells, grown over an InGaAs etch stop layer, on ¢ébghe InP wafer. This stack was
grown by molecular beam expitaxy (MBE) at INL. Ttiickness of active InP slab was
chosen to obtain a monomode waveguide at the wayikleof interest (thickness of
M2~ 250 nm att=1500 nm). The quantum wells INAsP inserted betwleénlayers by

expitaxy.
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After the expitaxial growth, a 10nm thick SiQayer is deposited by Plasma
Enhanced Chemical Vapour Deposition (PECVD) agsisbty Electron Cyclotron
Resonance (ECR), this thin layer enables the wadeding of the active layers on top of a
fused silica host wafer. This step was performe@€BA-LETI. The InP wafer and the
etch-stop layer were subsequently removed by weinatal etching at INL. Finally, a
hard mask Si@(90nm thick) is deposited on the top of the active slab, to act as a hard
mask during etching process.

2.5.2.Electron beam lithography (EBL)

This process enables to pattern nanostructureshielectron sensitive resfét
Polymethylmetacrylate (PMMA) was selected as atp@siresist, which will therefore
become soluble after the electron exposure. The fimh of PMMA is deposited on
sample surface by spin coating method and bakdeinhermostat at 180° for 90s. With

an EBL process, the size and shape of PC holes\depeseveral key process parameters:

= The electron beam size, which is typically abouhrhQ and intensity, around
40pA. The beam focus and astigmatism correctioncaneial to obtain a good

fidelity in terms of size and shape of PC holes.

= The electron dose (in uC/cm?): the size and shapwles is strongly depends on
the dose which is varied in a limited range. If these is too weak, it has a
fluctuation or no impact on chemical bond of elentresist and thus, patterns are
not printed in the PMMA layer. Otherwise, if the s#ois too high, more
backscattering electrons in the resist make theshobnnect each others, and their

shape irregular.

= Thickness of hard mask SiQayer where the backscattering phenomenon occurs
and the energy of electron beam contribute stromnglyhe modification of the

shape of air holes.

After exposing by electron beam, PMMA resist becems@uble. The soluble area will
be removed by developing in solution NANO MIBK/IPA1l. The resulting sample
containing structures on PMMA layer is finally pdstked at 100°C for 1mn and ready for
the etching step.
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2.5.3.Reactive ion etching (RIE)

This step is to transfer the structures on PMMZAetapto InP membrane. The RIE
techniqué® is designed to give better control of selectivdfyd anisotropy independently
and conducted in the vacuum plasma chamber. Theleai® placed in the plasma
chamber. The different gas with different condifoms used to create plasma
corresponding to purpose of each etching stepstéedliin table. The details of etching
process are shown in Figure 2.17. Table below tissused gases and working conditions
of machine. The SiQayer is first patterned, using the PMMA patteassa mask, then the
InP layer is etched using SiO2 patterns as a hagsknThis two-step process is necessary
since the etching selectivity between PMMA and is®o low.

The advantages of RIE method is its high anisotrojhwanks to sidewall
polymerization; selective but less so than plastohirg due higher DC bias and longer
mean free path. However some unintentional depositif the polymerization gas can
result in defects if conditions are not optimized.

Table: working conditions for RIE process

Flow Pressure _
Step Gas Pre(W) Time (s)
(sccm) (mTorr)
Etching SiQ CHR 16 15 100 600
Removing
O, 20 100 100 120
PMMA
CH, 15
Etching InP 30 200 300
H, 30
Removing C Q 20 100 100 120
Removing SiQ CHR; 16 15 100 600
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Si0, —» il — PMMA

INASF — _R

«— InP slal

SlOZ g

[) Structure on PMMA layer

II) Etching through Si@layer by CHE

IV) Etching through InP layer by

CH4tH,. A side product of pure
carbon occurs on top of sample.

V) Removing C layer by © VI) Removing Sigayer by CHE.

Figure 2.17. Diagram of etching steps to transfesigned structures into InP slab.

Conclusion

We have introduced the main experimental facilitiet involved in our research works as
well as the FDTD-based numerical simulation prifecifrirst the nanophotonic structures
were simulated using FDTD method to obtain the rgti working parameters, then
fabricated by EBL and RIE methods. The far-field@cterization was first employed to
verify the expected optical properties before caithg near-field investigation by NSOM
in transmission mode. Several kinds of near-fieldbps were fabricated for different

NSOM purposes such as dielectric, metal-coatingpartie nano-aperture probes.




2. Experimental set-up description Page 84 of 178

References

! Nicolas LOUVION, “Microscopie en champ proche gqpg de structures & base de cristaux
photoniques”, doctoral dissertation, INL, CNRS UMERE/0 (2005)

2 Gaélle LE GAC, “Etude de Iimpact d’une pointe SN®ur les propriétés des modes optiques d’une
cavité a base de cristaux photoniques”, doctorakdrtation, INL, CNRS UMR 5270 (2009)

% Bert Hecht et al, “Scanning near-field optical miscopy with aperture probes: Fundamentals
and applications”, The Journal of Chemical Physi¢s]. 112, No. 18, pp. 7761-7774 (2000)

4 J.A. Veerman, A.M. Otter, L. Kuipers, and N.F. vauist, "High definition aperture probes for
near-field optical microscopy fabricated by focused beam milling," Appl. Phys. Lett. 72, 3115
(1998).

> D. Turner, US Patent 4,469,554 (1984)

®P. Lambelet, A. Sayah, M. Pfeffer, C. Philiponad &. Marquis-Weible, Appl. Opt. 37, 7289
(1998)

" Stockle et al., » High-quality near-field optigaobes by tube etching » Appl. Phys. Lett., Vol.
75, No. 2, (1999).

8 T.Pangaribuan et al., « Reproducible fabricaticechnique of nanometric tip diameter fiber
probe for photon scanning tunneling microscopep,. J. Appl. Phys.31 (1992).

® Renaud Bachelot, Carole Ecoffet, Denis Deloeil,sd2h Royer, and Daniel-Joseph Lougnot,
"Integration of Micrometer-Sized Polymer Elementsttee End of Optical Fibers by Free-Radical
Photopolymerization," Appl. Op40, 5860-5871 (2001)

2 Renaud Bachelot, Abdesslame Fares, Radouane Ekrjinique Barchiesi, Gilles Lerondel, and
Pascal Royer, "Coupling semiconductor lasers intgle-mode optical fibers by use of tips grown by
photopolymerization,” Opt. Le9, 1971-1973 (2004)

M. Hocine, R. Bachelot, C. Ecoffet, N. Fresseng®asRoyer and G. Kugel, “End of the fiber
polymer tip: manufacturing and modeling”, Syntheédetals, Volume 127, Issues 1-3, 26 March 2002,
Pages 313-318.

12p_ D. Bear, "Microlenses for coupling single-mofileers to single-mode thin-film waveguides,"
Appl. Opt.19, 2906-2909 (1980).

13 Bert Hecht et al, “Scanning near-field optical miscopy with aperture probes: Fundamentals and
applications”, The Journal of Chemical Physics, Vidl2, No. 18, pp. 7761-7774 (2000)

14 M. Notomi, "Manipulating light with strongly moduéd photonic crystals,” Rep. Prog. Phys. 73
(2010) 096501 (57pp)

!> Grosjean, T.; Ibrahim, I. A.; Suarez, M. A.; Bu®, W.; Mivelle, M.; Charraut, D. Optics Express
2010, 18, 5809-5824.

8 Koch, J.; Grun, K.; Ruff, M.; Wernhardt, R.; WiedkD.,”Creation of nanoelectronic devices by
focused ion beam implantation”, (1999)

M. Mivelle, I. A. Ibrahim, F. Baida, G. W. Burr,. Dedeljkovic, D. Charraut, J-Y. Rauch, R. Salut,
and T. Grosjean, "Bowtie nano-aperture as interfhedween near-fields and a single-mode fiber,"
Opt. Expresd8, 15964-15974 (2010)

8. Novotny, M. Beversluis, K. Youngworth, and Tov, “Longitudinal field modes probed by
single molecules,” Phys. Rev. Lett. 86(23), 525009

19 James Clerk Maxwell, "A Dynamical Theory of theedomagnetic Field", Philosophical
Transactions of the Royal Society of Londb5, 459-512 (1865)




2. Experimental set-up description Page 85 of 178

2K.S Yee, “Numerical solution of initial boundarglwe problems in involving Maxwell’s equations in
isotropic media” IEEE Trans. Antennas propagate?-24, 302 (1966)

2L 3. Berenger (1994). "A perfectly matched layer foe absorption of electromagnetic waves".
Journal of Computational Physics 114 (2): 185-200

22 3chlick T. (2002). Molecular Modeling and SimuatiAn Interdisciplinary Guide. Interdisciplinary
Applied Mathematics series, vol. 21. Springer: Nemk, NY, USA. ISBN 0-387-95404-X

% N. Chauvin, P. Nedel, C. Seassal, B. Ben BakirL&tartre, M. Gendry, A. Fiore, and P.
Viktorovitch,” Control of the spontaneous emissioom a single quantum dash using a slow-light
mode in a two-dimensional photonic crystal on aggraeflector” Phys. Rev. B 80, 045315 (2009).

% L. Feldman and J. Mayer. “Fundamentals of Surfacel Thin Film Analysis”, 54. pp. 130-133.
ISBN 0-444-00989-2.(1986)

% Coburn, J.: Plasma Etching and RIE: Fundamentald Applications.







Chapter 3: Theoretical and far-field SBM optical
properties

This chapter deals with the far-field optical
properties of lowest energy slow Bloch modes of
honeycomb 2D photonic crystals. Prior to
characterization, FDTD  simulations  were
performed to predict the theoretical behaviorshef t
modes in terms of spectral characteristic and mode
distribution inside the PC. Far-field
characterizations that reveal the global spectral
properties as well as the polarization characterist

of SBMs are also presented.
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3.1. Introduction

As was explained in chapter 1, a honeycomb PCtsies; consisting of air holes
centered at the vertices of periodically arrangexalgon$? were chosen because of their
ability to support slow Bloch modes (SBMs) at fthpoint of the band Brillouin zone. As
shown in Figure 3.1, this type of PC structure dugtshave a photonic band gap neither in
TM nor TE mode. However, near high symmetry powitshe first Brillouin zone, they
can support modes with both a very low group véjoaid a very flat band curvatdrén
the case of our structure, this occurs at thpoint where the k-vector is purely
perpendicular to the membrane. This feature is @epeto correspond to an enhancement
of the local density of optical states (LDOS), whis in theory inversely proportional to
the band curvature (section 1.1). This gives rise to delocalizedistatry SBMs. At the
I'-point these modes are above light line and shoalgple easily with the continuum of
radiating free space modes. These properties ek tb a new generation of vertical
emitting microlasérin which optical gain is provided by 11I-V matelisaln addition to the
vertical emission ability, SBMs have shown to pgsshe peculiar polarization properties.
Furthermore, compared to the triangular or squatteeé structures, the air filling factor of
a graphite PC is smaller. As a result, in an adivecture, a majority of emitters such as
guantum dots, would be far from the interfacestectay the PC holes, which would tend
to reduce the effect of non-radiative surface rduioation®. Various application
perspectives could be exploited from these opticaperties, for instance to design low

threshold lasér integrated optoelectronic devices or optical &ees for nanoparticlég?®

In chapter 1, we showed that one of the importaopgrties of 2D-PC slow Bloch
modes is their expansion in the PC. In theory,iugle expansion is determined by the
band curvaturen (which is intrinsic to the 2D PC design) and thietime of the
considered modein the structure™® The lifetime depends on the lateral losses, theb
plane escape of the photons and the modal mismdtath can occur between the SBM
and the continuum of the radiated modes. In the oaan active PC, like a microlaser this
phenomenon can also be influenced by other meahanisuch as carrier-induced
refractive-index chande While 3D FDTD numerical simulation with dipole @tation
placed at the center of structure predicts thatemexpansion is limited by the 2D PC
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boundary, the experimental results show that ttezdhconfinement of the mode is of the

order of the excitation spot size.

0.5 T T T T T M
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Figure 3.1. Band diagram of a defect-free honeycqhabar photonic crystal calculated
using 3D plane wave expansion method by Adel Rahrhatiice a= 730nm and air
filling factor 20% on 240nm-thick InP slab (n=3.1% /=1.55um). The lowest energy
band-edge mode (mode M) could be seen-pbint among several higher modes. The
upper right image presents high-symmetry pointsnaf cell in reciprocal space and SEM

image of a fabricated honeycomb PC (bottom right).

3.2. Structure design

In our case, active 2D-PCs were designed to supjaortl-edge modes at tihe
point of the first Brillouin zonk?. The structure consisted of a 240nm-thick monomode
slad InP (n=3.17 at=1.55um) bonded on SyQransparent substrate. At the center of the
InP slab, four quantum wells of InNAsP separatedn®y barriers (see Figure 3.2-c) were
embedded to provide internal photoluminescence flo8um to 1.65um. An array of
honeycomb-like cylindrical air hole€<1) was drilled on InP slab (Figure 3.2-a/b) to
provide the periodical dielectric structure witligh contrast of refractive index. The two
basic parameters of the honeycomb PC are thedapiarameter a (center-to-center
distance of two nearest hexagons) and the holesddi. The surface air filling factor was

calculated from the following formula:

"=l
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In order to optimize the lattice parameters andlystilne impact of structure size
with respect to mode expansion, several structuigsdifferent sizes and different filling

factor (depending on the hole radius) have beeiguled.

Air hole
!

<~ InP slab240 nm'

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

SiO, substrate

c)

Figure 3.2: Model of defect—free honeycomb 2D PQTap view). An array of cylinder
air holes (white circlese=1) centered at the vertex of periodically arrangeekagons on
InP slab (grey areag=10 at /=1.55um). b) (Top view) SEM image of a typical 2D-PC
fabricated by E-beam lithography (EBM) and reactise etching (RIE) method. Real
lattice parameters measured A=730nm, 2r=245nm, ntherresponding £{=0.2 (dose
equal 1.6). c) (Side view). Sample includes 24@maok InP slab bonded on top of a SiO
transparent substrate with four layers of InAsP mjfuan wells (separated by InP barrier)
are embedded at the center of the InP slab. d)fifsteBrillouin zone with high-symmetry

points (-K-M) in the reciprocal space with respect to tlealrspace unit cell.

3.3. TI'-point modes in the honeycomb lattice

Finite-difference time domain (FDTD) method pres in theory the optical
properties of the designed PC. Simulation resulisldythe electromagnetic field
distribution in the structures and are used to fimel optimal parameters as well as the
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optical response of the designed structures. Ircase, the FDTD simulation is employed
both in 2D (treating the vertical dimension of tA€ as infinite) and in 3D (three finite
dimensions of PC). Below are presented the sinmatsults in 2D- and 3D-FDTD.

3.3.1.Monopolar, hexapolar and dipolar modes: 2D calculabns

For the sake of computation time, 2D-FDTD was fused to investigate the
spectral response of honeycomb crystals. The mamserjuence is that the resonant
wavelengths of the modes can be shifted comparetheoreal case or the 3D case.
However, the 2D intensity pattern found for a moelmains quite similar to the 3D mode
intensity pattern that can be found in the middliéhe membrane. Conversely, it cannot
reveal the real pattern at the surface of the 2Dd?P@s evolution with the z-component.

Figure 3.3: 2D-FDTD simulation layout performed fooneycomb PC. The white circles
in hexagonal lattice indicate the air holes of RCInP slab (n=3.17). The arrow shows
the orientation of impulsed dipole in TE while §alow crosses present the position of
placing detectors. The structure parameters: lattgize A of 775nm, air hole radius of

130nm. Thus, calculated filling factor and effeetindex are of 20% and 2.7 respectively.

The simulation was run on FDTD-coded Lumericalwafe by Dr. Ali Belarouci
at INL. For honeycomb PC, the following typical pareters are used: a lattice parameter
a=730nm, an air hole radius 2r=245nm, and conselyuam air-filling factor of 20%. As
shown in Figure 3.3, a pulsed dipole in TE modejctvispectrum covers all possible
modes, is placed around the center of PC struatusgbitrary orientation to make sure

that it can excite all the possible modes. Thevairoblue indicates the dipole orientation
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with respect to the PC structure. Three cross lloweare the positions of the monitoring

detectors.

The optical field was calculated as a functioniofet in different locations inside
the structure. In order to obtain the spectral sasp of the structure, a Fourier transform

of the time-dependent signal was performed.
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Figure 3.4: Resonant spectral of honeycomb PC (Anan3 and 2r=245nm) computed in
2D-FDTD by a TE dipole excitation.

The frequency spectrum in Figure 3.4 provides warioesonant peaks with
different quality factors. The longest wavelengshlabeled monopolar or mode M at
A=1607 nm. This mode corresponds to the lowest-gnmawg-degenerated modelapoint
shown in dispersion band diagram of Figure 3.1. $&eond resonant peak at shorter-
wavelength in resonant spectrum is named hexamrlanode H atA=1555 nm. The
difference of resonant wavelength between two m@dgs52nm) confirms the position
of non-degenerated mode Hlapoint as shown in Figure 3.1. The third resonaakpat
A=1448 nm corresponding to the dipolar or mode Ds Tha degenerated modd apoint
in dispersion band-diagram in Figure 3.1. Belowtaeedetails of mode patterns obtained

with 2D-FDTD simulation at three above-mentionesbreant peaks.
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a. Monopolar mode

It is the fundamental and non-degenerated modeght $ymmetricl -point of
reciprocal space of the honeycomb PC. This slowemody be predicted to present a high
guality factor since laying at the low band curvatand zero in-plane k-vector point.
Moreover, due to its symmetry properties, this mades not couple easily to free-
spacé’. Basically for this mode, the overlapping integratween the electric components
of the field and a plane wave is strictly zero kgr0. Consequently, in theory, this mode

should not couple in the vertical direction.

Al
J

()
' X (Um

"y (Hm) y (um) y (Hm)
a) Cartography of’E b) Cartography of,E c) Cartography of,&

Figure 3.5: Intensity patterns of mode MiatL607 nm. The white circles at the center are
present the position of air holes of photonic cays&) Total electric field E? (k> E?)
intensity pattern indicates the doughnut-like sh&pened inside the unit cell and no
intensity at the center. b) Electric field integsipolarized in y-axis (,l%) that is
decomposed into two lobes laid symmetrically eitbiele of y-axis. c) Electric field
intensity polarized in x-axis (8 with two separated lobes laid symmetrically aithiele

of x-axis. These results demonstrate the azimyiblarization of mode M in unit cells.

The 2D-simulation results are shown in Figure & %toneycomb unit cell (white
circles) is presented at the center for referekiée.see in Figure 3.5-a that the intensity
pattern of the total electric field E2? (Ef E3) of mode M is presented inside each unit cell
with a doughnut-like shape (the field forms a rarmgl has no intensity at its center). The
radii of outer and inner ring of doughnut are meaduo be about 260nm and 90nm
respectively. Figure 3.5-b and c present the phrtplarized electric field intensity of
mode M along y-axis (E) and x-axis (E) on PC surface. In both cases, the doughnuts
are split into two separated lobes placed symnadlyieither side of considered axes.
These results demonstrate the presence of azimpbeiization of electric field in unit

cell of honeycomb PC.
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b. Hexapolar mode

This non-degenerated mode is blue-shifted from 52nith respect to the
fundamental mode; it occurs at high symmeftrpoint of the dispersion diagram. Similar

to the fundamental mode, mode H possesses a lod caiawature and zero in-plane k-
vector in theor$,

X (Lm;
X (Lm;
X (um)

a) Cartography of’E b) Cartography of £ c) Cartography ofE

Figure 3.6: Intensity patterns of mode H/atl716.4 nm with the unit cell of PC structure
at the center. a) Total electric field E? {E? E?3) intensity pattern presents the array of
bright spots distributed surrounding these air lsoté PC and no intensity is found at the
center of unit cell. b) Mapping of electric fieldtensity polarized in y-axis §E. C)
Mapping of electric field intensity polarized irexis (E2).

As indicated in Figure 3.6 the intensity patterhsnode H show the modulation of
bright spots surrounding the air holes of PC stmgct The size of these bright spots is
comparable to that of air holear€245nn) and no intensity is found at the center of unit

cells. Figure 3.6-b/c are shown the intensity mafgsolarized electric field along y-and x-
axis, E§ and EZ respectively.

c. Dipolar mode

Unlike two previous modes, this mode is degeneratdhe IN-point of the

dispersion diagram. It is blue-shifted of 159 nnthwespect to the fundamental mode.
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Figure 3.7 Intensity patterns of mode D/atl647.5 nm that inserts the unit cell of PC
structure at the center for reference. a) Totaktie field E2 (EZ + E3) intensity pattern
presents the modulation of spots distributed indindaoles and at the center of unit cell of
PC. b) Mapping of electric field intensity polanze y-axis (52). c) Mapping of electric

field intensity polarized in x-axis (8.

As indicated in Figure 3.7 the intensity patterhenode D present a distribution of
light spots in the air holes and at the center wit gell of PC structure. The mode
concentration in air hole (low dielectric materiad the intrinsic property of high
frequency Bloch mode in PCFigure 3.7-b/c shows the intensity maps of poéti

electric field along y-and x-axis, End EZ respectively.

3.3.2.Monopolar mode: 3D computation

Among the various surface addressable band-edgesrlocated at thE-point of
diagram (Figure 3.1), we focused particularly ore ttnonopolar mode (mode M),
corresponding to the lower energy flat band. This inon-degenerated mode where the
electromagnetic field is well positioned within tioell, zero in-plane k-vector and strong

vertical emission.

In addition to the 2D-FDTD for quick review of tloptical response of designed
honeycomb structures of PC, 3D-FDTD with perfecttyatched layers boundary
conditions is used for rigorous prediction of Qtéac mode intensity and polarization
patterns. This simulation work was run by Dr. A&ehmani (University of Technology,
Sydney). The numerical simulation is performed ofinde 2D PC (20x2Qum?) with a
lattice parameter (A) of 730nm and 245nm hole- dien(20% of air filling factor). The
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membrane consists of a 240nm-thick InP slab ol@m-thick SiQ substrate (Figure 3.8-
a). Computational meshes are 30 nm for x, y, anthe. monopolar mode is excited by a
dipole placed near the center of the structure. sitmelation in Figure 3.8-b presents the
total electric intensity of mode M on InP slab swd. It also shows that the mode surface
reaches the edges of the PC-structure. The modesity is maximum in the centre area
of the PC and its global envelop is gaussian. Megedn Figure 3.8-c, a closer view into
the unit cell indicates that the mode intensitgigributed in each honeycomb lattice unit
cell as a “doughnut” with an inner and outer radofsabout 90nm and 260 nm,
respectively. The electric polarization patternHigure 3.8-d shows that the field is
azimuthally polarized in each unit cell: the zefdahe field intensity in the centre region
of each hexagon is due to a phase singufariBigure 3.8-e/f present the mode intensity

mapping for polarized electric field along x {E8r y (E3).
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Figure 3.8: Intensity patterns of mode M on InPbskurface by 3D-FDTD. (a) Finite
honeycomb 2D PC structure (20x20um?2) with lattieeameter of 730nm and radius of
245nm (20% air filling factor). Two arrows presdhe cross section for mode profile of
(9). (b)Normalized field intensity (E+ E,?) at the surface of the PC at 1602 nm. Mode M
is excited by a dipole placed near the center of ®f@icture. The intensity pattern
presents the Gaussian-shape expansion limitedeabdlundary of PC structure. (c) Zoom
in the central part of mode pattern in unit cellghaair holes in black clearly reveals the
mode intensity in doughnut-like shape. (d) Azimuplodarization map of electric field in
unit cell. (e) Normalized field intensity polarizalbng x (E2) and (f) y direction (Ej. (9)
The near-field mode profile along the cross sectib(a) with Gaussian-fitted envelope.
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The evolution of the intensity profile of the momdgr mode at various distances
from PC surface to far-field (further wavelengthasvalso simulated. The total intensity
(E3+E3) was recorded above surface with distance z whiah varied from Onm (on
surface) to 1um. As indicated in Figure 3.9, thiaitke of doughnut shape in each unit cell
are lost in maps at higher z as the mode radiatisefr from the surface. From distance
z=400nm the field intensity at the center of struetuanished. For further distance, maps
present a global doughnut shape covering wholectstret Note that in this 3D
computation, the computational window preventsaeeha larger view of the behaviors of
the mode. The doughnut-like shape can then beraderom the fact that as radiating
from near- to far-field the destructive and condtiee interferences take place creating the

fading of field in the center of the beam.

d) z =600 nm e) z =800 nm f) z=1000 nm

Figure 3.9: Evolution of the intensity profile dfet monopolar mode at various distances
from PC surface (0 nm) to far-field (1000 nm).

3.4. Fabrication

A finite active honeycomb 2D-PC structure (size40&40um?) is etched to InP
slab on Si@ substrate. In order to optimize the lattice par@nseand study the impact of
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structure size with respect to mode expansion,raéstucture sizes with different filling
factor value (by choosing different electron dodesing EBL process step) have been

fabricated.

The details of micro-fabrication process is refdn@ section 2.5

3.5. Far-field characterization of slow Bloch modes

Prior to NSOM measurement, the global optical oese of the fabricated
honeycomb structures are measured at room temperbyu micro-photoluminescence.

The experimental set-up and conditions can be fauséction 2.2.

a. Spectroscopic results

We have fabricated six honeycomb PC structuramedaG1l to G6, with different
air hole radii. As a result, the filling factor igsned, and the optical resonances of each
structure are shifted. This allows us to deterngpgmal fabricating parameters and shift
the optical resonance toward our desired workirggore and identify the most adequate
structures for near-field purpose.

All experimental conditions are kept the same fiéhto G6. Figure 3.10 shows
that the optical resonances of PC significantlytshith respect to their filling factor. The
resonant wavelengths decrease with the increasiniijliag factor as shown in Figure
3.10-b/c. By comparison to the photonic band-stmecat thd -point (section 3.1, Figure
3.1) the laser peaks of G2 to G6 are supposed thebkindamental band-edge mode (or
monopolar mode). Note that structure G1 presents |ager peaks with wavelengths
separated by 53.8nm (1636.5nm and 1582.7nm). Tiffeyahce is in the range of two
adjacent band-edge modes (monopolar and hexapadde)mpredicted by simulation
(AA=52nm). The optical images (insets in Figure 3.1éken with IR camera shows the
different radiation patterns between mode H (domtima G1) and mode M (other graphite

structures). These could be precisely justifiedurther NSOM investigations.
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Figure 3.10: a) Far-field spectra of six honeycosttuctures (G1 to G6) excited by pulsed
780nm laser diode. From G1 to G6, the doses areecased thus filling factors are

increased proportionally. As a result, resonant elangths supported by PC are altered
inversely. The insets show the images of correspgriddiation modes on the PC surface

with scaling bar of 10m, recorded by an IR camera. b) Graph indicatesgpetuning of

monopolar mode with respect to air filling factor.
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Table: Air filling factorvs.resonant wavelength of structures from G1 to Géeitails.

The filling factor was calculated by lattice pardere extracted from SEM images.

Gl G2 G3 G4 G5 G6

Wavelength| 1635.5(M)
(nm) 1582.7(H)

Filling factor
(%)

1622.5 1611 1596.0 1584.8 1567.6

10.4 17.7 20 22.5 23.7 25

b. Photoluminescence of structure(G3)
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Figure 3.11: Photoluminescence of quantum wells raliation spectra emitted from G3
INAsSP/InP quantum well emits light in range of InBfio 1.65um. The 2D-PC shows a
resonant monopolar mode at 1611nm with high qudittor and other modes at lower
Q: hexapolar mode (mode H) &t 1567.6 nm and dipolar mode (mode D)afi415nm.

The optical response of active PC and honeycomietsiie N°3 are presented in
Figure 3.11. Photoluminescence of quantum well PYAE recorded at unpatterned area
of sample ranged from 1.3um to 1.65um (blue lia®). PC structure we detect several
resonant modes. Based on the photonic band-diagrdimating the slow light modes
associated with th&-point, we assume that the fundamental monopolademtowest
energy mode M) emerged &t1611nm. This mode shows a high quality factor kwad
lasing threshold. Other modes with lower Q recordEd=1567.6 nm and=1415nm are
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attributed to the hexapolar mode (mode H) and dipohode respectively (D). The
resonant wavelength associated with mode M in pleetsal diagram is in good agreement
with the simulation value found for the monopolaode (1602 nm). To confirm these
assumptions, the far-field and near-field investages must be conducted to characterize
the shape and polarization of the radiated beamtlamdpatial distribution of the mode
inside the structure. In this work, we focused loa optical properties of mode M on the

G3 structure.

c. IR imaging of slow light modes

- Monopolar mode

Structure, 40x4@Qm?

Quantum Wells NP 2D-PQ

1.30-1.65um /

Sio,

Excitation spot from optical | m——
microscopy

Objective
Optical fiber B
|
— ] L 17
Vs A
1
Laser diode ' 1| Asgy=1611nm
@780nm, 2kHz, ;:(’ —————————— 3| IR camera
DC 10% Light source T
Rotating
polarizer

Figure 3.12. Experimental set-up to implementirgftr-field analysis of mode M

The experimental set-up for this far-field study swadifferent from
photoluminescence measurement described in Figlife ection 2.3. This set-up is built
on the stand of an inverted microscope as showigare 3.12. Laser diode modulated at
2kHz and pulsed with duty cycle of 10% was utilizexd excite quantum well for
photoluminescence through an objective 63x/0.7% @kcitation spot size of 9.5um can

be estimated from optical image taken by a visibfeD camera mounted at the output of
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microscopy. Photoluminescence of quantum well wlaserved in the 1.3um -1.65um
range. The light radiated from the PC is colledigdhe same objective and directed to an
IR InGaAs camera. In order to select the polariz@ehponents of light, we use a rotating
polarizer placed in front of IR camera. The imagaswobtained in far-field (as the
objective only collected radiating waves) but iedaot constitute a radiation pattern as it

corresponds to the spatial distribution of the miotiensity at the surface of the structure.

The results are displayed in Figure 3.13. ThrolR)ltdmera we observed the laser
beam vertically radiated from PC structuré.al611nm. The first one (Figure 3.13-a) is
the image recorded without polarizer: it clearlyowl a doughnut-shaped mode. This
shape is very different to what simulations prestictor the mode profile (Figure 3.8) at
the surface of structure. However, the doughnupsltean be inferred from the fact that
these images are recorded in the far-field wheoegsses of destructive and constructive

interferences take place and explain the fadirfietif in the center of the bedfn

No polarizer 0° 60° 90 12¢¢ 18C¢°

=D O S D

10um

&[0

Figure 3.13: Images of the mode at the surfacenefRC in the far-field zone (recorded

)

through a microscope objective x63/0.75). a) Imafj¢he mode without polarizer, b)-f)

images with a polarizer oriented respectively gt@d°, 90°, 120° and 180°.

The beam patterns recorded with a rotating polagee also shown in sequence of
images in Figure 3.13 (image b to f). Through tb&apzer, the doughnut is transformed
into two lobes symmetrically located on either safethe polarizer axis. These results
indicate explicitly that the emitted beam is a T&EMmode with an azimuthal
polarizatio®***** This mode can also be expressed as the coheneap®sition of two
Hermite-Gauss (HG) beams which have two lobes anddial symmetr{? (HG;o with x-

polarization and Hg with y-polarization). The polarizer effect is to seleceat the HG
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modes parallel to its orientation. This demonssrdtee direct and simple generation of

pure azimuthal doughnut laser beam with a 2D-P@hoomb lattice.
- Hexapolar mode

Structure G1 is the only structure that presentsimg effect for the first excited
mode (named hexapolar) of the honeycomb crystaé [Blsing wavelength occurs at
1585nm. IR imaging of this mode through the micopgcobjective shows a very irregular
pattern, similar to a speckle pattern, and no ctwpe as the monopolar mode. Our
hypothesis is that conversely to the monopolar,capstructive interference occurs to
shape the emitted beam: for hexapolar mode thaezight collected by the microscope
objective probably comes both from losses and dldgated part of the mode. Indeed, as
shown in Figure 3.14, the polarization propertieghe light inside a unit cell are very
different between monopolar and hexapolar. Figut®& 3hows a polarization study of the

hexapolar mode. Here again no specific polarizatiemavior appears for this mode.

Monopolar Hexapolar

Figure 3.14: Comparison between a) Monopolar pdation inside a unit cell, b)
Hexapolar polarization of inside a unit cell.
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No
polarizer

A=1582.7 nr

a) b) C) d) e)
Figure 3.15: Images of the hexapolar mode at théase of the PC (G1) in the far-field
zone (recorded through a microscope objective x83)0 a) Image of the mode without
polarizer at 1582.7 nm, b)-e) images with a polariariented respectively at 0°, 60°, 90°,
120° and 180°. The scaling bar is 10 pm.

Conclusion

Optical properties of honeycomb 2D-PCs have beéeoretically and
experimentally investigated. With these kinds obtaimic structures, slow Bloch modes at
I'-point can show a very strong lasing effect. Foe ttmonopolar mode, far-field
characterization confirms the predicted resonantelesmgths. The IR image of the mode
shows that it differs completely from the theoratipattern computed at the surface of the
structure. The image obtained by the microscopeable shows a mode with a global
doughnut shape that is characteristic of azimuphwarized laser beams. The global
polarization of the beam was found to reflect tbéapzation of the field in a unit cell of
the PC. For the hexapolar mode, the same agreemasnfiound on the spectral position of
the mode wavelength. However, conversely to theapolar mode, the hexapolar mode
does not show any peculiar feature in far-field, inahe shape of the emitted beam, nor in
its polarization. Here again, far-field images dut suffice to identify clearly the mode
with respect to the simulations. In the next chgptgtical near-field microscopy in

applied to reveal the real pattern of these motiseastructure surface.
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Chapter 4: Optical near-field characterization of 8M

In this chapter we present the experimental results
of near-field characterization of honeycomb PC
modes. Near-field scanning optical microscopy
(NSOM) in transmission mode was employed to
record the slow light mode (mode M and H)
associated with th&-point of the first Brillouin
zone using bare dielectric tip, metal-coated tigd an

nano-antenna-based tip.
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4.1. NSOM with conventional tips

Firstly, two kinds of classical near-field tips meconsidered: homemade dielectric
tip fabricated from silica optical fiber and ciraulaperture tip made of optical fiber-based

Al-coated polymer probe.

4.1.1.Dielectric tip

A simple bare silica tip was used in collection mdd probe the mode at the
surface of the 2D-PC. The dielectric tip was selécin the first place since it was
successfully applied to characterize localized mimd2D-PC active based microcavity.
Moreover, due to its low refractive index with respto the semiconductor slab, it proves

to induce only small perturbation in the electrometgc environment of the mode.

a. Spectroscopic results

Figure 4.1 shows the photoluminescence spectraeo$tructure G3 recorded in the
far- and near-field at room temperature. The strang sharp peaks obtained at 1611nm
corresponding to resonant laser emission from RCidentical for both far-field (red
curve) and near-field (blue curve) measurementss fdsult confirms that the dielectric
tip is indeed non-invasive. FWHM value of the laspeak (full-with at half-maximum) is
essentially limited by the spectral resolution of spectrophotometer (about 0.6nm).
A=1611 nn

|_\
|

— Far-field
— Near-field

Normalized PL (a.u)
o
ol

0“ T \I 1
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Figure 4.1: Far-field (red curve) and near-fieldl@ie curve) spectra of honeycomb lattice
normalized to the maximum intensity. Mode Migh~=1611 nm matching well in two
types of measurement proves that dielectric tipsduos disturb the electromagnetic field
of PC.
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The experimental measurement of resonant wavelesgthfair agreement with the
computed value of 1602 nm for the monopolar moaecdnfirm that we are dealing with
the M mode, near-field measurements have been ctedluo characterize the spatial
distribution of the mode inside the structure. Nig&ld inspection also allows a deeper

understanding of the mode expansion inside the PC.

b. Near-field investigation of mode M

Figure 4.2-c shows an image obtained with a visStD camera that displayed the
contour of whole PC as well as the position and sizexcitation spot (~9.5um diameter).
Figure 4.2-a and 4.2-b present respectively a t@pbgc shear-force image of the
structure and the optical image at the wavelenftmade M (1611 nm). Unexpectedly,
the near-field image of the mode reveals also bajldoughnut shape that has been put in
evidence in far-field in the previous section. Walithe simulation, this image obtained
with the bare silica tip shows that the intensgyminimum at the center of the excitation
spot where it should be maximum. However, compdecethe far-field image (Figure
3.13-a, section 3.5), the near-field image showditatal features: the intensity map
exhibits a periodic modulation which fits well tiBdoch mode period of the M mode
(~730 nm). These sub-wavelength features confiah ttie collection of light takes place
in the near-field where the evanescent field isarsignificant. The presence of the global
doughnut shape in the near-field image can be equaay the fact that the bare silica tip,
besides converting evanescent light at the suriageropagating light, is also able to
couple a large amount of radiating light throughfianks. At thd -point, mode M emits
strongly in the vertical direction to form the doungit pattern recorded in far-field. Indeed,
the propagating light is dominant in the ring o thiobal doughnut. At the center of the
doughnut in Figure 4.2-b where no radiating ligbt abserved due to destructive
interference, the optical intensity only comes froine evanescent light. Figure 4.2-d
presents the intensity profile crossing the doughflime P1 in Figure 4.2-a). By
comparing the optical intensity between the ringgXimum value) and the center of
doughnut (minimum value), the intensity contrastadculated about thirty folds. This
shows the limits of the bare dielectric tip andfaons that the use aperture tip for strongly

radiating structure is necessary.
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Figure 4.2: a) Topography in shear-force mode baiNfgeld distribution of intensity of
mode-M recorded with a bare silica tip at 1611 rthe scaling bar is 5 um. c¢) CCD
image in the visible range of the excitation spc80 nm) on the PC structure (size of
40x4Qun?), the width of the gaussian beam is about 9.5 gyrMode profile recorded
along the line P1 (corresponding 16K direction in the reciprocal space) provides the

contrast of mode intensity (thirty times).

In Figure 4.2-b, a dark area crosses the doughvietassume that this is probably due to
a slight polarization effect caused by the graghgment present in the optical chain of our

monochromator. Similar patterns of mode M were ioleth on other structures (G2, G4).

c. Near-field investigation of mode H and D

NSOM measurements with dielectric tip were alsdquared to investigate the other
I-point modes of the honeycomb structure. The requiésented here concern the first

(hexapolar) and the second (dipolar) excited modieed -point of the band diagram.
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- Hexapolar mode

As for the monopolar mode, for symmetry reasorg thode should not couple in
the vertical direction. As escape of the photores farbidden in the (strictly) vertical
direction (k=0), the quality factor of this mode can be sufiitly high to sustain
stimulated emission. In the case of structure Givas possible to obtain a lasing effect
for the hexapolar mode at 1584.4 nm. The spectralyae in near-field is indicated in
Figure 4.3 with a resonant peakiatl584.4 nm. Note that for structure G1, the faldfie
characterization reveals another longer wavelefigthmonopolar mode) &t=1636.5nm
(see section 3.5, Figure 3.10-a) with a weaker sions(however, this mode was not
detected in the near-field set-up). The resonanteleagth at 1584.4nm of G1 in near-
field was then attributed to the first excited moa@mely the hexapolar mode (mode H).

2 -
] G1
] 1584.4 nm
S d
5,
.
£
o=
O J
=
d } wavelength [nm]
O L L L L L L L) L) L) ]

155(C 160(¢ 165(

Figure 4.3: Near-field spectra of structure G1 slsawsonant peak corresponding to

the hexapolar mode on G1

Figure 4.4-a/b show the topographic image andagpecal image of the mode
measured a&X=1584.4 nm. Firstly, it shows that the image resofuwas much better than
for the monopolar mode. A resolution of approximhatgé26 nm j/4.5) was achieved
which what is usually expected with our bare siligafunctioning in PSTM mode. Here
conversely to M mode, the field was strongly purelsanescent with a rather weak
radiated component in the vertical direction. Thezteomagnetic field extended in a large
area out of the excitation spot (white circle withameter of 8.4um) with an

inhomogeneous distribution. Figure 4.5 shows theparison between the 2D-FDTD
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simulation and the measured NSOM image. In spitth@fexperimental image resolution,

the identification of the mode is quite clear amambiguous.

Figure 4.4: a) Shear-force topography of the Glstay surface, b) NSOM collected by
dielectric tip image of the hexapolar mode . Theitakion spot is the dashed line circle,

diameter of 8.4um.

2D-FDTD

Fig 4.5: (left) 2D-FDTD intensity pattern for theeidapolar mode and (right) NSOM
image of the mode

- Dipolar mode

The dipolar mode is the second excited mode i tpeint band-diagram of the
honeycomb structure. It is a degenerate mode wisgsametry does not forbid its
coupling in the vertical direction. As a resulte thuality factor of this mode is lower and

experimentally, no lasing effect was achieved il mode. It was mainly detected with
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spontaneous photoluminescence emission. The spectrahis mode in the near-field is
presented in Figure 4.6-a for structure G3 alonth wihe NSOM image measured at
1427nm.
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Figure 4.6: a) Near-field spectra of structure GBow/s resonant peak that may
correspond to the dipolar mode. b) Correspondin@dNSmage at 1427 nm. The position
and size of the excitation spot is presented bywtiee circle.

For this mode, the pattern is homogenous and swelergth features barely
visible. As for the monopolar, this image is veiffatent from what was predicted by the
simulation. Thus, the identification of such modetfze dipolar mode cannot be as positive
as for the two first modes. The optical signallsavery weak and the mode expansion is
confined inside the excitation spot.

d. Evolution of mode M from near- to far-field

The evolution of monopolar mode from near to fefefi was predicted by the
theoretical simulation of section 3.3. The dougHik& shape was formed as a result of
constructive and destructive interference of slayhtl as propagating into the far-field.
The experiments in Figure 4.7-a/b are to verify #wmulation results. The intensity
patterns were recorded by scanning the dielecipicat 2um above the surface. This
distance (%) was far enough to be considered as far field gngrevent near-field
coupling into the silica tip. These scanning faidi patterns were performed on two
different honeycomb structures that support morepwiode. They give the same results
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and reveal the doughnut-like shapes (minimum irtiga$ the center) of slow light in the
far-field. Note that the sub-wavelength featurest tivere present in the near-field have

disappeared from these images.

Figure 4.7: The intensity patterns of monopolar medcorded at distance of 2um from
surface (far-field) by NSOM dielectric tip with vawms similar honeycomb structures: a)
G3 (¢=1611nm) and b) G44€1595.11nm). These results demonstrate the evaluifo

radiation monopolar mode from near-to far-fieldsmulation prediction in c).

In this section, near-field experiments were penied with bare-dielectric fiber
tip. The main draw back of this kind of is thacén couple a large amount of radiating
field through its bare flanks. For modes emittinghe vertical direction, this tips are not
adapted. That is why in the next section, we emplaogetal coated polymer tip with an
aperture milled at the tip apex in order to minienithe contribution of the vertical

radiation into the optical near-field image.

4.1.2.Metal coated tip-based NSOM

With this kind of NSOM tip, the spatial resolutioh cartographies is determined
by the aperture (see section 2.1.2). However, flegtare cannot be reduced unlimitedly
since the optical transmission through the apex détay exponentially due to cut-off
frequency phenomenon. Thus, the resolution of geafthic image and the collected
optical intensity is always a trade-off. In thispeximent, we use metal coated tips with
aperture size of about 100 nm. The fabrication gdace is described in section 2.1.2. The

results presented here essentially focused on iidode
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a. Spectroscopic results

In order to confirm that the Al-coated tip is nawasive and does not perturb the
slow mode, we compared the spectra on G3 in thefredd and in far-field. Figure 4.8
shows that they perfectly match. This result wasgranted as metal-coated tips have a
higher impact on the electromagnetic environmeiet tduthe dielectric function of metals.
However, as we are dealing with delocalized modechvpresent a rather extended area,
the impact of the tip may be seen as a small geatiom. This is not the case for localized
mode as cavity mode where the mode volume can theirange order of the tip volurhe
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Figure 4.8: The lasing spectra measured in farefigbink curve) and near-field (blue
curve) by metal coating NSOM tip. Two identicaloreant peaks confirm the non-invasive

metal-coating tip to the near-field distribution earface of PC

b. Monopolar mode characterization with Al-coated tips

Topographic and near-field images recorded with difterent tips are shown in
Figure 4.9. In the Figure 4.9-a/b where tip N°1 wasd, the global doughnut still appears.
However, new features are also visible in the egrexactly where the radiating field
vanishes: in each unit cell of the PC, small doughmre now visible. In the Figure 4.9-
c/d with tip N°2, the global doughnut has almosagipeared to the benefit of a triangular
array of small doughnuts which is a clear signatiirhe monopolar mode as predicted by
simulation. Indeed, by quantitative measuremer#, iew contrast of optical intensity
between the ring of the large doughnut and itsreeistreduced approximately to thirteen
fold for tip N°1 and fivefold for tip N°2. The diéirence between two intensity mappings
of Figure 4.9-b/d are probably due to differentriyre sizes of the metal coated tips. We
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assumed that the aperture of tip N°1 is larger tiaiN°2 because the amount of signal
collected is higher: it also explained why the gdaesolution of optical image with tip
N°2 is better (~265 nm du/6). It also confirms that unlike the bare siliga, the metal
coating tip succeeds to reveal the fine structfiteed SBM.

Figure 4.9: a) Topography in shear-force mode wntletallized tip N°1. b) Near-field

distribution of intensity of mode-M recorded wiih N°1 at 1611 nm, the scaling bar is 5
pum. c¢) Topography with tip N°2. d) Near-field distition of intensity of mode M

recorded with tip N°2 at 1611 nm. The scaling b ium.

Figure 4.10 shows the zoom-in at the center areBigire 4.9-d. The array of
small doughnuts is indeed present in each unit cklthe honeycomb lattice. The
dimensions of these doughnuts are 310 nm for ther sadius and 70 nm for the inner
radius which is comparable with the theoreticalpton in Figure 3.8 of section 3.3.
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Figure 4.10: Detail of the M-mode at the centeraa@ Figure 4.9-d. a) Topographic

image b) Optical near-field image at 1611 nm (2.5x®.5um), circles indicate holes
positions of the 2D-PC.

From near-field images, mode expansion inside hed&h also be inferred. Figure
4.11-a presents the mode expansion recorded uhdesame excitation conditions as
Figure 4.9. Though the tip is still collecting am@unt of radiating light which accounts
for the slight non-uniformity of the mode, it clgarshows that the mode reaches a
maximum at the centre and decreases monoticallyagieement with the predicted,

theoretical mode profile (Figure 3.8-g of sectio8.3).

X (pm)
Figure 4.11: a) Near-field intensity distributiori mode-M collected with tip N°2 at 1611
nm and (inset) simulation of mode pattern. b) Medetion recorded along the white

arrow direction of a).




4. Optical near-field characterization of SBM Pages of 178

Cross section recorded along the symmetry axeeohtimeycomb lattice as shown
in Figure 4.11-b yields an estimation of the siféh® mode at the surface of the PC:
considering the decay of the mode af llee width of the mode is (12.8 + 1)um which is
of the same order of magnitude as the excitatian. Sfaking this as the diameter of the
beam waist, a divergence of 2° is expected for lieiam. The correlation between the
excitation spot size and the mode surface tendsnfirm the modification of refractive-
index induced by the pump. The SBM mode confineneettributed to the optical well
created by the step-index existing between the pdngrea and the unpumped drea
Experiments with variable pumping area to studyrtiationship between the pump size

and the mode size are described in the section 4.3

Other measurements could also be conducted totigats the mode distribution of the
hexapolar and dipolar modes. However, for the heteapmode, we don't expect to have
more information than what the dielectric is aldeield. For the dipolar mode, the optical

signal emitted in spontaneous emission may beutfbitient to obtain a clear image.

Conclusion

We successfully investigated the near-field distiitn of slow Bloch monopolar
mode at -point on perfect honeycomb structure by NSOM illeobion mode. The array
of doughnut patterns repeated by unit cell is olet@i This result enables the unambiguous
identification of the monopolar mode with the 3D-HD simulations. In addition, the
simple and direct generation of pure azimuthallpglonut laser beam with a 2D-PC
honeycomb lattice is demonstrated. This opens apwatay to other perspectives for the
development of such micro-lasers, as the totatl f|immetry of azimuthally polarized
mode makes it suitable for applications as opticgppind or high numerical aperture
focusing. The importance of the tip selection fiudying I1I-V photonic crystal structures
is also demonstrated. With vertical emitting staues bare silica tip is not adequate for
near-field mode inspection. Conversely, metal cwgtip is able to reveal the near-field
patterns of the optical modes. However, the cal@ahtensity is much weaker due to the
nano-size of aperture. The ideal tip should begihesl to optimize the coupling between
the mode and the tip. Functionalized tips with rantenna could meet this requirenient
Besides, as nano-antenna response is polarizattpendent, it should yield local

information on the polarization of the mode at sheface.
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4.2. Surface mode with BNA-tip

In this part we present the NSOM results obtaingtd BNA-tip acting as nano-
collector and polarizer to investigate the full iopt properties of slow Bloch mode on
defect-free honeycomb planar photonic crystal. flifleoptical images of electromagnetic
field distribution of slow modes in both polarizaticomponents are revealed in the first
time. These results allow to validate the BNA-gradmncepts using in optical near-field

characterization of nanophotonic structures.

4.2.1.Introduction

The near-field experiments are performed with tHf&ONI set-up that has been
described in section 4.1. The BNA-tip working idlection mode is used to map the slow
Bloch mode intensity patterns at the PC surfac&d3©M shear-force mode, the constant
distance of about 5-10nm between BNA and 2D PGCasaris regulated by piezoelectrics
with feedback loop. In our measurements, the aatéent of BNA tip is fixed with respect
to the scanning direction. To record the differpatarization components {g Ezy), the

sample must be rotated while other experimentadlitioms are kept unchanged.

90° rotation of sampl

n

Figure 4.12: Definition of x and y-axis attacheduiit cell of PC determines the in-plane
components of electric fields, Bnd E. The optical axis of BNA orients horizontally with
respect to this page and was kept unchanged duskmeriment as convention. The
configuration a) was used to map theg Edensity component (the optical axis of BNA is
parallel to the x-axis). b) For E2y component, faenple must be rotated so that the BNA

axis is parallel to the y-axis.
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By convention, the x-axis and the y-axis will befided with respect to the
honeycomb lattice unit cell. Figure 4.12 presehis definition of coordinate x-y axes
attached to the hexagon configuration of PC.. gufé 4.12-a, the BNA axis is parallel to
the x-axis and this is used to map the intensitfgotomponent. In Figure 4.12-b, the
sample is rotated of 90° so that BNA axis is nowajpal to the y-axis of the sample and

this is used to map the intensity gt&®mponent.

Scanning of the BNA-tip in the near-field allows neeasure the topography and
cartography simultaneously. They provide informatd PC structure, optical resonances,
distribution of mode on surface, the polarizatitaiiss of electric field and the expansion

of mode over structure. We will mainly focus on thenopolar mode of structure G3.

4.2.2.Spectroscopic results

The interaction of near-field tip to Bloch mode B has been investigated
recently since it may lead to several new effestgsh as optical loss inducing, mode
quenching, non-linear effect, quality factor mocffion, spectral tuning for micro-la&ér
or photon funneling... However, the contributiorntleése effects to the near-field modes is
still unknown and under investigation. These lepvablems to record the real optical
response of PC, to truly probe the Bloch mode patte accurate interpretation of NSOM
optical images. Especially, if the NSOM experimémésults are aimed at study of the
mode distribution on PC structure, as in our ceepptical impact of NSOM tip must be

taken into account.

Figure 4.13 shows spectra of the slow Bloch lasede (M) recorded by
photoluminescence set-up in far-field (red curva) By NSOM set-up with BNA-tig in
near-field (blue curve). In both configurations #erimental conditions, such as the PC
structure, excitation laser diode (power and pulseddition) are kept unchanged for
comparison. The BNA-tip of NSOM operates in shemcé mode (located 10nm from

surface) to ensure the immersion of tip in neddfieone. As a result, we find in the

" The lasing peaks are obtained in both cases-oéduifl E-polarization as in Figure 4.13
with BNA-probe working in collection mode. The resmt wavelengths are identical for

both E and E-components.
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spectra that, the lasing wavelength was not altesidtbut and with the present of BNA-
tip, corresponding to the case of far-field andrsiedd measurement as indicated in
Figure 4.13-a. This indication is re-proved by fiatd radiation image taken by IR camera
in Figure 4.13-b. No change occurs as brings thé&8pl to the doughnut vice versus.
Again, this is a very good indication that thediges not perturb the near-field slow Bloch
mode. Conversely to cavity mode, large stationapdes as well as slow band-edge

modes are more robust to small perturbation as A-BiN

1.27 a) 1611 nm
3 — Nearr field
2 — Far-fielc
n
c
e
IS
£
S
z 0 wavelength (nm
1550 1600 1650

Figure 4.13: a) Near- and far-field spectra of lagi mode. The inset presents the
excitation spot. b) The far-field radiation surfapattern of mode M in doughnut shape
(taken by IR camera) is unchanged in presence &-BN

4.2.3.Polarization investigation

As above-mentioned, the intensity mode patternseni@pn the orientation of
BNA-axis versus the structure. The partial polarora of field (E% or E3) has been
recorded by BNA-tip according to NSOM configurasoshown in Figure 3. The

following sections will address these results itade.

a. E2xintensity pattern

In order to map the REomponent of slow Bloch mode M on PC structure, th
BNA and structure orientation have to fulfill thenfiguration of Figure 4.12-a (BNA axis
is parallel to the x-axis of structure). The 40xABGuhoneycomb structure is illuminated

through an objective x40/0.6NA by a 780nm-pulsechpung laser. The excitation light
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forms a spot on sample with diameter of 10.5um. dbtils of NSOM set-up and

operating conditions were described in section 2.1.

Figure 4.14 presents the NSOM topographic and alptimages of the k2
component intensity of the monopolar lasing mode=a611 nm. Figure 4.14-a shows the
shear-force image with scanning area of 15x15um#@hich the air holes in honeycomb
structures are clearly visible (black circles). Sdemonstrates the ability of BNA-tip to
yield correct topography despite its dimension eodfirms the near-field working mode
of NSOM. The inset at left corner of this imageigades the direction of BNA axis with
respect to a unit cell of PC structure. The ihEumping laser spot is shown as a dashed
blue circle. A small defect imprinting on PC sturet (blue arrow) is used as a marker to
identify the rotation of sample. The other whiteotspare “dust” particles and do not
impact on the distribution of mode in the opticabge.

Figure 4.14: NSOM images of honeycomb 2D PC. ahdassforce topography with
honeycomb structures confirms the near-field magpmh NSOM. A PC defect at blue
arrow (indicated also in cartographic image) plags a marker for sample orientation
when rotating. The dashed blue circle presentsett@tation spot position with diameter
of 10.5um. b) E2Zcomponent of fundamental mode M obtained with BphAt1=1611nm
with marker. The dashed line P1 presents the cses8on of mode profile.

We observe the modulation of mode (bright spotgh wweriodicity of 730nm in
optical image of Figure 4.14-b. This value is o ttame order as the fabricated lattice

parameter of PC and strictly confirms the abilityBNA-tip to couple the evanescent field
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on surface. The dashed line P1 in this figure prissthe mode profile in order to reveal
the periodicity of spots and the expansion shapghasn in Figure 4.15. The mode seems
to be confined in a “cavity” created by excitatigmot in which the highest intensity falls
at its center. The fitting curve (in pink line) wiGaussian function is in a good agreement
with the simulation prediction as shown in Figurd-§ of section 3.3.2. The mode

expansion will be discussed more detailed in seatiG.

2.2+ E2x profile

—Mode profile
e (Gaussian fitting

1.24

Intensity (a.u)

Figure 4.15: K intensity profile of mode M along cross sectioniPFigure 4.14-b. The
maximum intensity is in the center of profile. Thaussian envelop fitted to the mode

profile confirms the Gaussian expansion of modsimsilation prediction.

In order to identify the mode distribution with pest to the photonic crystal
structure, the overlap of topographic and opticabhge is performed. Figure 4.16-a
presents a zoom into a unit cell of an experimemti@nsity pattern; the PC structure,
deduced from the topography is in black. As a tesut found that the field distributes
inside each unit cell and is decomposed into twioe$oseparated by the BNA-axis
direction (horizontal) Figure 4.16-b. shows the BDTD simulation obtained for & he
results obtained by BNA-tip agree very nicely witle simulation prediction of Efield

pattern.




4. Optical near-field characterization of SBM Pag# of 178

2 o o
Polarization ratio |[—v—H|

c) NY d)

C> Y -0.6 -0.4 -02 0 02 04 06

X (um)

Figure 4.16: Zoom of near-field intensity pattemmdats profile. (a) Experimental intensity
pattern obtained by BNA-tip. Black circles are mmtsthe air holes of PC structure which
are obtained by matching with topographies. (b) gemahows numerical simulation result
of E2x-component pattern at several unit cells. Whée circles present the air holes of
PC structure. c) Sketch defines the cross secti@ctttbns. Vertical direction (V, red) is

parallel to y-axis while Horizontal one (H, blues orthogonal and parallel to x-axis. (d)
Intensity profiles along V- (blue), H-direction ¢(teof figure a) with respect to simulation

profile of figure b).

b. Polarization ratio in E>-pattern

The mode profiles along the horizontal and velrtsegtions of unit cell of EZare
plotted in Figure 4.16-d along with the theoretigabfiles. The red curve in vertical
direction shows two strong peaks whergcBmponent is dominant. On contrary,- E
component is almost zero in the horizontal direct{®lue curve). In the horizontal
direction, only the Ey-component is present. Thpeexnental blue profile simply shows
that no Ey-component was coupled into the fibeough the BNA tip. Actually, the

polarization ratio is difficult to evaluate as themnant intensity polarization is of the
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order of the background noise. A minimum valuestneated to be 1:150 (of the order of
the signal to noise ratio). By comparison, the aida noise ratio obtained with a circular
aperture tip is in the order of 10. It evidences tact that the BNA tips indeed play the
role of a nano-polarizer. FWHM (full width at hathaximum) value estimated from
Figure 4.16-d can provide information about theelgize. This is also much greater than
the theoretical value of 1:37 presented in secficah However, this last value was
calculated in the case of a plane wave illuminatdod should be corrected in the case of

dipole excitation for instance.

This result demonstrates the fact that BNA can oefiiciently the field parallel
to its optical axis. It also proves that NSOM cgraphy in Figure 4.16-a) contains only
the E,-component. This property is due to the polarizatensitivity provided by the
feedgap of BNA. In theory, BNA resonates only wttie electric field polarizing along its
optical axis while filters out the orthogonal compats °®. We also see that the
experimental width of the lobes (260 nm) is verysel to the theoretical value (250 nm). It
means that the field modulation is greater or @& thnge of the tip resolution. It may
indicate that the tip resolution is underestimad@d that we could obtain the real tip

resolution with smaller field modulation.

c. E2?yintensity pattern

The EZ-component of slow Bloch mode M on honeycomb PGcstire is recorded
with PC structure rotation of 8@configuration of Figure 4.12-b) in comparison twihe
case of E.-component as shown in section 4.2.3. As a rethdt,BNA optical axis is
parallel to the x-axis of structure. The experinaéronditions (the same location and
scanning area on a given structure, objective, pognpower, pulsed condition of laser,
excitation spot size and BNA-tip in collection mydee kept unchanged with respect to
the case of R2mapping in order to compare the obtained resd@ta/den the intensity of

Ex- and E-components.

Figure 4.17 presents the NSOM topographic andogeaphic images of E2
component intensity of lasing mode’at1611 nm. Figure 4.17-a shows the shear-force
image with 15x15um?2 scanning area in which thehales (black circles) in honeycomb
structures are clearly visible. This image provies ability of BNA-tip to reveal the

correct topography with high spatial resolution aislo justify the near-field working
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mode of NSOM set-up. The inset at left corner @ image indicates the direction of
BNA axis with respect to a unit cell of PC struetuvhich is rotated 90A small defect at

the blue arrow on topography is used to verifyrthtation of sample.

Figure 4.17: NSOM images of honeycomb 2D PC. ajarsfugce topography with
honeycomb structures confirms the near-field mapphNSOM. A PC defect at the blue
arrow (indicated also in cartographic image) nowtates 96 with respect to the case of
Ex-component. The dashed blue circle presents thigaéra spot position with diameter
of 10.5um. b) E2component cartography of the fundamental mode tdinéd with BNA-
tip at A=1611nm. The dashed line P2 presents the crosgoremt mode profile.

Similar to the case of4%ecomponent mapping, we observe the modulationayf sl
Bloch mode (bright spots) with periodicity of 730nmoptical image of Figure 4.17-b.
This period is the same order of the fabricateticltparameter of PC and thus confirms
the ability of BNA-tip to couple the evanescentdien PC surface. In order to reveal the
periodicity and the expansion shape of mode orasarfthe profile along the dashed line
P2 is shown in Figure 4.18. At the center of pefthe mode intensity gets highest and
decays as a Gaussian function to the edge of éwraitapot. The Gaussian envelop (pink
curve) demonstrates the simulation prediction. Haxeunlike the simulation, the PC
structure size is not responsible for mode confiernbut the excitation spot'isturther

discussions of mode expansion can be found insedtB.
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Figure 4.18: Eg-profile of mode M along cross section P2 of Figdrg7-b. The maximum
intensity is in the center of profile. The Gausseavelop fitted to the profile confirms the
Gaussian expansion of mode as simulation prediction

Figure 4.19-a presents the zoom into unit cellaroéxperimental intensity pattern
with presence of PC structure in black circles.sTpattern allows to identify the mode
distribution with respect to honeycomb structur@aldy the overlap of topographic and
optical image. As for &, we find that I%y-component distributes only inside each
honeycomb unit cell. The pure doughnut-like shafetal field intensity (I'%X+E2y) in unit
cells is now decomposed into two lobes separatedBKp-axis in vertical direction.
These results obtained by BNA-tip perfectly agrathhe simulation prediction of 2
field pattern as shown in Figure 4.19-b.
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Figure 4.19: Zoom of near-field intensity patterndaprofile. (a) Experimental intensity
pattern obtained by BNA-tip. Black circles prestret air holes of PC structure which are
obtained by matching with topographies. (b) Imagevss numerical simulation result at
several unit cells for EZomponent. The white circles present the air haésPC

structure. c) Sketch defines the cross sectionctimes. Vertical direction (V, red) is
parallel to y-axis while Horizontal one (H, bluey erthogonal and parallel to x-axis. (d)
Intensity profiles along V- (blue), H-direction ¢(teof figure a) with respect to simulation

profile of figure b).

d. Polarization ratio in E%-pattern

Mode profiles shown in Figure 4.19-d along veltieaad horizontal directions
(sketched in Figure 4.19-c) for each component irurét cell could provide the
information about polarization ratio between twthogonal components. The blue curve
in horizontal direction with four periodic peaksepent the field intensity WherezyE
component is dominant. On contrary, the red oneeinical direction E-component is
dominant (as shown previously in Figure 4.16-d)e Téd profile only show background
noise which confirms that no,Eomponent was coupled into the BNA tip. We seé¢tta
experimental lobe size is quite identical to sintiolaresult (dashed blue line). The results
obtained for Ey-component is very similar to those showed previoder the E,-

component. The same polarization ratio was reached.

In summary, experimental measurements Rfaad Ey-component demonstrate
explicitly the fact that BNA is able to provide aesific sensitivity to the vectorial

electromagnetic field along its optical axis. Instlsense, BNA-tip acts as an efficient
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nanopolarizer for probing the optical field in theighborhood of the structures used in

nano-photonics with unprecedented spatial resalwdi field enhancement.

4.2.4.Electric field coupling enhancement

Field enhancement and confinement are the ngthemiomenon in antenna theory.
They occur because an antenna concentrates elegnatic energy into a tight space of
feedgap thereby generating a zone of high energsitge As simulation, the enhancement
of electric field is attributed to the oscillatiegectric dipole as charges accumulates inside
the feedgap of BNA'. These optical properties are responsible foreiasing the spatial
resolution of optical images and near-field coupléfficiency. The experimental coupling
efficiency is a direct factor that reflects theldienhanced ability of BNA and is able to

estimate as following method.

Estimation of coupling enhancemen{®)

We supposed that the intensity indicated in NSONbgaaphy ({ar9 iS governed by

a function of several parameters:

Icarto - ILD X I:tip X I:slit X I:M (1)

Where | p: optical intensity measured at the output of laliede. This value is typical
kept constant (around 3.8mW) by applied the sameetr@tal intensity

(57mA) in pulse generator.

Fip: coupling coefficient of tip (ability to couple ¢hevanescent field) being
calculated by ratio of in-coupling and out-couplingensity of tip

Fqi: the transmission function of slit versus slit ojpgg on monochromator.

This will be determined experimentally at 70um d0gm of slit opening.
Fm: multiple factor of monochromator (equal 1 or.10)

If we did experiment at the same conditions inhbaiases (experimental
configuration, objective, conditions of laser dicated resonant wavelength), the coupling
efficiency @) of BNA-tip may be calculated as the ratio of cling coefficient between
BNA-tip (BNA) and metal coating tip (Metal). Frongeation (1) we deduc® value by
comparing both sides of equation in cases of BNd idetal.
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BNA BNA Metal Metal Metal
o)) — Ftip — ICarto I LD I:Slit I:M (2)
coupling F Metal | Metal | BNA F BNA F BNA
tip Carto LD Slit M

The optical intensity in NSOM cartographikesc was measured at the same position on
photonic crystal in two cases. Since applied v@tafjlaser diode was kept constant, the

ratio of I p in equation 2 is equal unity. The table below jutes the values of involved

parameters.
lcarto (V) lLp Fsiit Fuw
BNA-tip 2.4 57mA/3.6mW | 0.155 (at 40pm 1
Metal tip 1.2 57mA/3.6mW 1.0 (at 70um) 10

Replaced into (2):  @Pcoupling= (2.4/1.2) x (1.0/0.155) x (10/1) = 130 + 5%
The error of 5% is attributed ;; experimental measurement.

Even if the calculated value of the coupling e#fitty is not absolute, it is possible to give
a relation between a NA-tip versus a metal-coatipgwe found a relative value of two
orders of magnitude. The simulation provides a&a&ti350, which is of the same order as

experimental result.

4.2.5.Electric field confinement- Spatial resolution

The field confinement inside the gap zone is rasjie for the spatial resolution
of NSOM optical images. However, it also alters thsonant spectrum of nano-antenna
(increase of gap size leads to blue-shift) as #storing force between the polarized
charges varies with the gap $iz&he gap size is limited by the spatial resolutn
fabrication devices. Recently, a 30nm-gap size leowanoantenna was fabricated and

used to pattern nanostructures on polymer restst WHM of 30nnf.

The BNA-tip used in our experiment have gap sofed5nm in order to resonate at
the wavelength of 1.55um. In order to estimate gpatial resolution of these NSOM
cartographies, Fast Fourier Transform (FFT) of &ig E2y optical images are performed
to estimate he spatial cut off frequency of theagbtimage. The Figure 4.21-b/d shows
the FFT images of Eand EZ cartographiewith two corresponding center cross section

profiles (Figure 4.21-e/f). The FFT spatial freqogprofiles of mode in reciprocal space
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at the lowest peaks present the detectable limitdietween two spots on optical images.
In order to enhance the low intensity peaks, thekdpaound light at center of FFT image
was removed. The inversed values of the lowestpeabvide the spatial resolutions of
cartographies in real space. As a result, the feadt 135 nm (~/12) and 120 nm (~
M13) are obtained for Efor E3 images respectively. It is clear that in case NARip,

the spatial resolution of optical image is a contioh between the aperture dimension of
BNA (45nm) and optical distance of these separatat-objects. As indicated in Figure
4.20, the spatial resolution values are correspunth the closest distances between two
lobes in the unit cell of k%and E§-components which are found approximately 135nm
and 120nm respectively. The different distancedagxphe different values of spatial
resolution for EZ and Eg-optical images obtained with the same BNA-tip. STliso
demonstrates the ability of BNA-tip to reveal alhiet smallest optical spots in

cartographies.
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Figure 4.20: Zoom of cartographies to show the eso&; and EZ in unit cell. The

spatial resolution corresponds to the distance leetwtwo closest lopes.

The spatial resolution achieved on cartographgesni good agreement with
theoretical ability of BNA-tip to resolve the objscplaced in distance. As we said
previously, since the closest distance betweenayects in unit cell is limited to 120nm
~M13 as simulation, the real spatial resolution bfABtip might be higher than the value
of A/13.
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Figure 4.21: a/c) B2and E§ cartographies of mode M a£1611 nm, mapping with BNA-
based NSOM. b/d) Fast Fourier Transform (FFT) of &3d E§ cartographies, with the
cross sections through the center. The strong backgl light at the center of FFT
images is removed to emerge the low intensity pedRsThe spatial frequency profile of
E2 and E§ mode in b) and d) in reciprocal space shows thed®n limit at 7.4 (nm)
for E3, and 8.3 (nrf) for E3. The inversed values provide the spatial resohgjavhich
are 135 nm (-1/12) for E% and 120 nm (#/13) for E3 in real space.
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Conclusion

We have characterized the optical properties ofr #boch modes on defect-free
honeycomb PC using NSOM based on BNA-probe. Tipisatits as nano-collector and
nano-polarizer thanks to their abilities for fi@ldnfinement and enhancement at gap zone.
The NSOM optical images were successful to revéal details of electric field
components (intensity and polarization) distribuiteskach unit cell of PC with the least
spatial resolution af/13. The enhancement of electric field by BNA-tipsaalso recorded
in comparison with the metal-coating probe, andfiswo orders of magnitude. The
excellent agreement between the simulation and rempetal results has strongly
demonstrated the validity of using BNA-probe forther investigations on nanophotonic

structures.
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4.3. Surface mode expansion

4.3.1.Introduction

As presented in section 4.2, there is a discigpdretween simulation and
experiment results about the slow light mode exipanen PC. The simulation predicts
that in perfect PC slow light mode could expandhi®® PC boundaries. However, in our
case we are dealing with active structures, whieeepump light matter interaction can
play a major role on the light confinement. Seveffédcts can be involved: index changes
(induce by to carrier-injection or thermal effect) gain guiding (confinement by the
gain). Our experimental results demonstrated thatconfinement of slow light always
takes place around the excitation spot. Some eaxpeais have been conducted to

determine the mechanism responsible for the lighfioement.

4.3.2.Measurement of excitation spot size

The excitation spot size is an important paramaset determines the excited area
of structures as well as the optical density of pung light. In order to change the
excitation spot size € one could use the objectives with different mégations. In fact
our experiments were mainly performed using two eotiyes (x63/NA0.75 and

x40/NAO.6) that have very good transmission inanfed region.

The transparent sample was pumped by a modulased diodeX=780nm) and a
corrected objective was used to focus pumping laghstructure, from its backside. The
reflected light was collected by the same objecéind directed to visible CCD camera for
in-line observation of the sample. In this way, theitation spot size can be measured
with the optical images provided by this camerguFe 4.22 presents the intensity profiles
of the excitation spot on sample with the two obtyes: 40x (Figure 4.22-a) and 63x
(Figure 4.22-b). Pumping profile curves can be igkbd with a Gaussian function
(indicated in pink solid lines). By convention, thgot size corresponds to the width of the
Gaussian curve (taken at.¥e’) (see Annex C). As a result, we obtained the \salfe
L40x=9.8um (spot width with objective 40x) andsdx=6.4um=0.2 (with objective 63x).
The error of 0.2um in dsx is caused by the mismatch in fitting between & profiles

and Gaussian functions.
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Figure 4.22. Excitation spot sizegSn estimated from optical images captured by CCD
camera. Spot size is estimated at the width of Sanditted envelope (amplitude of 1/e2).
a) Spot size with 40X objective of 9.8um. b) Spzet with 63X objective of 6.4um. The

insets in two figures show optical images takewmibyple camera.

4.3.3.Surface mode (Ly) v.s Pumping power (Pp)

First, we investigated the impact of pumping pomeithe confinement of light. In
order to minimize the unwanted contributions of esttiactors to our NSOM optical
patterns, the experimental conditions were kepthanged between two measurements
(using objective X40, x-direction-oriented BNA-tgmd the same mapping location). The
pumping power of laser (at=780nm) was controlled precisely by impulse gemerahd
monitored by indicator. There are two levels okltagower were usedP, p=44A (close

to the lasing threshold) and 100pA (maximum supipdigrrent of device).

Figure 4.23-a/b show the NSOM optical images mappi¢d BNA-probe for E-
component. The surface expansion in several dinegtias measured as the diameter of
circle limited by the visible bright spots in o@ldmages. With pumping power of 44uA,
the mean value of expansion is 17.68 £1.46 (umis Value forP =100 pA is 12.9+1.46
(um). The error of 1.46pum is equivalent to the rewb taking the bright spots at the
boundary or twice of lattice A (0.73um) of honeydonm
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Figure 4.23: a-b) E?NSOM optical patterns obtained with BNA-tip. Tlpansion length

of mode was determined by measuring the longestintis between visible bright spots
(along the cross section profile al, a2 (Figureaayl b1, b2, b3 (Figure b)) and taking the

mean value.c) Overlapping of profile cross secatong al and b3 on optical images and

excitation profile (red curve). The arrows show éxpansion length (um).
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These results tend to show that the mode is mareneal with a higher pumping
power. However, the explanation is still uncle&rthe confinement was due to an index
induced change, the pumped area should see italglutex decreasing because, as the
band curvature is negative for this mode atlthgoint, the index variation should also be
negativé. In our case, we observe a red-shift of the lagiagelength with the increasing
power (see Figure 4.24), which means that therffietts are dominant and that the index
of the pumped zone increases. A confinement bygtie would explain a larger mode

area with a higher pumping power. We observe amsippbehavior.
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Figure 4.24. Lasing peaks red-shift with increasmgmping power.

4.3.4.Surface mode (§) v.sExcitation spot size ()

In this experiment, we investigated the impacttiod excitation spot size (by
changing the objectives) on the surface mode expanfhe mode patterns were mapped
using BNA-probe the as shown in Figure 4.25. Frbesé images, the total expansion of
the mode can be easily estimated. The mode expanttte structure with a hexagonal
symmetry and we can easily define the mode boueslabDespite the different excitation
conditions, we found a similar mode width of 15upr both cases. For the small
excitation spot (x63), the mode radius is 4um @rettat the excitation spot (radius of
3.2um). For the big excitation spot (x40), the maafdius is only 2.4 um greater that the
excitation spot. However, the lasing wavelengths arlittle different which probably

means that the power received by the structuretistnictly the same and compensate the
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spreading of the pump by the objective. Note tmateach case there 130 obvious

evidence for surface mode dependent aloig andI™-K.

al=14.36pum b1=14.34um
a2=14.64um b2=15.34um
Conditions: E*components b3=15.26um
Se = 6.4um (objective X63) Conditions: Ecomponents,
2=1609.6 nm Se=9.8um (objective X40)
A=1610 nm

Figure 4.25: a/b) NSOM Eamapping- of slow modes on 2D-PC using BNA-prolhe T
pumping spot sizes were changed by using 2 obgsctk63 (8= 6.4um) and X40 &=
9.8um). The pumping power was unchanged betweemeasurements.

Conclusion

We experimentally demonstrated the strong impathe laser pumping intensity
on the confinement of slow light mode. Though madras that govern this phenomenon
could be complicated and unclear, we have discuasddroposed our explanations. We
also investigated the dependence of surface modgpainsize of pumping laserg/Sand
alongI'-M andT'-K direction of band-diagram. Further investigaaare in progress to

clarify the surface mode dependence with the eixaitapot.
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Chapter 5: Disordered Photonic Crystal

In this chapter we investigate the optical propsrti

of novel disordered photonic crystal. Two separated
concepts of disordering the PC are introduced,
fabricated and characterized by photoluminescence

and NSOM.
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5.1. Anderson localization (AL) and disordered PC

Wave localization in random media has been theaigt predicted by P. W.
Anderson in 1958. In this report he stated the possibility of léazafion of wave function
of a quantum particle in a random potential arotimel region where the particle was
initially placed. The theory of this localizationight be applicable to all sorts of quantum
mechanical as well as classical wave phenomenaasielectronic wave, acoustic waves,

matter waves, and light wavéd?>

Most experimental attempts to achieve this Anderemalization (AL) of light
were performed in fully random me8ia(e.g. aggregates of fine grains), but experienced
the difficulty of achieving high scattering crossston along with a low absorption loss.
The problem of random media is that no control lsarexerted over the frequency or the
spatial extension of the localized mode. A prongsproposal to control over these
parameters is to use photonic crystals. Peter U8tials recently proposed to control the
multiple scattering of light by inducing small anmbwf disorder in periodic photonic
crystal. In a perfect 2DPC, stationary modes aeeSllow Bloch modes present at the high
symmetry point of the band-diagram. The idea isgde a structure presenting a photonic
band gap and to consider the effect of disorderaohand-edge Slow Bloch mode.
Breaking the structure symmetry produces multipkgtering of light which can interfere
and lead to Anderson-localized modes. These moaesupposed to appear at random
positions into the crystal in a frequency rangeselto the initial wavelength of the band-
edge SBM. However, the physics of transition frordeo to disorder is so far not quite
clear, especially in 2D systems where localizati@pends on the sample size and the
optical losses. Some concepts generally used iorarmedia as the localization length
can be used in the case of randomized photoni¢atrys random media, the localization
length Lo is defined as the exponential decay length of ¢bafined modes after
averaging over many realizations of disorder. Teeobe localization in a 2D system, the
structure dimension has to exceeg..LSecondly, the optical loss length should also be
larger than the localization length. This implibattthe increase of the in-plane scattering,
which tends to reduced, has to be small enough to keep the in-plane $ossssonably
small. However, other concepts are more difficoltttanspose from random media to

randomized PC. For instance, the scattering lehgémd the k-vector do not cover the
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same physical processes. The scattering lengthuiglly the average length between two
scattering events, which can be easily relatettéadensity of scattering elements and the
scattering cross section into the random medi20fPC, the scattering length is not so
easy to define. It corresponds to the length-sedlevhich the mode is scattered by
structural imperfection of the lattice, namely thisorder. Concerning the k-vector which
is usually 2vA, it can be replaced by the wave-vector of the wafteslow Bloch mode.
This has allowed Jofirto reinterpret the classical loffe-Regel criteridrat states the
strong localization is possible in three dimensisaadom media if the conditickl<1 is
met for periodic dielectric media with k, the waxector of the SBM antl, the scattering
length of the mode. The use of Slow Bloch modescivhare present at the edge of
Brillouin zone is particularly interesting because wave vector of a band-edge mode

tends toward O and allows these criterions to iféléa as indicated in the band-diagram

of Figure 5.1.
0.75 —m
— ™
0.5]
<
=
0.25
Ky
0 | |
r M K I

Figure 5.1. Photonic band diagram of an orderecmngular photonic crystal (structured
by the array of air holes in active InP membrane4@0nm and r=0.3a). Band-diagram

presents the TE band-gap and band-edge modes ahd/IK-points (black circles).

In this work, the objective was to conceive newigles of disordered structure
based on active triangular photonic crystal anshtow the experimental evidence of light
localization by disorder. To reach this goal, wevéhaapplied near-field scanning
microscopy to active randomized photonic crystdle. studied two types of structures: in
the first structures, conceived by Seiji Takeda Ramnhain Peretti during their postdocs

with Pierre Viktorovich at INL, the disorder wasduced by randomly displacing each
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hole of the crystal (fluctuation of the hole pamitj section 5.2). The second type of
structures has been studied in the framework délootation with the National University
of Seoul and the international associate laboratotly Korea. The structures have been
fabricated by Jeongkug Lee and HeonSu Jeon. setBB-PCs, the positions of air holes
were fixed but their sizes were randomized with ertasn amount of disorder

(modification of hole size, section 5.3).
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5.2. Fluctuation of the hole position

5.2.1.2D-DPC design

The disordered structures are based on an ordeaadular PC (OPC) with given
lattice parameters (radius of air hale185nm lattice constan&a=530nmn). The DPCs are
made by randomly displacing every air holes of tindered structure with the same
displacement distance (nm) but with a different displacement andlg (6. value could
vary fromO0 to 3609 as indicated in Figure 5.2. The resulting DPCgehthe same filling
factor but its photonic band-gap is shifted witbpect to the OP@. value is set between
0 anda/2-r (=0 means no displacement or ordered B@3.the most important parameter
and is used to specify such DPC. It will be usemlémtify the transition from Bloch mode
in OPC to Anderson localized mode in DPC. For gjrdisorder (whem is close taa/2-r)
the photonic band-gap may disappear and opticatfosicrease. As a result lasing effect

may be prohibited since only spontaneous emissigndsent.

b)

a
InP slab |%|

Figure 5.2: a) Schematic diagram of the 2D triarayullisordered PC (DPC) by randomly
displacing the air holes of the normal PC (OPC)any direction with the constant
distance 6 (nm). The angled,, to the horizontal axis measures the direction of
displacement. The dashed circle (centg) €@presents the ordered positions of air hole in
OPC while the solid one (center £)’indicates the disordered positions. b) The DPC
structure (white circles) drilled in InP slab whetlge dashed circles indicates the ordered

structure.

In this experiment, several DPC structures havenbeesigned with different
values ofé (Onm, 10nm, 20nm and 40nm): they are named as ®{CEDPC-10 means
DPC with4=10nm).
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5.2.2.Fabrication

The 2D-PCs were fabricated on InP slab including fayers of quantum well and
bonded onto glass substrate as the structures simogaction 5.2.1. The refractive index
periodicity of PC was created by drilling a triateguarray of air holes (4=1) into InP
slab (mp=3.17 atA=1.55nm) using nanofabrication processes (EBL aiff).RThe PC
structure size was extended to 36¢48um (8% 80 rows). Several ordered and disordered
structures are made with different doses (eledbeam intensity in EBL process) in order
to obtain the closest structures to the designednpeters. Figure 5.3-a/b/c show several
SEM images of the fabricated structures correspanth cases of a)=0 (ordered), b)
0=10 nm (disordered) and &)=40 nm (disordered). The disorder is difficult to observe
with a visual control with fluctuation of 10nm inguare 5.3-b but is confirmed by the
corresponding FFT of the SEM images as indicatedrigure 5.3-e/f). The lattice
parameters measured on such SEM images gave the gllr=158nm and a=530nm.
These real values will be used to compute the npateerns as indicated in the next

section 5.2.3.

a) 0=0 b) 6=10nm C)o=40nm
i ;‘ ) .. A

Figure 5.3: a-b-c) SEM images of triangular PC stiures in cases af=0 (ordered),
0=10 nm (DPC-10) and=40 nm (DPC-40) respectively. d-e-f) Fast Fourieaisforms
(FFT) of corresponding SEM images in a-b-c) reveldarly the periodicity of OPC

structure ¢=0), less periodicity wit=10nm and no periodicity i increase to 40nm.
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The Fourier transforms of the SEM images revealinfi@mation of disorder on
structure. The periodicity of OP@=0) is explicitly shown in Figure 5.3-d with periodic
bright spots. We observe the fluctuation of pekaspots in DPC-10 because some noise
appears into the FFT image (Figure 5.3-e). Theopaity of the structure disappears
completely (Figure 5.3-f) with=40nm.

5.2.3.Simulation

The 2D-FDTD simulation was performed for both osderand disordered
triangular PCs in order to understand the disoreféect on the distribution of the
electromagnetic field and identify the transitioorh Bloch mode to Anderson localization
mode. The real lattice parameters (r=185 nm an@@+¥n) extracted from SEM images

were used to construct the photonic mode patteith®ut gain.

Field intensity (Arb. Unit)

3D view

Field intensity (Arb. Unit)
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Figure 5.4: 2D-FDTD computes the mode patterns rdngular PC with lattice
parameters extracted from SEM images of fabric&€dfor three cases of OPG=0nm)
0=10nm (DPC-10) and=20nm (DPC-20). a/b) The optical images of K-modeQO
reveal the modulation at unit cells and Gaussi&e-lshape of mode envelop (highest
intensity at the center). c/d) The optical respooE®PC-10 reveals the slight distortion
in field distribution the but the Gaussian-shap&n¥elope still remain. e/f) The transition
from slow Bloch mode to Anderson localization maodald be explicitly observed in
optical pattern of DPC-20.

The band-edge mode at K-point was excited by a dlgrzed pulse. In order to
avoid excitation of several modes, the excitatiais@ is modulated by a temporally
Gaussian envelop. The simulation patterns are showmwo and three dimensions in
Figure 5.4. With OPCJEO0, Figure 5.4-a/b), the electromagnetic field igriisited quite
uniformly and reach the highest intensity at theteeof structure. The modulation of the
delocalized slow Bloch mode is clearly observed ewh slight randomness &10nm is
added into the PC (DPC-10 structure (Figure 5.¥}chthe slow mode distribution is
perturbed but remains quite delocalized. Howevenve introduce more randomness
(3=20nm) into the PC (DP-20 structure Figure 5.4;¢@ distribution is distorted with no
field intensity focused at the center. The slowdBlanode is now Anderson localized at

some specific locations which seems to indicatecalization of light by disorder.

5.2.4.Experimental results

a. Spectroscopic analysis.

Far-field measurements in Figure 5.5 were condubte®r. Romain Peretti with

the photoluminescence set-up and pulse conditidasef diode described in section 2.3.
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Figure 5.5 Lasing properties obtained by far-fieldtasurements. Emission peak intensity
is plotted as a function of pumping power (pulseskt diode at=805 nm) for DPCs with
(@) =0 nm and (b))=10 nm. Clear lasing threshold behaviors are obse€tvThe inset
spectra show the lasing peaks at different excitagpots on the RPCs and spectrally
analyzed by a spectrophotometer equipped with dedomGaAs photodiode array. The
excitation spots which correspond to each spectuenindicated by yellow circles in the
inset of the SEM images, where the yellow squadisate the boundaries of OPCs. The
plots of peak intensities in a and b are obtainédha excitation spots b and A in SEM

inset images, respectively
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The inset at the upper left corner of Figure 5&aws the far-field lasing spectra
at several excitation positions (a-b-c-d-e-f) oa @PC (SEM image at lower right corner).
As a result, we observe the homogeneous resonardlemgths of band-edge modes at
A=1585.5 nm with a slight fluctuatiodX=1.5nm). This fluctuation could be understood
as the unavoidable local imperfection of nanofaiian process. The lasing effect and
low lasing threshold of slow Bloch mode was conédrin Figure 5.5-a by changing the

pumping power at the same position b and plottergws the intensity of resonant peaks.

Similarly, Figure 5.5-b presents the optical proijgsr of DPC-10. The lasing
threshold is observed for the sharp lasing pealplbiting the pumping power versus
resonant peaks at the position A in SEM inset im@géower right corner). Compared to
structures witho = 0 nm shift value in Figure 5.5-a, this thresheldue is three folds
higher reflecting the more optical losses (thusdpo®). The lasing spectra graph (inset at
upper left corner) recorded at several excitatiositpns (A-B-C-D-E-F) on DPC-10
indicates the blue-shift and the spectral distrdutof resonant peaks is now extended
over bandwidth o414 ~ 4 nm. The wider distribution of lasing peaksva® that photonic

band-edge mode was perturbed by the introducedtstal randomness.

b. Blue-shift explanation

Blue-shift phenomenon of valence band-edge mod2R@ could be explained as
depicted in Figure 5.6. In DPC, the band-gaps avdified from one to another position.
Let consider the band-edges mode at valence basldwbband-gap position) which
represents as small circle either in green, blueedr If we have a band-edge photon with
frequencywpa at position A (green arrow), it will be “absorbedf rather transmitted at
position B because the band-edge of B is highet. tBis photon will be reflected if
encountering the band-gap zone of position C wipidsents a lower band-edge and so
on... However, if we excite a band-edge photonhat liighest band-gap of position B
(frequencyowg, blue arrow), this photon will be always backsaaitlesince it encounters
the band-gaps everywhere. Similarly, if we creabaad-edge photon at the lowest band-
gap at position C, it will be transmitted then losbther regions because it does not face
any band-gap to get scattered. Generally, we s#dht photons at the higher frequencies
will have more possibility to survive in DPC. Onntrary, the lowest ones will be
absorbed completely. This phenomenon causes tkeshitt of band-edge mode in DPC.
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Figure 5.6: Sketch illustrates photon behavior he taltered valance band-edges at

several locations of DPC that causes the blue-shift

Analogously, we could predict that conduction baddie modes of disordered PCs
might provide the red-shift since the lower frequephotons are likely to encounter the
band-gap and get backscattered. Indeed, this hggstiwill be demonstrated in next
section 5.3.3 with another type of disordered PC.

c. NSOM measurements

This near-field method is used to map the electmpmatic field distribution in
DPC. The detail of NSOM set-up and operating comatit are described in section 2.1.
We use a pumping laser’&t780nm with an excitation spot size around 9.5uhe fiear-
field light is collected by a dielectric tip placéd10nm above the structures surface by
shear-force regulation. As the K-point mode of #aéence band is a slow Bloch mode
under the light line, the light at the surface loé PC is mostly evanescent and the bare

dielectric tip is adapted.
c.1 Ordered PC

Figure 5.7 presents the NSOM topographic and ceaapdgc images of an OPC.
The red circle indicates the pumping area of al8bfim. The shear-force topography
(12.5x12.5um?) of Figure 5.7-a shows the periodengular structure but also a small
topographic defect. The intensity pattern recordeb=1562nm in Figure 5.7-b presents
periodic bright spots revealing the slow-bloch madd#lected by the near-field tip. We
also observed that the distribution of the bandeanigde is quasi-homogeneous except at
certain position. The expansion of the band-edgdemuver in the PC structure can be
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also viewed clearly in Figure 5.7-c by applying ighhpass filter (cut-off frequency of
2//.sue for the mode spatial frequencies) to the intensdytography of Figure 5.7-b.
However, some “localized” intensity or brighter spa@re visible in the optical image.
They happen to occur at the position of the dedscshown in red arrow. They also may
be caused by unavoidable structural fluctuatiorigufe 5.7-d shows a cross section

profile of the mode fitted by a Gaussian envelofi@s profile is in agreement with the

simulation prediction of the OPC mode distributmofile showed in section 5.2.3.
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Figure 5.7: NSOM results of an OPC. a) Topograph®.%5x12.5um?) shows the periodic
triangular structure of OPC and a small defect (r@dow). The red circle with diameter
of 9.5um indicates excitation spot position. behsity pattern of mode with Gaussian
envelope is mapped at1583nm. The localized spots are attributed to tlefect on
structure (red arrow). c) High-pass filter with eatf wavelength atsyg2 is applied on

optical pattern of b) to reveal more clearly theipdicity and distribution properties. d)
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Mode profile along/-M direction shows the Gaussian distribution (piime) of band-
edge mode in OPC.

c.2 Disordered PC § =10nm)

The mode distribution of DPC-10 was investigatedthy same NSOM setup.
Figure 5.8-a shows the shear-force topography dfsardered triangular structures in
scanning area of 7x7um2. In Figure 5.8-b, the spwading optical image of the lasing
mode ath=1555nm reveals localized spots at certain locatminthe DPC instead of the
periodic mode distribution obtained with OPC. Theertap between NSOM topography
(Figure 5.8-a) and intensity cartography (Figur@th). confirms that the localized modes
are generated by the disorder in the structureeratiman the defects. However, with
randomness of 10 nm, the modulation propertiesaafibledge modes of OPC still remains
in DPC-10 as shown in Figure 5.8-c using high-péies (~ Amoad2). This result indicates
a preserved band-gap of PC and illustrates therpiaie of order-and-disorder.
Considering the mode profile across the localizsotsin DPC-10 in Figure 5.8-d (back
solid line), we find that the tails of these lozall modes decay exponentially with
localization length around 3.7um-4.5um. In comparigith the profile intensity of OPC
(red solid line) which follows the Gaussian disiibn, the exponential decay of mode
can presume the presence of Anderson localizafah due to the disorder in structure.

Note that in Figure 5.8-d the vertical axis in lotfanic scale.
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Figure 5.8: NSOM results of a DPC-10. a) Topograghx7um?2) shows the triangular
structure of DPC-10 without defect. b) Intensityttpan is mapped at=1583nm reveals
the AL at certain locations of disordered structu® High-pass filter with cut-off
frequency atlase/2 is applied on optical pattern to reveal the rensaof periodic

properties of ordered PC. d) Mode profiles alafigf direction of DPC-10 (black solid

line) show an exponential decay at the tails praagmL in DPC-10.

c.3 Disordered PC § = 20nm)

Slight disorder in PC could generate AL mode wixtremely high Q and small
modal volume. However, too much disorder in DPQuoes Q and volume V quickfy
and may prevent lasing to occur. As illustratedrigure 5.9, two main sources of losses
are attributed to disorder: first disorder incresakeral losses by narrowing of the band-
gap (the red arrow points toward the right). Secalsbrder also induces vertical losses
by increasing the optical coupling of the SBM te tiladiation continuum (the red arrow
points toward the left). Both effects reduce thévBlBetime below the time necessary to

observe the lasing effect.
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. Light
Vertical losses
Lateral losses due to
fluctuation of k-vector by
randomness
k
>

r K
Figure 5.9: Diagram illustrates the losses (two radows) on strongly DPCé620nm)

that cause disappearance of lasing effect of batgkaenode.

More specifically, the alteration of Q/V ratio inP@ can be explained using the

fluctuation of band-gap in DPC as following:

Random PC dtate: weak perturbation.

Ky

Figure 5.10: a) Weak perturbation of PC structueads to the increase of Q factor and

decrease of modal volume V.

Figure 5.10-a illustrates the alternation of baa@-from region to region in DPC.
With weakly disordered PC, band-gap slightly flates from its original position. Thus,
the band-edge photons might be strongly backsedttesmce they have possibility to
encounter the band-gap in the adjacent regionshemdAnderson localization occurs with
blue-shift. As a result, it provides the increat@dactor and decrease of modal volume.
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Random PC state:  strong perturbation.

—

n/al k

Figure 5.10: b) Strong perturbation of PC structuge> 20nm in theory), on contrary

leads to the decrease of Q-factor and increaseanfathvolume V.

However, with strongly disordered PC, band-gapsflastuate completely out of
valence and conduction bands of adjacent regioesem collapsed at certain locations in
structure as shown in Figure 5.10-b. As a reshibtgns can not be localized in structure
since they have been transmitted and lost. Thisnfiakes Anderson localization loosened

and disappeared and leads to the decrease of Q-fact

In order to confirm these assumptions, we perfortd8@DM characterizations on
DPCs with high displacemend=20 nm. For such structures, we observed only
spontaneous emission spectra and no lasing modésreshold behavior as shown in

optical image of Figure 5.11-c.
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Figure 5.11: NSOM results with dielectric tip oPDB-20. a) Near-field spectrum with
resonant peak at=1578nm. b) Topography (8x8um?2). ¢) Correspondipgcal NSOM
image at resonant wavelength shows the “localizeatide with low Q-factor. d) The
profile of mode in c) presents the high backgrounuise and very low Q-factor for
localized mode in DPC-20.

Conclusion

In this section, we showed by NSOM characterizati@at a random displacement
value of 10 nm of the holes of a OPC makes exter®led/ Bloch Mode into Anderson
localized mode. Those results are consistent whithoretical predictions of FDTD
simulations. Our results also show for the firsteiAL modes spatially resolved within a

disordered photonic band-gap structure.
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5.3. Modification of the hole size.

Recently, uUNOEL group of Heonsu Jeon in Seoul MafidJniversity proposed
the photonic crystals counterparts of the well-knawixed semiconductals these new
crystals are called Mixed Photonic Crystals (MPED@sordered Photonic Crystal (DPC).
As semiconductor alloys consist in two or more mnly mixed semiconductors, the
mixed phonic crystal is obtained by mixing togeth@o or more photonic crystals with
different parameters. As in solid state physicss @gpproach also allows to perform
photonic band-gap engineerfAg® In that case, it is important to be able to datee the
spectral position of the band-gap. This position ba easily inferred by using band-edge
laser: the lasing frequencies give immediatelyltard-gap edge position. That is why, as
for the previous disordered crystals, the basiaectire used to fabricate MPC is photonic
crystal band-edge laser. The disordered PCs apamme by structurally differentiating
photonic atoms (holes) and arranging them into@dimensional 2D-PE.

5.3.1.2D MPC design

Unlike the position fluctuation method discussedsattion 5.2 where air holes
were dislocated by a constant displaceméntthese MPCs were generated by a
modification of the air hole size compared to tlenmal PCs (shrunk or extended) with a
given composition ratio between the number of sr@)l and large (L) holes (Figure
5.12). MPC with the compositianis noted $,Lx (0 < x <1) in which x=0 or x=1 means
that MPC is homogeneous and contains small or laoyes respectively. We also define
the radius difference between the largest andredlest holes adr=r-rs. The number
of type of photonic atoms in MPC must also be aer®d (a type of photonic atoms
refers to holes that have the same radius). Thhes, MPC can be specified by its
composition rati, the number of atom types and the radius differefnce

In this experiment, MPCs were designed to predamtsame composition ratio
(x=0.5) but different number of atoms (4 or 40 atoms) difterent value of4r. The
disorder of PC structures was introduced by mixargdomly the different photonic atoms

as illustrated in Figure 5.12.

Simulations are in progress to compute the oppoaperties of such MPCs.
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Air hole

Figure 5.12: a) Schematic diagram of the 2D trialagumixed PC (MPC) by random
modification of the air holes radius correspondmglered PC. 4, rs, r. being the original
(order), small and large radius of air holes respeely. b) The MPC structure (white

circles) drilled in InP slab where the dashed a&zlindicates the ordered structure.

5.3.2.Fabrication

As introduced in section 5.2, these MPCs were ¢abed by SEM and RIE on an active
membrane of InP embedded QWs at the center. Fpas tyf crystals had been fabricated:

o0 Ordered PC (OPC) with triangular lattic=@70nm, r = 0.33, PC size of 40x4am.

0 Weakly disordered PC (WDPC): presents the samedafteriod as OPC, a small
variation of the air hole sizedi= r 4-r; = 0.03a) and is mixed of four types of hotgs

<r, <rz <r4 (atoms), or forty types of holes.

o Strongly disordered PC (SDPC): presents the samtieelgperiod as OPC, a large
variation of the air hole sizesii( = r4-r1 = 0.09a) and is mixed of four or forty

photonic atoms.

o Very strongly disordered PC (VSDPC): presents thmes lattice period as OPC, a
very large variation in air hole sizedr€ r4-r; = 0.15a) and is mixed of four or forty

photonic atoms.

e —

Weakly disordered PC Strongly disordered Pgery strongly disordered PC
r=0.3, a=470nm r-re =0.03a r-re =0.0% r-re =0.1m

Normal PC

Figure 5.13: SEM images of four types of DPCs dhrimembrane.
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5.3.3.Experimental results
5.3.3.1. Spectroscopic analyses.

Far-field optical measurements were performed auSalational University to
characterize the optical properties of all the itsdied MPCs. Figure 5.14-a presents the
spectra of four types of PCs (ordered PC, wealdprdiered PC, strongly disordered PC
and very strongly disordered PC) which have the esammbers of atoms (40),
configurations (n°3) and doses (n°3). Ordered P€ th resonant lasing peaks (blue
curve) corresponding to two band-edge modes at iKtad= 1628.6 nm) and M-point
(A=1515.4 nm). In case of disordered PCs, resonamggeaks are also observed at K-
point with blue-shift (all structures) and at M-pbiwith red-shift (weakly DPC)
depending on the degree of disordér/d ratio) as indicated in Figure 5.14-b. The blue-
shift or red-shift of the band-edge modes are iybdue to the fluctuations of the MPC
band-gap as was explained in section 5.2.4-b.

1.29 —oOrderedPc @) 1620.3 1625 _
= | ——weakyopc \ / E13
B, = Strongly DPC 3
%’ ] —VerystronglyDPC .15, | < 1628.6 8
C
)
T 3
© .
.CIE.) ] 1526.5 Blue shift oPC
G |1515.4 _ -2
§ Red-shift
S .
pd | wavelength [nm] 7
O “ v L v ] v L v v ) v v %
1500 wm 1550 1600 g 1650 -12

Figure 5.14: a) Far-field measurements of four larad DPCs with the same experimental
conditions on the same configurations (40 atomsfigaration 3, dose 3). b) The blue-

shift and red-shift of wavelength verstré&a ratio (disorder degrees).

Note that a lasing effect is obtained even indhase of very strongly disordered
structures. Furthermore, the resonant peaks depemd on the disorder degree (weak,
strong, very strong) than on the disorder configana(linked to the random) as shown in
Figure 5.15. This Figure shows spectra concernimagheer very-strongly-DPCs containing
40 types of atoms but fabricated using a diffexdge (dose 5) compared to the VSDPC
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of Figure 5.14 (dose 3). The spectra correspondhtee different configurations of
disorder while keeping the other parameters unatdiragd present all the lasing peak of
the K-point band-edge mode for each structure. Figeire shows that they all lased
around 1579 nm with a fluctuation of the lasing elangth of approximately 2nm. By
comparison, the ordered PC corresponding to dogsegents a lasing peak at 1595 nm.
The shift induced by disorder is, as in the presimase of Figure 5.14, much more
important (16 nm) than the value of 2 nm inducedth® random configurations. Such
result explicitly demonstrates that the lasing @ffef MPC depends weakly of the

configuration but is rather a collective effectahdomly mixed photonic atorhs
1.2 1
—VS40C15 1579 nm1581 nm

1 —VS40C25
VS40C35

%\ < OA=2nm
1 1559 nm
N A 1568 nm

od I\, /\. A

1550 wavelength [nm] 1600

Intensity [a.u]

Figure 5.15: The resonant lasing peaks shift lebant 2nm between different

configurations of the same type of MPCs (40 atammsfiguration 1-2-3, dose 5).

Note that for structure VS40C15, several peakpseeent: the longest wavelength
(at 1581 nm) which is also present in the other stractures; and two other modes at
1568 nm and 1559 nm which are not detected in tter atructures. The presence of other
modes is probably due to disorder in the PC strastwhich makes the band-gap
fluctuated, and then improves the scattered ligi2PCs. To better understand what those
modes represent, MPCs have also been investigateNS©OM measurements using
dielectric tip. As these K-point modes are basycalider the light line, the kind of tip is

well-adapted.

5.3.3.2. NSOM measurements

a. Ordered PC (OPC)-dose n°3
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In the near-field set up, the K-point band-edge@asnode was excited and detected
at A=1627nm (Figure 5.16-a) which corresponds nicelythte far-field measurement
presented in figure 5.14. However, the other batgkemode at M-point was not
detectable, probably because the near-field sésilgal to achieve the threshold condition
for obtaining the laser effect. The NSOM dielecpiobe reveals the intensity pattern of
the K-point mode at 1627 nm. The intensity distiifs are presented in Figure 5.16-b
(2D view) and Figure 5.16-c (3D view). The modefieoin Figure 5.16-d along cross
section P shows the Bloch mode modulations didetdbby a Gaussian envelop where the
highest intensity concentrates near the centrad.af¢ some locations the intensity is

slightly fluctuated due to unavoidable imperfectinrabrication of PC.

a) K
1627 nm
l -
s 1 — Far-field
; )Peeesesee —— Near-field
‘0 aeecsacacanana:
C
o M
[
- 1515.;
- wavelength [nm]
0 LA L B A AL B B T
1450 1550 1650

d) Mode
profile
along P

2 3 4 5 6 7 8 9

0 2 4 6 8 10 12 14
Plane,um

Figure 5.16: a) far-field spectral measurement d?@© (blue curve) provides two band-
edge modes at K-point (1628.6nm) and M-point (1&i%). However in near-field
measurement only mode at K-point is visible. b)r4fieéd intensity pattern of OPC at
2=1627nm by NSOM indicates the Gaussian distribuabmode reflecting the excitation
spot. ¢) 3D view of optical pattern in b). d) Inséy profile along cross section P in b)

demonstrates the Gaussian distribution of mode.




5. Disordered Photonic Crystal Page 163 of 178

b. Weakly Disordered PC (WDPC)-dose n°3

NSOM images were performed on WDPC contained 4ldewt atoms. Far-field
characterization performed at Seoul National Ursigrpredicted a resonant wavelength
of 1622 nm (for the 40-type atoms the resonant Veagth is 1625 nm).
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Figure 5.17: NSOM images of a weakly DPClal628nm show the spread of intensity
over structure in comparison with the OPC. The arsandicate defects on surface. a)
NSOM topography. b) NSOM cartography with two Iaemad modes at the positions of
defects. c¢) 3D view of mode distribution of b)Mt)de profile along cross section P in b)

demonstrates the beak of Gaussian distributiomsitg in WDPC.

Figure 5.17-a/b/c yield the intensity distributiohthe lasing band-edge mode which
is slightly different with respect to the OPC (Figib.16-b/c). Light intensity is still spread
over the structure but partially localized in soaneas. For instance, the global envelop of
the mode is not gaussian but is still extendedsactioe structure as shown in mode profile
of Figure 5.17-d. However, the localized spots (ttnte arrows in Figure 5.17-b) may be
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due to defects in PC structures (corresponding aiuews in Figure 5.17-a). Moreover,
the wavelength of the MPC laser is 1628nm very elttss the OPC one's and shifted
compared to far-field measurements. This discrepanthe resonant wavelengths is still
unclear and has to be confirmed by other measursmen

c. Very Strongly-DPC (VS-DPC)

As shown in the spectral analysis, the far-fieldasweements performed on the
forty-atom VS-DPC (configuration 1, dose 5) revdaling emissions at several resonant
wavelengths with large blue-shift (~16 nm) withpest to OPC. The near-field spectral
measurement showed in Figure 5.18 reveals acttlalythe resonant wavelengths also
strongly depend on positions. This can be explaimedhe band-gap fluctuation model.
Figure 5.18 shows local spectra obtained with tieéedtric NSOM tip at three different
positions on VS-DPC (see inset) using the samenitiation. Note that the far-field
spectra was measured by illuminating the wholectire with an optical fiber which

enables to excite all allowed modes (four lasingkgan this case).

1.29 —— Farfield 1581.8 nmi.3=1586 nm
—— Near-field position 2 A2=1572 nm
J Near-field position 1
— | — Near-field position H L
, Position 3
= . 1559.6 nm Position 2 2
2 Position 1
5]
£ |
| 1568 nm } 1586 nm
N\J LN
O T T T I 1
1550 wavelength [nm] 1600

Figure 5.18: Far- and near-field spectrum of VS-DR@h 40 atoms. Far-field spectrum
(blue curve) reveals four lasing peaks. Near-firellasurements at several positions in this

structure (inset) provide the corresponding resdanaavelengths.

Near-field spectra recorded at the position 1 angv&als two lasing modes at
M=1567nm and;=1586nm respectively which were identical to therg peaks obtained
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by far-field measurement. However, at position €arrfield measurement reveals the new
peak which was not detected with far-field set-Tpis may be due to the fact that the
local excitation in near-field enables to providgher optical density (because of small
pumping area) to excite these modes which have laging threshold. Moreover, this

mode is under the light line, theoretically does have much vertical emission, thus

difficult to detect in far-field using low numericaperture objective.

Figure 5.19 shows the NSOM images recorded at tip@stions. The dashed
arrows pointed from optical images to topograpmescate the corresponding positions of
localized modes in structure. The comparison betveegtographies and topographies also
proves that no defect contributes to these loadlimedes and which confirms the role of

disorder in the process of localization.

a)L=1567 nm b) A,=1572nn C) Az =158¢ niy

-

Figure 5.19: NSOM optical images at the resonarmtelength corresponding to positions
1 (a)-2(b)-3(c) in Figure 5.18. The localized modes clearly visible at some locations in
cartographies and verified not due to the defegtsnmatching with the topographies

(below).

Note that the mode at 1586 nm spread into thetstreiclt may confirm that this
mode is linked to the former slow-Bloch mode of threlered crystal which has been

partly localized by the disorder. The other two e®dave their wavelengths in what
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should be the remaining band-gap. They are strologiglized in some tiny areas of the

crystal and can only be detected when the tip avalthe mode.

Conclusion

We have reported the first time ever the direceolation of phase transition from
slow light mode to localized mode due to the disomf structure with a sub-wavelength
resolution. The random lasing wavelengths of tHesalized modes vary on different
locations of structure. Our experimental resultaceoning the systematic shift of MPC
spectra as composition ratio change and configuratidependent were also coherent
with studies by pNOEL groufs.
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Conclusion

In this thesis, we have characterized the neadl-field far-field optical properties
of honeycomb 2D PC from theoretical simulation teperimental measurements.
Calculated photonic band-diagram presented theethirst slow Bloch modes at high
symmetricl -point labeled as monopolar mode (mode M, lowestgy), hexapolar mode
(mode H) and dipolar mode (mode D). The numerigaukations of optical intensity
patterns were performed in finite honeycomb 2D B@ln 2D and 3D-FDTD. Mode M
always presented high quality factors at very l@md curvature, leading to low threshold
vertical emission laser. As simulation, mode M aaded the electric field distribution in
doughnut shape with azimuthal polarization in eanft cell. The mode expansion was
only limited by the structure size of PC and oladirihe Gaussian shape reflecting the
excitation profile of TE dipole. The partial fietmponents & and ﬁy of mode M in PC
structures indicated the decomposing of doughmitstivo lobes laid on either side of the

polarization axis.

Honeycomb 2DPC was designed to support the teleconwation wavelength
(resonated at=1.55um), with lattice parameters A=730nm and an air fibeemeter of
245nm. Several structures were fabricated in lra®-bbnded glass substrate with four
layers of quatum well InAsP at the center of wawegu using EBL and RIE

microfabrication processes.

The far-field measurements by photoluminescencaisatere employed on PC
structures for spectra analyses. We observed stasimyg from different PC structures in
which resonant spectra suffered blue-shifts witbreasing of air filling factors. The
monopolar mode was dominant in most structures wefonant wavelengths around
1.55um. We also observed the doughnut-shape on IR cadwerdo the constructive and
destructive interferences as mode M radiated froearn to far-field. Further
characterizations of the polarization of the enditteeam demonstrated the azimuthal

polarization state of this light.

NSOM measurements were performed for near-fieldestigation of field
distribution and polarization of slow Bloch mod&& perturbation of near-field probe to
local field was recorded during experiments indidaby the identical resonant wavelength




Conclusion Page 170 of 178

between far-field and near-field measurements.t,Fzenventional probes, including
dielectric tapered fiber and circular aperture A&ting probes were employed. For
dielectric we recorded the limited spatial resa@nt{\/4.5) in optical pattern that is lower
than the required value to reveal the doughnuachaunit cell of honeycomb structure as
simulation. This was explained as the unexpectaglowy of propagating light to the
flank of dielectric probe, so optical pattern coméal a lot of low spatial frequency
components and reduced the spatial resolution.cirbelar aperture probe, however, can
filter out effectively the propagating light; théoee successfully reveal the doughnut in

unit cell as simulation prediction.

Using BNA-probe the NSOM measurements gave ingfbut slow Bloch modes
thanks to high spatial resolutioiv13) and coupling enhancement. These results iadlud
the azimuthal polarization in unit cell, intenspgtterns of izand E-components, mode
confinements. The further investigations indicatieat the real mode expansion is in the
range of excitation spot size and may be governednbchanisms involving carrier-

induced refractive-index change.

Finally, we performed for the first time the direadbservation of random lasing
from AL modes in DPC hetero-structures. The loealilasing modes induced by a certain
degree of structural randomness were observed uNB@M with sub-wavelength
resolution. This work provides the first guide fdesigning random photonic band gap
structures that exhibit AL, such as 2D-DPC. Thiprapch is applicable to the fabrication
of advanced devices such as micro-laser and spigkon sources. Due to high photon
confinement efficiency and structural robustnessvard omnipresent fabrication
imperfections, DPCs might be ideal to realize nogpiebtonic devices and provide an

innovative tool for fundamental studies.

The further studies based on NSOM set-up with varidSOM probes could be:

1) Investigating the dependence of structure sizenerstirface expansion of slow light
mode using BNA-probe.

2) Measuring the transmission spectra of BNA-provielémtify their resonant peaks.

3) In some later experiments, we observe the periorbaif near-field modes with

presence of near-field probes as well as the shifesonant spectra. However, we
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are not able confirm and understand entirely thsn@menon except the observation
in IR camera. Thus, the perturbation of near-fiptdbes, including conventional

probes and antenna probes to the near-field mode€ ishould be studied further.

4) The 3D-FDTD simulations of Anderson’s localizatiom DPC are in progress. These
numerical results are very important to understdmel mechanism behind the

localized electromagnetic fields in DPC and genenabf Anderson’s localization

5) The perspective of using disordered photonic clystarealize micro-lasers should

be investigated further.

6) Investigation of coupling of EM field to the bowetantenna placing closely on PC

surface to realize the photon funneling effectiangrogress.
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Annex A

Calibration of piezo-electric system of NSOM

Before using the NSOM head or after long time opana one has to calibrate its

piezo-electronics system. Two reference samplessad: sample TGXO01 for x-y axis and

TGZ02 for z axis. The calibration process is akfoi

a.

b.

Scanning sample with present system for topography.

Then, using proper software to measure the dimessad reference structures

along x-y-z. Taking mean value.

Calculation of multiple factor A= (mean value of/(x¢ference value of x). The

same for B(y) and C(z).

Correcting the value Xr, Yr and Zr in the file oM&NA.par (in folder SMENA
NSOM): (Old Xr)/A=(new Xr). The same for Yr and Zr.

The table below lists all of calibration parametessg for present piezo-electric system:

Reference Measured
Mea./Ref. Old value New value
value value
X(pum) 3.0 3.02 A=1.01 Xr=0.0767 Xr=0.0759
y(um) 3.0 3.24 B=1.08 Yr=0.0764 Yr=0.0707
z(nm) 101.8 116.0 C=1.1395 Zr=0.66 Zr=0.579
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Annex B

Calibration of monochromator

For calibration of monochromator we used two refeeslaser diodes (1.3um and
1.55um) and spectrum analyzer. To get rid of anpiam influence, a longpass filter at
1100nm cut off frequency was used. The processssribed following:

a. Making spectrum of given 1.3um laser diode (peak288.5nm) by spectrum
analyzer. Setting device at the highest resolugsound 0.02nm) so that we can

obtain the best spectral graph.

b. Then making spectrum of the above laser by monochator with optimum slit
opening (12um in this case) to obtain the besttsgeesolution and sufficient

intensity.

c. Comparing the shift of two peaks between the refespectral graph (step a) and
the measured one (step b).

d. Repeating the above steps (a to c¢) with 1.55mnreeée laser diode (peak at

1535.8nm) and the same conditions.

e. Final we obtained the mean value of -5.484nm (tldei®-2.876) for calibration
process.

In addition, we found that position of optical fibeas being injected into
monochromator also impacts on spectra: the furtthertip end to reflecting mirror, the
more the red-shift occurs and the maximum valuaiobtl about 0.33nm. On contrary,
rotation of fiber around the fiber input does mapact on its spectra.
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Annex C

Gaussian function

A Gaussian function (named after Carl Friedrich €8s a function of the form:

I(x) =1, + Ioexp{— 8(X; )2} *)

where:lq, lo being the offset value and the height of the cargeak value.

X, % being the independent variables and position ef ¢entre of the peak

respectively;

L being the width of the bell, or the size of Gaassturve in our case. This value
is defined atde?, e is the Euler constant (~ 2.71828).

Figure below illustrates the Gaussian curves ametion of variable«. Since the intensity
profile of excitation spot and the slow Bloch modw®s surface of sample follows the
Gaussian distribution, this function could usedaiculate the excitation spot size, mode

expansion... which are defined as a value of L

I (X)

10
«— (lo* lo)

lllustration of Gaussian curve as a function of iabte X.
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Optical near-field characterization of slow-Bloclode based photonic
crystal devices

2D-Photonic crystal (PC) structures have enablesl fébrication of a wide variety of
nanophotonic components. In perfect PCs, the aspilon of the enhanced local density of states at
critical points of the band diagram has attractedsierable attention. Near these points, where the
group velocity vanished, low curvature flat bandgegise to delocalized and stationary optical slow
Bloch modes (or slow light modes). Properties ofaslight make them good candidates to enhance
Purcell or various non-linear effects or to dedmm-threshold lasers. Among these modes, slow Bloch
modes (SBMs) emitting in the vertical directiore. ilocated at th€-point of the Brillouin zone are
particularly interesting for integrating 2D PC dtehtures with free space optics. In particulamso
SBMs proved to be suitable for achieving strondiear emission with peculiar polarization propestie
Other promising applications concern disorder: ilyoducing a controlled randomness into the PC
structure, it is possible to induce a transitioonfrslow Bloch mode (in ordered PC) to Anderson’s

localization (in disordered PC) as a function alodder degree.

In this PhD dissertation, Slow Bloch modes haventstadied and characterized by the means
of Near-field Scanning Optical microscopy (NSOM)eWarticularly focused on Slow Bloch laser
mode atl-point of a honeycomb 2DPC. This NSOM techniquebdsato visualize the evanescent
component of the mode with a spatial resolutiorowethe diffraction limit. In this work, we showed
that the far-field and the near-field image of thede at the 2D-PC surface are different and that-ne
field results yield a better insight in the real daostructure inside the PC slab in agreement with
theoretical prediction. The importance of the pralkéction (bare silica, metallized tip and bow-tie
aperture nanoantenna) for studying 1ll-V photorigstal structures was also demonstrated. Besides
intensity measurement of the electromagnetic fidhe&, polarization of the electric field has been
measured at the nanoscale for the first time bpgusi bow-tie nano-antenna probe. These results

enable the unambiguous identification of the maowiéis the 3D-FDTD simulations.

In this work is also reported the first observatmntwo-dimensional localization of light in
two types of 2D random photonic crystal lasers, neh8low Bloch Mode (SBM) is scattered by
artificial structural randomness in triangular PTke structural randomness is introduced whether by
nanometer displacements in the positions of latileenents (air holes), whether by variation of the
hole diameters. The direct near-field imaging @& thsing mode by use of NSOM for the first time,

allowed us to observe the transition of the extdrmlanar SBM to be Anderson localized.
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Les structures a cristaux photoniques bidimentinoet permis la fabrication d'une large
variété de composants nanophotoniques. En paetiiculans les PC parfaits, la densité locale d'états
optiques se trouve exacerbée au niveau des pansyrdétrie du diagramme de bande. Pres de ces
points, ou la vitesse de groupe tend vers zéifajlhiée courbure de bande courbure de bande doeue li
a des modes stationnaires, dits de lumiere "leftte” modes de Bloch lents). Les propriétés de la
lumiére lente en font de bons candidats pour amegliteffet Purcell, pour produire des effets non-
linéaires ou pour concevoir des lasers a faibld.gearmi ces modes, les modes de Bloch lent éntetta
dans la direction verticale, c'est a dire situénareau du pointl’ de la zone de Brillouin, sont
particulierement intéressants pour intégrer dekiteitures 2D avec de l'optique en espace libre. En
particulier, certains de ces modes ont permisdhsation d'émission laser dans la 3e directiort ales
propriétés de polarisation particulieres. D'aurpplications prometteuses concernent le désorene :
introduisant un désordre aléatoire mais controlésda structure photonique, il est possible d'irelui
une transition entre le mode de Bloch lent de tactire ordonnée vers un mode localisé par le

désordre, de type localisation d'’Anderson dansstroeture faiblement désordonnée.

Dans cette these, les modes de Bloch lents onétathés et caractérisés en Microscopie
optique en champ proche. Nous nous sommes cogsesir les modes en Gamma de la structure
graphite. Le SNOM a permis de visualiser la comptes&vanescente du mode avec une résolution
spatiale inférieure a la limite de diffraction. Bace travail, nous avons montré que le champ ioirta
de l'image en champ proche du mode a la surfaceistal photonique sont différentes et que se@ss |
mesures en champ proche permettent de rendre calmpteode réel a l'intérieur de la membrane de
cristal photonique, en accord avec prédiction tigg@e: L'importance du choix de la sonde (silice,
pointe métallisée, Nano-antenne) pour I'étude thestares a cristaux photonigues a également été
démontrée. Outre la mesure d'intensité du champtréleagnétique, la polarisation du champ
électrique a été mesurée a I'échelle nanométrigue ka premiére fois par l'aide d'une antenne a
ouverture papillon. Ces résultats permettent diifiensans équivoque des modes avec les simukation
3D-FDTD.

Dans ce travail est également rapporté la prenoiéservation de la localisation de la lumiere
dans deux types de lasers aléatoires a base daurrigshotoniques bidimensionnels. Le caractere
aléatoire est introduit soit en déplacant les pmstdes motifs du cristal (trous d'air), soit ersént
varier de facon aléatoire le diamétre des trousir Ropremiére fois nous avons observé directement
par SNOM la localisation de la lumiere dans letatislésordonné. Cela nous a permis d'observer la

transition de morphologie du mode de Bloch lenteel cristal ordonné et le cristal désordonné.




