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enabled by D structuring of matter
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Optical nonlinearity is determined by the structure of materiafgl, therefore, nanostructuring

provides an opportunity to engineer nonlinear optical propertiesthis thesis:

)l

| have developed the first Coulomb-coupledoscillator model of nonlinear optical
frequency generation ir2Ddielectricnanostructures The modelemonstratesthat in the
confined geometry of D nanoparticle the collective nonlinear response of the atomic
array can arise from the Coulomb interactions of the optical electrons, even if the individual
atoms exhibit no nonlinearity.

| havediscoveredthat, within the Coulombcoupledoscillator model, 2Dy I y 2 LJ- NIi A O
odd ordernonlinearities scale withts area, while its even order nonlinearities scale with

its perimeter. This result facilitates the design and optimization of nonlinear dielectric
nanostructures for nanophotonics.

| haveobserval that the presence of defects in 2D nanopatrticles can leachsrmonic
generationwithin the Coulombcoupled oscillator model Theresultsshow thatdefects

have a large influence on even harmonic generation of 2D nanostructures. Information
could be encoded in atomic defects via defect engineering and read by its harmonic
generation signature.

I have demonstrated the first fibre integrated alldielectric metasurfacefor second
harmonic generation.The metaurfaceis a double chevron array that supports a closed
mode resonance for the fundamental wavelength & im with a quality factor of 30A
normalized second harmonic conversion efficiency @f p Tt ¥ 7 has been
demonstrated exceedng the previously achieved value for a silicon metamaterial by two

orders of magnitude.

Theresults of this thesisan be applied to design nonlinear metamateriaisl @arovide guidance

on enhancing and controlling the nonlinear response of nanoscale planar optical devices.
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Chapter 1

Chapterl1 LYUGNRRdzOGA2Y

1.1 Motivation

Nonlinear optics is an important branch of modern optics research. Although intetegigndent
absorption wasobserved in uraniundoped glass in 1926, nonlinear optics has not became
important until the invention of the laser in 1960]. Different types of energy exchange between
light and matter distinguish nonlinear optics from linear optics. In nonlinear optics, the response of
an opticalmedium is a nonlinear function of the applied electromagnetic field. Nonlinear optics
includes various effects, such as optical parametriclatioih (OPO)sum and differenefrequency
generationas well as harmonic generation. Nonlinear optics has a vast range of applications, such
as all-optical information processingontrolling the intensity of lasers by optical switching, and
compressingdser pulse widths by -Qwitching and mode locking, redistributing optical energy
between different carrier wavelengths, as well as developing optical logic devices and optical

storage devices.

Metamaterialsare a kind of artificial composite materiadhS LINBSFTAE WYS{il Q A&
YSIya 06S@2yR® ¢KS yIYS WYSGHGFYIFGSNARAI ([ Inded F7
paper, Smith et al. reported a structured material with negative permeability and permittivity at
microwave frequencies. In 2001, this research group experimentally verified negative reffagtion
which was firsexploredby Veselago in 1968]. Metamaterials can exhibit unconventional physical
properties[5-9], such as giant, zero or negative refractive indices. Through artificial structuring of
materials on the sulwavelength scale, optical pperties of materials can be designed and
enhanced according to need. A series of extraordinary properties has been obtained that are
unattainable in natural materials. The building blocks of a metamaterial are calledatwtes or
meta-molecules. The sizef each metamolecule and their distance from neighbouring meta
molecules should be on the swimvelength scale in order for electromagnetic waves to interact
with metamaterials without diffraction as with conventional bulk optical media. Depending on
target wavelength range, metamaterials can be divided into microwave metamaterials, terahertz
metamaterials and optical metamaterialsThe dimensions of metaolecules of optical
metamaterials should be on the order béindreds of nm Patterning on such scaig well within

the reach of modern nanofabrication techniques. Metamaterials have been exploited in various
FAStRaX YR KIS 0SSy dzaSR (2 RSY2yaaniisS S|

and electromagnetic cloak&2, 13] as well as to explore nonlinear optical phenomghvé18].
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Avery importantfeature fornonlinear opticgsits sensitivityto symmetry.For example, even order
nonlinearity is usually supressedin materiabk with inversion symmetry Therefore, non-
centrosymmetric crystalgsuch as BBO, Kp&re very popular nonlinear media faven order
nonlinear processe&fficient nonlinear effects typicaltgquirethick noncentrosymmetric crystals
with a strictly controlled orientation of the crystalline axes. These rigid requirements hamper the
potential for miniaturization of photonic devices, which in turn limits the speed, efficiency and
scalability of photord technology.Recent progress in the field of metamaterials promises to
revolutionize nonlinear optics, by providing a way to achieve desired nonlinear response through
nano-scaledesign. Photonic twalimensional metamaterials, often referred to as metdages,
could offer a great alternative to traditional bulk nonlinear opticgleed, everthough everorder
nonlinearity is forbidden in centrosymmetric media, regular inhomogeneities created in structured
metamaterials provide access to efficignten orcer harmonic generatiopespecially second order
harmonicgenerationin structures made from centrosymmetric medli®-28]. Moreover, with the
well-devdoped nanofabrication techniquesnetasurfaces can evebe fabricatedon platforms

suited for integration with guided lighwaves seeFigure 1.1

Metamaterial

Optical fibre

Figurel.1 Schematic image of metamaterialmtegrated on fibre

The metamaterial is integrated onfibre facet andcanexhibit a nonlinear effect, such as second

harmonic generation.

This thesisfocuses on studyng structuring induced nonlinearity, both theoretically and

experimentally

1.2  Platformfor second harmonic generation

Second harmonic generatiofBHG)is of key importance for wavelength conversion of optical
signals and optical information processifg9, 30] The achievemdanof second harmonic
generation by Franken et [81] was a major step forward in the research field of nonlinear optics.

Optical second harmonic generation is the conversion aftaxh at a fundamental frequency into
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radiation at twice the frequency of the fundamental frequenagshown inFigure 1.2 Therefore,
the second harmonic generation process is also called frequémalling. In the dipole
approximation, the optical seca harmonic generation process only appears in materials that lack

inversion symmetry32].

@) () mreepesgeees

w Nonlinear -W—)

4 optical medium w reneene | 20

Figurel.2 Schematicof second harmonic generation

(a) Schematic of bw second harmonic is generate(b) Energy level scheme ttie SHG process
[32].

The @tical response of matter, including the SHG, arises primarily due to oscillation of electrons,
part of the matter, about their equilibriurdistribution. Generation of second harmosican only

arise if the potential wells that holtthe electrons in place are asymmetric.

Following[32], in mediawithout inversion symmetrythe equation of motiorcan bedescribed by:
dow calro al] o & W n @ (1.1)
In this equationx is the displacement of electroand E(t) is the appliedelectricfield. -q is the

charge of the electromanda is a parameterthat characterizes the strength of nonlinearitya [ @

is the damping forcand the restoring force is:

O a1 @ & o (1.2)

Then we can get the potential energy functiontloé electron:

Vi 0 Qo 2a o Pada
C (o)

(1.3)
The potential energy functiorJ(x) contains both even and odd powsrof x for a non
centrosymmetric medim, whilefor a centrosymmeic medium @=0),only even powes of x are

allowed,becauseghe symmetry require&)(x)= U(-x).
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Figurel.3 Classic nonlinear crystsl

Consideringphase méchingconditions,nonlinear crystals are usually cut agpspecificdirectiors.
Long crysta can enable high nonlinear efficiency, while short crystals bane a wide phase

matchingrange.

Optical second harmonic generation was first discovered infmrkcentrosymmetric crystals. SHG
was first observed in quartf31]. With the progress of SHG studies, other frequedoubling
crystals emerged, such as potassium titanyl phospiK{EP), lithium niobate (LINBQ lithium
triborate (LBO), beta barium borate (BBO) as well as potassium dihydrogen phosphat&igine).
1.3 shows howtypical nonlinear crystals lookThe conversion efficiency of these crystals is
controlled by phase ntahing conditiongd32] and the crystal nonlinearity. In general, to generate
second harmonic signatfficiently, thick noncentrosymmetric crystals with a strictly controlled

orientation of the crystalline axes are needed.

% 2w

Figurel.4 Surface second harmonic generation

Pumpingelectric field at frequency is incident on a surfageexciing a new electric field at

frequency 2 .

In addition to bulk crystals, the SHG effexdlso observed on surfaces aimterfaces of materials,
where inversion symmetry is broken by the natural discontinuity at the intefffa®e34] seeFigure

1.4. The surface SHG process has been applied in probing surfaces, interfaces and quality of films

4
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[35]. Electromagnetic waves that propagate along an interface between two media and decay
exponentially awy from the interface are called surface waya§6]. Although surface SHG only
happens in thin layers of surfaces and interfaces, it igetidily observable. Since the surface wave

is confined to a thin layesf the order of a wavelength in thickness, at the surface boundary, the
surface wave can be very sensitive to small perturbations on the surface. If a large fraction of
pumping laser eargy can be coupled into the surface wave, the field intensity of a surface wave
will become very higli36]. Second harmonic signals have been detddioth from metallic and
dielectric surfaces, such aslver[37], amorphous silicon filmg25, 38, 39]Jas well as amorphous

silicon nitride filmg40].

Moreover, photonic two-dimensional metamaterials, often referred to as metasurfaces, offer
another alternative totraditional bulk nonlinear opticikesearch hashown that even a single layer
of nanoscale patterning can be sufficient to modifyhti[41-47]. Compared with flat films, the
nanoscale patterning in a photonic metamaterial increases the sample surfacevarid can
boost the contribution of surface nonlinearitgnd intraduce inhomogeneity and asymmetry
Besides, metamaterials can be designed to be resonant at the pump wavetery8H wavelength
for enhancel second harmonic generatiorDue to these advantages, a variety of structuring
enabled nonlinear metamaterials iabeen demonstrated based on different nanostructsirsuch

as triangle, split ring, andghaped structuresusing both metallic and dielectric materigfs7, 19,

25, 34, 8-50], as shown irfrigure 1.5
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AAAAAAAA".
AAAAAAAA
AAAAAAAA
AAAAAAAA
AAAAAAAA

Figurel.5 Artificial nonlinear materiab

Through structuring, inversion symmetry of median be brokenenabing otherwise forbidden

nonlinearproces®s such asecond harmonic generatiofa) Phase matched SHm plasmonics
[34], (b)SHG frommagneticmetamaterial[17], (c) SHG from metal hole arrays9], (d)SHG from
[llgV semiconductometasurfaceg50], (e)SHG frondielectricmetasurfacg25] and (f) SHG form-L

shapedmetallicmetamaterial[19].

What are theadvantages and disadvantages of these different nonlinear mdtiazonventional
second harmonic crystals offex high conversion efficiency and are commercially available.
However, large size of such crystagnpeisthe potential for miniaturization of photonic devices
Surfaces of materials support surface SHG buallgrequire oblique incidence and the conversion
efficiency is relativig low [38-40], compared with S8 crystals However,it can be appliedin
surface probingnd monitoring 2D metamateriadcan enhance the conversion efficierafysecond
harmonic generation due to suréa nonlinearity Besides, the twalimensional nature of ultrathin
metasurfaces allowfor more compact optical devicemade from a wider selection of readily
available materials, such as silicarhe miniaturization offered by photonic metasurfaces will
enable denser integration of afiptical information processing devices (important in the context of

data-centres).However,2D metamateriad are not yet widel)commercially available
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1.3 Symmetryl f t 26 SR O2Y LI da 2F GKS .

We already know thahonlinear optics isensitive to symmetry[32, 51] Now, we will discussn

detail how the symmetnof structuresaffects second order nonlinearity.

The second order response of a matettabpplied electric fields can be described by the following

Eguation 1.4[32]. Summation is implied over the repeated indices:

0 - .5 00 (1.4)

Where0 s the induced second order nonlinear polarizatigrandE: are the applied electric
fields. ¥ois the vacuum permittivity. @, is the seconebrder nonlinearity susceptibility tensor

(with rankof 3). For simplicity we assuntbe Cartesian basis with,j,k]=[X,y,z].

For equation above to be apt description of a physical process, it must be the same for any observer.
Consider the change in the quantitieEEquation 1.4 as a result of changing the refsrce frame,

i.e. considering the physical process from the point of view of a different observer. The new
quantities willbed  © Dee HO © 'Oh.. © ... .Howeverfor itto be a consistent description

of the physical procesthe Equation 1.4 must still be the same, i.e.:

It is weltknown that electric field and polarization density transform as polar vectors under change

of reference framg52]. Let such trasform be given by matriMig, i.e:

00 0=2 ) O (1.6)
0 Ove 0 U a7

In order forEquation 1.4to be invariantunder change of reference frami¢¥ollows that. ® must

transform as (i.e. like a rark polartensor[51]):

&y 0 0 D (1.8)

=
3¢

Periodic structures such as crystals (usualijindensional) or metasurfaces-@mensional) can be
classified intgoint groupg53]. Pointtransformation is a transformation that keeps one point fixed,
i.e. rotations and reflections. Point group of a crystal/metasurface is a group of point symmetries
that leave the structure unchange@here are two families of 2D point groupyclic groupsnd
dihedral groups. The cyclic grou@n (CL, C2, C3, C4, LChave nfold rotational symmetry, while

the dihedral group®n(D1, D2, D3, D4, D®ave rfold rotation and reflection symmetrccording

to Neumann's principl¢s4], if a material is invariant with respect to certaymmetryoperations
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any of its physical properties must also be invariant with respect to the same symmetry operations,
which means the seconrorder tensorshouldnot changeunder point groupsymmetry operations.

This translates into the followirgglection rulg51]:

ip O DD (L.9)

¢
¢

For purposes of secortarmonic generationthe second order susceptibility tensolis also
restricted by its intrinsic permutation symmeti32] - the second order susceptibility is unchanged

by interchange of its last two indices:

(1.10)
0 - ;00 - ;00 (1.11)

Based on the transformation properties of the susceptibility tensor as well as the intrinsic
permutation symmetry, the allowed components & tensorcomponents for all 2D point group
symmetiesare found, shown itable 1.1 Here we consider the allowdesecond order nonlinear

responses of a periodic 2D structure in the xy plane, for illumination along z

Tablel.1! f f 2 @ ®riRor components for 2D point groap

2D Point group Example Number of Allowed ¢ components
allowedc®
G(Z)xxx, (Z)Xﬁ/, (z)yﬁ(, G1(2)y><y= (z)ﬁ/x,
c1 6 Py= Py, O

D1 3 G(Z)xxyz (Z)G/x,, (z)yﬁ,, (2)y@

Cc2 0
70 ¢
KX ZX
X2 % XX

D2 T 0
Y Ex
P4 XX
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G(z)yxx: (z)c&y: (Z)ny: ‘G(Z)yyya

!;.
C3 2 'G(Z)xxx: (Z)ny: (2)<}‘b<y: (2)9;”(
« b
1‘ S‘»
D3 ‘ 1 = Poy= P -6y,
Ja9 o
%& gﬁ»
Cc4 S 0
g Jod
Sy AvE

D4 0
C6 Q. Q- o} 0
D6 0

The images are from Wikipedia: Wallpaper gruipps://en.wikipedia.org/wiki/Wallpaper_group

FromTablel.1, C2, D2, C4, D4, C6 as well as D6 symmetries have no syraffeetryd second

order.®@tensor. Only the C1, D1, C3 and D3 symmetries havevanishing ? components.

The symmetry dependence of second harmonic generation has been explorstiapéd19, 55]
T-shaped[56] and triangular shaped nanostructurg®] or even more complicated shapgs/]and
their results follow the symmetry selection rules for second harmonic generation. For exampl
Figure 1.6 the author reported second harmonic generation from -shbpedhole array (C1
symmetry) sample and no SHG was observed in a civcalararray (D6 symmetry) sample with

normaly incident left circular polarization (LCP) pump beam.
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Figurel.6 Metamaterials of structures that allowor forbid SHG

Scanning electron microscopy (SEMages and measured SHG spectra with LCP excitation of (a)
L-shapedhole-array sample and (b) circulaple-array sample. Lengths of the scale bars

O2NNBaLRYyIB. 62 m >Y
1.4  Second harmonigeneration in metamaterials

1.4.1 Local field enhancement by resonant modesmetamaterials

The surface SHG effedts subwavelength scale structs canbe improved by enhancingpcal
fields[58]. Metamaterials can be designed to be resonant at thenp wavelength. Compared to
off-resonant response, a metamaterial with quality factor Q, will display an increase in second
harmonic generation efficiency by?Qvhen driven at resonancé&tructured optical materials can
support resonant modes which are related directly to how the material was struc{6@6€1] and

it is possible to achieve multiple resonances in one structured mef8n62] If the local fields at

both fundamental frequency and second harmonic frequency are enhanced by resonant modes in
a structured medium, the efficiency of second harmonic generation effects will increase

substantially[62].

Figurel.7 showsthe simulatedmulti-resonant dependence of the electric field energy accumulated
inside silicon nanoparticles as a function of their diameter under irradiation by a plane
electromagnetic wave at a pump wavelength of 1050 nm and a SH wavelength of 525 nm. Three

modes ardabelled as iy my and m. The spectral and spatial overlap of these modes supported

10
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by the nanoparticlescan enhance local fields at both fundamental and second harmonic

wavelengths, 1050 nm and 525 nm respectively.

1 q m,
. 4 Iy m,
2 ey} P
S c SRR L Y |
& 2 g R | \
B g g™ \
K \
ol - / \
St |
S5 ! \
o ¢ / N i
oo / N -
~ -
£ s o
/ - = 1=1050 nm
/
9T — ) =525nm
O —— T ' X
200 250 300 350

Nanoparticle diameter (nm)
Figurel.7 Modelled energy of the electric field trapped inside a Si nanopatrticle

Numerically modelled energy of the electric field trapped inside a Si nanoparticle under illumination
at pump (red dashed curve) and SH (green solid curve) waytbke Three resonanceselabelled

as my,my,my, respectivelyf62]. The nsertshows aSinangoarticle.

Enhanced second harmonic generatibas beenobserved from a doble resonant plasmonic
antenna,seeFigurel.8. The authos compared the second harmonic generation from a standard
dipole antenna of a resonance at about 800 nm wavelength to the &#®G& double resonant
antennawith resonances at both the fundamental wavelength (800 nm) and the second harmonic
wavelength (40im). Finallythey found that the double resonant antenna produced a SH intensity
almost twice that of the dipole antenna (séégurel.8b) due to the local field enhancement at

both fundamental and second harmonic wavelengths.
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Figurel.8 Enhanced SHG fromodble resonant plasmonic antenna

(a) Scattering spectra of the standard dipole antenna (DA) and the double resonant antenna (DRA).
The double structure shows a clear enhancement of #1®1 G G SNAY 3 | NRdzy R <
structures are made of aluminium{b) A comparison of the experimental SHG signal with a
guadratic fit, for a DA and a DRA shows the enhanced SHG from thie&)RA

1.4.2 Second harmonic generatioby metallic and dielectricnanostructures

Both metallic and dielectric nanostructures have been exploited to demonstrate enhancd8EHG

65]. Noble metallic nanostructures support collective oscillations of conduction electrons, known
as surface plasmons, which strongly affect their optical response. When plasmonic nanostructures
are illuminated on resonance, the incident electragmetic field is significantly enhanced on their

surfaces, which can enable strong nonlinear optical effects at relatively low excitation powers.

12
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Figurel.9 Second harmonic generationy ametamaterialwith D1 symmetry

(a) SEMimage of the metamaterial. (b) Measured power dependence of the detected SHG signal.
The dependence was close to quadrdtic input powels below 40 mW, as is seen by the good

agreement between the measured signal (apgrcles) and the fit (solid ling}9].

Optical secondcharmonic generatiorfrom metasurfaceswhere noncentrosymmetric “ghaped

gold nanoparticles ararranged irregular array configurationfias been observef9], seeFigure

1.9. The Vshaped metaatom belongs tothe D1 symmetry group, which has iBdependent
symmetryallowed .® components, making it possible to get second harmonic generation at
normal incidenceThe wavelength of generated second harmonic signal can be tuned fromns00

to 650 nm, corresponding to a pump wavelength range from 1000 nm to 1300 nm. The highest SHG
was achieved at about 575 niHowever,sample damageoccurredwhen theexcitation average

poweris abovedOmW.

Although usindnigher peak intensitiesan achieveonsiderablyhigher conversion efficienciethe
conversion efficiency is mostly restricted by the material damage via hedfieallic structures
suffer fromlow damage thresholds. If high pump power is used, heataedumulate in the these
structures, which may damage the sam[86-68], for exampleFigurel.10 shonsthree examples

of laser induced deformation in metallic nanostructures. Clearly, melting leads to significan
changes in the siz®f these nanostructures as well as the gagtween them which mayresult

in a reduced electric field enhancement.
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Figurel.10 SEM images of damaged metallic nanostructures

(a)(b) Ni nanostripes with plasmeinduced permanent deformations. The nanostripe is excited by
single light pulses with polarization orientéa) along the nanostructures an) perpendicular to

the nanostructure$66]. (c) Au bowtie array fabricated by the FIB process and (d) bowties damaged
by laser pulsg67]. (e) (f) Au rodtype optical antennae before (e) and after (f) illumination with

the laser pulsefs8].

Compared to metallic nanostructures, dielgct nanostructures have the advantage of low
dissipative losses and high damage threshdletrefore the latter can avoid the problems of the
former. Furthermore, dielectric photonic structures can exhilsitrowresonances due to the high
reflective index of some lowlossdielectrics. Among dielectric materials, silicon nitride and silicon
are excellent candidates for allelectric devices, since they are highly compatible whithoptical
fibre and semiconductor fabrication ecosystem. Furthermore, thaiyers of silicon nitride and
silicon can be transparent for both fundamental and SHG lights. For example, thiben

fundamental light is at 1550 nmavelength(seeFigure6.3).

Efficient seconéharmonic generation in silicon nitride resonamwaveguide gratings has been
reported[69]. The waveguide grating was built by etching a layer of silicon nitride (SiNgijlmne
1.11(a) shows a SEM image of the SiN resonaaweguide grating. The enhanced SHG signal from
the silicon nitride resonant waveguide grating is three orders of magnitude higher than that from a
flat SiN film, which is attributed to the enhanced local fields in the nanostruckogever, this

structure(D2 symmetry) requirean oblique incident pump bearfor SHG.

14
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Figurel.11 SHG by &iN resonant waveguide grating

(a) SEM image of the SiN resonant waveguide gratigMeasured SH power as a function of
fundamental laser power on a ldgg scale. The squares represent SH power for the reference film

and the circles for the resonant waveguide gratings. The solid lingbeirdits [69].

Second harmonic generation framY 2 N1JK 2 dz&Si)anktésiri@c@s/condisting eshaped (C1
symmetry) metaatoms has been observed as Walh], seeFigurel.12 The structure consistsf
identical Lshaped metaatomswith a periodof 390 nmimH nn >Y R HAan >Y | NNJ
fit of the detected SHG signat 420 nm wavelengtlo the square othe powerof an excitation

laser at 840 nm wavelengtivas observed The second harmonic generation is confirmed to
originate from the patterned C1 symmetry structure, rather than the materials, as the authors used

centrosymmetric amorphous silicon as wimtgx medium and normally incident pumping.
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Figurel.12 SHGbhy metamaterials consisting of C1 symmetry mesoms

(a) SEM micrograph dhe fabricated kshapedh-Si metaatoms. (b) SHG obtained frothe
metasurface as a function of illumination intensifjn excellent fit of the detected SHG signal to

the square of the illumination powavas observed25].

There are no universalbestmaterialsor beststructuresfor SHG metamaterial©ne should design
SHG metamaterials according ttte needs.My goal is to develop nonlinear metamaterialvith
high seconebrder nonlinearity that carbe integrated with photonic deviceg herefore,Silicon is
chosen becase it hasa relatively ligh refractive indexand low loss at the telecommunication
wavelength band which enables high quality factor resonarsxcéAlso, compared with metallic
structures such as gold and silver, silicon has a higher damage thresanttican therefore
withstand ahigher pump laser intensity. Moreover, siliconhighly compatible with the optical
fibre and semiconductor fabrication ecosystemhich enables developing integrated nonlinear

photonic devices.

Then another question is howhe nanostructures should be choseho answer this question,

theoreticalanalysids needed

1.5  Theoretical models ohonlinearity of films

The quadratic surface nonlinearity has been discovered in 1@&0s70] and has remained an
active area of research ever since. A lot of attention has been paid to nonlinear response at the
surfaces of unstructured metals and dielectrig&l-74], surfaces with adsorbed or admixed
moleculeqg75-79], and, more recently, surfaces of nanoparticles and metamatddils20, 25, 27,

28, 8093]. The advance of nanofabrication to smaller and smaller scales provides an opportunity
to engineer the nonlinear properties of particles and (meta)surfaces on the nanoscale. Such

engineering depends on understanding the depemzie of nonlinear optical properties on the
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arrangement of atomsFull abinitio quantum treatments of surface nonlinearity have been
demonstrated, but only for specific materials and under specific condit[@dsl00], whilst
experimental measurements, of surface nonlinearity, require pristine surfaces and strict control
over the bulk effect$35, 71, 80, 82, 88]Sophisticated classical/quantum test models have been
previously developed for metalig4, 86F WRA LJ2 f A dpO@ 10R]AafiffedvQlielBdi® &
particles of quite specific shapf&l]. Second harmonic generation strongly depends on geometry,
i.e. the shape of particles or the unit cell of perioditistures. Symmetrpased selection rulgg4,

102] identify cases where second harmonic generation is forbiddan, cannot predict its
magnitude where it is allowed. The resulting optimization challenge has led to a substantial
research effort, studying second harmonic generation by nanostructures of various §aap2g,

80, 86, 92, 103, 104]

A model that applies macroscopic Maxwell equations to the resonant interaction of
electromagnetic radiation and dielectric crystals consisting of molecules coupled via retarded
dipole fields is investigatefil05], but only studiedinear macroscopic properties of dielectrics
Smilar approaclkes have been employed to studynonlinear properties of dielectricg106],
harmonic generation by metallic structur§s07] and anharmonic oscillatofd.08, 109] and for

treating surface nonlinearity of uniform planar surfa¢@8-101, 110]

A range of models of sum frequency generation has been repoeted,for harmonic oscillators
[111] and liquid interfaces [75, 112, 113] Nonlinear oscillatormodels predicting enhanced
nonlinear response of metacrystals have beenomed [114, 115]and applied to split ring

resonator magneticeda.

In this thesis, myfocus is on highly structured materials anty model is applicable to planar
dielectric nanostructuresof any shape.The results will be used tinstruct the design of

metamaterials

1.6 Qutline of the thesis

This thesis is focus on studying structuring induced nonlinearity, both theoretically and

experimentally The layout of the thesis is as follows:

Chapter 2introducesa widely-applicableCoulomb-coupledoscillator model for predicting optical
nonlinearityin 2D nanostructureand the model is applied i@hapters 35. Chapter 3investigates

the secondorder nonlinearity of structured dielectric film consisting of a centrosymmetric

dielectric material Chapter 4applies the model thvarmonic and sunfrequency generatioin 2D

nanostructuresChapter 5describeglefect induced harmonic generatidm 2D nanoparticlesThen

17
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I moved from the theory studies to real metamateridlfiapter 6shows thedesign and fabrication

process of afibre-integrated aMldielectric metasurfaceChapter 7 presents theexperimental

demonstrationof second harmonic generatidrom the fibre-integrated alldielectric metasurface

Finally, inChapter &he main conclusions of this wogke derived,and thefuture outlook, prospect

and ideas for this proje@re alsodiscussed.
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2.1 Introduction

Optical nonlinearities of matter are often associated with therge oscillatiorof individualatoms.
Indeed, whilst some electromagnetic media support matesjcificevenorder nonlinearity,
charges in all materials, to a good approximation, interact via the Coulomb farttgs chapter, |
develop aCoulomb-coupledoscillatormodel of opticalnonlinearityand demonstratethat in the
confined geometry of a twaimensional nanoparticle the collective nonlinear response of the
atomic array can arise from the Coulomb interactions of the optical electrons, even if the individual

atoms exhibit no nolinearity.

Second harmonic generation (SHG) due to Coulomb interactions has been observed experimentally
in dimers of metallic nanoparticlesf deeply subnvavelength siz¢116] and asimilar nonlinearity
arising from electrostatic interactions has been considered in the context of nonlinear plasmonic
metamateriald117]. Smilar approackeshave been previously employed to study lingdf5]and
nonlinear properties of dielectric§106], harmonic generation by metallic structur§s07] and
anharmonic oscillatorgl08, 109] and for treating surface nonlinearity of uniform planar surfaces
[98-101, 110] A range of models of sum frequency generation has been repatgdfor harmonic
oscillatord111]and liquidinterfaceq 75, 112, 113]Here our focus is on highly structured materials
and our moal is applicable to planar dielectricanostructuresof any shape. Therefore, it
complements existing models that describe harmonic or sum frequency generation in specific
materialsand/or shapeg[22, 34, 81, 86, 94, 118and symmetnbased selection rule84, 102]

Such models tend to identify cases where secorder nonlinearprocesses are forbidden. Here |

will show approach that enables one to go beyond the allowed/forbidden dichotomy

Thedetailed description of the modeés$ discussed iBection2.2 and then two methods of getting
chad3SaQ RAA&LX F OSYSy i araylof eRpahsiod knSectiori 2.8 &rfd Fourier
transformation inSection2.4 - are introduced. Finally, thparameters used in the model agaven

in Section2.5.

2.2  Microscopic Coulomizoupled-oscillator model

In order to predict the nonlinearity of a structured dielectric film, such as a metamateratwo-

dimensional (2D) nanoparticle, we considdratoms that are confined to the xyplane and
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excitation by a plane wave propagatiaipng z (seeFigure 2.18). Each atom is described as a
classical Lorentz oscillatft19] with a negativelychargedoptical electron bound to a positively
charged stationary nucleus with coordina® As is standard Lorentz model approxiiat the
electron and the nucleus are elastically bound which gives rise to a linear restoring force and the
electromagnetic response of the single atom is strictly lind@#is will be discussed in more detail

in Section 4.5.

(a) Single ‘atom’ (b) ‘Atoms’ in a 2D particle

E(t)

‘Atoms’ in a 2D particle

Figure2.1 Model for the optical response of interacting atoms in a dielectric nanoparticle

(@) The atoms are modelled as damped harmonic oscillators consisting of an optical electron
constrained to move inthe xyJt ' yS yR | LRAaAAGAGOSE & OKFNHSR
centre. (b) The nonlinear optical response of a nanoparticle origin&t@s the Coulomb
interactions between optical electrons and other atoms. These interactions cause sum/harmonic
frequency generation by perturbing the harmonic electron oscillation driven by incident light field
Et). In particular, Coulomb forces at bousmies become directiolependent and electron

trajectories become curved.

The interaction of the electron with its own core is modelled as lossy harmonic oscillator

L ¢ (2.1)
[ O U A é(O

Herer is the displacement of the electron.itlV two degrees of freedom (along the-planex- and
y-axis), the equation of motioncan be written as
© &, @ 000 (22)
() w W 4 Oo
Here, - o is the resonancangularfrequency of an isolated atom andsthe damping frequencyq
is the charge of the electron and is the mass of the electron. x and y are the corresponding

displacements of the electrorlative to its own core. In the equilibrium without driving fietdand
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y equal to Q irrespective of core positionThis approach captures sufficient dynamics of
conventional atoms and the finite loss allows to account for phenomena such as radiation
resistance of the electron®?2]. From Equation 2.1, it is clear the electromagnetic response of a
aAy3atsS Fd2Y Aad adNROGte tAYySFENE 2yte 2a0Af ¢t

However, when therés more thanone atom, Coulomb interactions between electrons as well as
electrons and nuclei occur. The nonlinear response arises exclusively due tatortéc Coulomb
interactions. Thé 1/R dependence of the Coulomb force, wheRds the intercharge separation,

gives rise a nonlinear response of optical electrons in collections of coupled atoms, which is

illustrated by curved optical electron trajectorieskigure 2.1(b).

For a system that contairls electrons, the Coulomb interactio® in the N electron systenis
the sum of the Coulomb interactions between tk® electron and the otherN-1) electrons or

nuclei. Thereforex, the displacement of th&™" electron along thex-axis, will be given by:
Go dreo a1 @ /o o O (2.3

and the Coulomb interactioR®™ for the k™ electronalong thex-axisis

) A Y oY ® (24)
o 13
t- YooY ® Y oY @
Y ® Y
Y @ Y Y W Y

Here, R Rare the coordinate® ¥ G KS ydzO0f SA yR EZé | NB (KS S

nucleus, meaningk®" S f S O cdaRliga@siare] Rx, R+Yi].

By solving the coupled differential equations, we gah the displacement of each electron in the
system.Since theelectricdipole momentd is proportional to the displacements of the electrons,
the electric dipole moment distribution in the structure is acquired. For a structure contahing
electrons and with a sizémall compared tdhe operating wavelength, thhl electrons will behave
aso/S oA G2Y GAlGK {105p@Hich williba referied.dd asShotd dipoley
moment of the particlel kdk. Other multipoles and their radiati@man also be calculated, which

will be discussed iChapter 4.

2.3  Taybr expansion

There are two ways of solving the coupled equasiohmotion in my work. Now | will introduce

the first oneg Taybr expansion.
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Solvingcoupled differential equations is nontrivial when there is a largmber of atoms involved,

which takes a long time and may induce numerical errors. To simplify the process and increase the
speed and stability of numerical modelling, we did a Taylor expangido the second ordefor

the Coulomb interactiorand use the esulting perturbation equation of motion to calculate the
displacement of each electroim the first stage, the linear response of N coupled atoms is found.

This linear response is then used, in the second stage, as a source for determining the nonlinear

response.

The xdirectiondisplacement of the'kelectron x is expanded to the second order, where , @

andw indicate the zero, first and second order terms of the expansio®,akspectively

O O O (2.5)
®w ¢2AnQ ® Q A8 (2.6)
® c¢2Ab Q ® Q A8 2.7

The Taylor expansion for the Coulomb interacti@f to the second order is:

o) o O o 0 - ® 0O - o 0
T T q T G T (2.8)
W W (@)
ww' (@) 0 (@) Y3 (@)
W' 0]

R andyk can be expanded in the same wahen we puEquation (2.5) and(2.8) into (2.3):

a w w w alr w w a] o w w (2.9
N0 o ®w 0w w T O
, P .
(] w w T O E () W w T O
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We determine the T and 2 order equations of motion by insertingaouation (2.6) and (2.7) into

(2.9). ConsideringSlorder terms that oscillate at frequenty, the 15 order equation of motion is

1 U1 e Q A8 (2.10)
no w! O w!? 0O 0Q 38
which simplifies to

1 ™11 46 HO @1 O 1 0 (2.11)

Electron motion at frequency]2is a small perturbation of electron motion at frequency

Consideringleading terms that oscillate at frequency 2 the 2" order perturbation motion

equation is
1] @1 ] an Q i3] (2.12)
w? O w? O g ® T @)
P .
c w T @] w w' @]
o't O ol O W Wt O
o O Q A8
which simplifies to
Tl Q@11 aw (2.13)
&1 "0 &1 0 g & 1 0
P .
c w T @] w w' @]
0w O ww! O W W't O
w0 w'! @)
They-component can be treated in the same way.
The lineaelectricdipole of thek™ electron will be:
] . W (2.19)
LA
Its secondbrder nonlinearelectricdipole will be:
= 0 (2.15)

N 6
Then the dipole moment of every atom in a structure can be calculated, as a result, the effect of
0KS aiGdNHzOGdzZNBaQ aKFLIS OFy o6S 1y26y RANBOGTL &c

23



Chapter 2

linear dipole(| ) and total SH dipolé|F ) of the whole structure can be calculat€de results

of Chapter3 are calculated through this method.

2.4 Fourier transfomation

Although Taylor expansion camcrease the speed and stability of numerical modelliimgs not
pradical to simulate sum frequency generation, igh involves excitation fields ateveral
frequencies. Alsofor modelling harmonic generation higher than second ordixe Taylor
expansion of the Fwill become rather complicatedT herefore Fourier transformation another
method of solvinghe Coulombcoupledoscillator modelfor 2D patrticls - can beused, when
modellinghigher harmonic and sum frequency generation

E y-pump field 1y~ displacement
]‘ Solve equations of motion ‘I ' AR

Time get displacement ry, r;...r, "‘\‘3.“"“ Time

Frequency spectra

Fourier transformation
Electric dipole d;, = qry,

Electric dipole

0 1 2 3 4 5 6 7 8 9 10
Harmonic frequency (o/w,)

Figure2.2 Schematicof calculatingelectricdipole via Fourier transformation

An electric fieldHt) is incident andexcites charge displacemeanf the K" electrionr.. Then the
electirc dipole moment gin time domainis calculatedand transferred intahe freqency domain
via Fourier transfermation. Finallgll the frequencycomponents aredisplayed in the frequency

spectra of theelectricdipole.

The process of gettinglectric dipol®a T NBIj dzSy O8 FigdeQ2i Atthe fististageK 2 ¢ Y
by solving thecoupled equations of motionEquation 2.3) of all optical electrons within 2D
nanoparticles numericallywe calculate the displacement of each optical electron in the time
domain.We solve the coupled system of differential equatiatarting without opti@l electron
displacement and allowing transitional effects to pass before analysing the oscillation of all

electrons over 1000 periods of the driving field.

Then, the electric dipole is calculatedhe electric dipole moment is proportional to the
displa@ment of electrons Therefore a displacement of the 'k electron relative to its nucleus,

results in arelectric dipole due to th&" atom of di=qr«, and the total electric dipolef the particle
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isthe sum over all atom$X kdk. This gives the electric dipole momatit) of each atom and the
total electric dipole momenB(t) of the nanostructure in the time domain. Thatal electric dipole
moment isseparated into linear and nonlinear componeri®), P?, P X | oscillating at the driving
frequency. , and its harmonicsi 4, 3. p X, by Fourier transformation. In the presented Fourier
series, the peak values are the dipole amplitudes in Coulomtemmeat harmonic and sum

frequencies. For pumping of a 2D particle at normal incidence, as considered here, radiation

emitted normal to the plane of the particle is determined bytdtal electric dipole moment alone.

2.5 Parametes

The twodimensional patitles we will study are collective atoms cut out of either a hexagonal

lattice (seeFigure2.3) or a square lattice. The atomic spacing is chosen to be 0.5 nm in all cases.
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Figure2.3 A particle cut from twoedimensional material of hexagondattice
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the x-axis and enters the particle at normal incidence.

The resonance frequency of ar2i§ | G SR

lo=9.2xY0° rRdss, corresponding to a UV
NBaz2ylryoOoS |4 wnn

YY ¢ @St Sy 3 Ko appfoRmaierd &ypidall Y LJ
atomic response in dielectrics such as ITO, TiOx and SiN. The pump wavelength is chosen to be 10¢
nm, a common choice for nonlinear optics that is far from the atomic resonance (angular pump

¥ NB |j dzSIy O dmipmodelling of sum frequency generation, we pump the particle at two
F NB |j dzS yI /ARS Gnsiultaneously.

To excite second harmoniegerationin Chapter 3the amplitude of the driving electric field (E) is

chosen to be 8.68x10//m, which corresponds to pump light of 1 GWFimtensity.
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In order to access a highly nonlinear regitneChapter 4 the amplitude of the pumpinglectric

field () is set to 8.68x10V/m, corresponding to 0 W/cm? pump intensity While this extreme

level of intensity may not be feasible experimentally, it allows us to explore physical trends and
higherorder optical nonlinearities in a regimehare they are of sufficient magnitude to make
numerical errors of differential equation solvers irrelevaBasically, solving the equations of
motion involves taking differences between very similar nensb The Taylor expansion gets
around this analytiddy, but is limited to SHG. The Fourier method has to live with it, i.e. it requires
very high precision numbers or a regime where the effects are |aiflge.regime of large nonlinear
effects also provides numerical stability when solving the Couloauped-oscillator model using

the Fourier method.

2.6 Summary

In this chapter, | develasl a Coulomb-coupledoscillator model of optical nonlinearity and
demonstratal that in the confined geometry of a twdimensional nanoparticle the collective
nonlinear response of the atomic array can arise from the Coulomb interactions of the optical

electrons, even if the individual atoms exhibit no nonlinearity.

Two methods of gettinga (i NHzOefedzNBigdE momentérom the modelare introducel, one

is Taybr expansion, andhe other is Fourier transformationWhen using the Tagt expansion
method to solve the coupled equatisrof motion, the calculation time for a triangle particle
containing 3691 atoms is onB2 secondsisingMATLAB R2018bn aWindows 10computer with
Intel Core 56600 3.3 GHz CP4&hd 32 GB RAMhowever, such results are limited to the second
harmonic. In contrastwhen using the Fourier transformatianethod, it takes at least 45 minutes
to get the electron displacemens of a triangle particle o5 atoms but in this case higher

harmonics and sum frequencies are also calculated.
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Chapter3 a2 RSt 2F &4SO2yR KIN¥Y2Yy
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3.1 Introduction

Opticalsecond harmonic generatiomwhichisimportant for optical signal processing, bimaging

and spectroscopyis usually supressedin materials with inversion symmetnStructuring of
materials on the mesoscopic lengthale has openedp an opportunity to engineer the nonlinear
optical properties of any material. However, lack of efficiemthodsof predicting the nonlinear
response of a broad range of mesoscopic structures has meant that progress largely depended on

intuition.

In this Chapter secondorder nonlinearity of structured dielectric film consisting of a
centrosymmetric dielectric materiak studied using the model built in Chapter 2. Here the
nanostructureis considered as collection of atomdormed bya hexagonal lattie. In order to
increase the speed and stability of numerical modellitgg, perturbative schemedescribedin
Section2.3is used. In the first stage, the linear responséNafoupled atoms is found. This linear
response is then used, in the second stage, as a source for determining the nonlinear response. The
amplitude of the driving electric field) is chosen to be 8.640 V/m, which corresponds to pump

light of 1 GW/cnintensity.

Hrst, the second order electric dipolea triangle particle®f D3 symmetryis studiedin Section3.2
and thenhow the LJI NIi A Of SQ& & & Y Y S ity discuBsedh Séction3B.0Fér a y 2 y
specific structure, how its nonlinearity depends on its &zkearnedin Section3.4. Finallya way

of optimizingthe & (i NHzOnibrdireé&i9is presentedn Section3.5.

3.2  Second ordenonlinear responsen nanostructures of 3 symmetry

Irrespectiveof the origin of nonlinear response, a total secesrdler nonlinearelectric dipoleof a
2D (twodimensional) particle driven by-plane optical fieldss only allowed for structures with
three-fold rotational symmetry, or no rotational symmet{@4, 102](as shown irSection 1.3.
Therefore, this sectionwill focus on twedimensional particles with thre®ld overall rotational
symmetry, the simplest case that permits secander nonlinearity, represented by equilateral

triangular arrangements of atoms cut out of a hexagonal lafisee inserts ifrigure 3.).
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Figure3.1. Second order nonlinear response in a triangular nanopatrticle

ColourY I LJA & K za@mpadnéatof the atomic dipok’Q at frequency2. when the particle
is driven by light fieldk at frequency. polarized along thé direction, whereh | ={x,y} Theinserts
are magnifiedmages of the sections framed by rectangMete the strongsecond orderesponse

at the edges.

Thenotation’Q is used todenote peratom seconebrder nonlinear electric dipole along the
axis induced due to driving field polarized along xkexis. The othethree componentsQ , 'Q
andQ follow in the same wayFigure 3.1 shows the secondrder nonlinea electric dipole

induced in each atom of a triangular 2D particle, cut out of a hexagonal lattice of atoms.

Several important phenomena are readily observable: (1sdend ordeelectricdipole is always
weakest in the central region of the triangle as one would expect for a centrosymmetric
arrangement of atoms; (2) second ordemnonlinear response at the edge seems to be induced in
all cases with similar amplitude, but different phases of second harmonic response at different
edges can yield vanisty (components of) total second harmonic response for a whole particle.
polarized field Figure3.1g) as well as yolarized fieldfigure 3.t) create a secondrder nonlinear
response in thex-direction along the edges of the triangle, but the nonlinear response of opposite
edges cancels out, thus thecomponent of the total nonlinear electric dipole is zero, as it should

be for a particle with mirror symmetrx,T -X. In contrast, the/-polarized seconebrder nonlinear
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response resulting from-polarized Figure 3.1b) andy-polarized Figure 3.1d) illumination does

not cancel.

3.3  Hfect of particle symmetryon its nonlinearity

(@)
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Total linear dipole —
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4 | | ] 1 | | ]
2’ 1 1 | | | | |
=
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=1t @)
= |p®)|
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Top side length (nm)

Figure3.2 Symmetry dependence of totdinear andsecond orderelectric diepole

(a) The schematic shows a transition from a triangular to a rectangular nanoparieeoval of
secondorder nonlinearesponse by introduction of inveion symmetry of the nanoparticlé) The
magnitudes of the total dipole momen&? and P? alongthe y-directionat the fundamental and
secondharmonic frequencies induced by apwglarized fundamental wave in a particle evolving

from lack of inversion symmetry to inversion symmetry.

Basic symmetry consideratioflsd2] show that total second harmonic response is forbidden for 2

fold (rotationally) symmetric shapes such as a rectangle, but is alloweddtat $ymmetric shapes

29



Chapte 3

such as isosceles triangle. An interesting question to ask is how this selection rule appears when a
triangle isgradually onverted via a trapezoid into actangle. How does the total nonlinear electric
dipole vanish? How does it depend on changes in geometry (for a given driving field)? What effect
does the finite lattice size have on the changes in the induced nonlinear electric dipole? To address
this, a eries of calculations has been carried out for symmetric triangular, trapezoidal and

rectangular particles driven by the same electric field along the symmetryyaaiss)).

The results are shown iRigure 3.2 We fix the height and bottom side length @in isosceles
trapezoidand increase the slope of its left and right sides by extending its top side from 0 nm to 30
nm, seeFigure 3.2(a)The effect of such changes in particle symmetry, from tHode rotational
symmetry via absence of rotational symineto two-fold rotational symmetry, on the magnitude

of the total linearelectricdipole PY and the total seconabrderelectricdipole P? is shown irFigure

3.2(b). The magnitude of the total linear dipoR" grows linearly as the triangle evolves into a
rectangle. This is consistent with the linear polarizability of each atom being roughly independent
of its neighbourhood; so more atoms translate into correspondingly higher total linear electric
dipole sinceP" wd«. Indeed, weshouldnoticethat the linear dipole per atom remains constant.
Clearly, such a simple response is a consequence of operating in tfesaffance regime (the
driving frequency to atomic resonant frequency ratio is ¢F n @ indontrast, the magnitude of

the total quadratic electric dipol®? decreases linearly with the increase in the top side length.
This can be explained by considering the plots of thegtem quadratic electric dipol® for the
rectangle and the trianglshown inFigure 3.3 In the rectangle, the secorarder electic dipoleat

the top and bottom sides is of equal magnitude but opposite phase, giving zero total effect. In case
of the triangle, this cancellation does not occur. The gradual drop in the magnitude of the total
secondorder dipole with increasing top ssdength, shown irrigure 3.2b), is consistent with the
cancellation of secondrder dipole contributions from atoms in corresponding sections of the top
YR o020G2Y aARSAaX 4KAOK fSIRa G2 -OdioiliearS O yOSt I
respase as it becomes rectangular. Thus, while local edge nonlinearity is also present for particle
shapes with inversion symmetry, amiase nonlinear response of opposite edges causes

cancellation of the overall secoratder nonlinear response of inversi@ymmetric particles.
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Figure3.3. Seond order nonlinearelectric dipoledistribution in a trianlge and a rectangle

Colour mapshow the ycomponent of the atomielectricdipolel G F NB |j dzfayti@énitiah . F :
and (b) final particle shapem Figire 3.2a

The resultdndicate secondorder nonlinear responsewith same magnitude and opposite phase

for opposite edges (one rotated 180° relative to the othefhishas an intereshg implication for
inverse structures (a particle and the corresponding parstiaped hole). An inverse structure
results from interchanging which side of the edge the material is on, which is equivalent to a 180°
rotation of each segment of particle gd. Therefore, inverse structures must have secorder

dipoles of same magnitude and opposite sign.

3.4  Effect ofparticle sizeon its nonlinearity

The electric dipoles inFigure 3.2show remarkably smooth dependencies on particle geometry,
despite the facthat the length of the longest side of the rectangle is B@hm (corresponding to

61 atomsat the edge) One can therefore conjecture that whilst the nonlinear response at each
point on the edge may be strongly influenced by the local orientation ofetigecut relative to

the driving field and atomic lattice, the total secendder nonlinear response can be approximated

608 GNBFGAy3I SR3ISa a wavyz224KQ S@Sy Ay (KS LIN
by choosing a particle of sombape, changing its overall size (whilst keeping the lattice size fixed),
driving the particle with electric field of fixed magnitude and orientation, and calculating the total
induced electric dipolejust as shown irrigure 3.4(a) The results of this test, for the case of

triangular particles, are shown Figure 34(b).

The linear and secorarder nonlinearelectric dipoles have been calculated for triangles with side
lengths from 1 nm (6 atoms in total) to 17 nm (630 atoms).pesthe coarse lattice (lattice
constant of 0.5 nm), the total linear electric dipal&triangular particle$? is proportional to the
number of atoms, i.e. the linear electric dipole per atoR¥/ N does not change much, see inset

in Figure 3.4(b)
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In contrast, the total secondrder nonlinear electric dipol®?is proportional to the siz&of the

GNRAIFy3f SQa SRISEAT AdSd (12 GKS LI NI lbdriSdpale LISNA YS G SN
in mesoscopic twalimensional particles, with centrosymmetric structure of the bulk, is

proportional to the perimeter of the particlén fact, sze effects of (surface) secomdder nonlinear

response of metallic particles have been investigated expariaily in the past, where an increase

in secondorder nonlinear response with particle size has been observed for very small particles

[80]. The noteworthy effect detected here is that such behaviour persists to levels of just few atoms

in dielectric particles.
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Figure3.4. Effect of a nanostructure's size on iisear and nonlinear response

(@) The schematic showsw thetriangular particl®@ & & A 1 S (b)Tye@mbidRitudeSoRtide total
dipole momentsP® (black line) and®® (blue line) at the fundamental and second harmonic
frequencies induced by appolarized fundamentalvave for triangular particles of increasing size, S
(from 6 to 630 atoms total)The insert showsinear andsecond order electric dipolper atom as

functions of the total number of atomalin the triangle.

3.5 Optimization strategy

The proportionality of the totakecondorder nonlinear electric dipole to the perimeter of the

particle (P28 § suggests a simple strategy of optimizing the +lioear responseof mesoscopic
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structures. As illustrated b¥figure 3.5 given a 2D particle, such as an equilateral triangle, an
increased secondrder nonlinear response can be achieved by substituting the particle (triangle)
with smaller particles of the same shapeidhgles), which have a larger combined perimeter and
the same combined aredrigure 3.%b) indicates how the increasedumber of triangleqor the
increasedperimeter) optimizes the second order electric dipelhe more triangles, the more
edgesof strong nonlinear responsés shown irFigure 3.5(¢)this process will increase the total
length of edges, thus increasing the secander nonlinear response, but will leave the overall

number of atoms (approximately) unchanged, thus preservingitigai response.
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Figure3.5 Optimization of the second harmonic dipole response via nanostructuring

(a) Schematic of a large equilateral triangle structure (cut out of a hexagonal lattice of atoms) being
divided into 4 and then 16 equilateral triangles. The overall area occupied by the triangles remains
the same, but the length of the perimeter doubles with every step. (b) The distribution of the
second harmonic (SH) dipole per atom along thkrgction, exited by ypolarized driving field. (c)

The magnitude of total linear dipole and total second harmonic dipole for the cases considered in
(b). The total linear dipole is almost the same in all cases, since the number of atoms in the three
arrangements is alost the same. The total SH dipole is proportional to the total edge length, i.e.

it doubles with every step.
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3.6  Summary

In summary,this chaptershowshow structuring of matter can lead to second order optical

nonlinearity.The results irthis chapter indicate that:

(1) Coulomb interactions involving bound optical electrons cause a nonlinear optical response
at the boundariegedgesof nanostructures

(2) 2D paticlesof any shape cageneratesecond order electric dipoldscally, but onlythose
shapes withouinversionsymmetry can end up norn-zerototal electric dipolefor normal
illumination.

(3) In a planar structure cut from a centrosymmetric lattice of harmsavscillatorsijts linear
electric dpole is proportional ta (i NHXzCeioaehNBiseEwhie itssecond ordenonlinear

electric dipoles proportional to the perimeter of the structure.

The proportionality and our model can instruct the design of artificial nonlinear particles, surfaces

and metamaterials for optical second harmonic generation.
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4.1 Introduction

In nonlinear media, electromagnetic waves can interact, generating new waves at combinatorial
frequencies. Depending on the generated frequency, the nonlinear phenomena céask#ied as
harmonic generationsum or differere frequency generatioX, which are important for optical

signal processingnd frequencyconversion However,a Y I 4 S NA | f Q Bmitsitd opwcal i NEB
nonlinearity and usually Isaadifferent influence oreven and odd order nonlinearityf herefore, a

model that can study & G NHzO (G dzZNBE Qa S @Sy | giRultahédisly B NdRdRdNfbry 2
designing multifunctioal nonlinear devicesln this chapter a model of harmoniand sum

frequency generation in 2D nanostructures is presented.

In order to predict the nonlinear response of a structured dielectric film, suchnas@particle or
metamaterialunit cell herewe consider plane wave illumination (aloggofa 2D (twedimensional)
fradA0S 2F Wri2vyaQ O2yahiadilaixyrdlang Fhe aektloNagaretic G K
response of the single atom is strictly linear and arises from a harmonic pot§h?@] The
nonlinear response arises exclusively due to hHatEymic Coulomb interactions. The1/R
dependence of the Coulomb force, wherds the intercharge separation, gives rise a nonlinear

response of optical eleains in collections of coupled atomasintroducedin Chapter 2

This basic principle of onam®-one coupling via the Coulomb forig appliedto modelling of the
response of collections of atoms that form particles with a square or hexatgitieg. In order to
access a highly nonlinear regintbe amplitude of theoumpingelectric field &) isset t08.68<10"°

VI/m, corresponding to @' W/cm? pump intensity.While this extreme level of intensity may not

be feasible experimentally, it allowmss to explore physical trends and higkeder optical
nonlinearities in a regime where they are of sufficient magnitude to make numerical errors of
differential equation solvers irrelevantThe pump wavelengthis chosen to be 1064m,
correspondingo anangularpump frequency. , =1.79x10" rad/s. In modelling of sum frequency
generation, we pump the particle at two frequencies,and0.1. ,, simultaneouslyThe ratio of

10 of the two pump frequencies is chosen to make the sum frequency esdgly recognizable.

By solving the coupled equations of motia all optical electrons within 2D nanoparticles
numerically, we calculate the displacement of each optical electron in the time domain. We solve

the coupled system of differential equatiostarting without optical electron displacement and
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allowing transitional effects to pass before analysing the oscillation of all electrons over 1000
periods of the driving fiel (see Section 2.4 for more detailg. Finally through Fourier

transformation, wegot the response of the particie frequency domain.

According to symmetry analysastructure in thexy-planecan radiatesven order harmonicalong
z when it is ofno rationd symmetry or 3folder rotational symmetry{84, 102]as discussed in
Section1.3. In order to reveal how nonlinear frequency generatioppaars/vanishes in cases
where it is allowed/forbiddenharmonic and sum frequency generatiare studiedin simple2D
particlesof either square shapeDd symmetry with square lattice)n Section 4.2and triangular
shape D3 symmetry with hexagonal latticgin Section 4.3Pump field induced multipolesther
than the electric dipolén nanostructuresan also radiatéarmonics it not alongthe z direction

and thisis studied inSection 44.

4.2  Harmonicand sumfrequency generation in nanostrctures of D4

symmetry

421 Harmonicand sumfrequency generatiorin asquare particle

First, theharmonic generation in a squangarticle of 25 atomsis studied, sed-igure 4.1 The
frequencydependence of the total electric dipole momeRtgenerated by electric pump field
Ecost pt) is calculatedthrough the methoddiscussedn Section 2.4 B, is used torefer to the i-
component of the dipole moment caused byjrgolarized punp field, wherd,jisxory. As required
by symmetryx-polarized excitation generates a dipole only aloggvhile y-polarized excitation
generates a dipole only alorygwith the same magnitude.e. P.,=R,y are observed, whil®,, and
R, x are forbidden As expected for a particle with evéold rotational symmetry[84, 102], only

odd harmonic$®, P®, P® P and P® are observed which appear as peaks Higure 4.1
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Figure4.1 Harmonic generation in aanoparticle of D4 symmetry

Frequency dependence of the electric dipole moment of a square particle (btliee) consisting
of 25 atoms (red crosses) in response to optical pumpiregsiigle frequency p. P, xindicates the
y-O2YLIRYSYyild 2F GKS LI NIA Ot S XpolaBzedplnipg O RALIZE S

Harmonicgenerationis a special case of sum frequency generation. The latter becomes apparent
when pumping the square particle with a combination of two frequencigsand 0.1 ,. This is

illustrated byFigure4.2, which considers a pump fiek/2[cos(. pt)+cos(0.1 pt)].
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Figure4.2 Sum frequencygeneration in ananoparticle of D4 symmetry

Frequency dependence of the electric dipole moment of a square pacbagisting of 25 atoms in

response to optical pumping at@mbination oftwo frequencies; ,and 0.1 .

As for harmonic generation, also mixed frequency pumping results in an electric dipole moment of
the patrticle that is parallel to the pump polarizatid x andPR,y. Onlyodd order sum frequenies

are observed, i.e. odd harmonics of the higher and lower pump frequencigs (05 p= X | Y R
0.1L,004X X0 FYyR adzyra 2F 2RR 02Y0A Y, RAZ .8 ,R0F 02

indicatingthat the model can prediovave mixingn 2D patrticles.
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We observe that different dipole moments of the same order tend to be of similar magnitude, but
resonant enhancement near the atomic resonance at 5.26and the background level also
influence the magnitude of the calculated dipole moments. Similar results are obtained for different
choices of pump frequencyor examplerigure4.3shows sum frequency generationtbe square
particlepumpedbyy O2YOoA Yyl A2y 2fanddzz FNBIjdSyOArASax

T T T T T T T

20‘2 1 Pump field Ey/2 [cos(w,f)+cos(0.2w,1)]
1028

1026

b Odd-order sums frequencies
100

Total dipole P (C'm)

J: -12 .6354 5
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Figure4.3 Sum frequency generation in a nanoparticle of D4 symmetry

Frequency dependence of the electric dipole moment of a square particle consisting of 25 atoms in

response to optical pumping atcombination of two frequencies,, and 0.2 .
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422 Electric dipolemoment distribution in a square patrticle

Odd order Even order
sum frequencies sum frequencies

Dipole moment

+

Figure4.4 Electric dipole manent distribution at harmonic frequenciesn a square particle

al Ay AddzRS 6 02 {+2 dzNFKE® theyliRole mbraeyit per @&tomd, generated at
harmonic frequencies (multiples of,) in response to pumping at frequency. dy xindicates the y
component of the electric dipolper atom caused by polarized pumpingThe top (bottom) row
showsthe dipole component orthogonal (parallel) to the pump polarization. Stacked images for

different ¢ either even or odd; harmonics show theame qualitative behaviour.

The origin of harmonic and sum frequency generation is revealed by the distribution of atomic
dipole moments at the relevant frequencieBigure 4.4 illustrates this for the square particle
pumped at frequency p. The top row Bows the distributions of dipole components oriented
normal to the pump polarization at odd (left) and even (right) harmonic frequencies. Notably, all
harmonics are generated locally, but the symmetry of the particle implies that the atomic electric
dipole component normal to the pump field has the same magnitude anghase difference on
opposite sides of the structure, resulting in overall cancellation. Therefore, the structure of D4
symmetry has ndotal electric dipole moment in the direction normad the pump polarization
which is consistenwvith what shown inFigure4.1-4.3, whereP,~=R,,=0. Thetotal electric dipole
component parallel to the pump polarization also cancels for even harmonics (bottom row, right).
In contrast, the dipole component parallel to the pump polarization does not vanish for odd
harmonics (bottom row, left). hphase oscillatiowf all atoms causes the atomic dipoles to add up

to atotal electric dipole moment of the particle at odd harmonic frequencies.
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Indeed, the symmetry of the experimental arrangement, including structure and pump beam,
means that no light can be emitted even harmonics alongand therefore thetotal electric dipole
moment must vanish. In these cases, tledsdradiatec from different parts of the particleancel
by destructive interference ithe normaldirection. Radiation m other directionamay notvanish,
can be described in terms of other multipoleand will be discusseth Section4.4. Here we

describeradiation emitted normal to the plane of the particle.

While the allowed component of odd harmonic generation originates from the entire f@rtoe
can notice that the even harmonigswhich do not add up to anipotal electric dipole moment,
are associated with edges of the partickes already seen Ghapter 3

Odd order Even order
sum frequencies sum frequencies

Max

Dipole moment

Figure4.5 Electric dipole moment distributiorat sumfrequendesin a square particle

al Ay AGdzRS 0 02+ 2 dzNIRO @HpSIRINFGRENEpér atomid, generated at lowest
order sum frequencies in response to pumping atifrencies , and 0.1 . The top (bottom) row
shows the dipole component orthogonal (parallel) to the pump polarization. Stacked images for

different ¢ either even or odd; sum frequencies show the same qualitative behaviour.

Dipole distributions for sum frequency generation with different pump frequensesFigure 4.3

have the same characteristics as those for harmonic generation of the same order.
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Figure4.6 Pump power dependence afa lj dzI NB sklkcididipde ndfent

Scaling of harmonic generation with the pump field amplituded@quare particle of 25 atoms

Here the pmp field and thegeneateddipole are polarized along the same direction.

The pump power dependence of the generated harmonics is illustrat&dgoye 46, which shows

the electric dipole moment generated in the square particle for different pump field amplitudes at
different harmonic frequencies. The magnitude of the electric dipole moments at the first, third
and fifth harmonic frequencies P, P®), PO ¢ is proportional to the first, third and fifth power of

the pump amplitude, as expected for first, third and fiftider (non)linear optical processes.
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{OFLftAYy3a 2F GKS LI NIAOESQa St SOUNARO Rakmaict S Y2YSyi
frequencies (aP®, (b) P®, (c)P®, corresponding to peaks irigure 4.1 These odd order dipole

moments scale with its number of atoms (are&) The schematicshowinghow the square

LI NI A Of SQ& &A1 S AyONBlaSR

Thedependenceof the nanopati A Of SQa 2RR KI NX¥Y2yAO NBguiel2da/ 4SS 2y AGa
The total nonlinear electric dipole at the generated odd harmongtech as the first, third and fifth

harmonicsPY, P®, P)- is proportionalto the total number of atoms (2D particle area)

4.3  Harmonic andsumrequency generation in nanostructures of D3

symmetry

4.3.1 Harmonicgenerationin atriangle particle

While the everold rotational symmetry discussed above only permits odd order nonlinear electric
dipole moments, threefold rotational symmetry allows a more complex nonlinear response. Now
we will discuss harmonic generation in a particle of D3 symmetry, a triangular particle consisting of

28 atoms arranged in laexagonal lattices shown byhe insert inFigure4.8d.
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Figure4.8 Harmonic generation in aanoparticle ofD3symmetry

(a}(d) Frequencydependence of the electric dipole moment of a triangular particle pumped at
frequency. p. Components of the dipole moment (a, c) parallel and (lrthogonalto the (a, b)
x-polarized and (c, d)polarized pump field. Absence of curvas<ase (d) indicates cancellation of

the electric dipole component at all frequencies. The inset shows the outline (blue line) and the 28
atoms (red crosses) of the triangular particle. Colourmaps show the distribution of the atomic
dipole moments at the&" and 3% harmonic frequencies, which arepresentativeof even and odd
harmonics. Colour represents the dipole magnitude and regions oscillating iplage are

indicated by opposite signs asHigure 44.
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Thespectral dependence of the triangiNd LJ- NIi A Of SQ& St SOGNRO RALRES Y2YSy
at frequency- p is shown byFigure 4.8. An x-polarized pump field generates an electric dipole

moment of the particle along at odd harmonic frequencied-igure 48a) and along y at even

harmonic frequenciesHigure 48b). Ay-polarized pump field generates a dipole moment algng

only at all harmaic frequenciesKigure 4 8c), while no harmonics are allowed alongRigure 48d).

The distribution of the atomic dipole moments within the nanoparticle is shown for the second and

third harmonic frequencies (inseis Figure 48a-d), which are representative of the even and odd

harmonic cases. While the particle exhibits local atomic oscillation ad@amgly at all harmonics,

2PSNIff OlFlyOSttlaAz2y 2F O02YLRySyia FgFedBadS LI NI AOE S
odd (igure 48b) or all Figure 48d) harmonics results from charge oscillations with equal

amplitude and opposite phase at opposite edges of the triangle.

4.3.2 Pump powerand size dependencef atriangle LJ- NJs &l€atricSdipole

102y T r r . 10304 . . . .
—~ 1 Px'x - — Py.x ~E?
S c 1 3
<< 107 ~gt 1< 1032
o } .___’—-—""'—/__._/—.-E O 10 3 ~E4 |
o] 1 & 1
@ 9
o 102 = 1534
.8— 1074 1 810 1 7
E 7 1 = 3 7
o 3 s i
~E o = Second harmonic
= 1031} = First harmonic 7§ = 10361 e Fouth harmonic E
e Third harmonic Sixth harmonic
7 Fifth harmonic 1
7 7
1084+ T T T . 1%L, . . . .
0.25 0.35 0.50 0.71 1.00 0.25 0.35 0.50 0.71 1.00
Pump amplitudé/E, Pump amplitud&/E,
108y
~ ] P vy ~E ]
= ././
' 28
S 107 1 A
= First harmomic ;
E_’ 1 e Second harmomic 1 /
o A Third harmonic ~B /
g 10304 v Fourth harmonic 4 7
S ~F? /
5 ]
|9 : A ———
~
1
0.25 0.35 0.50 0.71 1.00

Pump amplitudé&/E,

Figure4.9 Pumppower dependence of triangle particle@ electric dipole moment

Scaling of harmonic generation with the pump field amplitude foraangle particle of B atoms
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Theelectric dipole momenbf a triangle particle as a function ptimp electric field amplitude is
shown inFigure 49. Theelectric dipole moment at th&" harmonic is proportional to th&™" power
of the pump field amplitude, causing higher harmonics to vanish quickly withcieglypump

amplitude, as it should be

It has beernreportedthat the total linear and secondrder nonlinear responses of a particle scale

differently with its size. For a 3D particle made from centrosymmetric material, the total linear

electric dipole momeat is proportional to its volume (number of atoms), while the seconder

dipole is proportional to its surface ard80]. For a 2D particle, as considered here, the linear

electric dipole moment is proportional to its area (number of atoms), while the seooter
electric dipole is proportional to its perimet§t20] as discussed i@hapter3. However, how does

particle sizeaffect higher order harmonics
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Figure 410shows how the electric dipole moment of a triangular 2D particle changes with particle
size. The magnitudes of the total dipole momerf), P, P9, P4, at the first fourharmonic
frequencies are shown for triangular particles with perimdit@m 1.5 nm @ atoms in total) to9

nm (28 atoms)We find that the total nonlinear electric dipole at odd harmonics is proportitmal
the total number of atoms (2D particle areayhie thedipole ateven harmonics is proportional to

0 KS LI NIi A O#t$he first thi€eNArvoRid fedliEncies;polarized and/-polarized pump

light induce dipole moments of the same magnitude, while at the fourth harmogic 10 f, .

4.3.3 QUm frequencygenerationin a triangle particle

From the above discussion, we know that only odd order sum frequency generation is allowed in

square particles. However, the triangle particles support a more complex sum frequency generation.

The sunfrequercy generation in &ianglewith co-polarized pumping fieldw O 2,6 6 b 02816 N dm .

is shown irFigure 411, where A=&, &/2, B/4. When the pump electric fields at frequency and

0.1. , are polarized alonthe x direction, odd order sum frequencies are generated along x (0.1

o125, 14516 52L,X0 YR S@Sy 2NRSNJ adzy FNBI.¢zSyOASa |

NB

04 p 1.1 p 1352532, X0d 2KSYy GKS LizyLl ThSxidiRegtinfalNB L2 € I NAT S

sum frequencies are allowed the y direction while no dipoles can be generated aldhg x

direction. This behaviour consistent with our earlier observations for harmonic generation.

m frequency generation in case of crgmdarized pump fieldss shown inFigure 4.2. When
electric field at pispolarized along x anelectric fieldat 0.1. ,is polarizd along ysum frequencies
along xat- p,1.1. p,1.2. p, 1.3 p, 1.4 , X3. p, 3.1. p,3.2. 5, 3.3. p, 3.4. , X (0odd number of Exdre
generated sum frequencies along y &t1. p, 0.2. p, 0.3. , 0.4 2 X%,H.1 ,, 2.2, 2.3 |,

2.4. , X (even number of Exre generatd. When electric field at , is polarized along y and
electric fieldat 0.1 , is polarized along »sun frequencies along x &1. ,, 0.3. ,, 0.5. p, X1.1. |,

13 p, 15 p X2.1. , 2.3. p, 2.5. , X (odd number of Exdre generated; sum frequencies along y at
02.p 04 2 . X1.2 o, 1.4 p, X2. , 2.2. 5, X3. X (even number of Exqre generated.In
summary x-polarized electric dipole moments are generated at sum frequencies containing an odd
Ydzt GALX S 6 mplarized puhp freguencylialidSgenirategpglarized sum frequencies
O2y Gl Ay +y S@Sy Yqrlafizedgun fréqnebcy.n 3 X0 2F GKS E

¢ KS adzy TNBIdzSyOe 3ASYySNIGA2y | faz2 RSLISYma 2y GKS
field magnitude increases fromy/& to &, more and more sum frequency components emerge, see

Figure 411 andFigure 4.2.
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Figure4.11 Sum frequency generation in a B3ructure with co-polarized pumping

(a)(c) Frequency dependence of the electric dipole moment of the triangular particle of 28 atoms

(inset) in response to pumping at a combination of two frequencigsand 0.1 , for different
pump electric field amplitudes of (&), (b) &/2, (c) B/4.
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Figure4.12 Sum frequency generation in B3 structure with crosspolarized pumping

(a)}(c) Frequency dependence of the electric dipole moment of the triangular particle (inset) in
response to pumping at two frequencies, and 0.1 ,, where the pump fields at different
frequencies have orthogonal polarizatios; refers to thei-component of the dipole moment
caused hyj-polarized pump field at , andk-polarized pump field at 0.1,, wherei,j,k is x or y.

Different panels show different pump electric field amplitudes ofajb) &/2, (c) &/4.
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4.4  Multipole contributions to harmaic generation

While radiation normal to the plane of the 2D particle pumped at normal incidence is determined
by its electric dipole moment, other multipolg¢s21] contribute to radiation in other directions.
The -02 YL Yy Sy (i 2 FHotaliele@ric HipolIhdm@rit iS ghvén by

0 QM 4 M B if (4.1)

where” J is the charge density as a function of positibrin our 2D case, only and0 are

allowedand the radiated power is given by the following expression, whigrie the impedance of

free spaceqis the speed of light an@ 71 78

Y, —Qase —7Q $s 0 (4.2)
The comL2 y Sy i 2F GKS LI NIAOESQa YIIySGAO RALRE

a — QM4 Ly —B 4 » » (4.3)

where Lis the current density andqs the electron velocity. Here, onfy, is allowed and the

radiated power is

Y —QamAE —Q% s (4.4)

The F-02YLRYSy(d 2F GKS LI NIAOESQa St SOGNRO | dzt

P P
O ¢ Q¥ d MY G g
n P, P
- YiYe o og Yi o ig Yr o ir 2 og
c i YR 0'1 hd o LR FooLh 01 hed >
n . P
— Yv ~ Yv ~ ~ ~ hll o
c FLR Rlr LRLR G‘th=|> >

(4.9

(o]

where] | isthe Kronecker delta. In our geomety, , 0 7 and0 j i are allowed and the

radiated power is

Y — QB ;0 j — ¢0 § 0 0 f (4.9
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Figure4.13 Power radiated by different multipoless a function of particle perimeter

Results are shown fgrarticles of (a) D4 and (b, ¢) D3 symmdutyated in the xyplaneas a function

of particle perimeterOnly the electric dipole (black) radiates along z.

Figure 4.Bshows the power radiated by different multipoles for the square and triangular particles,
where the coordinate origin is placed at the centre of each partide the square particle, electric
dipole radiation is emitted at odd harmonics and considerably weaker electric quadrupole radiation
(0 1,0 ) is emitted at even harmonics, while magnetic dipole contributions are negligible
(forbidden) seeFigure4.13(a). Therefore, only oddharmonics will be radiated along In other
directions, all harmonics will be radiated, with even harmonics being several orders of magnitude
weaker than odd harmonics of similar ord&or the triangular particle, electric dipole radiation
dominates at dd harmonics, while electric dipole and quadrupole radiation have a comparable

magnitude athe secondcharmonicfrequency,Figure 4.B(b-c).
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The multipole contributions are also revealed by the polarization surface densities (electric dipole
distributiong inFigure 4.4and Figured.8. For example, for both the square and triangular particles,
the net quadrupole at even harmonics originates fromotions on opposite edges of the particle,
that oscillate towards and away from each othérde,cef ). The net mgnetic dipole at the third
harmonic frequency for polarized pumping of the triangular particle arises from qoarallel

electron oscillations R ,R R ), seeFigure4.8b.

4.5 Discussion

The presented model describes the contribution of Coulomb interactionsden different atoms

to the nonlinear response of dielectric nanostructures. To focus on the universal collective
nonlinear response of any dielectric, we purposefully remove all possible -spetific
nonlinearities by describing atoms with the harmoniotgntial of a classical Lorentz oscillator
model (and pumping far away from resonance). However, real atoms can be nonlinear. Considering
the inversion symmetry of atoms in the grousthte, opposite directions of electron displacement
yield opposite restang forces. Therefore, the simplest approximation of a nonlinear atom would
involve a symmetric anharmonic potentig@lithin this approximation, an individual atom can only
have odd orders of optical response, i.e. contribute 3> X 2 NR SityIWitergspeat 16 S |
0KS LI NOAOEtSQa StSOGNARO RALRE ST adzOK-ordeti 2 YA
O2YLRySyia GKFG FNB LINrtftSt G2 GKS SEOAGIH G,
order nonlinear dipole moment will be proporA 2 y I £ G2 GKS LI NI A Ot SQa

contribution from Coulomb interactions between atoms

¢ KSNBEF2NES G(GKS FTi2YAO y2ytAySIENRGE SAfE | FFS
electric dipole response parallel to timump field, but not its qualitative behaviour. It has no
O0SFNAY3 2y (GKS LI NIAOf SQa S@OSYy 2NRSNI y2yf AyS

atoms.

4.6  Summary

In sunmmary, this chapter hashown that harmonic and sum frequency generation in 2edtric
nanostructures can be modelled in terms of harmonic oscillators (atoms) coupled by the Coulomb
force. This approach allows modelling of collections of atoms and mapping of the origin of harmonic

and sum frequency generation in nanostructur€eeresults in this chapter indicate that:

51



Chapter 4

(1) Odd orderharmonic andsum frequency generation has been found to originate from the
whole structure with corresponding electric dipole moments scaling with the number of
atoms.
(2) Even ordeharmonic andsum frequencygeneration has been traced to the boundaries of
H5 yVIy2aiNHzZOGdzNBax 6A0GK O2NNBaALRYRAYy3a St SOGNRO
perimeter.
(3) Multipoles may support harmonics whictare forbidden in electric dipole@pproximation,

but do notcontribute to radiationin the direction normal to the 2D nanostructure

The model allows the design and optimization of nonlinear dielectric nanostructures for
nanophotonics, such as structures and particles cut from 2D materials and dielectric layers that are

thin compared to the pump wavelengtBD geometries may also be considered by soltirg
modelin three dimensions.
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51 Introduction

Previous chapters have showow a structure's symmetry affects itgnlinearity,especiallyeven
order nonlineaity, which isforbiddenin structures withevenfold rotational symmeties under
normal excitation and collectionHowever, defects can break inversion cestamd enable even
order harmonic generatioin structuresof evenfold rotational symmetriesHarmonic generation
as well asvave mixing in nonlinear photonic crystalith defects have attracted attentiofiL22-
125] and defectenhanced second harmonic generatibas been observed in various materials,
including crystal$126, 127] 2D materiald128], doped fibres[129], semiconductorqg130], their
superlatticed131, 132Jandinterfaces[133, 134] Recent progress inanoparticle decoratioffil 35,
136], micromachining137, 138] lateral heterostructureg139, 140]Jand heterocrystald141] has
demonstrated the feasibility of defect manipulation and postprocessing techniffiy, which
provides an opportunity fothe development otwo-dimensional(2D) materialswith engineered
optical nonlinearity]143]. In addition,second harmonic generatiohas been used famonitoring
of defects engineering in transition médtadichalcogenideg142] and controlling nonlinear
properties through cefect engineeringhas been reported144, 145] Effectsof vacancy defect

concentration orhigh-order harmoniggenerationhave also been investigat¢ti46-148].

In thischapter, a model ofdefect inducecharmonic generation in 2D nanopartisldescribed as a
lattice of linear oscillators coupled by Coulomb interactimpresented Themodel canpinpoint
howeacha A y3f S RSFSOU AyFtdzSyoSa GKS YFOGSNRIFIT Qa
equations. The model shows how defects affect even and odd order optical nonlineditase

5.1 showsan example Along the optical axis, a square particle witily generate odd harmonics
without polarization changewhilethe presence of defectsanenable even harmonic generation
without andwith polarization changelheresults indicate that defects at particle edges have the
largest influence on optical nonkarity. Different nonlinear optical responses of different defect
distributions indicate that information coulglin principle be encoded in atomic defects and read
optically, via their harmonic generation signaturghich can be treated as a nonline€@R code

The fundamental information density limit of such optical data storage would not be determined
by diffraction, but rather by the spacing of atom&e illustrate this by showing that harmonic

generation is controlled by the location of defects irsguare particle and by demonstrating

53



Chapter 5

harmonicbased character recognitionSuch information could be written by AFNMbased

techniques and read by scanning ndi@td microscopy techniques

Odd harmonics 0Odd & even harmonics
(wpl' gwps ')\—-\ ( (wpl'zwpfgwps "')

¢ o0
Defect o o

M e

L ]
L ]
Pump
(@p) \

Polarization ® e ¢ Atom
\.a\

Figure5.1 Defectinduced optical nonlinearity

(a) Along the optical axis, as shown, a square particle will only generate odd harmonics without
polarization change. The presence of defects enables even harmonic generation (b) wittigc} a

with polarization change.

The details of the model amxplainedin Section 5.2 Then defect induced nonlinearity in a square
nanoparticle (D4 symmetry) is analysediection 5.3and the effects of defect positioare shown

in Section 5.4 To cover a wider range of even fold rotational symmetry, the defect induced
nonlinearity in a hexagonal nanoparticle (D6 symmetry) is discusseSeation 5.5 More
importantly, Section 5.6shows how informationcould be encoded in atomic defects and read via

their harmonic generation signature.

5.2  Modelling defectinduced optical nonlinearity of 2D nanoparticles

We considerthe radiation generatedlongz by 2Dstructuresin the xy-plane (nanoparttle plane)

in responseto pumping alongzz 12 YAYAO (GKS &a0NHzOGdzZNBEQaA y2yfAySIE N
propagation direction for pumping at normal incidende this case, radiation generated by the
particleis determinedonly by itstotal electric dipoé moment Higher multiples cannot contribute

to the radiation along the directionas discussed i@hapter 4 The displacement aéach optical
electronin the patrticle is calculateid the time domain bgolvingtheir coupledequatiorsof motion
(details inChapter 3. Weconsider a square particle cut from a square latiod a hexagon particle
cut from a hexagonal latticentroducing defects by removing atoms at designed positions in the
lattice. The coupled system of differential equationssved inMatlab starting without optical
electron displacement and allowing transitional effects to pass before analysirgstil&ation of

all electrons over 1000 periods of the driving fielde electric dipole momenof each atondy is

the charge tinesthe electrondisplacement The total electric dipole of the particle is the suwh

these dipolesover all atoms,PI Kdk. This gives théotal electric dipole momentR(t) of the
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nanostructure in the time domain. Thetal electric dipole moment is separated into linear and
nonlinear componentD, PR PAIX ¥ 23 O0Af £ I G Ay 3 .|andits Kadnorc&Jy, G A Y 3
3. p X throughFourier transformatior{seeSection 24). In the presented Fourier series, the peak

values are the dipole amplitudes in Coulomb meters at harmivagquencies.

5.3 Defect induced nonlinearityn a square nanoparticle

Since adiation ofeven order harmonics alorgys forbidden in structures with eveiold rotational
symmetry[84, 102] one can easily identify the defect induced nonlineaoitysuchstructuresat
evenharmonics. Thereforehis sectiorfirst studesa square particle with 25 atomB4 symmetry,
with square lattice)and then introducs one vacancydefect at three different positiors. As
examples, we have chosen the possible typesdgeadefectg; at a corner, middle or intermediate
edge positiorg which result in different symmetries of the particlkigureb.2aillustrates harmonic
generation inthe square particle. The frequenagependence of the total electric dipole momeht
generated by electric pump fielecos( pt) is shownwhereP. srefers to theh-component of the
dipole moment caused byiapolarized pump fieldindh iZis x or y. As required by symmetry;
polarized excitation generates a dipole only aleng/hiley-polarized excitation generates a dipole
only alongy with the same magnitude. i.&,=R,,,, while P.yandPR, xare forbidden. As expected for
a particle with everfold rotational symmetn|84, 102], we observe only odd harmonig$®, P®),
P®¢ which appear as peaks frigure5.2a However, when there is a vacancy defect in the particle,

even harmonics can occur, as showrHiyure 5.2(b-d).

Thedefectpa AGA2Y KFa | ANBIG AYLI OG 2y GKS LI NI A
a corner Figure 5.2b), x or y-polarized excitation generatafipole momentsalongboth the x and
ydirections, and we obserig =R, yandP.y= R.» When thedefect occurs in between a corner and

the middle of an edgeFigure 5.2¢), the four component$xx, Py, P.yand R, xare all allowedand
different. For a defect in the middle of an eddédire. 5.2d), onlyP,x, P, yand one ofy and P, x

are allowed
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Figure5.2 Harmonic generation in a square nanoparticle without and with defects

(a)(d) Frequency dependence of the electric dipole momena aijuareparticle (insert)with no

defect (a), andl{-d) one defect at three different location&) response to optical pumping at

T NB lj dzS§:Ondlicatesthe-02 YLR y Sy (i 2F (KS LI NIAOfSQa St SOGNRO
polarized pumpingArrows indicate the magnitudes &, Py, P.yand R, x at second harmonic

frequency.
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5.4  Effects of defect position

The importance of the defect position was revealedHiure 5.2. Herethe dependence of optical
nonlinearity on the defect positiois investigatedsystematicallyFigure 5.3 shows the calulated
components of theotal electric dipole momenP as a function of the position of a single defect.

The top row showthe total electricdipole momentalongthe x-directionfor x-polarizedpumping,

P.x at odd (left) and even (rightharmonic frequenciesAt odd harmonic frequencie$kx is of

almost the same magnitude for all the 25 defect positions. In contBstat even harmonic
TNBEIjdzSyOASa RSLISyRa adNRy3dafe 2y (KS RSTSOUQ3
right edges and vanishing only for defects that do not brealy#yanmetry axis of the nanoparticle
Thebottom row showsthe total dipole momentalongthe y-directionfor x-polarizedpumping,P,x

at odd (left) and even (right) harmonic frequencig$.odd harmonics, defects at corners induce

the strongest dipole momer®,,, while this component does not arise from defects that maintain

the horizontal or vertical mirror symmetry of the nanopatrticle. In contrast, for even harmonics the
total electric dipoé P,x is strongest for defects at top and bottom edges and vanishes only for
RSTSOGa GKIFIG R2 y2ixsyhEty]axisi Sibilar yie¢hagvdurlis d&eh Of S
hexagoml particles (seeSection 5.5.

Odd order Even order
harmonics harmonics

Total dipole moment

Py, x

Figure5.3 Total electric dipolemoment as a function othe positionof a single vacancgefect

The amplitude at each atoposition(black dot) represemithe total dipole momentof the particle
when the atom is vacantn the squareparticle, we can have 25 differedefectpositions. The top
(bottom) row shows the dipole componeptrallel(orthogonal) to thex-polarized pump. Stacked
images for different; either even or odd; harmonics show the same qualitative behavio{#.,

andPyyare obtained by 90°rotation of the color maps in the top and bottom rows, respectively.)
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5.5

Defect induced nonlinearityn a hexagonal nanoparticle
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Figure5.4 Harmonic generation in dexagonnanoparticlewithout and with single defects

Harmonic generation in a hexagonal nanoparti(@¢ without and (b-d) with single defectsin

different positions of the hexagonal atomic lattice of D6 symmetry (insetsjjueny dependence
of the electric dipole moment dhe particlesA y NB &aLR2yaS (2 2 LJAOM:t LidzYLAy3
indicatestheé'-O2 YLI2 Yy Sy i 2F GKS

LI NI A Of § D-polabzedpnipg O

at normal incidenceThe arrows mark the magnitudes Biy, Py, P.yandP, xat the SHfrequency.
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Chapter 5

To cover a wider range of even fold rotational symmethg influence of vacancy defects on
harmonic generation by hexagonahanagparticle with19 atoms (B symmetry,hexagonallattice)

is also analysed shown byFigure 5.4 Electric dipole moments at even order harmonics are
forbidden in the hexagonal particle without defecBdure 5.4§ but emerge when a single vacancy
defects breaks the symmetry of thmarticle Figure 5.41b-d). The amplitudes of the electric dipole

components excited byandy polarized pumping depend on the defect position.

This dependence on the defect position is showrFlqure 5% h gAy 3 G2 GKS O2Y
symmetry, thatincludes mirror symmetry alongandy, the distributions oftotal electric dipole
moment as a function of defect position are mirgymmetric alongx andy. Electric dipole
moments at odd harmonic®,; ,0 5,0 0y 2 X iEh canke excited without defectBigure

5.4a), do not depend strongly on the defect position. All other electric dipole comporeRigure

5.5are forbidden in the complete particle and therefore depend strooglthe presence of defects

in locations that affect the symmetry of the nanopatrticle. Like for the square particle, pumping with

x andy polarizations yields similar distributions otid-order total electric dipole moment as a
function of vacancy defect position. In contrast, due to lack of-fold rotational symmetry of the
hexagonal particle and its lattice, pumping wilandy polarizations yields distinctively different

distributions ofevenordertotal electric dipole moment as a function of defect position.
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First order Second order Third order Fourth order

' {

4 0

Px,x V-

Py,y

Net dipole moment

Px,y

Py, x

Figure5.5 Total electric dipolemoment Pas a function of defect position

The amplitude at each atom (black dot) represetiie total dipole momentwhen that atom is
vacant In thehexagonaparticle, there are19 possibledefect positions.The four components of
0 KS LI thidl Bl€xfriS dpble (rows) are shown for the first to fourth order harmonics

(columns).

5.6  Nonlinear QR codes

The recent progress of®¥materialfabricationdemonstrates the feasibility of defect manipulation

and postprocessing techniqueSHG haslreadybeen wsed for defect engineering monitoring in
transition metal dichalcogenide®©ur model is a suitable tool for instructing defect engineering.

We argue that 2D defect patterns could act as 2D bar codes, i.e. QR codes, that could be read based
on their nonlinar optical propertiesFigure 5.6shows the frequency dependence of thatal

electric dipole moment of four defect patternséd M = HQIn acs@uare lattice in response to a
pump field Bcost ot). We can identify each of them by looking into their @ad harmonic

generation.

5S¥FSOG LI GdGSNY 4 wmiotal BlecHic dipgle2niomentSay tBeNseddrfsl hdrmonic
frequency(Figure 5.68 > ¢ KA f S TF(Rghkd5.6t) dnly Shéeléctria dipbles along can be
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generatedat the secondharmonic frequency. Although all four electric dipole componearis
allowed for defect patterné 1 ¢ | yFiBurecb®gl), components of equal amplitudeR =R,
andPy,= Rxare only observed forpattera n ¢ ® ¢ Kdza 2 (G KS NS fnd Harméhe & G 1
total electric dipole components can be used to identify different defect patterns. We note that
other polarizations and harmonics could also be considehedyeneral, both the number and
L2aAdGAz2y 2F RSTFSOGa I &pblé @sponse. IndeedJodd DarrBonid total 2 {
electric dipole momentsR; x, R,.,y) scale with the number of atomand could thus be used to reveal

the number of occupied atom positions.
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Figure5.6 Harmonic generation in a square nanopartiokgth atomic defectpatterns

(a)(d) Frequency dependence of the electric dipole momera sfjuareparticle (insert)with defect
patterns6 0 AME I 000 InNdRY aB0 W 20 @4 AOR G ARdAOickkes I |
theh-O2Y LR YySyid 2F GKS LI NI A Ot S Qdpolafidedpriiphd. O RA L2 f

In principle, a square lattice containibhbatom positions can have'2lifferent defect states. Mirror
symmetry with respect tacandy in Figure 5.3mplies that up to four different defect statesthat

are related by reflections with respect ¥y, or bothg share the same nonlinear signature. (Fewer

in case of defecttates that have one or more relevant mirror symmetries.) Therefopd? defect

states may have distinguishable nonlinear signatures, suggesting that nonlinear detection of defect
states could enablextremely high density optical data storage, in priteigpproaching 1 bit per

atom. Arguably, such defect patterns would be the ultimate miniaturization of QR codes.
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5.7 Summary

Optical nonlinearity depends on symmetry and symmetries vanish in the presence of defects. The
emerging ability to manipulate defects in tredbmensional materials and nanoparticles provides an
opportunity for engineering of optical nonlinearityn this clapter, a model of defect induced
harmonic generation in 2D nanoparticles described as a lattice of linear oscillators coupled by

Coulomb interactiondas beemresented.The results in this chapter indicate that:

(1) Defectshave a large influence on even haymic generationin 2D nanostructures.The
presence of defects can enable even harmonic generation without and with polarization
changewhich is not allowed irstructures withevenfold rotational symmetry, such as
square of D4 symmetry and hexagon ofdfymetry.

(2) Defects at particle edges have the largest influence on optical nonlineagtgontribute
strongly to everorder optical nonlinearity

(3) Information ould be encoded in atomic defectda defect engineeringnd read by its
harmonic generationignature Arguably, such nonlinear QR codes would be the ultimate
miniaturization of 2D bar codedhis has beerillustrated by showing that harmonic
generation is controlled by the location of defects in squamd hexagongparticlesand by

demonstratingharmonicbased character recognition

The nonlineaQR code$n 2D nanostructurescouldbe written by AFMbased techniques and
read by scanning nedield microscopy techniquesThe unique nonlinear signatures of
different defect states could provide exmely high-densityoptical data storage, in principle

approaching 1 bit per atom.

In parallel withmodellingof second harmonic generation in nanostructune€hapter 210 5, |
desigred a metamaterial for second harmonic generatiorAt that stage, simplicity of
fabrication and resonant optical properties were key consideratiansltherefore Ichosea
doublechevron structure as the metatom (nmore details irChapter §. With the develoment

of the theoretical model, | foundthat a triangular shape offers several good features, for
example, the SHG strength afriangular structure is insensitive to the pump polarizatand

a triangular shape could have higher nonlinearity than chevron structufésrefore, |
optimized my desigfior high SH conversion efficienand fabricated a new metamaterial of

triangular metaatoms(detailsin Chapter 8and Appendix B.
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6.1 Introduction

Nonlinear optics is crucial in many photonic applications. Effi@eetrorder nonlinear effects
typically require thick noncentrosymmetric crystals with a strictly controlled orientation of the
crystalline axes. These rigid requirements Ip@mthe potential for miniaturization of photonic
devices, which in turn limits the speed, efficiency and scalability of photonic technology. Recent
progress in the field of metamaterials promises to revolutionize nonlinear optics, by providing a
way to adieve desired nonlinear resporsethrough design. Photonic twdimensional
metamaterials, often referred to as metasurfaces, could ofaralternative to traditional bulk
nonlinear optics. Despite that, little effort has so far been dedicated to devejopuomlinear

photonic metamaterials on platforms suited for integration withveguides

To demonstrate nanostructure induced second harmonic generation, fibreintegrated al
dielectricnonlinearmetasurface has been desiggh(details in Section 6.Pand fabricateddetails
in Section 6.3 The structureexhibits aresonance at about 1.5m with a quality factorof 30
(details inSection 6.4. Themetasurfacewill be used to demonstrate second harmonic generation

in Chapter 7.

6.2  Design offibre-integrated all-dielectric metasurface

Whendesigninghe fibre integratedmetasurfacgor second harmonic generation, several factors
needced to be consideredseeFigure 6.1 According to theresultsin Chapter3 and Chapter 4
second harmonigeneration by centrosymmetric materials is associated with boundaries, implying

that a structure with reasonably long boundaries is desirable

Also, according to the analysis of symmedtippwed components of the second order susceptibility
tensor in Chapter 1 only the C1, D1, C3 and D3 point symmetry groings rotational
symmetry or 3fold rotational symmetryhave nonvanishing... tensors. Comparedto C1, C3 and
D3 symmetry groups, a chevron (D1 Symmettyo identical lines formingn angleg is arguably
the simplest structure lacking an inversion centend chevrons can be easily fabricated and
combined into a compact unit cell that is smaller than its resonant wavelehgtaddition, he

point symmetry group of D1 lingtthe alloved components of the secorurder nonlinear
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susceptibility tensor to:.. ,... ... ..., where the first index indicates the polarization

of the second harmoniwaveand the other indices indicate the polarizations of thenpwave

Model:

SH response X Perimeter
Two Chevrons of different size:

Symmetry:
Lack of inversion symmetry

Fabrication:
Simple design ‘

SHG « (Energy density)%:
Resonant field enhancement

Figure6.1 Nanostructure design criteridor second harmonic generation

A unit cell of two cheronsis selectedsince itrt hasarelativelylongboundary, r# hasD1 symmetry

which supportsecond order nonlinearitys is easily fabricatedandr# supports Fano resonances.

Snce the second harmonic strength is proportional to the square of energy density, the structure
should support resonance for higher conversiorefficiency In principle resonances can help
enhance the local field ahe fundamentalfrequencyas well asecond harmoniérequency[62].

From these considerationstwo chevrons of different sizare chosenas the unit cell of the

nonlinear metaurface seeHgure 6.1

Air
Nanostructured
dielectric film

) 20 2 4

AN
AR A

Figure6.2 Schematic of themetasurfacefabricated from centrosymmetric dielectric

The metaurface consists odn array of chevron groove paifBhefigure on the righis the unit cell
of thismetasurface The blue area corresponds to the dielectric fllbmorphous silicon)andthe

gray area corresponds to the substrgsslica)
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Aiming for a Fano resonance within the technologically important telecommunications band
around 1.5um wavelength] designed a metamaterial, whichds array of chevron groove pairs,
with unit cell dimensions of 1.1 x 1.0 gnmilled into the core of a silica fibre and subsequently

coated with a 9éhm-thick amorphous silicon layeseeFigure 6.2

Silicon film is obsen becauseit has a relativelyhigh refractive indexand low los at the
telecommunication wavelength ban¢shown inFigure 6.3, which enables high quality factor
resonancs. Also,compared with metallistructures such agyold and silver, silicon hashigher
damage thresholdand cantherefore withstandhigher pump laser intensityMoreover, silicon is
highly compatible with the optical fibre and semiconductor fabrication ecosystenich enables

developingintegrated nonlinear photonic devices.
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Figure6.3 Refractive index of the fabricated amorphous silicon thin film

Thedata is measured bgllipsometry ¢ 90-nm thick amorphous silicon filfdeposited in thesame
settings as the silicon of the metamaterial samp)e loss ofhe silicon film remainsat alow
level (k=0.015 from 750 nm ( second harmonic wavelengihto 1500 nm (our fundamental

wavelength)

Thesizes of théwo chevrons contained ithe unit cell are designed to &ightlydifferentin order

to excitearesonance with high quality factat the pump wavelengtfj59-61. ¢ KS Y S{d Il YI G S
transmission spectra were modellagsing Comsol Multiphysics 5.4assuming a plane wave
normally incident onto a unit cell with periodic boungiazonditions(Figure 6.4. The simulations
assume a real refractive index of 1.44 for glass and the complex refractive index of the silicon layer

according to ellipsometry measuremeraee shown inFigure 6.3
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By adjusting the parameters of the asymmetric nanostructure, such athdend the space
between the two grooves, resonances of the metamaterial can be engideEigure 6.4shows

the simulated transmission spectra and the field map at the resonanceh®fdesigned
metamaterial A closedmode resonance is seen at a waveldngf 1.5> Y~ 2 y f $oladzgdk S NJ &
illumination (along the symmetry a}isNoclear resonance is observethen the metamaterial is

illuminated with the orthogonal polarization.

100 . Polarization density
—— x-polarization
_ —— y-polarization
3 75 y-p 1
H —
E 50
e =
T 25 >
=
0 ‘ ‘ ; |
1200 1300 1400 1500 1600

Wavelength, A (nm)

Figure6.4 Simulated transmgsion spectra and field map of chevron groove pairs

Modelled linear transmission spectra of the metamaterial as a function of wavelength for x (red)
and y (black) polarization. Tlwelormapshows the y component of the linear polarization density

distribution at the resonance.

Since one unit cell containglaep/wide chevron groove and a shallow/narrow chevron groove, the
size difference contributes to different field distributi®im the two grooves, see the colormap in
Figure 6.4 The colormap shows the polarization density altimg symmetry axis at thelased
moderesonance In the colormap, we seihat charges in théwo chevrons are oscillating in anti
phase which will trap the energyithin the nanostructure. Thelightly different size helps couple
the field to free space. In our case, the closed modeeased the local field ahe fundamental

frequency which, in turn, shall booshe SHG efficiency.

According tothe simulations, the electric field at the silicon interfaces is up to 8% larger than the

incident field seeFigure 6.5
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Silicon air interface Silicon glass interface

e 8
u?
w
0

Figure6.5 Electric field enhancement at the silicon interfaces

Field enhancement is showslative to the amplitude |g of the incident wave, for the case of a

normally incidenty-polarized wave at the 1.8m wavelength resonance.

6.3  Fabricationof fibre-integrated alldielectric metasurface

Structured
FIB fiber tip a-Si metamaterial
] @ é ) .&Si
Fibeg‘
' w” 1T - - L L] "> Splice

@ O

Figure6.6 Fabricationprocessdiagram

During fabrication, to reduce gallium depositse fibre tip is first coated with a thin layer of gold
and then the Wshapedgroovesare created by milling with a focused gallium ion beam through the
gold layer to the depth of about 256 nm into silica. After removing the sacrificial golctihmgagh

a wet etchingprocess a 96nm layer of amorphous silicon is deposited PECVDn the entire

patterned fibre tip.
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The metamaterial structure was fabricated on the tip of an optical fibree fabrication process

diagram is shown iRigure 6.6

ri The fabrication of amorphous silicon metamaterial ditbee tip [149]is carried out by stripping
a segment of singlenode silicafibre (Thorlabs SM9886.8-125) of its protective polymer jacket,
tfSFGAY3 + FSo OSYydAYSHSNI t 2 yaAvoidtheNdtective polyraer
jacket melting and destroyinghe metamaterialat high temperatures during the deposition

processegi.e. 200C in PECVD procgs®ne end of thefibre is then cleaved to create a smooth

end-facetthat will serve ashe metanateriaQda & dzo a G NI G S

r2 The next &ep isfollowed bycoating the cleaved fibre tipvith a50 nm thick sacrificial layer of

gold using an-#eam evaporatarThe sacrificial layer is introductmreduce gallium deposifé1].

r8 The centre (core area) of the getdatedfibre tip is then patterned through the sacrificial layer

to the depth of about 256 nm into siliessing focused ion beam miltin(FIB,)seeFigure 68d.

NE R

i+ Following patterning, the metal layer is removed using gold etchants, leaving a nanostructured

silicafibre tip. The injectedyalliumions are mainly in the gold layehfter removing thegold film,

only a small amount of gallium contaminationtime patterned silica fibre tipemairs.

r® Then, 80-nm layer of amorphous silicon is deposited onl@ entire patterned fibre tipusing

plasma enhanced chemical vapour deposition (PECVD).

ré Finally, the bardibre segment is spliced to singlemode fibre witha FCconnector

Figure6.7 Nonlinear silicon metanaterial on a fibre tip

(a)(b) Images of the nonlinear silicon metamateriahounted on a fibre holder

Thefabricated metamaterial ithen mountedin a fibre holder(ThorlabsHFV0O0) To avid difting,
the fibre is clamped to the fibre holdersing a metal fate, shown inFigure 6.a. ThesplicedFC

connector isused todirectly collectand guidelight transmitted or radiated by the metamaterial
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The SEM images of the metamaterial are showrFigure6.8. The size of the patterned area is
20x21> ¥, covering the entire core of thfgore, which has a nominal diameter of 20Y, seeFigure

6.8ab. Thestructure is patternedo the depth of about 256 nm into silicubstate seeFigure 6.8d
Therefore, KS YSGFYFGSNRAIf Qa (KA O\ y®am thickJilnd MyedtK S f
the bottom of the chevron grooves to its highest point at the silicon/air interface in between the

chevron pairs, is L=346 nm.

2 ’/Of)tical fibre tip

-
kg_’B

Metamaterial

Figure6.8 SEM imagsof nonlinear silicon metamaterial on a fibre tip

() SEM image of the nonlinear metamaterial fabricated on the-facét of a singlenode optical
fibre. The metamaterial covers the core of a cleaved optical fibre and conéigtsrs of chevron
grooves in silica, coated with an amorphous silicon lajey. Magnified view of the entire
metamaterial.(c) Magnified view of a metamaterial sectioful) O'oss section of the nanostructure
(i.e. alongthe yellow dasled line in §, showing the bottom layer of silica (glass)d an additional
layer of platinum added for contrast (P{fo prevent charging, SEM imaging took plaefore the

sacrificial gold coating was removgd

6.4  Linearoptical property characterization

After the fabrication process, the transmission spectra of this sample were measured using the
ANDO AG®B315E optical spectrum analyser (OSA). The schematic and the experimental
measurement setup are depicted Figure6.9. ¢ KS & {1 NHzOG dzZNB Qa (NI y a
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measured by illuminating the fibre tip with normally incident linearly polarized white light
and detecting the transmitted light witithe optical spectrum analyser, using an

unstructured cleaved fibre without thalion film as a reference.

White light source

OSA Polarizer

N

Sample

Figure6.9 Experimental setup for transmission measurements

Schematic and photo of the setup are shown.

The experimental transmission spectra of the sample for begbblarizedand ypolarized incident

light are shown irFigure6.10.
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Figure6.10 Measuredlinear transmissiorspectrum of the metamaterial

aSillYIFIGSNRIFf Qa a$afyhQionNd thpkip Wavelehgihtorixpofarization (black)
and ypolarization(red).
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The «perimental spectra of the metamaterialre in qualitative agreementith the modelled
transmission(Figure 6.4. Due tothe size difference of the chevrons contained in each unit tell,
metamaterial exhibits an asymmetric resonareteabout 1.5um wavelength, when illuminated
with light polarized along the chevron symmetry axisXis inFigure 68b). However, no resonance
is observed whenthe metamaterial is illuminated with the thogonal polarization The
experimentally observed resonaneg¢ 1.5pum wavelengthhas a quality factor of (@0, which is
OF f Odzf | (oS R< D & glkaBdYB <Y Aa (GKS NBazylyodsqga OS
NBazylyO0SQa ¥FdzZf 6ARGK i KIEF YFEAYdZY 6C21 a

Compared with the modelling, the measured resonance is wider due to fabrieatiated residual
contamination with gallium and inhomogeneous broade (i.e. slight variations in sizes of key

features across different unit cells).

6.5 Summary

In this chapter, a metamaterial for second harmonic generatias been designeand fabricated

The metamaterials an array of chevron groove pairs integratedhisingle mode fibreThe aH
dielectric metamaterial supports NX a2 y I y i NBa Lilymdsp >y &2 72 Slit a3y
Q=30. Based on its symmetry, it may supgbree allowed secondrder nonlinear susceptibility

tensorscomponents... ... ...
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7.1 Introduction

Secondorder nonlinear opticalprocesses areof considerable importance for laser
technologies, quantum optics, materials characterization, spectroscopy and imaging. Over
the last decade, a substantial effort has been focused on developing plasfaoni2, 24,

26, 49, 150152]and dielectrid48, 50, 93, 153ihetamateriald23] with large nonlinearities

for second harmonic generatiofSHG) In particular,in siliconbased photonicssecond

order optical nonlinearites are required in variousformation processing schemg29,

30]. Insilicon which ientrosymmetricsecondorder optical nonlinearitgan bemposed

by strain, electric field and interfacesd has been observed imaveguideg154-160],
nanoparticleg62], nanowireg[161, 162] nanopillarg163], photonic crystal nanocavities
[164], metamaterialg25, 165, 166and multtmaterial stacks with silicoji67, 168] Silicon
metasurfaces have also been used to enhance the nonlinear response of materials with

strongnaturalsecondorder nonlinearity{169, 170]

In this chapter, | willreport second harmonic generationrédm the fibre-integrated
metamaterial manufactured from amorphous silicdascribed inChapter 6that achieves
two ordersof magnitudehigher normalizeadonversiorefficiencythan prior state of the art
[25]. First the experimental setup for the second harmogeneration measurements
discussed inSection 7.2 Then, inSection 7.3 the enhancedgenerated second harmonic
signal from the metamaterial iszported. The optical nonlineaconversion efficiency is
calculated irSection 7.4 Finally, he second order nonlinear tensor of the metamaterial is

characterized irsection7.5.
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7.2  Experimental setudor second harmonic generation measurements

Two Longpass Filters

Beam Splitter  (@900nm) Shortpass Filters

Two @950 nm,
‘ 10x One@850nm
Wave Plat Polarizer Objective Sample | One Longpass Filter
L 600
Illumination @ nm
Tube Lens
Camera

Figure7.1 Photo and schematiof the experimental setup

A 200fs ultrafast laser is used as the pump souaoe the laser light is guided to a cage system by

three mirrors.Thecage systens used for imaging and excitationtheé metamterid. The generated

signal from the metamaterial is collected by its integrated filared detected by @hotomultiplier

tube (PMT) A wave plate anda LJ2 f F NAT SNJ | NB dzaSR (2 O2yiGNRf (KS
polarization Several filters are used toake sure the detected signal is the second harmsgital

generated by the metamaterial.

The experimental setup for the SHG experiments includes two important plaetspetamaterial
excitationpart and SH detectiopart, as shown irFigure 7.1 Consideing that second harmonic
generation by unstructured interfaces vanishes at normal incidgi0g and in order to detect
second harmonic generation caused by the metamaterial structure, we measure SHG with a
normally incident pump beam, which also ensures thtcdder SHG diffraction is within the
acceptance angle of the optical fibrEhe seconarder nonlinear response of the metamaterial is
excited by illuminating it with linearly polarized 200 fs optical pulses with 80 MHz repetition rate

from an ultrafast optical parametric oscillatoBgectra Physics Inspire HF 10@pre detail in
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Appendix A. The centre wavelength of the pulses is tuned from 1440 nm to 1610 nm. The
excitation laser pluses were guided by three mirrors to a-walfe plate(Thorlabs AHWP10M
1600). The haHwave plate together with a Glahhompson polarizgiThorlabs GTH10Montrolled

the polarization and intensity of the excitation laser.

A beam splitter is used to divert light for imaging of the samples. Then, the polarized pump laser
pulses of the main path are focused ortke metamaterial, which is located on the cleaved end of

a single mode optical fibeTborlabs SM98&%.8-125) with anumerical aperture of ~03, by a 10x
objective Mitutoyo Plan Apo NIR Objectijewith a numerical aperture of 0.28: KS T A 6 NJ
numerical aperture of 0.13 implies that only th&-6rder diffraction of generated second harmonic
radiation will be collectd. Two longpass filters cutting off at 900 nm wavelengiihdrlabs
FELHO0900are used to make sure that only pump laser light is focused on the samples. The spot
aAl S 2F GKS T2 Gdeked&k iatéhsityof theifocusaddaam is ¥bout®Ve/cr?

at 25 mW average power.

To separate the second harmonic signal from the fundamental pump laser, 3 shortpass filters (two
Thorlabs FESH0956ne Thorlabs FESHO8b@re used to block the pump and one longpass filter
(Thorlabd=ELH0600s used to rerave higher order nonlinear signals. These filters are mounted in
two Thorlabs fiber optic filter mountd&=QFMF/N) and the total loss of these filters as well as the

mounts is ~84%.

The second harmonic signal of the power dependence experiment and thertelnaracterization
experiment is detected bg Hamamatsuphotomultiplier tube (H742150), which has a counting
efficiency of ~9% at 750 nifmore details inAppendix A. The detector dark noise has been

measured and subtracted from all second harmonic rmeaments.

7.3  Second harmonicsignal arising from mesoscopic structuring

Second harmonic measurements are conducted with the metamatbeating fibre and two
unstructured reference fibres, one with and the other without the silicon fitrong second
harmonic emission is observed only foipglarized pump light at 1510 nm wavelength with the
metamateriatbearing fibre The detected second harmonic generation of the metamaterial as a
function of the wavelength of the-golarized pump beam is showas green crve in Figure7.2.

The power of the second harmonic signal exhibits a resonantly enhanced fedtuwesecond
KENNY2YAO SYA&daA2Yy LINRFALS O2 A yplR&bve)isdicating G K
GKFG GKS yIy2aiNdz0GdNEQa NBaz2ylyoS SyKlFyOSa
YSGIFYFGSNRLEFE P ¢KS C2la 2F YSil YI (TBidNRakcheQthe f A

observed width of the second harmonic generation petiere is a 10 nm detuninigetweenthe
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YS il YI Gr@risdidsibnfegonance and the peak of the second harmonic generafidris
detuning may be caused bg small spectral shifbetween the absorption resonance and the
transmission resonan¢®9, 171] where theabsorption resonance plays the main role in enhancing

second harmonic generation.

SH wavelength (nm)
720 740 760 780 800

1.00 - A s - 100

0.75 -

T
~1
W

Metamaterial | 50
—Silicon film
4w —Bare fibre

SH power (a.u.)
=)
n
o

T
(W]
i

el A

A H A
H . ’ A g
A . A

(o4) UOISSTISUR.I) JBIUI']

0.00 A “%p;f:;;»"-‘.:v&%-’-‘-‘:gz;:ﬂ*ﬂ?"tt:‘.

1440 1480 1520 1560 1600
Pump wavelength (nm)

Figure7.2 Observation of second harmonic generation

Detected spectral dependence of second harmonic (SH) emission by metamaterial on a cleaved

fibre (green),unstructured silicon film on a cleaved fibre (red) and an unstructured bare cleaved

fioreo ot O10 Ff2y3aARS GKS YSOl YI GSNRIyipQatized A ySI NJ G NI
pump light.

In order to confirmthat the second harmonigenerationis introduced by the metamaterial
nanostructure, rather than the presence of thalicon film or the optical fibre, two control
experiments wereconductedon a bare fibre tip and on a tip of fibre covered by an unstructured
90-nm-thick layer of CVBilicon It is shown inFigure7.2 that no second harmonic generation
abovethe noise levelvas detectedn the control experiments on unstructured reference fibres
with and without the silicon film, which confirms that the observed second harmonic generation is

due tomesoscopic structuring.

7.4  Optical conversion efficiency

Then, pwer dependence measurementstbie detected nonlinear signal have been performed to

confirm the nonlinear order of the detected sign&dr pumping at 1510 nm wavelengtihownin

76



Chapter 7

Figure7.3. The detected power exhibits a quadratic dependence on the incident pump power.
Accounting for the detection efficiency of the photomultiplier tube as well as the losses in the
detection optics (fibres and filters2,9 pW second harmonic powé¥s() has been observed for 35
mW y-polarized average pump pow&g{my, corresponding to a second harmonic generation power
conversion efficiency of at least=Ps/Ppoum=0.8X101% which is comparable with efficiencies in
metallic structurefl72, 173Jard exceeds previously reported silicon metamaterial by four orders of
magnitudg25]. We note that the fibi refractive index of about 1.45 implies that some diffraction
will occur into the fibre at frespace waelengths shorter than 1g8n, while diffraction into air
occurs at wavelengths shorter than&ni The fibré&s numerical apeute of 0.13 implies that only
radiation propagating close to normal to the metamaterial will be collected. Therefore, treedlicul
efficiency of our structure only accounts fét érder diffraction of SHG into the fibrdiffraction

of SHG up to theslorder into airanduptothé r der i nto gl ass i mplie
true SHG efficiency may be a few times highgesides, no saturation of SH intensign be seen

in Figure 7.3, which implies thatthe conversion efficiency is likely to become evarger with

increasingopumping power.
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Figure7.3 Power dependence of second harmonic generation by the metamaterial

Power dependence of second harmonic generation by the metamaterial (black dots) with a

quadratic fit (red curve) at 1510 nm pump wavelengthyfqolarized pump light.

To allow comparison with other materials, we need to consider that phasiehed sufficiently
thin films are always phase matche®&H conversion efficiency increases linearly with pump peak

intensity (I) and quadratically with interaction lengif).
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The measured SH efficiency 0.8x10° at a pump intensity of=8.8 GW¢nv. Theinteraction
length, which is the thickness of the metamaterial, #4846 nm. The normalized efficiency is given

by: — ¢ pmn¥ 78

We assume SH generation with perfect phase matching, which is automatically satisfied for
materials of subwavelength thickness. The effective nonlinear susceptilility can be estimated

as[32]:

© —© (7.1)
‘O is the intensity of the generated SH signal,is the pump frequencye and¢ are the
refractive index of silicon at SH wavelength and pump wavelength, respeciihelyacuum speed

of light iswand the vacuum permittivity is . If we assume € o® (for silicon), then

@ ™D I 76.

Therefore we arrive at a normalized efficiency' #fiL?= 8x10%GW corresponding to.. ~0.3
pm/V, which is comparable to KID82]. The normalized efficiency reported here exceeds previous
silicon metamateria]25] by two orders of magnitudeseeTable 7.1 This improvement is largely
due to resonant enhancement of second harmonic generadithe closeemode resonance of the

double chevron structure.

Table 71 Comparison of our Si metamaterial with the nearest state of the art:

Our metamaterial ~ Si metamaterial[25]

Material a-Sion glasdfibre tip a-Sion glass
Meta-atom Double chevromgrooves L-shape
Period [ xx [y (nm) 1000x1100 390x390
Thicknessl.(nm) 346 280
t dzYLJ g+ @St Sy3iK 1510 840
Averagepump power, Poump (MW) 35 ~225
Repetition rate fr (MHZz) 80 80
Pulse width _ (fs) 200 100
Pump peak intensity,(GW/cnr) 8.8 ~0.36
SH conversion efficiency, 0.8x10'0 ~10%4
SH normalized efficiency ( 'O%) 8x1G¥GW ~3.6x10°5/GW
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7.5  Contribution of eachallowed . ® component

According to symmetry analysis, this metamategiahd anyother structure of [1 symmetry with
symmetry axiy - has three allowed components of the seceoidler susceptibility:.. ,... and

8However, second harmonic detection through the standard singbele fibre, that
hods the nonlinear metamaterial and does not maintain polarization, does not allow direct
polarization measurements on the generated second harmonic light. In order to probe the relative
strengths of the allowed susceptibility components, the generated sgd@rmonic power was
detected while driving the metamaterial with lefircularly, rightcircularly and linearly polarized
pump fields at several orientations relative to metamaterial symmetry aie seconebrder
susceptibility tensor components were teacted by fitting the pumgpolarizatiordependent
intensity of generated second harmonic sigitgb the relation equations between the second

order nonlinear tensors and the intensity of generated SH sjghalwn in the following

7.5.1 Pump field

The incidenfield that drives the metamaterial is given by:

06 | 0 DJ0AT-0 OB Q (7.2)
Electric field and incident poweP.ump are linked by aproportionality constanth, SO0 S
| 0 . The angle determines the polarization ellipticity of the incident light.caseof linearly
polarized light( =0), * is the polarizationazimuth measured relative to the-axis. They-
polarization ( =0, * =909 is along the symmetry axi$ the metamaterial, se€igure7.4. Left and

right circularly polarized pump light is given by w mtahd* =45°.

The observable field is given by the real part of the previous expression:

0O o0 Yo | D DOAT-AIT® GOEAT % 1 0 (7.3
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90°

EX = Eycos@
EY = Eysin®
00

X
Figure7.4 Pump polarization angle relative to metaaterial

Schematic of linearly polarized=0) pump laser light of azimuthincident on the metamaterial

with symmetry axis y.

7.5.2 SHG intensity

Assuming the metamaterial had Bymmetry with symmetry axis aloggthe allowed second order
nonlinear susceptibility tensor components ate: ... h.. h.. , where the first index

indicates the second harmonpolarization,and the latter indices indicate the polarization of the

pumpwae.

It is convenient to parametrized them as:

o ... (7.4)

.. (7.5)

Whered®d o, , .0, ., o, .. ..arerealvalued and nomegative The second harmonic
field is then (usingcuation 7.2 Y R R NP LJQA yidthehsecony sefor simplicity):
o & .. .. OOW®W .. OO0 .. OO0 W
~ R A A . v (7.6)
8 ... 0 JCcA 6O EKN Jo WAl R
OEfQ
The total second harmonic power is given by the sum ofxthend y-polarized second harmonic

powers:
0 0 0 8s0s © (7.7)
6 ... 0 ot Al OOE+ O AT & OB+

COAT @EHAT O %
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At this point we drop ... and write this in terms of second harmonic photon counts

O —F6kD , which correspond to the difference between the detected counts—H460

YR GKS RSd®&B,0 2 Niaiwe Rdsidde to be constaritnportant special cases are
listed inTable7.1.

0 —FoekD O —HebD 0 (7.8)
o0
210 AT OOE+ OEL: O Al &
COAT OEHAT O %o

Table7.2 Second harmonic photon counts for selected pump polarizations

Pump polarization Second harmonic photon count$ —HsED
Circular 5 00 TE TE& Poal o
=+90°" =45°
Diagonal linear 5 6 g ?‘5 E(BA e
=0° ‘ =45°0r 135°
x-polarization 0 20
=0° " =0°
y-polarization 0 Jp
=0° ‘' =90°
7.5.3 Linearand circularpolarization experiments
For linear pump polarization €09 at fixed pump powed , the pump azimuth- dependence

of second harmonic photon counts relative to the casg-pblarized pumping is given by
0 —hrD 0 —Hd 0 (7.9)
0 w nimh 0 o nd 0
10 AT OOE+ OEF O AT © coAl @EFAD-

Thesecond harmoniphoton counsas a function of théinearpolarizationangle’ of the excitation

laserwere measuredat five pump wavelengths and fitted [&yguation 7.9. Brute-force lookup of
all the possible values fab @& ® ,® ® w ,ands AOC AQC
constrains the nonlinear susceptibility tensmmponents that are consistent with the experiments.

The range of pssible solutions is shown Wigure 7.5 @  ®  is well-constrained at each
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pumping wavelengthseeFigure 7.54,c). However experiments with only linear pump polarization

yield a range of solutions foe> @  andA T «Qshown inFigure 7.5(b)

To break this ambiguity andully characterize thesusceptibility tensor componentsf our
metamaterial we further measured second harmonic generationith circulaty and linear
polarizd excitationat 1510 nm pump wavelength, where the second harmonic generation is
strongest Figure 7.5&hows generated second harmonic power as a function of the azimuth of the
linear punp polarization at 1510 nm pump wavelengifhe measurementa/ere conducted at an

average power of 12 mWhrough fitting the generated SH signal by ttiecular as well as linear
polarized pumpnto Ecuation 7.8 (see alsdrable 7.3, wefound @ @ =02, 0 ®

& andes =+83°at a pump wavelength of 1510 nm.

@ 1.00 (b)
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~ v
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Figure75/ 2 Y G NRA 6 dzil A 2y @cbmpbriedK | f f 2 6 SR
(a) Possible susceptibility ratio®  ® as a function of possible ratio;o @ . (b)

Possible values of cos as a function of possible ratio&» @ . (c) The dependence of

w ® onthe punp wavelength(d) The generated second harmonic power as a function of

the azimuth of the linear pump polarization at 1510 nm pump wavelength (the resonance). Dots

indicate measurements and the blue curve shows adtording taEquation (78).
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