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RfSUMf

Les rZseaux d&Zcommunication sont confrontZs ~ une demande croissante de mettre en oeuvre
une infrastructure de rZseaux toptique pour permettre le dZploiement ~ grande Zchelle de
nouveaux services ~ hautAdit triple jeu (i.e. IPTV, vidZo sur demande, voix sur IP). LOun des

dZfis avec ces applications de diffusionfidcOest queleci sont beaucoup plus distribuZes et

de nature mulpoints, contrairement aux rZseaux traditidsm® communication point ~ point.

Les composants Zlectroniques ~ haut dZbit actuellement dZployZs dans les rZseaux optiques sont
incapables de gZrer la demande sans prZcZdent en bande passante pour la radiodiffusion en temps
rZel des sources multimZdiha solution rZside essentiellement dans l'augmentation de la
transparence des rZseaux, éeremplasant I'Zlectroniquie traitement du signal ~ haute vitesse

par des processeurs de signaux-tptiques, capabledd'effectuer des opZrations telles que la
commutation de longueurs d'onde, multiplexage en frZquence et en temps, la compression
dOimpulsions optiques, et ce, entisrement dans le domaine optique. Cette these vise ~ fournir une
solution toutoptique pour laconversion de longueurs d'onde ~ large bande et la radiodiffusion
sZlective en longueur dOonde, desoutils essentiels des rZseaux de communication optique, basZ
sur le principe du mZlange d'ondes avec gaesidrd de phase dans les matZriaux non linZaires.

La technique de quasiccord de phase (QPM) permet dOobtenir un accord de phase dans de longs
cristaux en utilisant des structures (rZseaux) de domaines inversZs pZriodiqguement, ce qui permet
de faire varier le signe de la ntinZaritZ selon le domaineprincipe connu sous le nom de
polarisation pZriodique du cristal. Il en rZsulte de nouveaux composants de frZquence "~ haute
efficacitZ de conversion qui ont ZtZ mis en fuvre avec succes pour divers procZdZs tels que la
gZnZration de seconde harmonique (§HE& gZnZration de somme frZquent8FG) et la
gZnZration de diffZrence de frZquer{E¥G).

Conventionnellementles rZseaux de communication optique ont une fenstre de fonctionnement

de ~35 nm centrZe ~ 1,55 um, connue sous le nom de bande C. Lasmmnv® longueurs

d'onde d'un signal dOentrZe dOun canal dans la bande C ~ un canal de sortie Zgalement dans la
bande C, a ZtZ dZmontrZe dans des guides dOonde de niobate de lithium polarisZ pZriodiquement
(PPLN) par lintermZdiaire dOun procZdZ de m&ldegdiffZrence de frZquescen cascade
SHG/DFG et en cascade-\SFG/DFG.Bien que ces techniquesentZtZ mises en fuvre pour

gZnZrer de la conversion de longueurs dOonde dans la bande C " IPRide, ebut de cette

these est desurmonter certags de leurs limites en proposant des amZliorations dans la
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conceptiondes rZseay de PPLN pour la conversion de longueur d'onde accordable et de
IOZmissiorflexible en longueur dOonde. Noumsontrons ici, pour la premisre fois, une
dZmonstration expZrimetead'une largeur de bande aptade CGSF / DF@ZalisZe par un |IZger
dZsaccord des longueurs d'onde de la pompe par rapport " la condition d'accord dBehase
plus, en utilisant deux pompes rapprochZes dans un processus cGSF/DFG dans un guide d'onde
de PPLN, on arrive “gZrZrerdeux pics de SH et un pite SF. Profitant de celayn signal a ZtZ

Zmis " trois ondes complZmentairédlgrs) dans la bande @n utilisant la combinaison de

cSHG / DFG ete processus CGSF / DFG.

Meme si unrZseauPPLN "~ pZrio@ uniforme aZtZ utilisZafin d@ugmengr I'efficacitZ par
l'utilisation du coefficient du tenseur ndinZaire le plus ZIZvZ via QPM,probleme rZside dans
unebande passante Ztroite limitant le doublage de frZgsidreéargeur de bande Ztroite limite

le choix des longueurs d'onde de pompe dans un processus de conversion en cascade et par
consZquent la longueur d'onde du signal converti est Zgalement fixZe pour une longueur d'onde de
pompe donnZel'objectif de cettethese est d'amZliorer la bande passante de doublage de
frZquence qui est nZcessaire pour deux raisons principatésne part, afin de rZaliser
|OaccordabilitZ de conversion de longueurs d'onde d'un signal ~ pour n'importe quel canal dans la
bande de comunication, et dautre part, afin dOZmettre un signal sur plusieurs canaux
simultanZment en employant plusieurs lasers de pompage " l'intZrieur de la large bande passante
ainsi obtenue par cGSF/DFG. Dans cette these, la dZmonstration expZrimentaleraiime st
artificielle en quasaccord de phase avec des pZriodes variables dans un matZriau de PPLN a ZtZ
faite pour la premiere fois, afin de fournir une bande passante plus large pour la GSH, ce qui

facilite la flexibilitZ dans la conversion de longuediende sur la bande C.

Le premier dispositif de PPLN coneu est proposZ et dZmontrZ dans cette these et sert ~ la
conversion de longueurs d'onde sur une large bahdmssede un domaine apZriodique au

centre d'un autre rZseayui liui estpZriodique. @ PPLN dZphasZ ou apZriodiquéRBLN a

une rZponse double pic en GSH avec une augmentation de la bande passante par rapport ~ un
PPLN uniforme. Il est dZmontrZ quOen utilisant le rZglage en tempZrature, on peut faire varier les
conditions dOaccord de phalu @PPLN et ainsi on peut amZliorer davantage la largeur de bande

de la GSH. LOZmission dOun triplet dDondes complZmentaires est Zgalement dZmontrZ et pour la
premiere fois, les signaux complZmentaires sont accordZs sur 40 canaux dans la bande C avec

emplacementaccordable tout en gardant un espacement uniforme entre les canaux dans un
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systeme de multiplexage WDMSssistZ par dZsaccord en longueur dOonde de la pguapke et
rZglage en tempZrature.

Bien que le systeme de rZglage de la tempZrature perae rZsoudre le probleme de la bande
passante Ztroite de la GSH ainsi que de IQaccordabilitZ de conversion, la vitesse du changement
de tempZrature est insuffisante pour certaines applications WDM qui nZcessitent un traitement du
signal ultrarapide. Pa.consZquent, un appareil ~ haut dZbit indZpendant de la tempZrature a ZtZ
dZmontrZ pour la premisre fois dans la prZsente these. Ceci est rZalisZ en utilisant un rZseau
apodisZ possZdant quelques domaines " tailles varialstepehirped grating (SCGE, qui a

une largeur de bande intrinseque de GSH de 30 nm chevauchant la bande C. Ce dispositif permet
dOzviter la nZcessitZ dOutiliser le rZglage en tempZrature et conduit ~ la conversion de longueurs
d'onde accordables et I0Zmission flexible de canauplu, I'utilisation d'une seule longueur

d'onde accordable de pompe dans IePFLN, permettant la conversion d'un signal dans la
bande C ~ un doublet dOondes complZmentaires et accordables par processus cSHG/DFG est
dZmontrZ pour la premiere fois. Enfien profitant de la grande largeur de bandeSHpour la

premiere fois,on obtient uneZmissionhautement accordabl®agile@'un signal ~ sept ondes
complZmentaires s'Ztendant " travers la bande C, avec position variable dZssalede
communicationest rZalisZ sur la base dOun procZdZ combinant cSHG/DFG et cSFG/DFG. En
rZglant les deux longueurs d'onde de pompe sur moins de 6 nm dans le large bande passante SH
SF, I0ZmissioestrZalisZe ~ travers ~70 canaux WDM dans un espacement de 50 GHz sur le
rZsealWDM.
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ABSTRACT

The telecommunication networlae facing increasing demand to implemenbalical network
infrastructure forenabing the wide deployment of new triple pldyigh-speed services (e.g.
IPTV, Video On Demand Voice overlP). One of the challenges with such video broadcasting
applications is that these are much more distributed and-puoutti in nature unlike the
traditional pointto-point communication networks. Currently deployed ksgleed electronic
components in the optl networks are incapable of handling the unprecedented bandwidth
demand for realime multimedia based broadcasting. The solution essentially lies in increasing
the transparency of networks i.e. by replacing high speed signal processing electroniah- with
optical signal processors capable of performing signal manipulations such as wavelength
switching, time and wavelength division multiplexing, optical pulse compression etc. all in
optical domain. This thesis aims at providing aroglical solution fo broadband wavelength
conversion and tunable broadcasting, a crucial optical network component, based -phagmsi
matched wave mixing in nonlinear materials. The quasi phase matching (QPM) technique allows
phase matching in long crystal lengths by esglg domaininverted gratings to periodically
reverse the sign of nonlinearity, known as periodic poling. This results into new frequency
components with high conversion efficiency and has been successfully implemented towards
various processes such as@®l harmonic generation (SHG), suand difference frequency
generation (SFG and DFG).

Conventionally, the optical networks has an operation window of ~35 nm centeré&® atnl.

known as Gband The wavelength conversion of a signal channel-ba@d b an output channel

also in the Gband has been demonstrated in periodically poled lithium niobate (PPLN)
waveguides via the process of difference frequency mixing, cascaded SHG/DFG and cascaded
SFG/DFG. While a DFG process utilized a pump wavelength 3mm7regime it suffered from

low efficiency due to mode mismatch between the pump and the signal wavelengths; whereas the
techniquebased on cSHG/DFG or cSFG/DFG elimimatee mode mismatch problem with
pump(s) lying in the 1.5%m wavelength regime.In this thesis, for the first time a flattened
bandwidth of cSFG/DFG have been experimentally realized by slight detuning of the pump
wavelengths from their phase matching condition. Moreover, employing two closely spaced
pumps in a cSFG/DFG process in a PRik&lveguide, a signal has been broadcast to three idlers

in C-band.



Although a uniform period PPLN grating increases efficiency by the use of highest nonlinearity
tensor coefficient via QPM, it suffers from the limitation of a narrow bandwidth of frequency
doubling. The narrow bandwidth restricts the choice of pump waytenin a cascaded
conversion process and consequently the converted signal wavelength is also fixed for a given
signal wavelengthEnhancing the frequency doubling bandwidthnecessary for mainlywb
reasonsfirstly, to achievethe tunability ofwavelength conversion of a signal to any channel in
the communication ban@nd secondlyto broadcast a signal to several channels simultaneously
by employing multiple pump lasers thin its broad bandwidthin this dissertation, the
experimental demonstratiaf an engineered quaghase matched structure with varying periods
has been done for the first time to provide increased bandwidth of SH, which facilitates the
flexibility in the wavelength conversion overl§and.

The first engineered PPLN device propdsand demonstrated in this thesis for broadband
wavelength conversion has an aperiodic domain in the center of an otherwise periodic grating.
This phaseshifted or aperiodic @ PPLN has a dugleak SH response with an increase in
bandwidth compared to uniform PPLN. It has also been shown that using temperature tuning,
the phase matching conditions of the aPPLN can be varied and its SH bandwidth can be further
enhanced. The triplgller broadcasting is shown and for the first time, the idlers are tasreds

40 channels in @and with flexible location and mutual spacing in the WDM grid assisted with

pump detuning and temperature tuning.

Although the temperatwteining scheme solves the problem of narrow SH bandwidth and
tunability of conversion, the slow speed of temperature change makes it inadequéte-fast

WDM applications. Therefore, a temperaturdependent broadband deviceash been
demonstrated for the first time in this dissertation, using ac$teped grating (SCG), which has

an inherent 30/m SH bandwidth overlapping the-l&nd. This device obviates the need of
temperature tuning and leads to tunable wavelength conmeesid flexible broadcasting.
Employing a single tuned pump wavelength in theFF.N, conversion of a signal inléand to
tunable dual idlers via cSHG/DFG process is demonstrated for the first time. Also by taking
advantage of the broad SHF bandwidth, fothe first time, agile broadcasting of a signal to
seven idlers spanning acrossb@nd with variable position in the grid is realized based on
cSHG/DFG and cSFG/DFG processes. By tuning the two pump wavelengths over less than 6 nm,
broadcasting is achiesteacross ~70 WDM channels within the 50 GHz spacing WDM grid.
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CHAPTER 1
INTRODUCTIO N

1.1 Motivation

Fiber optic communication systems wittense WDM channel spacing have become the
established fornfior long-haul data transmissiois the number of independent wavelengths in

the network is limited to approximately 160}, wavelengths must be reused which can lead to
conflicts at routing nodes and, hence, network congestions. To meetdlosivedemand for
Internet bandwidthrequired for high definition video broadcastingr triple play broadband
services[2], there is a need to find solution feuchnetwork congestion problems. Ooéthe
solutions is to make the networks transparent i.e. by replacing high speed signal processing
electronics with atbptical signal processors capable of performing signal manipulations such as
wavelength switching, time and wavelength division multiplexing, optical pulse compression etc.
all in optical domain. Nonlinear (NL) optics based gyasasematched (QPM) devices such as
periodically poled lithium niobate have been widely researched feopattal wavelength
conversion and signal processing because of their high speed, low noise performance and no

dependence on bit rate and signal modulatomat.

While all-optical wavelength conversion in QPM devices has been extensively investigated to
achieve higher efficiency, the unavailability of a single device which can demonstrate the
broadcasting and multicasting functions is real problem. Memedkie temperature needs to be
maintained carefully, if these devices are to be used in the network, a task which requires the
availability of control systems and often leads to additional power consumption. A practical
solution would be to design a tematireindependent conversion device which can freely
operate over the entire communication band. The aim of this dissertation is to develop
temperaturensensitive broadband nonlinear optical QPM device for flexible wavelength
broadcast applications in xtegeneration albptical communication systems, using appropriate
stepchirped designs to ease the fabrication process for the engineered inverted domain structures

in lithium niobate.

This chapter reviews the developments in the field of nonlineardreyuconversion, introduces

the concepts of various phas®tching techniques and gives an overview of the dissertation.



1.2 Literature Review

Nonlinear optics describes the interaction of materials with light in the presence of intense optical
fields which became available only after the invention of the laser in[B§60he first nonlinear

optical process observed was second harmonic gemenatian experiment by Franken al,

1961[4] who observed thgenerationof 3472 nmwavelength radiatiomn a crystal of quartz
irradiatedby intense beamat a wavelengtlof 694.3 nm light from a ruby laser. Thereafter in
1962,Bloembergen and Armstrgri5] formulated the interactiabetween coherent light waves

in an anisotropic nonlinear medium and solved the coupled amplitude equations for conversion of
fundamental power to higher harmonics. These nonlinear interactions require phase matching
betwee the interactingvavesfor efficient energy transfer which is otherwise difficult to achieve
because of the material dispersidine phase matching for three wave interactiononlinear
crystals can be classified into three different typesa typel interaction, two FH photons of
ordinary polarization combine to produce a SH photon with extraordinary polariz&dgoand

type of phase matching known as typerdfbuires two lower frequencies to bethogonally
polarized, and generated wave along onethef two polarization states. The third type of
interaction known as typ@ phase matching involves all d& waves with same polarization.
Typel and typell phase matching can be realized by birefringent phase matching where8s type
phase matchingannd be produced ianasgrown nonlinear crystal and requires engineering of

thenonlinearity profileas will be discussed later in thasction.

In 1962 Giordmaine and Makef6, 7] introduced the most popular phase matching scheme
involving orthogonal polazations in birefringent crystals in which the birefringence exactly
compensates for the material dispersion. Since then several models for generalised harmonic
generation in case of plane finite monochromatic beams have been constructed and many
experimatal techniques have been developed owing to the discovery of new sources of light and
nonlinear medig8, 9]. The effect of focusing of the interactingeamson second harmonic
generation (SHG) was first considered by KleinmanBoyd in their famous pagrs of196 and
1968[10, 11] Due to the restrictions in using birefringent phasgching which limits nonlinear
interaction to specific nonlinearity tensor components, an alternative technique known as quasi
phasematching was proposed by Armstrotw correct the phase mismatdly incorporating a
periodicinversionof sign of nonlinearityn thecrystal as schematically shown in Figurel I5].
Advantage of quagphase matching is that any interaction within the transparency range of the



material can ba@on-critically phase matcheduch as typ® phase matcheadteradion, which is
otherwise not permitted blgirefringent phase matchinghnother benefit is that the interacting
waves can be chosen so tledficient coupling occurs through the largest elent of the ! @
tensor. Moreover, quasphase matching allowed longer crystal lengths and turned quadratic
nonlinear opticsinto an effective approach to generate coherent radiation at frequencies not

attaimable directlyby available lasers.

N
—
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Figure 1-1: Schematic of a quagphase matched periodic nonlinear structure of length L. The
arrows show reversed polarization of the adjacent domains. The length " of the grating period
can be altered to obtain phase matching at desired wavelength.

The earlyexperiments on QPM were basedstacking polished plates of nonlinear matesiath

as Gdlium Arsenide (GaAsjogether while alternating the sign sifsceptibilityby 18Q rotation

of the orientationof successive plates to create a continuous monogyoieth of nonlinear
frequency generation proce$s2]. This techniquewas however very time consuming and
suffered from theeflection losses at plate interfacB&efringent phase matching wdsusmore
popular for SHG experiments because af simplicty when compared to the complex
fabrication process for QPM structures with control tbe micron scale ovefong lengtts.
Although multtdomain oxideferroelectrics have been known as a potential medium for quasi
phase matched harmorgeneration due tohange in the sign of the nonlinear susceptibility with
domain reversaMiller 1964)[13], the real breakthrough in QPM experiments occurred in 1991
through theintroduction of lithographically patterned devices and electric field poling methods

Theseinvolve patterning a periodic electrode on one surface of the crystal, and applying



voltage to reverse the domasnin the electroded regiorfd4]. The electrical poling method
facilitated fabrication of both waveguide and bulk periodic structures and pdovahger
interaction lengths leading to orders of magnitude higher performance than those fatiittated
the stacking of plates methodhis technique was then successfully appliedYlbynadaet al.
(1994)[15], in waveguides and by Bures al. (1994)[16], Webjornet al. (1995)[17], Myerset

al. (1995)[18] and Miller et al. (1997)[19] for efficient SHG in bulk periodically poled lithium
niobate (PPLN) crystals.

Over the past two decades, lithium niobate (fiN)he form of PPLN, a domain engineeled
crystal with periodic inversion of ferroelectric domaihgas gained popularity as a material of
choice for QPM nonlinear harmonic generation. This is due to its large nonlinear coetfigient
long interaction lengths and noncritical phase matchiraylatrary wavelengths of interest in a
wide transparency range covering the visible and extending into théRmiBurther, easy
lithographic patterning anthe commercial availability of large crystals of optical quality at low
costsdue to amatured pbng technologyhave made availabl@igh conversion efficiency
nonlinear devicebased on LNOnN the negative side, LN has low damage threshold and is prone
to photorefractive damage at relatively low intensifé3] which leads to distortion of beams
pasing through the crystal thereby disturbing the phase matching condition. Studies have
revealed thatabingof LN with MgO or working at elevated temperatures proves to be effective
in increasing th@hotorefractive damagareshold21, 22]

Fabricatingwaveguides irPPLN has been quite popul&m improve the conversion efficiencies
by two to three orders of magnitude over the bulk devices by maintainin@iighl intensities

of the interacting beams over considerable distaf2zgs 24] Compared to aulk device,
waveguides eliminates the trad&# between a small spot size and long interaction length, which
makes the technique highly efficient even with a few milliwatts of pump pdea}.
Incidentally, with an average pump power of 50 mW, the intywsilight in the LN waveguides
can reach 100 kW/chand can give rise to photorefractive optical damage in the md4ial
Devices in the bulk configuration are thus desirdbteseveral 1000s of watts of CW powers in
high power laser systems to avaeaching the limits imposed by optical damagkhdugh the
efficiency of waveguide devices is very high compared to bulk devices, thkdatal output
power is the main concern, bulk devices score above waveghigiser, by focusing the laser

beam ightly in a nonlinear bulk crystal, the conversion efficiency can be enhanced. An optimum



focusing condition for Gaussian beams derived by Boyd and Kleinman (BK) (19568)
represents a compromise between tight confinement and long interaction Maggbver, wth
the advent ofpicosecond and femtosecomdilsed lasers, higher conversion efficiencaes
achieved even in the bulk as higher peak intensities are obtained in pulse mode.

As apparent from the above discussion, QPM efficiency increases bynglltamg interaction
lengths and the use of highest nonlinearity coeffictkgntn LN, which is otherwise not feasible

in birefringence phase matchingowever the problem associated with qupbliase matched
wavelength conversion is the narrowband natafeSHG, as the bandwidth isversely
dependent on the grating lengffor several applications, such as wavelength conversion for
optical networksthe device responseshould be madebroadband andlat across thdelecom
band.To make these devices broadband is rather difficult, as it requires technigudside
chirp by varyingthe poling period in a very special way to allow it to be fabricated with existing
techniques. Chirping the grating structure can brodigdebandwidthof SHG but leads to ripples

in frequency response and there are fabrication problems due to veryasrdathchanges ithe
grating period.Several nonlinear devices with aperiodic gratings have been proposed for
bandwidth broadening or pulse compresdq@®]. Imeshevet al. engineered the amplitude and
phase response of SHG in Fourier synthetic QPM grafijswhile Schoberet al. proposed
non-collinear quastphasematched interactions alongwithspectral angular dispersioffor
broadbandSHG of ultrashat optical pulse$27]. A chirped, fanned PPLN QPM grating has also
beenusedfor continuously tunable compensation of linear clvirpn input puls¢28]. Arboreet

al. demonstrated these of chirpegperiodpoled lithium niobatdéo generate secorthrmonc of
ultra-shortpulses that are stretched or compressed relative tofunpdémental harmonipulses
[29]. The continuous chirp requires complicated fabrication techniquewlaifel the bandwidth

is broadened thei@eripples inthefrequency response. An effective method for broadband SHG
based on apodized stepirped gratings in PPLN waveguideas beemvestigated theoretically

by Tehranchi and Kashyapvhich facilitates thefabrication procesdy increasing thestep
changes irthe period Bandwidthflatteningwas achieved by apodizing the gratiagd slightly
detuning the pump wavelengths from their QPM condifih 31}

The earlier workon nonlinear optics based wavelength conversion devices was intended for
obtaining compacand efficient short wavelength laser sourcesveral experiments based on

PPLN have been demonstrated including generation of cw green and blue light from diode



pumped solid state lasers eft7, 19, 32] However, the technology soon established itself
interesting applications in optical communications and information procesbiffgrence
frequency mixing in PPLN waveguides was investigated in detail as a popular choice for optical
parametric devices by the groups of Soligd] and Feje{33, 34] Myers et al. demonstrated
high power and high repetitienate multigrating OPO435, 36] Meanwhile other nonlinear
devices such as semiconductor optical amplifiers (SOAQOs) based egaimoss crosphase
modulation were being investigated for optigating and switiasing applications in network87,

38]. These devicesuffered from problems of low extinction ratio, low bit rates andld not
preserve signal phase information. The coherent appfoagneserving phases possible with
wave mixing fnenomenon based on secend third-order nonlinearities. Out of these, the third
order processes such as four wave mixing (FWM) is limitedsdgw efficiency due taa small
value ofthe ! ® componentUsing second order nonlinearifpFG based wavelength conversion
of a signal near 1.55 um in the same band using an intense pump located in 775nm region was
successfully demonstrated in periodically pol&d waveguide devicef89-41]. However,avery
low conversion efficiency was obtain@d DFG process as to generate an idler in thba@d it
requiresthe pump wavelengtto operaten 775nm band whicks far off from the signals lying in
the C-band Theefficient coupling into a waveguide is difficult to achiedige to modemismatch
between the pump and signal bearfaie to this drawback of DFG basagproachresearch was
soon diectal to another technique based on cascadednd harmonic generation and difference
frequency generatiocSHG-DFG), which allows the pump to be positionedthun the 1.55 pm
communication banff2, 43}

Cascaded secoratder interactions ilPPLNwaveguids provide an effective solution and was
numerically studied in singleanda more efficient doublgass configurigons by K. Galloet al.

in 1999 [44]. Nevetheless,another approach fo€-band wavelength conversion based on
cascaded sunirequency generatioffcSFG) and DFG has attracted muchattention This
approachrequiresa signal wavelengths in the un bandwhile thetwo input pumpscan be
locatedjust outside thel.5pum band,out of the broad bandwidth of the nonlinear dej&® 46]
Cascaded SF®FG is more advantageous than cascaded SBIS5 for ultrafastsignal
processing in WDM networkpl7, 48] Recently, Furukawat al. [49] and Bogoniet al. [50]
demonstrated all optical wavelength conversion of 160 @hés 320 Gb/gicosecond optical

signals respectively,based oncSFG/DFG processn PPLN waveguide The wavelength



conversion demonstrated in the devices based on cascaded quadratic noniasaotgenerate

one idler corresponding to each of the input signals. Howevith, @verincreasing data
transmission capacity, WDM networks require tunable waveldmgiadcasting by replicating a
signal to several channels to facilitate flexible routs\gitchingand dynamic reconfiguration of

the information carried by different channel¥ouet al. first implemented an engineered phase
reversal gratind® device in 1999 using multiple pumps for multiple idler generation based on
DFG [51]. Later in 2003, Asobeet al. also demonstrated a DHeased multiple channel
wavelength conversion device with a continuously pimasdulated structure in a PPLN2].

These two devices illustrate the broadcast conversion scheme owing to the freedonp of pum
wavelength location in a broad DFG bandwidth. However, cE8HG and cSFEFG processes

in a QPM periodic structure has a narrow pump bandwidth and the tunability of the pump is
restricted. It was found that a much broader frequency doubling bandwatitaised in a typé
process utilizingds; nonlinear coefficienf53]. Making use of this coefficient, a broadband
wavelength conversion and broadcast device in PPLN were demonstrated by employing multiple
pumps and typé QPM for both SHG and DFG54, 55] With the typel QPM nonlinear
processes of cSHSFG/DFG, Gonget al. demonstrated wavelength broadcasting of a signal to
seven fixed idlers employing two pump wavelend88&. The problem with these devices is low
conversion efficiency owing to the usé nonpreferred nonlinear coefficientlf;) in a typel

QPM processAlso for practical optical communication networks, the tunability of mukliple
QPM-based wavelength broadcasting is essential to provide variable number and location of
output channelsTherefore, there is scope for improvement in the use of PPLN devices for
wavelength broadcasting applications, to obtain a broad bandwidth and high efficiency utilizing
the highest nonlinear coefficiedss in a type0 QPM process.

The researclwork in this Thesis is directed teards improving existing PPLN wavelength
converters to optimize their functionality using simple device designs for practical applications in
optic communication. The main contributgrof this Thesis are in broadband flexible
multicastingwhich areproposed and demonstrated, with ttevenient fabrication of a few
sectiors of stepchirped periodic p@d lithium niobate. Unlike a typ& process, utilizing a type

0 processn a multipeak temperature tuned IB¥ with a broadband chirped PPLN, Wwenefit

from both tunabty in bandwidth and higleonversiorefficiency. Experimental demonstration of



flattening of the ripple in thebandwidthof converted signals doneby slighty detuning the

pump wavelengths @m their optimum phase matching values.

1.3 Wavelengthconversion and multicastingin optical networks

Transparent albptical networks can provide higipeed largdandwidth solutions over current
networks which are limited by the speed of the optoeleitrbardware. Active signal routers
enable reassignment of the wavelength channels in WDM networks and hence improves
flexibility in traffic management by avoiding network congestion. Thusptical wavelength

shifters or converters are most promisiagfuture optical networks.

(@) (b)

Figurel-2: A multicast converter: (a) Using splitters and WCs; (b) Using a single multicast WC.

Whilst a wavelength converter (WC) sends the signal channel to one destination channel, when
coupledwith optical multicasting, it proves to be an even more powerful feature in the global
information transfer services. Multicasting or broadcasting refers to sending multiple copies of a
single data channel to several destination channels spread oveindth®mg way to realize
multicasting is repeatednicasting which means sending the same signal to multiple destinations
in succession, which is definitely a slow and quite an inefficient method. Another simpler



solutionis to splitthe optical signal to @icate multicast data. Multicasbdescan beclassified

into wavelength convertible multicast and reavelength convertiblenes In nonwavelength
convertiblemulticastnodesthe data can only be switched irttte space domain while in the
wavelength onvertible cas& can be switched or replicated in space tredvavelength domain
using a wavelength converte’A multi-wavelength converter istherefore capable of
simultaneously replicating a signal on an input wavelength to several output wavelErggtres.

1-2 describes schematic of two such wavelength converiblécasts. In the traditional
approach of Figure-2 (a) multicast routers make use optical power splittersand wavelength
converterdo replicateinput data into differenbutputwavdengths. In sucla configuration an
input signal is first split into the required number of copsslthen each copy is wavelength
converted to the desired wavelength usindedicated converter. With the advancesNbM
technologyin which more and ma wavelengths per fibeget unlocked the design okuch
multicast switches becomes more and more challendliggto the increase ithe number of
WCs, switching elementsand splitters. Therefore, an improved design of a multicast router is
desired whiclhcan provide full functionalityith reduced switching and conversion complexity
as shown in Figure-2 (b), where a single device generates multiple copies with distinct
wavelengths. Variousnethods for aloptical wavelength conversiohave been implemésd
including: supercontinuum in nonlinear fibef57, 58] delay interferometers in SOA, FWM in
SOA [59], which can be configured as a multicast device, however each of them has some
shortcomings such dew extinction ratio, low bit rates angonpreservation okignal phase
compared to the mature technology of QPM nonlinear convéd@1&9]. In this Thesis, research
has been directed to develop a single nonlinear QPM device, which broadcasts a signal to several
distinct channels via cascadi of the secondrder nonlinear process, as will be described in
detail in the next chapters.

1.4 Overview of the dissertation

This dissertation is organized as follows:

Chapter 2 presents a theoretical review of the second order nonlinear opticadgs dxgsnning

with the description of nonlinear polarization and susceptibility. Solutions of a set of coupled
nonlinear equations are analyzed for the second harmonic genemdtereas coupled equations
are provided forsum frequency and difference fremncy generation process. The cascaded
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second order interactions for same band wavelength conversion, which are important in optical

communication networks are discussed.

In Chapter 3, the standard electric field poling procedure to fabricate periodiapanddic
structures in nonlinear ferroelectric crystals is presented, focusing on periodically poled lithium
niobate (PPLN). The structure of lithium niobate and the mechanism model behind the domain
inversion in ferroelectrics is described. The detarks then given for various steps followed in
poling procedure and the chemiedthing method for domain visualization.

Chapter 4 discusses broadband wavelength conversion in PPLN waveguides based on cascaded
SFG/DFG process. It is shown that the broadlmmversion efficiency response can be flattened
significantly by slight detuning of the pump wavelengths from their pheehed conditions

with only slight loss in efficiency. A signal is broadcast to three idlers in a periodic and an
apodized chirpedrating by launching two pump wavelengths in its SH/SF bandwidth utilizing
cSHG/DFG and cSFG/DFG nonlinear processes.

In chapter 5, a specially designed phas#ted narrowband PPLN structure is investigated for
wavelength conversion and broadcasting seheGeneration of variable number of peaks in the
second harmonic spectrum is obtained employing theghalt nature of the SH tuning curve of

the device. By changing the device temperature, the phase matching conditions are changed and a
tunable SH resptse is obtained. The broadcasting of a signal to multiple idlers is experimentally
demonstrated and the spacing and location of the idlers is varied by detuning the pump

wavelengths and tuning the device temperature.

Chapter 6 describes a stelpirped (SQ grating specially fabricated in an LN substrate to obtain

a broadband SH/response covering the optical communicatiban@ without the need for
temperature tuning. Moreover, in this temperature independent scheme, multicasting of a signal
to two and seen idlers is shown by launching pump lasers in the wide conversion bandwidth of
SCGPPLN. Further, it is demonstrated that these muHglkrs can be freely tuned over the 1.55
micron Gband targeting selective output channels in the WDM network gridrogg of pump

wavelengths.

In chapter 7, the summary of the work is presented and directions for future work are provided.



CHAPTER 2
THEORY OF NONLINEAR FREQUENCY MIXING

2.1 Overview

The work on aloptical wavelength conversion and broadcasting developed irthisss are
implemented by cascading secemrdler nonlinear processes. In order to gain an understanding of
the underlying theory, the derivation of the nonlinear susceptibility and various symmetry
conditions are provided. In the following section, variphsse matching techniques employed

for efficient harmonic generation are discussed. Thereafter, description of coupled nonlinear
equations for various secowdder nonlinear processes is given. The SHG efficiency for pump,
both nondepleting and depletings calculated and two other secemder processes of sum
frequency generation and difference frequency generation which are basis of experiments
reported in this dissertation are reviewed. An introduction is given in the end for cascading of
secondordea nonlinear optical conversion, which is an established technique for optical

communication applications.

2.2 Nonlinear susceptibility and symmetry conditions

When an electromagnetic wave passes through a dielectric material, the electric field associated
with it causes displacement in the centers of positive and negative dfargestituent atoms

which leads to an induced polarization in the material. Since the electromagnetic wave creates a
time-varying electric field in the material, an oscillatinggrzation is inducedAs provided in

several text$70, 71} the functional relationship between the tiraying polarizatiorP(t) and

applied electric fieldE(t) can be mathematically written as:

Pt)=1," PE@W) +/,(" PIEM] + " P[EDP +..)= P +P™ (2.1)

where, ! is the free space permittivity, and™ is the nf' order susceptibility tensor. The first

term of the expansion is the linear polarization term which is responsible for linear phenomenon
in the material such as thi@ear refractive index. The linear polaation oscillates at the same
frequency of the applied electric field. The secamdhigherorder terms in the series give rise to
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nonlinear effects which make the generated polarization contain frequencies other than the input
field frequency. This lead® several nonlinear phenomena such as second harmonic generation
and third harmonic generation, depending on the secamdl thirdorder susceptibility tensor
involved, respectively. In this dissertation, the focus is on secod&l nonlinear optical
processes, hence the secander tensot ® component is of interest. Seceartler nonlinear

optical interactions can take place only in material which do not exhibit inversion symmetry i.e.
non-centrosymmetric crystals!.(z) is a third rank tensor and fa medium with loss and
dispersion, it depends on the frequencies of the applied electromagnetic fields and also the
generatedfrequencies To get a better understanding of nature of frequelependent
susceptibility tensor, the electric field vector oftioal wave is represented as a sum ové& O

number of frequency components

B(r,t)=" A(¢ ).expl(k.r#! 1)), 2.2)

wherek =n(! ,)! ,/cis the wavenumberA(! ) is slowly varying field amplitude, and the

displacement vectar has three scalar componentsxiyr Cartesian coordinates. Using similar

notation, the complex nonlinear polarization is represented as

Br.)=" P( .).expl(k.r#! 1)), (2.3)

where the summation extends over all frequency field componentd.“ kensor components
relate the nonlinear patization to the product of field amplitudes according to the equation

PO, +! )="F $#20 ,+! ! ! DEC DEC ) (2.4)

ik (nm)
Each of the indicegk refer to the Cartesian componenty-z of the field polarizations For
summation over frequencies, the individual frequentigs  can vary but their surh  +!
is kept fixed. To completely describe a thweave interaction specified by Eq. 2.3, 12

tensors each having 27 Cartesian components, so as many as 324 elements must be known.
Fortunately, a number of symmetry conditions redbeenumber of independent components of

the tensor. For example, for sum frequency generation of two input frequéngles so that

I ,=!,+!,, the nonlinear polarization is written as:



R( 5)=" ( G ol 0 DE( DEC )+HR( ! 2 DE( )E( D& (25)

which reduces to

PU=2'5( G 5! ut B JEL 2 (2.6)

due to the intrinsic permutation propertysoisceptibility tensor:
! I(ji)(ll m+ll n,n . ) I(kZJ)(n +" n ’n m) (27)
There are other symmetry conditions as well which simplify the tensor components:

(1) Real valued for a lossless medig?(" ,," ,," ) =! & (#" ., #" ,,#" ), implied by real

fields, so only half of the tensor elements are independent.

(2) Overall permutation symmetry! (" ,," ;" ))=1@(" ," ,," ;) i.e. the indices can be

interchangedwhen the corresponding frequencies are also changed. This occurs because the
medium does not differentiate between applied and generated fields, the behavior depends only

on the frequencies of xing wavesThis reduces number of independent components to 27.
(3) Kleinman symmetry: /{2(" " " )= 275, L") =", " ,) when  the

frequencies being mixed lie sufficiently far from resonant frequencies of the nonlinear media, the
susceptibility tensor componentseanot strongly dependent on frequency and thus the indices
can be freely interchanged irrespective of the related frequencies.

(4) Spatial symmetry: The ordered state of a nonlinear crystal exhibits several symmetries such as
rotation about an axis, mar plane symmetry, etc. The incident fields will encounter similar
atom arrangements under the effect of symmetry operations of the crystal. The corresponding

I ® tensor components can be shown to be related to each other thus reducing the independent
countof the nonlinearity elements.
A contracted notation of thbi‘ji) is used by replacing it with @coefficientin the case of SHG

where the two input field frequencies are same, makingj,tkeindices interchangeable in

L& 5" " ;) tensor Thus the pair of, k indicesare replaced by a single index termsing the

following convention:



jk: 11 22 33 23,32 13,31 12,21

I 1 2 3 4 5 6

In the new notatiorl,. ! —! ., and the Cartesian components of induced polarization for a SHG

process are represented in frequency domain by

' ) (2.8)

("
I (”‘I
b e e el (

In this equation, the nonlinedrcoefficients are 18 in number for a crystal with least symmetries.
If Kleinman symmetry condition is applied, the numbed-abefficients are reduced to 10alto

the equality relationshipst4 = dys = dse; di2 = Ohe ; i3 = dss ; dis = d31; dig = U1} Opz = d3a; dog

= ds. In case of the spatial symmetries of crystal, the number ofzexan independend
coefficients decreases to even fewer number. Fanpbea thed-matrix of a crystal of class 3m
such as lithium niobate has only 3 Apero distinct element, dss, andd,; and the completd-

matrix is:

! ! ! !
I T TP ATV, L (2.9)
|

2.3 Phase matching

For efficient nonlinear frequency mixing processes, phase matching between the input and
generated waves is required to coherently accumulate the output field over the medium length.
Physically, it means that all the interacting waves travel with samee plescity and the
contribution to the second harmonic generated at each point in nonlinear medium adds up in
phase with the contributions generated at any other point. This is difficult to achieve in general,
as the medium offers dispersion so that waakglifferent frequencies experience different
refractive indices leading to a difference in phase velocities. Considering the simplestabeee
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interaction case of second harmonic generation, the fundamental and second harmonic fields
while traveling though a distance in a !> medium, accumulate a phase! of(!1)! !, ! !

Iyt and! ()P L b rrr i respectively. The phase dhe fundamental

wave can exactly compensate for the difference with the second harmonic field at frdquency
when the refractive indicds and!,, are equako thatthe energy gets efficiently transferred to

the generated optical wavidowever, the tference in the phase velocities leads to a-perm

phase mismatch ofl . ! (!, ! 'l )! which prodees oscillations irthe SH power. The
maximum SH is achieved at an interaction length over which the phase mismatch becomes equal
to -, defined as coherence lendth

! 3,.
L = = 2
° (k. #2k.) 2(n,. #n.)

(2.10)

This coherence length is limited to a few microns in most nonlinear media which is insufficient
for getting useful power levels ofhe SH field. This makes realizing phase matching very
important. There are two different techniques called birefringentephatching and quasi

phasematching, which have been extensively used to overcome thepiesatch problem.

2.3.1 Birefringent phase matching

The birefringent phase matching is made possible because the refractive index experienced by a
wave in the medim depends on its polarization and propagation direction. Normally, high
frequencies have higher refractive indices compared to the lower frequencies. If the interacting
waves of different frequencies are polarized differently, their corresponding phasiées can

be equalized using birefringence to satisfy the phase matching condigeping in mind
material dispersignthe polarization of input and generated wavasbe appropriately selected

to achieve birefringent phase matchifidhe refractive ndices for ordinary and extraordinary
polarization are representedr@sandne, respectivelyFor a negative uniaxial crystals(< no) the

high frequency wave should be polarized along the extraordinary axis and for a positive uniaxial
crystal e > n,) the high frequency wave should be polarized along ordinary axis, to compensate
for phase mismatch. There are certain limitations to using this approach for phase matching. In
the polarization directions where the nonlinear interaction is phase matclednonlinear
coefficient can be small or even zero. If the propagation is not along the principal axis of the
crystal, there is loss of efficiency due to the walk experienced by the extraordinary
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polarization. Moreover, the birefringent phase matclaiaig only be employed for certain set of

wavelengths decided by the dispersion curves of the nonlinear material.

2.5

2.4t N

2.3

2.2f

Refractive Index of LN

21} h2 h

0.4 0.6 0.8 1 1.2 1.4 1.6
Wavelength('! m)

Figure2-1: Dispersion curves for the ordinamy and extraordinary refractive index of lithium

niobate at room temperature.

Material dispersionin Lithium Niobate:

Lithium niobate is an example of a uniaxial birefringent crystal haammextraordinary refractive
indexne less than the ordinary refractive indax These refractive indices depend on the incident
wavelength and the tempéuee ofthecrystal, given by the following Sellmeier equati¢nig].

1 108 .
n§ =4.9048+ —; 0.11775+2.23141 10 ES >+2.1429! 10 8F " 0.027153/ 2
/2" (0.21802" 42.9671! 10 °F)

,. 10° 6571 10° ..
N2 =5.35583+ 4,620 1 107F + o003+ 38621 10 F 100+ 2657110 ' a3 9422
177 (020692" 0.89! 10°F)° /7" (1L34927)

(2.11)

where the dependence on temperaiuiegiven byF = (T-24.5)(T+570.82).
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The dispersion curves for the ordinary and ern@dinary refractive indices fdithium niobate at

room temperatur@=25 are shown irFigure2-1. Here the red curve corresponds to the ordinary
refractive index and blue dashed trace for the extraordinary refractive Folex.particular set

of FH wavelengte with ordinary polarizatios and SH wavelengtls with extraordinary
polarizatiors, shown by * and */2 irFigure 21, the two refractive indices happen to be equal
which implies that birefringence phase matching can be used to generate an efficient second
harmonic in lithium niobate. The plasiatching wavelength can be slightly adjusted by doping

to alter the refractive index, varying the temperature or launching the pump laser at an angle with
the crystal axi$9, 73, 74]

The phase matching for three wave interactionanlinearcrystalscan be classified into three
different types. Type | phase matching refers to the case when the two fundamental frequencies
are of the same polarization and the generated frequescygf orthogonal polarization. In
negative uniaxial crystals this is podsilfor the input frequencies having ordinary polarization

and the sum frequency with extraordinary polarization. Second type of phase matching known as
type Il requires less birefringence to phasatch and is such that the two lower frequencies are
orthogonally polarized, and generated wave along one of the two polarization states. The third
type of interaction known as tyfie phase matching involves all #& waves with same
polarization. Typed phase matchingan not be produced &n asgrown nonlinearcrystal and
requires engineering dfie nonlinearity profileas discussed in the followirsgction.

2.3.2 Quasiphase matching

The conventional phase matching technique based on birefringence suffers many drawbacks. Its
strong dependence on material pmes requires a specific combination of temperature and
wavelength for phase matching. Also there is restriction on the components of nonlinear
susceptibility tensor to only those elements which couple orthogonally polarized modes. Quasi
phase matchin@QPM) is an alternative of birefringent phase matching and extends the capability
of a nonlinear medium for wavelength conversiommy frequency in its transparency window

using the highest nonlinearity tensor component. QPM is desirable for harmonic generation as it
allows for noncritical phase matching and also eliminates the Poynting vector walk off.effeng

al. (in 1980) first demnstrated the alternating nonlinearity in a single crystal of lithium niobate
[75]. This is based on inverting the sign of nonlinearity after each coherence length to
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compensate for the accumulated phase mismatch between the interacting waves. The periodic
phase correction obtained by the artificial engineering of the nonlinearity causes the SH power to
build up in a stepwise fashion, as illustrated by green traEggure 2-2. The quadratic groth

shown as thélue daskdottedline and the oscillatory redashed trace correspond to the phase
matched and phaseismatched caseespectively

1 l
No phase matching \,f'

’:-? 0.75fp -~ -Perfect phase matching ',\'\
8 — Quasi phase matching ',\'
> \
2 05
)
£
(3? 0.25
& O

0

0

Distance z/ L .

Figure 2-2: Spatial variation of SHG intensity for three different phase matching conditions. (a)
Perfectly phase matched interaction grows quadratically shown bydmielotted trace. (b) The

red dashed curve shows oscillatory transfer of power to SH in a-phasgtched case. (c)
Growth of SH power in steps achieved by gydssematching is shown by green trace. Hege

is the coherence length of the nonlinearstaly

Even though the increase time SH power seems less steep than the birefringent phase matched
case of blue trace, QPM turns out to be more advantageamesitusesthe largest nonlinearity
coefficient which is not permitteid birefringent phase matching.

The modulation ofhe effective nonlinearity tensor componaeift) is known as OQPM gratingO

and can be described by a rectangular wave in space with a period " and magnitude 1. In
Fourier domain, this wave has frequency comgnts at all harmonics of the fundamental grating
vectork =2/ /! and the series is represented as:



i2)=d, # G,ep(iK,2)
o 2.12)

2/'m . : . . .
whereK,, == the magnitude of grating wave vector maf' order harmonicdes is the

magnitude of the nonlinearity tensor component responsible for the QPM interathien
coefficientsGy, for the duty ratid takes the form

G, = isin(m’ D)
I'm (2.13)

Any harmonic of the grating vector can be used for achieving phase matching, however, the
strongest nonlinear interactids via thenonlinearity d, =(2//)dy for m=1 and optimum duty

cycle D=1. The phase matching condition for the first order QPMKks=k, +k," k," 2/ [ #.

While each of the typ®, typel and typell phase matching is possible using QPM technique, the
most advarageous for lithium niobate is tyfileQPM as thalsz nonlinear coefficient offers the
highest conversion efficiency.

24 Coupled nonlinear equatiors

The wave equation for a nonlinear medium derived from MaxwellOs equations is:

| ||2: ||2:
! E P
! 2E+!O!rl'l0 ||t2 = #O nt;\"_

(2.14)

where 4, is the vacuum permeability,, is free space permittivity anfl =1! ” is the relative

permittivity. The nonlinear poIarizatioF?NL is the driving term for generation of new frequencies

depending on the nerero susceptibility tensor components, as discussed prel@us section.

For a second order interaction involving three monochromatic plane waves propagating along the
z direction in a lossless medium, the form of the electric field and nonlinear polarization is
inserted in (2.14) from (2.1) and (2.8). Thewwn of the nonlinear equation considering a
Oslowly varying envelope approximationO (SVEA) leads to a set of three first order coupled
differential equations for the three interacting field amplitudes:
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Figure 2-3: Schematic of different second ordenlinear processes: (a) SH&cond harmonic
generation, (b) SFGum frequency generation, and (c) DFiBference frequency generation.

d_A1:! 2! Ld, AAe""

dz n.c
—==1 d € 2.15
&z ne ot AP (2.15)

B 2y Ane™

dz n,C

where! k=k +k," k, The effective nonlinear coefficientes is obtained from thel-matrix of

Eqg. (2.9). Asdescribed in Figure-3, three kinds of interactions are studied in this dissertation:
second harmonic generation (SHG), sum frequency generation (SFG) and difference frequency
generation (DFG).



25 Second Harmonic Generation

The most common nonlinearqmess involving the interaction of three electromagnetic waves is

second harmonic generation (SHG) when the two incident photons of same frequency
generate a frequend® . This process idescribed schematically Figure 23(a).For SHG, the

set of coupd nonlinear equations are reduced to two equations:

d * I|

dAZ‘l ! 1deﬁA3Al < (2.16 a)
dA3 I 2|/ 3 2 i"kz

— 3 2.16b
dz n,c u |A e ( )

where, A; is the input pump ands is the SH output amplitudeTo study the SH nonlinear
interaction, these coupled equations are solved for low conversion efficiency limit and high

conversion efficiency limit.

2.5.1 Non depleting pump case

In thelow conversion efficiency case, the pump amplitAdean be taketo be constant. In that
approximationthe Eq. (2.16 pcan be integrated oveto obtain the SH amplitud&; at

"KL oqe
2 $e 12 (2.17)

A= 20, Af e a2zt 20a, |af

. . . . . . 2
Knowing the amplitude e intensity is thenalculatedoy the relation:l =2n,/ /A",

2! 2dA #1 K
= . nl;nac |21 ncz%gh( (2.18)

where! kis the phase mismatch terin.case of circular FH and SH beams of spot ®¥zeand

2 2d2 2| i!kL||12
e T

3

W; respectively, the power can be obtained from intensity as:

2" 2d5 L2 W2 ;" kLo
P=l/ W= 75 p2gncie — 2.19
S T g Wt 2 & (2:19)

This approximations accurate for conversion efficiencies upto ~1{0%. It is apparent from
this relation that the gendeal SH power is proportional tequare of input pump power and
square of length of the medium. The argumensiont function shows that the SH power also
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depends on the total phase mismatth between the two waves. The effect of the phase term is
illustrated by the Figure-2 which plots the SH power variation with the-mgleasing term
showing the importance of close to perfect phase matching necessary to attain efficienh&HG. T
efficiency decreases as the phase mismatch tétnmhincreases. Likewiseas the source
wavelength shifts from the phase matching wavelength, the output falls drastically following a

sinc curve, with some oscillating side bands of low efficiency.

H H 3*
A R
L] d\ %

F
&

Normalized SH Intensity (a.u.)

— |/\ M /-\ll_\
'I'II # n !
Wavevector mismatch  &*L/2

—%t

Figure2-4: Effects of wavevector mismatch on the efficiency of SHG.

For a perfect phasmatching,! k =0and the SH power increases quadratically with the length of
the crystal. The spatial variation of the field intensity of generated wave in-plasiked case is
demonstrated in Figure-2 by blue dastdotted curve. If the Shrocess is not phaseatched,

there is a periodic transfer of power between the driving nonlinear polarization and the generated
second harmonic. The length over which the two waves remain in phase is known as the
coherence length, defined as="/ /! k. After this length the reverse power transfer begins.

Therefore m case of phase mismatch, the efficiency of SHG oscillates along the propagation
distance with a period twice of coherence build up lehgtihis is demonstrated by the red

dashed trace in Figure-2 To overcome this phase mismatch condition, birefringent phase
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matching or quagbhase matching technique discussed in section 2.3 must be applied. In the
QPM technique, just as the phase difference tries to redtle sign of nonlinear coefficient is
reversed in nonlinear materials with ferroelectric properties. The process of polarity reversal is
known as poling. The nonlinearity coefficient is thus not a constant, but allowed to vary with
distance asl(z). The coupled equations for quasi phase matctentains the samexceptwith a
modified value of nonlinear coupling coefficiedy and wavevector mismatch!, ! 11, !

Iy 1 1 iwhere! beingthe poling period for QPMThe grating wavevector nulls the wave
vector mismatch and the QPM condition iatisfied. For quasiphase matchedn™ order

interaction, the effective nonlinear coefficient becordgs: (2/ m/ )d. The largst nonlinear

coefficient for lithium niobate (LN)dsz = 27 pm/V givesan effective nonlinear coefficient for
QPM,dq = 17.2 pm/V, which is 3.5 times larger than the nonlinear coeffidgrié4.9 pm/V) for
birefringence phase matching in LlNhe simulations for uniformly poled QPM crystal is similar
except that instead of using two different refractive indices for #deulations, only the
extraordinary refractive index coefficient is used and the component of nonlinear coefficient

tensor used id;; or dy; and in LN crystalsglss.

2.5.2 Pump-depleting case

According to the Eqg. 29the SH intensity grows as square of pump intensity. queedratic
intensity variation plot doesnOt stop the efficiency to go beyond 100%, which isagogément

with the energy conservation law and the condition of a constant input pump no longer holds
true. Thereforat higher pump poweréundamental pump power depletion which occurs along
the length of the nonlinear material by transferring the power to second harmonic, is considered
to solve the coupled equations of (2.16). In the {mghversion Imit, the coupled equations are

represented in normalized coordinate§5ds

2—71 =12uu,

’ (2.20)
du, _
a o

The solution to the above set of equations gives the depleted pump and SH amplitudes as:
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u (/) = u,(0)sechi~/2u,(0)/ 4
(’)‘i (0)tanhi~/2u,(0)! (2.21)
()= (O)enhiv2u(0) §

The SH power is calculated from thenplitude y following a similar treatment of pump non

depleting case which gives:

L2 d, (P/w?) $
P, = P tanh? 4—— ‘*“2( - )L&: R tanh® (" L)
" foninc %

(2.22)

When the conversion efficiency is lowgnh*(! L)" ! °L* and Eq. (2.18) reduces to the SH

power in Eq. 2.19 for the nedepleted pump case.
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Figure2-5: Theoreticallycalculatedseconeharmonic efficiency variation with the crystal length.
The quadratically varying dashed curve shows the Ono depletionO approximation while the red

solid curve asymptotically reaching 100% efficiency in the Opump depletedO case.

The theoreticasimulation of variation of SH efficiency with the input intensity in the pump non
depleting and depleting case is shown in the FigtbeAs expected, the conversion efficiency in
pump depletion case can not exceed 1. It can be inferred from this thgiirdne non depleted
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pump applies only till 10% efficiency, beyond which the puhepletion effect must be

considered.

2.5 Sum frequency generation

Schematic of a sum frequency generation interaction is shown in Figg(l® hich involves

the generatiomf a photon with frequency , by combining two lower frequencies, and’ ,
where! , =/ +/ ,. The SFG is advantageous to obtain a tunable source in the ultraviolet region

by mixing a fixed wavelength visible pump and a wavelengtiable visible laser used as a
second pump45]. The expression for the nonlinear polarization driving this processitien
using Eq. (2.4)

P(/,+!,)=2"#"EF, (2.23)

The derivation of conversion efficiency of a SFG process is done by solving the set of three
coupled equation&.15) in the nondegenerate case. Considering no depletion optneps,the

SF intensityin the low conersion limit is obtained as:

2! 2d; . " TKLO
|4L)=7——iﬁi§h«nlgonfsnc2§———g (2.24)
0 2" 3%0 2

where l k=k +k," k," 2#/$ is the phase mismatch between the pump frequencies and

generated sum frequency wave. The complete solution of the coupled equations for SFG, as

provided in ref[5], takes the fornof a Jacobiatelliptic function.

2.6 Difference frequency generation

The output frequency of a difference frequency mixing process is the difference of the two input

frequencies so that the driving polarization is given by
P, V1) =2"#PEE, (2.25)

As seen in the plion energydiagram for DFG process in Figure3gc), a photon at difference
frequency/ ,=/ 1/, is created by the destruction of a photorn/ atand the creation of

another photon at lower frequencty.

The coupled nonlinear equations for DFG process are:



A 2y apee

dz nc

dA, _, 21/, " n 'k

—2 =1 d e 2.26
o= e leRA (2.9)

d_AS:! %deﬁAiA;ei"kz

dz n,c
where thevavenumbermismatch is given by the expressidrk =k, " k, " k," 2/ /# .

The DFG process is also knownagsarametriamplification process due to amplification of one

of the input frequencies while emitting the difference frequency. The solution of the nonlinear
coupled equations solved for constant pump amplitude, results in monotonically increasing
amplitudes of theifference frequency and the amplified input field. The following expression is

obtained for the DF with a constant signal and an undepleted pump:
195 (L)=! % 1)1, ()2 sinc?g- 2.27)
3 * norm'1 2 ﬁ?& '

where the factor depends on the effective nonlinearity, interacting wavelengths and the
refractve indices of themedium at various wavelengthBach of the secordrder nonlinear
processes described here, involve two input photons and one output frequency, but the
dominating interaction is decided by the phase matching comglitibich aredifferert for each

process.

The quasphase matched DFG based nonlinear device such as PPLN has been extensively
employed as a wavelength converter for optical telecommunication wavelengths by inputting a
pump at wavelength ; in the 775nm range and signal wavein/  in 1550nm rang@40, 41}

The idler wavelengtlY, generated by DF mixing has wavelength lying in the 1550 nm

waveband, symmetrically opposite in frequency to the signal with respect to the pump frequency

2.7 Cascaded second order nonlinear opticabaversion

The DFG based wavelength conversion involves the pump and signal wavelengths in different
wavelength regionDue to the modenismatch, it idifficult to efficiently couple them together

into a guided wave PPLN device. The use of a cascadechdseater interaction namely
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SHG/DFG was proposed to overcome this probl@® 77] In such a process, described

schematically in the Figur26(a), the pump wave¢’ , ") and the signal wavg , “,) are both

located in thel550 nm band. The pump first generates a SHrequency?2! jwhich interacts
with the signal wave via a DF process to generate the idler wave=2/ ;! / . Due to the

wide bandwidth of a DFG process, the process phase matched for SHG is also automatically
phase matched for the cascaded SHG+DFG protasssame band wavelength conversion is a
more practical approach as it allows use of the erbium doped fiber amplifier and lasers, specially
developed for optical communications, to act as the strong input pumps.

In cSHGDFG the small acceptance bandwittth SHG, defined by the QPNbndition, restricts
the fundamental wavelength tolerance, it is difficult to implemierdadbandwavelength
conversion.Since the pump is located within the 1/ wavelength range, several channels
remain unavailable for idr positioning.To overcome this restrictiom recent years waveband
conversion has also been demonstrated by cascaded SFG/DFG processphagsasatched

LN waveguides in which the pumps can be positioned outside theuhSpectral window of

opticd communication ban78]. As illustrated in Figure-B(b), the two pump frequenciés,

and/ , combine to generate a sum frequency wave at-/ which in turn mixes with the

P2’
signal frequency . in a difference frequency process to create the convertgdl (dler) at

frequency!  =! ,+! ," ! . The corresponding phase mismatch terms of SFG and DFG

pl

process are given by !kg=k,+k," Ks:" 2#/$, and k=K " k" k" 2#/8$,

respectively whereky1, Kp2, ks, ks, andk; are the propagatiooconstants of the first and second
pumps, sum frequency, signal and converted signal (idler) waveks amthe QPM period. The
nonlinear coupled equations for the cascaded SFG/DFG process can be witén as
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Here, (Ap1, No1), (A2, Nw2), (Ask Nsp), (As, Ng), and (A, n) are the amplitudeand refractive

indices of the medium dle first and second pumps, sum frequency, signal and converted signal
(idler) waves respectively.desr = (2/-)ds3 is the effective nonlinear coefficient of PPLN. For
wavelength conversion based on the cascaded SHG/DFG process, the degenerate case of eq.
(2.28) with! , =/ , is numerically solved.

The SFG/DFG based converters have found target applications in broadbandngthve
conversion and multiptehannel wavelength conversion. Such converters are also advantageous
due to their wider conversion bandwidth obtained by increasing the pump wavelength difference
and being a suitable device to perform ultrafast optical sgoaessing in optical network43,

45, 7981]. Wavelength conversion by cSHG in PPLN is greatly desirable to construct much
more dynamic and flexible future optical networks. Various techniques including the use of pump
detuning for uniform gratingand the use of fixed pumps for engineered QPM grating structures
consideringcounterpropagating cascaded SFG/Diave already been investigatedhich offer
advantages of flat and broad conversion bandwidth and higher efficiency for the same band
wavelengh conversion[82]. The wavelength converters based on cascaded SHG/DFG and
SFG/DFG in PPLN are compact, have low sigioahoise degradation and are transparent to bit
rate and signal modulation formats, making them ideal choice for the futuoptiahl

communication networki$0, 83, 84]
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Figure2-6. Wavelength conversion based on (a) cascaded SHG/DFG using one pump laser and

(b) cascaded SFG/DFG employing two pump lasers.

Engineered ConversidBandwidth:Chirped Gratings

By using the cSFG/DFG process, the limitation due to small tolerance in pump wavelength of a
cSHG/DFG process is relaxed and the conversion bandwidth is further broadened by increasing
the pump spacinf@5]. However, the QPM bandwidth of a SFG processHhNPis not sufficient

to cover the entire ®and of optic communication which is required for tunable wavelength

conversion and for wavelength multicastiricherefore, using engineered QPM structures for
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broadband SHG, the devices have been implementedhdtichannel wavelength conversion
wherein multiple pumps were simultaneously used to broadcast a signal to several idlers
benefitting from a broad SH/SF bandwidi, 56, 86, 87]

Figure 2-7. Multichannel wavelength broadcast scheme based on cds&ktlé/DFG process
using multiple pumps in an engineered QPM device to perform simultaneous multiple SH

generation for multiple pumps.

Inducing a chirp in the period of the nonlinear QPM structure broadens Hs# ®dndwidth, as
different sections of the grating get phase matched to different wavelengths. The linear chirp
requires very small changes in the grating period (nms) whictlifficult to fabricate, therefore

step changes in the period have been employed to obtain broad QPM bandwidth albeit with
ripples in the respong88]. The apodization of the duty ratio in such stbpgped gratings have

been proposed to flatten the eféincy response. The chirped or apodized-stegped PPLN
gratings provide flexibility of locating the pump wavelengths to generate idlers in a cSHG/DFG
or cSFG/DFG process at desired wavelengths in the WDM grid for any fixed signal wavelength.
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In the cSHGADFG scheme, each of the multiple pump wavelengths generate a SH output and the
signal mixes with the corresponding SHs to generate multiple DF outputs. The schematic of
spectrum at the output end of the multichannel wavelength broadcast device is shben in

Figure 27. This is also beneficial for a variaklgut variableoutput wavelength conversion.

2.8 Conclusion

In this chapterdescriptions of nonlineaglectric susceptibility anccoupledmode equations for
second order nonlinear processaduding SHG, SFG, and DFG and for cascadeelength
conversion such as cSHG/DFG and cSFG/Di&se provided. The concepts of phasatching
and quasphase matching were discussed in the context of the-waee interactions. Whildhe
implementationof DFG requres an outof band pump (aroun@75 nm) for frequencymixing
within the 1.5 pym band, theascaded processés/olving cSHG/DFG and cSFG/DF@low
pump wavelengtls) to remainwithin the communicationband. The benefits of using an
engineered chirped PPLNrating for tunable wavelength conversion and multichannel

wavelength broadcast were also discussed.



CHAPTER 3
PERIODIC POLING OF L ITHIUM NIOBATE

3.1 Overview

The presence of birefringence is a prerequisite for phase matching in nonlinear optical harmonic
generdéion in naturally occurring nonlinear crystd®. However, some of the highly nonlinear
materials, such as GaAs, are not birefringent or their refractive indicesotdonatch for
conversion at desired wavelengths. In this case, ferroelectric nonlingarialsasuch as
potassium titanyl phospha{&TP) or lithium niobate (LN)came out as the most promising
candidates for frequency conversion applications, wherein the polarized nature of ferroelectrics
allowed domain switching for quaghase matched op8t frequency conversioil5]. The
process of periodically invertinipe orientation of domains inraaterial is called periodic poling
Thesenonlinear optical devices e.geriodically poled lithium niobate (PPLN) require high
precision fabrication techniques to attain domain structures with ~micron dimensions. Various
methods have been used in the past for poling the nonlinear crystals which include domain
inversion duringcrystal growth, chemical indiffusion with titanium &re surface, direct electron

beam writing, electric field poling (EFP), UV assisted electric field poling [88]. Amongst

these techniques, room temperature ERRasnost convenient and least expam® as it does not
needa specific environment or sophisticated equipnmienthigh precision domain engineering.

The speed of poling i@lso muchasterin comparison with direct writing methods. The choice of
materialfor poling depends on several factolike high nonlinearity, wide transparency range,
and availability[14, 90} In this dissertationye have used lithium niobabecause it satisfies the
above criteria and is already popular in the telecom industry as ebgticomodulators This

chapte begins by explaining the underlying mechanism behind the ferroelectric domain
switching with lithium niobate as an example. This is followed by a discussion on the poling
technique used for making the PPLN crystals reported in this thesis. The detsiteigptcbn of

this process involves photolithographic imprinting of periodic gratings, employing an optimized
high-voltage pulse shape, -Bitu optical monitoring of the poling process using crossed
polarizers, and wegtching of the surface a of poled stgl leading to a surface relief patt¢6,

91].



Figure3-1: LINbO3 in (a) asgrown state and (b) domain inverted

3.2 Lithium Niobate structure

Lithium Niobate has a trigonal crystal structure, lacks inversion symmetry and exhibits
ferroelectricity,piezoelectric effect, pyroelectricity, negative uniaxial birefringence and nonlinear
optical polarizability. Below its ferroelectric Curie temperat(t200 jC) [92], the structure of
lithium niobate consists of planar sheets of oxygen in the form of distorted hexagonal closed
packing[93, 94] Two-third of the octahedral sites are equally filled with lithium and niobium
cations and on#hird of the lattice sites anacant. In ferroelectric phase (Tg;Tthe position of
lithium atoms (violet spheres) and niobium atoms (red spheres) with respect to the oxygen
octahedral and their location along the +c axis with respect to oxygen layers are shown in Figure
3-1(a). The gystal thus has a three fold rotation symmetry about-#gi€ and additionally
displays mirror symmetry about three planes atvifich classifies LiNb@as a member of 3m

point group and R3c space group. The positioning of the positive ions relatxggen planes

gives rise to the internal dipole moment. The orientation of these dipoles can be inverted by
making the positive ions cross the negative oxygen layers which requires applying high electric
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fields along the <@xis, as can be seen in Figurd (®). This can also be done at temperatures

close to the curie point when LiNB@eaches the paraelectric phase.

Figure 3-2: Ferroelectric hysteresis loop, D: displacement, E: applied electric fieldp&rcive

field, E: coercive field in the reversirection.[96]

Determining thalirectionof c-axisto identify +z face for voltage application

In the hexagonal unit cell of lithium niobate, the@as is defined as the axis along which the
crystal exhibits Jold rotation symmetry (Proc. IRE 37, 1949%]. The polarity of the @xis can

be identified by compressing the crystal and the face wiecbhmes negative upon compression

is the +c direction. As an alternative, cooling the crystal will point the +c direction out of the face
that becomes positive during the cooling process. This can be explained by considering of motion
of Li and Nb ions inthe oxygen octahedra. The ferroelectric or room temperature phase of
lithium niobate is illustrated in Figure{a). Upon mechanical compression or heating, the ions
move closer to the oxygen plane centers (paraelectric phase) thus reducing the izatipolar

This leaves excess negative charge on +c face making it negative. On the other hand, cooling the
crystal will pull the metal ions closer to the ferroelectric positions, further from the oxygen layer,
thus increasing the net polarization. The +eefthen becomes positively charged. This effect was
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then used to identify the polarity of the LN crystal by blowing hot air on the crystal and checking

the voltmeter deflection connected to its two surfaces.

3.3 Ferroelectric domain inversion

A ferroelectric material belongs to paraelectric family that shows a spontaneous electric
polarization in the absence of a field and the direction of polarization can be switched by
applying an external electric field. Ferroelectric materials are usefa@ctueving quasphase
matching by periodically reversing the direction of polarization. The behavior of a ferroelectric
material changes to a paraelectric one, eliminatingspfentaneous dipole moment, above a
certain temperature known alse phasetransition or Curie temperaturdhe polarization in
ferroelectrics also depends on the history of applied field and hence exhibit an hysteresis curve
shown inFigure 3-2 [96]. Here, the ternPs refers to spontaneous polarizatidh,is remnant
polarization ad E¢ is the value of theoercive field.P; is always <=Ps in ferroelectric crystals.

For commercially available LiNb Owafers which are supplied as singtmain crystals, the

remnant polarization is equal to the spontaneous polarization

Figure3-3: A model electric field periodically poled domain structure

The symmetry conditions in such inherent crystals create a polar axis leading ntyarallel
directions of inbuilt polarization. Depending on the crystal structural configurations, usually
ferroelectrics have two or more orientational states e.g. Barium titanate {pahi@3 six
equivalent axis of spontaneous polarization, whereas uniaxial crystals such as lithium tantalate

LiTaO3 and lithium niobate LiNb@has two states of dipole orientat. By applying a field
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higher than the coercive field the sense of dipole orientation can be switched from one to another.
This fundamentally means displacement of positive and negative ions under the influence of an
external field, as described in Figug-1. In this section, a description of the domain dynamics in

ferroelectrics, in particular lithium niobate, under the effect of external field is given.
Model description of domaiinversion

The investigations on periodically poled LiNp€rystals have led to a deeper understanding of
physics behind the poling process. A typical periodically poled structure is schematically
illustrated in Figure 3, where the domain walls are seen as straight lines parallel teathe z

from electrode stdiace to the bulk of the crystal. The possible mechanism behind domain reversal
is the growth of an existing domain by sideways domain wall motion or via a random nucleation
of a new domain and its propagation in the polar direction. A phenomenologahalo$tdomain

walls, also confirmed by experimental results has shown that the domains lying iRzthe y
symmetry planes and normal to the crystalxis are most energetically favoral®g]. Usually,

the domains have larger width than the width of patteelectrodes indicating the presence of
polarization charge in the insulated surface regions. This could be attributed to the partial
screening of polarization charges that allow local electric fields to be high enough to reverse the
polarization in the nsulator coated regions. Further, the domains are centered under the
electrodes, which indicates that the nucleation sites occur under the electrodes. There are
however, intrinsic nucleation centers in the crystal leading to some defects in the domain
paterning. The propagation velocity of domain walls is dependent on the avecaggonent

of the electric field on the-x cross section of doma[@8]. Based on the previous studies, the
mechanism of domain switching by the application of n external é@tdbe explained in four
stages shown in Figuref3

(a) Domain nucleation under the electrodes

The formation of inverted domains due to the external fields is initiated by the nucleation sites
under the electrodes, as shown in Figu&. The nucleatio sites are located on either face of

the lithium niobate sample grouped in clusters with a typical density of 1000 nucfeifthen
density of nucleation sites is strongly influenced by the choice of electrode (metal/liquid) and the
electrode period. In s& of liquid electrodes with a 1@m period, the nucleation site density
increases as much as 200 times compared to plain lithium niobate. At applied fields below the
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coercive field, the nucleation site density is fiedeid time dependent. The formatiaf domain
nucleation sites has been a subject of numerous discussions and a classical model lpyoposed
Landauerestimated enormously high values of energy required to form a critical nucleus in the
case of BaTi@[99]. This eliminates the possibility otinleation by thermal fluctuations. It was

thus assumed that certain centers exist in the crystal which trigger the nucleation by formation of
unregulated microor nanedomains on the polar surfaces. The detection of such microstructure
centers even in oénwise singledomain state of LiNb®has proved this assumption rigih00].
Spontaneous appearance of antiparallel domains on polar faces may be related to the high

screening fields leading to partial polarization within the surface layer.

Figure 3-4: Various stages of domain kinetics during electric field poling process. (a) domain
nucleation, (b) domain tip propagation, (c) domain coalescence and (d) domain wall lateral

movement and stabilization.

(b) Domain tip propagation along the direction ofifie

A domain nucleus formed near the polar face of the lithium niobate can be represented as a six
walled pyramid with an hexagonal base and its apex just below the surface. The growth of
domains begins when due to the external field the tip of domainusustarts propagating along
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the polar axis towards the opposite face of the crystal, as described in Fd(se Bhe
experimentalstudy of relationship between velocity of tip and the applied field asserts that
domain merging occurs during tip propagatistage when the tips under adjacent electrodes
combine and form a single large domd#8, 101] For crystals with high nucleation site
densities, the merging takes place between tips which originate under the same electrode.
However, in case of low deitg of nucleation sites, the closest tips are from separate electrode
stripes, therefore merging results in larger domain size and reduction in the effective nonlinearity.
Experiments have associated this to substrate inhomogeneity leading to errorabritia¢ion

period which reduces efficiency of the PPLN deVjt80]. Also the unscreened polarization
charge on the walls of neighboring domain walls increases the electric field in regions between
them leading to the merging of domain tips. When the dipisolated domain reach the opposite
face, the domain walls straighten out and terminate forming an hexagonal shape.

(c) Coalescence of domains tending to a sirdpenain state

The domain reversal completes a thrmination stagevhenthe close proxnity tips originating
underthe same electrodenerge as they readhe opposite electrodét the subsequent stage,
illustrated in Figure 3l(c), a wider domain is rapidly formed by coalescence of the adjacent
domains walls coming direct contact with ez other. This takes place on th&ace of domains
growing along the electrodes. During this process, the domain also starts to spreads out from
under the electrode at the site where coalescence first began, resulting in duty cycle non
uniformity. This ca be attributed to inadequate adhesion of resist on LiNo®strate, which

can lead to some conduction between the photoresist and the surface of the, laiNy@ng

charge buildup and domain reversal.
(d) Lateral movement of the domain walls

The laststage of poling, just before the domains get stabilized, is the spreading of the domains
out of the electrodes, as shown in Figuré(8). Miller and Weinreich had proposed anvoall
nucleation mechanism for the sideways j18@main wall motion in Bariuniitanate [102].
According to their model, wall motion is a result of nucleation at the existing pargndd®@in

walls, therefore the nucleation rate dictates the domain wall velocity. Experimental results at field
values near the coercive strength, comf with the nucleation model which predicts that
sideways domain velocity obeys an exponential law. The wall velocity dependence on field is
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thus given by! " exp(#$/E) where, the activation field for sideward motion depends on

electrode material, crystal thicknetsnperature et¢103, 104] This dependence tends to take a
power law form at very high fields. The exponential decreasing behavior can also be explained
by screening of polarization charge. The domains tend to spread out under the electrodes but the
unsceened spontaneous polarization charge on the crystal face lowers the average field near the
propagating wall, which slows down its growth and prevents excessive spread of domains beyond
the electrodes.

At this stage, the domains formed are unstableezhibit a timedependent coercive fie[d05].

If the external field is switched off immediately after polarization reversal, the domains can
spontaneously revert back to their original orientation, the process is called Obackswitching®. The
domain flip ba& usually occurs within ~60 ms, when the reverse coercive field decays-from

17.5 kV/imm to 0 kV/mm as shown in hysteresis loop of lithium niobate in Figw2 3o

prevent backswitching, a positive field greater than the reverse coercive strengiW/({tird in

the directionof the spontaneous polarizatidar a duration greater than 60 ms was applied in our

poling experiments

3.4 Liquid Electrode Poling Technique

Amongst several other methods tried for periodic domain switching, lithography based liquid
electrode poling is most suitable for mass production at low cost of engineered gratings in lithium
niobate. In this section, the steps followed for poling the &les are described in detalil.

3.4.1 Photolithographic domain patterning

To prepare the PPLN samples mentioned in this dissertation, 0.5 mm thick optical grade LN
wafers fromCrystal Technology Inanvere purchased. The photolithographic printing of periodic
and aperiodic gratings is done in six steps: cleaning;cting, soft baking, mask exposure,
development and hard baking. The whole process was carried out in -40askan room
facility of micro-fabrication laboratory at Polytechnique Montreal. The 30 LN wafers were first
cut into four equal pieces on a dicing machine using diamond grit blades. To avoid the dust of
LN sticking onto its surface during dicing, a layer of resist was coatedtieowafers prior to
dicing. These quarters of the full wafer were then used for the photolithography process, as
described in Figure-8.



a. Cleaning Wafers

The first step in the photolithography process is cleaning the sample using a series of solvents in
order to remove the grease, dirt or any other particles. To obtain good quality of photoresist layer
it is essential to remove all the contamination from the surface of sample. The presence of large
particles on the photoresist layer can also lead toctdefe poling or even sample breakdown
during the high voltage application. The LN sample was first pAcetonefor about 5 minutes
agitating constantly. This step removed most of the particles present on the sample. The sample
wasthentransferred t@ beaker containingopropanol (IPA), which was constantly shaken for 5
minutes to remove the residue of AcetoRmally running deionized (Dlwater was used to
remove the IPA from the sampléhe sample was quickly dried by blowing dry $ as not to

leave any stains of evaporated solvents on it. Unlike silicon and other substrates, the LN sample
was not put on a hgilate for complete dehydration after chemical cleaning as it would further

attract dirt or breakdown due to pyroelectric charge buildup.
b. Spincoating Resist

After cleaning, a positive photoresist was coated on the +z face of the {®#naples. The
polarity of lithium niobate wafer was determined by applying pressure or heat on the crystal and
monitoring the deflection of a multimeter, described in section 3.2. It has been found that
Shipley S1813 or AZ5214E are the most suitable photoresists for coating on lithium niobate. The
cleaned sample was placed on the spin mount and an adhesive assistant HMDS-oggexpin
before coating thphotoresist as it facilitates in bonding the resist to LN to act as a good insulator
during poling. The photoresist was then dropped carefully in the center without forming any
bubbles to cover twthird of the sample. Spinning was done at a speed of g@0for 30sec to

get a uniform layer of 1.5 micron thickness. The presence of any particles would leave comets
shaped pattern of the resi$hese cometswere eliminated by working in cleaner environments

and by filtering coating solutions as part of tleeistdispengg processAlso, eliminatingwait

time between cleaning and spin coatigdped in preparing good samples.



Figure3-5: Schematic of photolithography process of LN

C. Soft baking

Soft baking is done to remove the solvents from the photocesiing and prepare it for pheto
imaging. Being pyroelectridithium niobate is highlysensitive to temperature changed stars
crackingif kept on a hoplate. The samplesvere thus placed in a cavity and baked in an oven.
The cavity was made bysingauminumfoil under the samplas a petridish, putting ametallic
wire-meshon top of the samples amy folding the foil around the edges. The sample was then
put inside an oven set at room temperature in the beginning. The temperature was slowly
increased at a ramp ofi@ /min to reach 9(C. The sample was then left for 30 minutes g0
and the oven was turned off afterwar@iee oven cooledown in 1 hourand therthe doorwas
slowly opened in step® bring the oven temperatudewn to the room temperatureSoft baking

is a critical step in obtaining good quality photolithography patterrihgrsoft-baking with
higher temperature or spending more than 30 minutes in thedegeads the photosensitivity of
resistswhich redwcesits developersolubility. In such cases, the sample could not be developed

even after spending several minutes in the developer solutraersoft-bakingsolvents left in
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the photoresigprevent light from reaching the sstizer leaving the resighicompletely expose

The sample is thereadily attacked by the developer in both exposed and unexposed areas
d. UV Exposure through periodic mask

One of the most important steps in the photolithography process is mask alignment and optimum
exposure to UV radiation. A posigBvmask with the desired grating pattern was designed in an
engineering drawing software Autosketch and fabricated at a laser machining facility in
Polygrames research center at Ecole Polytechnique. In one mask, typically 6 channels of 2cm
length and 2 mm dth with similar periods were designed. The period of grating was calculated
using the QPM condition for the desired conversion wavelength. To obtain a final 50:50 mark
space ratio (open area to covered area) on the periodically poled sample, the d@ptatrozef

mask in our process was 25:75. The ratio also depends on the grating profile and the UV
exposure time.

Figure 3-6: Microscopic images of photolithographic pattern on photoresist of period 18.6

microns after development.



! 43

As the LN domains tentb grow along the Jaxis, the periodic mask was carefully aligned
keeping the channels length along theux of the wafer for transferring the pattern onto the resist
coated LiNbQ@ wafer surface. We used Karl Suss MA4 photask aligner, where the resist
coated wafer was brought into physical contact with the mask. The wafer was held on a vacuum
chuck, and the whole assembly rises until the wafer and mask came in contact with each other.
The photoresist was then exposed with a high intensity ultravighetthrough the pattern on the
mask. Because of the contact betwéan resist and mask, very high resolution is possible in
contact printing.The UV lamp at 355nm with an intensity of 3.5 mW#cwas employed for

about 20 seconds to a total exposure of 75 mJ. The intensity of an old UV lamp decays over time,
so the exposure time was calculated after a trial exposure each time-edpdsure resugtin

poor quality of lithography with wiggly edgdastead of straight linesvhile over exposure

increase the markspace ratio of the grating patterns.
e. Development

One of the final steps in the photolithography process was development, where the UV exposed
resist was washed away by a developer solule@ving open windows of the underlying
substrate. For the positive photoresist we employed, the developed sample contains an exact copy
of the pattern on the mask. For the S1813 photor@4is319 was used as a developer solvent.

For properly exposed saieg, the development process was completed in around 60 seconds
whereas underexposed samples would take longer or could not be developed with even several
minutes of exposure to the developer. The development in MF319 was followed by washing the
samplesn running DI water for 1 minute and then blowing dry with M case of overexposed
samples, the development was faster and also resulted in a larger size of the grating windows.
The gratings of the first sample were visualized under a microscope aegptbs&ure time for

next samples was adjusted if the gratings were not properly developed. Fgwko@/s the
microscopic images of the lithographically printed wafers after developing the sample for 1

minute.
f. Hard Baking

Hard baking of the photoresist tilse final step in the photolithographic process. The samples
were again put inside a cavity made of aluminum and a-wagh to avoid crystal cracking
occurring with sudden temperature changes. The baking temperature was optimized to be at
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12GC for 40 mirutes in an oven. The temperature of the oven was increased using a ramp of
1;C/min till it reached 12@C. The oven was turned off in 40 minutes and allowed to cool down
by itself. Hard baking of the resist is necessary in order to harden the photoresistpaove
adhesion of the photoresist to the wafer surface thereby enhancing the insulation of the LINbO

wafer for poling. The samples were ready for the poling process after this step.

Figure 3-7: Schematic of poling experiment setup showing the kigtage application circuit

and insitu optical monitoring using crossed polarizers, DAC: data acquisition card, PC:

computer.

3.4.2 Poling
The poling setup, as schematically described in Figufec®nsisted of a pulse generator circuit,

a plexiglass ample holder, an oscilloscope for measuring applied voltage and poling current,
and a crossed polarizer assembly with a lamp for optical monitoring. A Labview program was
written to control adata acquisition card (DAQ) used to send the voltage pulsetandasure
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and record the poling current. A Tr@k high voltage (HV) amplifier was used to amplify the
input voltage pulse with a fixed gain of 2000 to generate the high electric fields required for

domain inversion in lithium niobate.

(@)

(b)

Figure3-8: Applied voltage and observed current during the poling process
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The sample was mounted in the piglass fixture using @ings on both surfaces to form an
enclosure for the liquid electrolyte, shown schematically in the Figute The edges othe
lithographically printed sample were covered by a Teflon tape to avoid crystal breakage due to
leaked charges during poling. A saturated solution of lithium chloride was used as the electrolyte,
which was filled through the capillaries on the two kkof sample holder to be in direct contact

with the lithium niobate through the windows in the grating pattern.

The positive end of the HV output was connected to the +z side while the ground wire was
connected to the as bought origifal side of the grstal. The shape, the pulse duration and the
duty cycle of applied voltage pulses are deciding factors in controlling the domain reversal
process. Undesirable effects of bawkitching and domain merging/overpoling can be avoided

by using a special voltagrilse shape.

Backswitching, as mentioned in section 3.3, refers to a partial or tofadlideg of the crystal

after switching off the external field. There are three stages of the applied pulse to achieve a
complete domain reversal. This includes a wagwp stage, a poling stage and a stabilization
stage. The warming up stage has slightly less voltage (20 kv/mm) than the coercive field
(21.5kV/mm) of LN to prevent the damage due to an abruptly elevating field. The poling stage
has slightly higher field22 kvV/mm) than the coercive field but lower than the breakdown field
(~26 kV/mm) which is responsible for domain nucleation and growth. The final stage of
stabilization has a slightly lower field (same as the first stage) which is to avoid the
backswitcling problem. The optimized duratisrof the first and last stagewere 60 mseach,
whereas the poling stage was!oft !l I" Iduration.The total number of pulses sent through

the circuit depends on the amount of charge required to be deposited ocethéofacomplete
domain reversal. This threshold charge is calculated by multiplying the tota\ aféhe sample

to be poled by the spontaneous polarization of lithium niobate! ile.!! 1,1 1. The value of
spontaneous polarization for lithium niogats!, ! U™ u" 11 ' A poling current flows
through the circuit due to the tirtkependent change in spontaneous polarization during poling. It
was measured using the DAQ card and the required number of pulses was calculated using the

formula:
e rpmn e (3.1)

Lo (32)



Figure3-9: Images of poled grating patterns taken at various steps of poling (see text).

The voltage waveform applied for poling is shown in FiguB{e&d while a typicaturrent trace is

shown in Figure3-8(b) where the blue trace shows the observed current before poling and the red
trace shows the observed poling current during poling usuali.imhe straightforward relation

given in equation (1) and (2) applies taipdic gratings of equal duty ratid.he calculation of
required charge and thus the number of pulses becomes complicated for aperiodic chirped grating
structures. In these cases, monitoring the current across the poled sample is not accurate. To

monitor and control the overpoling of the domains under liquid electrodesitunoptical
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monitoring was proposed by Sheiral.[106] and Missey (in 2000)107]. The strain at inverted
domains results in optical birefringence which is directly related to intéehdd of the crystal.

This results in imaging contrast of the two polarization states when viewed through crossed
polarizers[108]. The onset of nucleation and growth of domains during the poling process was
thus observed via a crossed polarizer setupaanamera to look at the scattering produced by

inverted periodic structures.

The camera images of the patterned san{phhefore,(b & c) during and(d) after poling are

shown inFigure 3-9. Duringthe optical monitoring of the poling process, it was observed that
domain inversion started randomly across the grating channels soon after sending the first voltage
pulse, however, there was a higher probability near th@gcontact points due to theternal

fields generated from the applied pressure. This led to the onset of poling reversal in neighboring
domains which began to grow further until the whole area was poled by the domains spreading
out from other nucleation sites. If the pulses werdigaausly applied even after all the domains
were poled, the sideways domain propagation led to merging of the close proximity domains
creating large overpoled regions of single orientation domain.

3.4.3 Surface relief of PPLN

The high conversion efficieycof quasiphasematched nonlinear conversion depends upon the
uniformity of the periodic domain inverted structure of the ferroelectric. Visualizing the domains
and studying the growth of domain walls using various techniques has been done by several
resarch groups to assess the quality of poled devices. Some of the optical microscopy techniques
that have been reportedly used for domain study are second harmonic generation microscopy
[109], electrostatic force microscod¢10, 111]by interaction betweea permanent negative
charge of a scanner tip and distribution of the field on the domain inverted regioificltear
scanning optical microscop@7] using a polarization and phase sensitive fieéd scanning
microscope to measure the induced birefrimgerat the domain walls, and atomic force
microscopy with different spatial resolutiofisl2]. Most common but a destructive diagnostic
technique that has been extensively used is wet or chemical etching technique for revealing the
domains near the surfag®l3]. This is made possible due to the differential rates of etching for
the positive and negative surface of the crystal. Differential etching reveald the surfaces with
lower etchrates compared to the surface having a higher etch rate. The surfacespéits
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formed can be easily visualized under a microscope. Prolonged etching usually leads to undesired
surface damage of the crystal which makes it unsuitable for nonlinear experiments involving
waveguides close to the surface. However, controlledregchibulk ferroelectric lithium niobate

is common as the acid reacts with #esurface and does not affect +z facet. Several etchants
have been researched for revealing domains in LN such as hydrofluoric acid (HF), sulphuric acid
(H2SQy), nitric acid (HNOs), potassium hydroxide (KOH), potassium fluoride (KF) etc. The
preferential etching of th€ surface in aqueous HF is explained by the surface protonation

phenomenon, i.e. the replacement of surface hydroxideE)(Chiy fluoride (I% (initial
dehydroxyldion of the negatively charged surface by Bttack and then the reaction of
subsequent positively charged surface withq-ﬂﬁions). This explains the faster etching rate of
theEx surface as the positively charged proton is easily absorbed By thee and also with an
increase in concentration of acidic protons the etching rate increases. The shoeoxyusal

bond on +z is indeed more stable than the longer bond ofiix faze. It has been reported that

48% HF is the optimum etchant for LN, whiclasvthus used to etch the samples reported in this
thesis. The schematic of a revealed grating pattern before and after the etching procedure is given
in Figure 310 which shows raised islands of +z surface in the background B thi surface

after the oiginal Bve surface was etched in HF solution.

Figure3-10: Schematic of revealing poled features in LN using HF etchant
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Figure 3-11: Microscope images of the revealed grating patterns on periodically poled lithium
niobate after etching in HF for 5 minutes. The images shows: (a) onset of domain reversal at
random nucleation sites; (b) ungwuling of the periodic grating structure; (@grging of grating
patterns due to ovguoling; (d)}(f) shows good poling with (d) <50% duty ratio; (e) ~50% duty
ratio and (f) >50% duty ratio.
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The detailed etching process followed for visualizing PPLN domains is explained as follows.
Before etching,lte PPLN sample is cleaned with acetone and ethanol to remove the residual of
photoresist on it. A solution of 48% Hydrofluoric (HF) acid is then used as the etchant for
revealing the surface relief grating and to examine the uniformity and quality obthaird
pattern. The original +z face of the crystal is protected using a Teflon tape and the sample is then
immersed in the HF and kept in a PTFE container for 5 minutes. The sample is cleaned
thoroughly using deionized water after etching and blow dri¢ld M4. The domain patterns are

then observed through a microscope camera. Some of the images are shown in thelHigure 3

Subsequent processing of the poled sample is required before it can be used for SH
characterization. The sample is cut into rectéargpieces to separate the unpoled area
surrounding the poled grating channels. A diamond dicing saw was used for cutting the crystal.
Then the input and output faces were polished to efficiently couple the light into the polished
crystal edge face. For |ghing the sample was sandwiched between two identical lithium
niobate crystal pieces and mounted on the holder used for end polishing. The polishing was done
in four steps by successively using 30, 6 um, 1 um, and 0.lum grain size polishing plates.

Each plate was rotated clockwise and anticlockwise for approximately 10 minutes at a spin rate
of 30 rpm. The rigorous polishing procedure minimizes the scattering losses due to any edge
roughness and the losses that remained were mainly due to Freswioresl (~14% on each
surface). No antreflection coating was deposited on the samples to reduce the Fresnel reflection

loss.

3.5 Errors in duty cycle

There are in general two types of structural errors possible in the periodically poled structures: (a)
error in Period of the grating and (b) error in Duty cycle of the grating. The former usually occurs
when domain inverted gratings are formed by diredtivg methods such asleam or laser

beam writing. Whereas, in case of photolithography based periodic poling described in this
dissertation, the average period is uniformly maintained across the crystal. However, there are
local perturbations in the pitiisn of domain boundaries which give risedwoorsin the domain

width or the duty cycle in the otherwise uniform period of the grating. This kind or random duty
cycle error decreases the efficiency of the QPM device by decreasing the effective nonlinear
coefficient The decrease in the SH conversion efficiency can be explained by considering again
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the equation 2.12:, ! !, !, lwhere!, is the amplitude of the relevant spati@rmonic
variationof! (1),!, is the largest coefficient ahe nonlinearity tensoof LN, and! !! !

e gty 1is the Fourier coefficient df (1) seriesfor the QPM orderm. At the
optimum value of duty ratio Re. 50%, the first order QPM gives the highest nonlinearity term
as shown in Figure-32. Firg order quasi phase matching depicted by the red trace shows that
the nonlinearity decreases with a deviation of duty ratio from its optimum value. The nonlinearity
due to the third order QPM is given by the black trace which maximizes at two otheralahges

with the 50% duty ratio. The contribution to nonlinearity due to even orders illustrated by blue

and red trace disappear for 50% duty ratio but maximize at 25% and 12.5% ratio, respectively.

Figure 3-12: Variation of QPM nonlinearity with duty cle ratio for first four orders of quasi

phase matching.

3.6 Conclusion

This chapter introduced the concepts of ferroelectric domain inversion, focusing on the model of
the mechanism behind poling reversal. The structure of lithium niobate was disdossedith
the various properties such as its nonlinearity, birefringence etc. Subsequently, the electric field
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poling process was described in detail as the technique used to prepare the PPLN crystals for the
experimental results reported in this thesisisTcomprised of a review of various steps such as
photolithography imprinting of photoresist on lithium niobate to transfer a desnasthgy

pattern, application dfigh voltage pulses for domain nucleation and growth in the direction of
applied field, nonitoring the poling process using crossed polarizers and then the assessment of

the fabricated grating patterns by chemical etching in HF acid.



CHAPTER 4
ULTRA BROADBAND FLAT TOP WAVELENGTH CONVE RSION BASED
ON CASCADED SFGDFG IN PPLN WAVEGUID ES

4.1 Overview

Wavelength conversion is of great importance in WDM optical netwfdrk4, 115] Several
schemes for albptical wavelength conversion have been realized in the quasi phase matched
nonlinear crystals[116]. The difference frequency generation (DFG) baseavelength
conversion technique in PPLN waveguides gained attention due to simultaneous conversion of
broadband wavelength channels with no sidgoaloise degradation irrespective of the signal
modulation formaf117]. However, for efficient DFG devicesdte is a need for high power,
tunable pump lasers in not so readily availabl&50-800 nm wavelength range and also there
are losses associated with ineffective coupling of the two different spectral ranges in a single
mode waveguide. Another wavelengtbnversion scheme based on cascaded second harmonic
generation and difference frequency generation (cBIHG) proved to be an effective technique

to overcome the shortcomings of a DFG interac{ibt8]. It involved the pump and signal
wavelengths both inhe 1.55um C-bandto generate the output idler as a result of difference
frequency (DF) mixing of the signal with the pump SH. This scheme however has the limitation

of the pump wavelength occupying one of the channels in-ih&n@.

The cascaded sum amifference frequency generation (cSBEG) technique, on the other
hand, requires two pump wavelengths which can be located out otlthedCfor converting a
signal to the idler. The cSFBFG scheme also allows the control over the conversion bandwidth
by changing the pump wavelength difference and is beneficial for optical signal proddsging

The principle behind the wavelength converter device based on cSHG/DFG and cSFG/DFG is
illustrated in a photon diagram of Figurel4The theoretical analysis af cSFG/DFG process
shows that as the pump wavelength difference for eBFG process is increased, it leads to
ripple in the conversion bandwidth with a decrease in efficiency in the center of bandwidth
response[46]. For WDM applications thereis a needto not only enhance the conversion
bandwidthof the QPM converters but als@hieve a flat response in thetire 1.55um C-band.
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It has beetheoretically demonstrated that flatteninglud efficiency response s8FGDFG can

beachieved by slight detimg of one of the pump wavelengf4s].

In this chapterfirstly, wavelength conversion based on cSBEG and cSFE&FG in an MgO

doped PPLN waveguide is experimentally demonstrated using the input pumps and signal
wavelengths in the 1.56m band. Tereater, experimental demonstration of flatteningtioé
response oftSFGDFG conversionby detuning ofthe pump wavelengthgrom their phase
matching condition is presenteWe also propose and demonstrateeéchannelall-optical
broadcastingn a PPLN waveguide using simultaneous cSHIEG and cSFEFG processes.
Comparison of the PPLN waveguide with aperiodically poled lithium niobatéaPPLN)is

made to demonstrate the advantage of a broadband device for WDM broadcasting applications.
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Figure 4-1: The schematic photon diagram of (a) cascaded second harmonic generation and
difference frequency generation; (b) cascaded sum frequency generation and difference
frequency generation.

4.2 Experimental demonstration of Cascaded ?(SHG) - | @ (DFG)

A 45 mmlong MgO-PPLN waveguide device is used for the wavelength conversion experiments
described in this chapter. MgO doping increases the photorefractive damage threshold of LN and
allows the design of PPLNor room temperature operatiorf2l, 22] The waveguide was
fabricated usingthe annealedproton exchange (APE) methd@3]. To fabricate the APE
waveguide, a&hannel mask of thickness ~ 0.1 um for the selected proton exchany&irged

on the zcut lithium niobate using lifoff or etching techniques. Then the crystal with patterned
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mask is immersed for several minutes in a proton source such as molten benzoic acid at a
temperature ranging from 160iC to 240iC for the PE. Afterwards,ctiastal is thermally
annealedo redue the propagation loss and recovering the nonline§2By 119] The device is
periodically poled using the liquid electrode poling method described in chapter 3.
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Figure 4-2: Experimental and theoretical secondrhanic response of the 45 mm long MgO

dopedPPLN waveguide.

The PPLNwas kept on a temperature controlled (TC) mount for stabilizing thepeeature
during the experimentdt was then characterized for nonlinear SH conversion efficiency by
using a tunabléaser operating in the 1.58n range. The laser was amplified using an Erbium
doped fiber amplifier (EDFA) and its polarization was adjusted along the maximum nonlinearity
coefficient dz3 of lithium niobate for type® phase matching+e! e. The SH output is
measured using an optical spectrum analyZle experimental result of SH bandwidth obtained
by tuning the pump laser is shown by the red trace in the Fig@rartl the theoretical sinc
dependence curve is given by the black dashed trace. The slighiatewfathe experimental
curve from a perfect fit could be attributed to the partial pishges in the QPMdevice

occurring due to fabrication errors in the poling period
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The QPM peak ofthe SH conversions obtainedat 1543.43nm at 23.684CThe peak SHhoweris
11.06 mWat 124 mW power of the input pump, giving a 71.5 %/W SH conversion efficiency
For comparisonthe calculated efficiencis ~280 %/W for nordepletedpump lossless PPLN

waveguidesof length L given by! g, =Py, /P ="2.L° using the typical alue of coupling

factor for SHG proces#snc = 0.37 W2 cm® [120].

Pump 3-dB

SN
Coupler < >

PC illlllllli

EDFA PPLN on
TEC mount

Signal

Figure 4-3: Experimental setup for cascaded SBEG in MgO-PPLN waveguides. Here, the
Pump and Signal are tunable laser sources in the 1550 nm range, EDFA: Erbium doped fiber
amplifier, PC: polarization controller, OSA: optical spectrum analyzer. For €3F&g two

pump lasers are launched along with the signal.

Using this MgOGPPLN waveguide device, conversion of a signal to an idler via the cSHG/DFG
was also demonstrated. Ict&HG/DFG process pump wave ofrequeng ! | launched at the

QPM peak of the PPLN device gets upconverted to a SH wave, atia the seconarder
nonlinearity! '''! A signal wave of frequency, coupled into the PPLN simultaneously
undergoes a DF xing process with the pump Sid generate a converted wave at the difference
frequency) , ! 'l I 11,1 The converted idler frequency is symmetrically opposite to the
signal frequency with respect to the pump frequency. Pimasehing between the intetang

waves for both the SHG and DFG is required, which can be achieved by choosing appropriate

grating period! , as described by the following equations:

alng," Ic#4ln" lc=2!1$ (4.1)
4lng," /c#2In fc#2in" Ic=2!1$ (4.2)



Here,n,, n,, ng,and n are the refractive indices at the pump, signal, SH and dmaveignal

(idler) frequencies.

In the next step, wavelength conversion based on eBHG is demonstrated in the Mg@PLN
waveguide using the experimental setup illustrated in Figi®dtdconsists of two tunable laser
sources in the 1550m band acting as pumps and a tunable source as a signelh, are
combined by a WDM coupler and amplified by ad®m Pritel EDFA to a total of 2@dBm

power and then launched into a-dBn MgO-doped PPN waveguide. The fiber to waveguide
coupling lossincluding the 13.5% reflection loss the input and output ersdfor the PPLN

sample is 8 dB, which can be attributed to tiuenerical aperture (NAnismatch; compared to
which the waveguide propagation $os considered negligiblé polarization controller was

used to adjust the polarization states of the pump and the signal to maximize the output idler
efficiency. The PPLNwas kept on a temperature controlled (TC) maurd temperature &3.6

YaCcorreponding to the maximum SHThe output is measured using an optical spectrum

analyzer
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Figure4-4: Experimentally observed spectrum tmmverting a signal at 1530.5 nm to an idler at
1556.8 nm via the cascaded SHEG process by employing a pumpl&¥3.45 nm in the MgO
PPLN waveguide.
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A typical spectrum observed at the end of the PPLN as a result of wavelength conversion in a
cSHG/DFG process is shown in Figurd 4it depicts the conversion of a signal at 1530.5 nm to

an idler wavelength at 1556r8n obtained by launching a pump laser at 1543.45 nm, the QPM
wavelength of the Mg&PPLN waveguideThe peak power of the converted signal wkk.90

dBm for a launched signal power ©0.20 dBm and the pumpower of21.60 dBm. giving a

conversiorefficiency (power ratio of idler and signal) for tlmascaded process as 0.6122(10
dB).
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Figure 4-5. Conversion bandwidth ofhe cSHGDFG process obtained by tuning the signal
wavelength over 1507 nail583 nm for a pump fixed at 1543.4 nm

Similar idlers weregenerated by tuning the signal wavelength over ~80 nm while keeping the
pump fixed at the QPM wavelength of 1543.4.digure 4-5 (black round markeyshows the

plot of the normalized converted sigrdficiency against sigal wavelength for theRHG-DFG,

giving a 3dB bandwidth of approx69 nm. The red solid line shows the spline curve fitting to the
experimental dataTherefore it is shown that using cSHG/DFG process in a PPLN device, a
signal anywhere in the wide conversion bandwidth of ~70 nm cacobeerted to an idler

wavelength satisfying, ! !!'!, I 1l', using a fixed pump wavelength.
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Figure 4-6: Experimentally observed spectrum of simultaneous conversion of two signals at
1548.6 nm and 1549.5 nm to respective id&rs537.8 nm and.536.9nm with the pump laser
set at 1543.16 nm

It is to be noted that the wide conversion bandwidth is due to the DFG phase matching condition.
The narrow SH bandwidth of a uniform PPLN, on the other hand, puts a restriction on the choice
of the pump wavelengthlherefore, the conversion of a signal channel is only allowed to a
specific idler for the given PPLN device. Nevertheless, this scheme is beneficial for converting
multiple signals to corresponding idlers in a single device using a pump laser. We lawhed
signal lasers and one pump laser, amplified using an EDFA, into the PPLN to generate two idlers.
This experimentally observed spectrum is shown in FigeBewhere two signals at 1548.6 nm

and 1549.5 nm are simultaneously converted to their respadters at1537.8 nmand1536.9

nm whenthe pump laseis set at 1543.16 nnirhe results can be further extended to three or
more signals, which is promising for WDM applications requiring the conversion of multiple

signals to fixed idlers using a singl# optical wavelength converter.
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Figure4-7: Experimentally observed spectruhconverting a signal d539.36nm to an idler at
1547.37nm via the cascaded SHO®-G process by employing two pumpsvedvelengths of
1535.66nmand 1551.14m in the MgGPPLN waveguide

4.3 Experimental demonstration of Cascaded !(2)(SFG) !(2) (DFG)

The cascaded SFBFG process takes place in two steps. Initially, two pump waves of

frequencies | and! , generate a SF wave At +/ ,.The SF wave at the same timexes

with a signal wave of frequency_ to createa converted wave at the difference frequency,

Fo=t,+! Bl when the QPMcondition for DFG is satisfiedlhe experimental setup for

cascaded SFGFG is similar to cSHGDFG shown in Figure -8, with an additional tunable

pump laser in the ®and

For input pump powers d?; = 153.11 mW andP,; = 56.23 mW, the SF output power obtained
was 25.76 mW, giving an efficiency of 300 %/WMhe experimental efficiency is calculated after

taking into account the fibgo-fiber coupling lossThe theoretical calculated efficiency for SFG
in the nondepletedpump lossless PPLN waveguide is given /y, =Py /(P,P,)=" &L

which is ~1100 %/W using the typical valueooiupling factor for SFG procestrc= 0.74 W2
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cm®. Figure4-7 shows the measured spectrum obtained with an optical spectrum analyeer at
outputof the MgOPPLN waveguideA signal ata wavelength 01539.36nm is convertedo an
idler at1547.37nm via the cascaded SHOG process by employing two pumpslaB5.66nm

and 1551.14m in the MgOGPPLN waveguideThe idler is generated symmetrically opposite to
the signal wavelength with respect to the center of the two puamplengths. The peak pomeaf

the converted signal wad0.34 dBm for a launched signal power of 11.19 dBm and with the
pumps at20.93 dBm and 1.54 dBm giving a conversieefficiency (power ratio of idler and
signal) for the cascaded process as 0.725.%53 dB). For a nedepletal-pump lossless device

of given length_, thetheoreticaidler power can be estimated from the following equati@o]:

2
P=PP P22 L

s' pl' p2 SFG DFGZ

(4.3)
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Figure4-8: Overlap of four experimentally observed spectra of idler generation via-B&E5
process keeping the two ppmsfixed12.1nm apart at 1537.4 nm and 1549.5 nm and varying the
signal wavelengths over 9 nm. Heret8 S represent the signal, LRo LP, represent the left
pump, RRto RR, represent the right pump anda I, represent the converted idlers.
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HereP. is the converted signal poweéts is the input signal powePR; andPp; are the two pump
powers, #srg and #prc are the coupling factors for SFG and DFG in PPLN waveguide,
respectively and #prc = . #sre The typical value of the DFG coupling factor fBPLN
waveguide isfrs = 0.37 W2 cm. Using the value of the parameters in equatib8)(for the
SFGDFG process in PPLN waveguide, the maximum conversion efficigineypower ratio of
converted signal to input signal) was computed t0.8&%0, which compares favorably with our

experimental result.
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Figure 4-9: Overlap of four experimentally observed spectra of idler generation via cascaded
SFGDFG process keeping the two pumps fiXégd5 nmapart at 1535.66 nm and 1551.14 nm
and varying the signal wavelengths over ~11 nm. Here S, represent the signal, Lo LP,
represent the left pump, RB® RP; represent the right pump angtd I, represent the converted

idlers.

For converting aignal in a uniform PPLN based otSFGDFG process, the two pump
wavelengtls are selected so that their center (mean of wavelengths) is fixed at the device QPM
peak i.e. at 1543.5 nm, whereas the muspaicing of pump wavelengths can be varied. In

Figures4-8, 49 and 410, the experimental results have been shown for generating the output
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idler by tuning the signal for three different cases of pump wavelength spacirgmleyed a
tunable signal across a-nm bandwidthfrom 1510 nm to 1585 nrfor these gperiments For
example, Figure 8 shows an overlap of four measured spectra of idlers generated across
wavelengths 1553.5 to 1544.5 nm by varying the signal from 1533.5nm to 1542.5 nm, when the
two pumps are fixed 12.1 nm apart at 1537.4 nm and 1549.9mtarms of 50 GHz WDM
network grid, the idlers span of 9 nm corresponds to 22 WDM channels. Tuning of the signal
wavelength byd Onm leads to an equal-@nm tuning of the idler wavelength. The noise
observed in each of the spectra is due to the amplified spontaneous emission (ASE) of the EDFA.
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Figure 4-10: Overlap of four experimentally observed spectra of idler generation via cascaded
SFGDFG process éeping the two pumgsxed 18.9 nm aparat 1534.1 nm and 1553.0 nm and
varying the signal wavelengths over ~17 nm. HerdoSS, represent the signal, LRo LP,
represent the left pump, RB® RP, represent the right pump angtd 1, represent the conxted

idlers.

In another experiment, the pumps are equally detuned from their center at a wavelength of 1543.5
nm to achieve a separation of 15.5 nm, so that they are located at 1535.66 nm and 1551.14 nm.

The results of cSF®FG based conversion of the s&y are summarized in Figure94 where in
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four separate measurements the signal is tuned over 10.8 nm from 1530.9 nm to 1541.7 nm to
generate idlers across 1556.1 nm to 1545.3 nm, the idlers spread of 10.8 nm corresponds to 26
WDM channels of 50 GHz spag.

The pumps separation was further increased to 18.9 nm by tuning their wavelength to 1534.1 nm
and 1553.0 nm. As illustrated in Figurel@ by four overlapping spectra, the idlers are generated

at a span of ~17 nm from 1524.4 nm to 1541.5 nm when d¢inalss tuned from 1545.5 nm to
1562.6 nm. The idlers spread corresponds to 41 WDM channels of 50 GHz spacing.
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Figure 4-11: Normalized conversion efficiency versus signal wavelength in-BFG for
perfectly phase matched pumps (dotted line), and whelotiger pump is detuned by 0.15 nm
from the phasenatched wavelength (solid line).

4.4 Conversion bandwidthflattening by pump detuning

To obtain the conversion bandwidth response of the cSFG/DFG prowegsumpwavelengths
are chosen for maximusumfrequencygeneratioranda tunable signails sweptacross a 7om
bandwidth, from 1510 nm to 1585 rim be converted to the idleiTheMgO-PPLN waveguide,
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as alreadycharacterized has a SF QPM peak at a wavelength of 1543.5 nm. For this
measurement, theumpsare positioned 15.48 nm apart at 1535.66 nm and 1551.1Bigune4-

11 (red-dotted track shows the plot of the normalized converted signal power against signal
wavelength for the cascaded SBEGG, giving a 3dB bandwidth of approx. 70 nnWe can
observe a 2B overall peako-peak ripple giving higher conversion efficiency at the edgdiseof

conversion bandwidth and lower in the center.
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Figure 4-12. Measured spectrum using OSA: one signal is converted to three idlers using two
closely spaced pups for PPLN waveguide (solid line) and for aPPLN waveguide (dotted line).
!,is the phase matched wavelength for the SFG process which i Id3for PPLN and

1534.34 nm for aPPLN waveguide.

In the case of the two separate pumps producing-BFG, the SFQorocess is perfectly phase
matched between the pump wavelengths while DFG process is phase matched at the two pump
wavelengths and has a maxim phase mismatch at the centds was already predicted
theoretically as the pump wavelengths are separatethdu apart in a SF®FG process, the
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ripple in efficiency response increases and the conversion bandwidth is enhanced compared to the
degenerate case of SHW®-G [46]. This ripple in efficiency is not desirable in optical
communication and hence it wasthetically proposed that the ripple could be overcome by
slightly increased detuning of one or both pumps to longer wavelenigtestransformation of

phase matching conditions of SFG and DFG decsgagephase mismatcit the center. This,
however, redits in small reduction in bandwidth and mean efficiency, which can be easily
compensated for by using increased pump powers.

The experimerdl demonstration was performég choosing the wavelengths of the two pumps

at 1535.72 nm and 1551.35 nm where the second pump is detuned by 150 pm from its
wavelengthfor perfect phasenatched SFG. The result is presentedrigure 4-11 (blue-solid

tracg showing normalized conversioefficiency against signal wavelength. The maximum
conversion efficiency of 0.33%-44.83 dB) is achieved when signal is at a wavelength of
1540.01nm with 15.92 dBm input power and tler is generated at 1546.081 with-8.91dBm

output powerThereforethe efficiency suffers almost adB penalty over the nedetuned pump

case In addition the conversion bandwidth is decreased by 5however,a 1.5dB decreases

notedin the peako-peak ripple in the wavelength range 1532 nm to 1564 nm coverim@®@0%e

of the optic communication Band The flattening of conversion bandwidth will prove

significant in realizing such devices for practical applications.

4.5Wavelength broadcastingin PPLN and aPPLN waveguides

Broadcasting refers to the conversionaofkignal to several destination channd@i. optical
flexible wavelength broadcast based on simultaneous broadband SFG antb SjdGerate
multiple idlers was demonstrated recently in PRBEB]. In this sectionywavelength broadcasting
devicesare demonstrated based on cascaded sdxoddr!® nonlinearities in 45nm PPLN
and geriodically poled lithium niobate PPLN) waveguides in which one signal was converted
to three different idlers when the two pumps are closely spaced within the SHidithndiv
devices producing one SF and two 8efjuenciesThe schematic of multiplehannelbroadcas
isillustrated in Figure 2 in chapter 2.

We already characterized the PPLN waveguide and obtaif@®M peak at a wavelength of
1543.5 nm with71.5%/W SHconversion efficiency and ®nm FWHM bandwidthas shown in
Figure 42. Figure 412 (bluesolid line) shows the normalized spectrum for the broadcasting
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experiment with three idler peaks at wavelengths of 1536.31 nm, 1536.82 nm and 1537.35 nm
correspondig to the signal peak at 1549.51 nm when the two pumps were fixed at wavelengths
of 1542.25 nm and 1543.75 ntdsing the PPLN waveguide, up to thB idler separation was

obtained.

To obtain widely separated multiple idler peaks, we performed a broadcaspariments in an
aPPLN, which has a broader SHG bandwidtme 45mm aPPLN waveguide/as characterized

for SHG using a single pump amplified by an EDFA. The iqauput coupling loss for aPPLN
waveguide is 12.6 dB. The peak SH conversion efficieney3$1 dB at 1534.34 nm with 24.06

dBm input pump power, giving a 17 %/W conversion efficiency for SHG ovenra FWHM
bandwidth. For the same length of waveguide, aPPLN gives lower conversion efficiency but a
broader bandwidtkhan the PPLNThe broadebandwidth of SHG in aPPLN waveguide lets the

two pumps be comfortably selectedaatvelengths 01533.59 nm and 1534.79 nm to obtain two

SH and one SF peak farther apart for broadcasting with idler wavelengths separated distinctly.
The red dashedtracein Figure 412 depicts the normalized spectrum showing the wavelength
broadcasting of the signal wavelength at 1537.44 nm to three idler peaks at wavelengths of
1529.81 nm, 1531.01 nm and 1532.15 nm ha@rgpacing of around 1.2 nm, which is 140%
wider, comp@red to the 0fm spacing obtained usirtge fixed periodPPLN waveguide. The
conversion bandwidth refers to the bandwidththed cascaded process. tunability of signal
wavelength which is ~70 nm even for a uniform PPLN. Howevers the SH or SF éndwidth

which decides thanability of the pump wavelengthdo generate tunable idler for a fixed signal
wavelength For a uniform PPLN, the SH bandwidth of a 5cm PPLN device is usually 0.2 nm
which restricts the pump to one particular wavelen@oadand SHG or SFG response
achieved in an aPPLN thus provides flexibilitysalecting different pump wavelengths to get

desired idleposition or their mutuadeparationn a multicasting process

4.6 Conclusion

In summary same band wavelength conversion in the Jusbwavelength range was achieved

by the cascading of second order nonlinear processes of SHG/DFG and SFG/DFG in-an MgO
PPLN waveguide. ltra-broadband wavelength conversion ower70 nm bandwidthin the
cascadedl5FGDFG processvas experimentally demonstratedthe 45mm long MgOPPLN
waveguideThe 1.5dB flattening of the conversion bandwidth in thdo&hd was experimentally
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achieved by detuning of one of the pumpsobly 150 pm, whichcould be useful for ackving
balanced wavelength conversion future optical communication networks. Also by utilizing
simultaneous cascaded SIBEG and cascaded SHOFG, one signalvas broadcasto three
converted idlerdy employing two adjacent pump lasers. The aPPLN wadeggives widely
separated idlers compared to PPLN waveguide, making it a better choatkedptical network
applicationsHowever, merely 1 nm bandwidth of the aPPLN will not be sufficient to cover the
whole Gband for WDM networksThe fixed pump wavehgths to satisfy QPM condition is a
limitation due to which the signal can be converted to a particular set of wavelérgghs.is a
need of >30 nm SH/SF bandwidth for a PPLN device to achieve the flexibility of positioning
pumps anywhere in the largardwidth to obtain idlers at desired location in theddd.The
tunability of broadcast idlers based on two broadband QPM structures is addressed in the next

two chapters.



CHAPTER 5
TUNABLE ALL -OPTICAL WAVELENGTH B ROADCASTING IN A PPL N
WITH MULTIPLE QPM PE AKS

5.1 Overview

Over the past decade, research on cascaded seaterchonlinear interactions in QPN has

been growing fast to satisfy the needs of high speed and large capacity optical ng@orids

79, 121] In chapter 4, we have showrefjluency convsion of an input signal at frequenkty to

an idler frequency , located in the same bansing cascaded nonlinear processes in a PPLN
waveguide. In the first case, one pump lasér,atwas employed to generate the converted
signal at!, ! I'l,, I I, in cascaded second harmonic generation and difference frequency
generation (cSHG/DFG). Secondlysing two pump frequenes! ,, and! ,, the signal was
converted to a frequentty ! ', ! 11, I 1, "based ortascaded processessofim frequency
generation and difference frequency generatiorF@BFG) Wavelength broadcasting was
demonstrated by employing two pumps within the SH phase matching bandwidth of the PPLN to
generate three waves by SH/SF process which lead to three idlers in a D pnogass with

the signal waveHowever, the phase matching criteria of a pHddQPM structure limits the
SH/SF bandwidth. This restricts the tunability of a cSHG/DEG cSFG/DFG frequency
conversion and eventually the broadcasting procddss.bandwidthproblem was earlier solved

by Gonget. al.employingtwo pumps for cSFG/DFG within ¢hl.5um bandso thatone signal

was simultaneously broadcast to seven fixed peaksi MgOPPLN owing to its broad 25 nm
bandwidth in a typd QPM process[56]. For pratical optical communication networks,
tunability of wavelength broadcasting is essential to provide variable number and location of
output channelsFurther, reduced efficiency owing to the use of -poeferred nonlinear
coefficient @31) in typel QPM neds to be overcomélVe propose asolution for tunable
wavelength broadcasting to several chanbglsisinga gratingstructure with type (usingdss)
multiple QPMSHG, which can be tuned by varying the temperature of the crystal to obtain
efficient multiple peakst different wavelength§l22]. Unlike using a typel process, utilizing a
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type-0 process with appropriate temperature tunioge can benefifrom both the highest

nonlinearity coefficient antlunable QPMoandwidth

In this chaptg first, variableSHG-SFG is realizedin a novel typed multipleQPM structure

using an engineered PPLN to generate one, two or thre&FSpeaks and second, its Bggtion

in multiplewavelength broadcasting demonstratecoy DFG mixing of a signal with the
generated SHSF peaksMoreover, tnability of wavelength broadcasting to three idlers with the
desired spacing and variable position of the destination chdandlVDM is achieved by
detuning the two pumps within the SFG bandwidth and making use of the dependence of the
QPM efficiency curves on temperature tuning of a PPLN device for the assignment of the pump

wavelengths

Figure5-1: Schematic of a PPLMWith an aperiodic domain in the center of the grating.

5.2 Multiple QPM structure in a type-0 PPLN

Besides the engineering of the effective nonlinearity, the advantage of QPM in materials such as
lithium niobate (LN) is the access to its laye nonlinear coefficient, which can not be realized

by birefringent phasenatching. In typed QPM process, the interacting fields propagate as
extraordinary waves when polarized along thaxis ad ! !'!! 1l An engineered phase

reversal QPM structure, usedthe experimentsn this chapters shown in Figre 5-1.

This device has been fabricated by the room temperature electric field poling mescobed in
the chapter 3The period of the-tm-long PPLN is " = 18.5 pum with an aperiodic domain of
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width " in the center. For a length,of the grating and aperiodic domain in the midali& ! of

thedevice, the variation of effective nonlinear coefficient along lengthwritten a4123]:

"2 % "x(1/14% _ "x(3/4%
! Oy ' 5.1
(0= S‘nﬁ i AV ? /2 & 1)

whererectis the rectangular function. The SH amplitude of the multipleQPM PPLNdevice

is then given by:

FPWELE LS Pab: i
AG)=iAldye T ??.gql% 52)
2P

where A; is the FH amplitudeg=(k,, ! 2k )/2! is the phase mismatck, , are the wave

numbersof FH and SH, and.¢ is the effective nonlinearity. The intensitycan be calculated
using | :%c!0n|A2|2, wherec is the speed of light];is the free space permittivity, amds the

refractive index of the medium. This analysis will give two QPM peaks in SH speaithrthe
maximum eficiencies at the pump frequencieg, and/ ,. In case ofthe cascaded SHG/DFG

process using a signal frequency and pump at either of , , the idlers will be generated at

2! . When two pumps are used, we also get cascaded SFG/DFG process generating an

pL, p2

additionalidler at/ , +/ !/

s

The temperature acceptance bandwidth for a QPM process can be obtained using the phase
matchingsincterm of SHG conversion efficiency considering the Sellmeier rel@fid)y which
describesthe refractive index dependence on the crystal testyey, and wavelength of the
incident light. As a typ® process has a wider temperature acceptance bandwidth thanla type

process(o+o! e) with proper tuning of temperature, the wavelength acceptance bandwidth in

type-0 structure can be further improved
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Figure 5-2. SH power vs. pump wavelength, theoretical (solid black) and experimentally
observed (dotted, red) plots for thgp@ak QPM structure shown.

5.2.1 SHG and SFG characterization wiultiplee QPM bulk PPLN

The maximum SHG power for each QPM peakthd phaseeversal PPLN in the plane wave
approximations calculated using thequation70, 124}

8/d,’
P, = o P22 (5.3)
e
Here, the pump wavelengthlis, ! 1"#$ II" | the effective nonlinearity coefficient of@ak
QPM LN sl DI L, /L1 1" 1" /1 the free space permittivity i ! !lI" 1l

et 1y, and! - are the refractive indices of LN at the FH and the SH wavelengths,
respectively. For an input pump power ! 90 mW, theoretical calculation gagepeak SHG
power Ruyc= 0.042 mW oiman efficiency 0f33.32 dB.The SH bandwidth response was obtained

by launching a tunable pump laser into the PPLN and measuring the output SH power for
different wavelengthgFigure 52 (reddashed curve) illustrates the normalized multjpgak SH

power for the characterized PPLN device showing two major QPM peaks for the pump
wavelengtl at 1536.1 nm and 1538.2 nm at 80jC, while the solitkcurve depicts the
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theoreticallycalculaed normalized SHG plot for such a device based orb2qThe dual pela

nature is attributed to the phase reversal due to the aperiodic domain in the center of the PPLN
structure. Further a small deviation in the size of aperiodic domain from the poling period leads
to the asymmetric peales seen in the experimentally obtd resultThe maximum peak power

at 1538.2 nm is 0.04 mW giving an efficiency-88.58 dB (0.1%/W) which is in accordance

with the calculated value.

The dual pealdstructure was then employed to achieve SHG and SFG using two pump lasers. In
the case Wen two pumps are set at each of the two QPM wavelengths, they result in two SH and
one SF peak in between, however, with wrepgowers. This is shown in Figure8%blue dashed

trace) with the input wavelengths of 1536.1 nm and 1538.2 nm. Tuning onelafé¢he to the

dip (1536.88 nm) in the center of typeak SHG spectrum ofFigure 5-2 results in the
suppression of the shestavelength SH peak as shownFigure 53 by red dotted trace; the two

peaks (1 SF, 1 SH) obtained here are separated by 0.3 nm. The peak separation and relative
efficiency are varied by slightly detuning the input wavelengths. By moving either of the lasers
out of the SH and SF bandwidth, a $e\§H peak (e.g-igure5-3 green trace) is achieved.
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Figure5-3: Spectra of multiple SHGFG for the different cases of 2 SH and 1 SF output (blue
dashed); 1SH and 1SF (dadbtted red curve); 1SH peak (green solid trace)



Figure 5-4: Spectrumof multiple SHGSFG showing equalized peak powers achieved by pump
detuning mutual spacing of th8H/SFpeaks is 0.55 nm.

The SH and SF powers were equalized by slightly detuning the wavelength and varying the
power of input pumps, as illustrated fiigure 54. Here,the two pumps are set at 1536.14 nm
and 1536.28 nma slight deviation from their QPM wavelengtidoreover, adjusting the
polarizationcontroller also helped in establishing the equalized SF/SH peak powers.

5.22 Temperature dependence of SkEiG& SFG in multipl€QPM PPLN

The effective refractive indicds and!, of the PPLN depends on the temperature of the PPLN
device given by the Sellmeier equations described in chapi@].2Due to this refractive index
dependence on temperature, the QPM condition for efficient SHG/SFG changes with
temperature. In PPLN, the phase matching condition shifts to longer wavelengths by heating and
to shorter wavelengths when the device is coomendFigure5-5 demonstrates the three peaks

of SH-SF response of the fabricated PPLN device at two different temperayuisasching two

pump lasersA constant 1.z2hm wavelength difference of pumps is maintainEide bluesolid

curve shows the three S&F peaks when the input pump wavelengths are set at 1537.3 nm and
1538.5 nm with the device rtperature at 81.5 {C; the pindkashed trace depicts the three
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wavelengthshifted SHSF peaks at 84.5 jC when the two pumps are set at 1538.5 nm and 1539.7
nm. Thus, when each pump is shifted by 1.2 nm with the appropriate temperature tuning, it leads
to a shift of 0.6 nm in the SBF spectrum.
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Figure 5-5: Spectra of three SI3F peaks showing 0.6 nm peakvelength shift over a 3iC
temperature difference wheretbwo pump wavelengths were simultaneously shifted from 1537.3
nm and 1538.5 nm to 1538.5 nm and 1539.7 nm.

5.3Cascaded SHGSFG/DFG in multiple-QPM bulk PPLN

Wavelength conversion based on cascaded second order nonlinear interaction in QPM devices
are attractive for signal processing in-gitical networks.The cSHG/DFG and cSFG/DFG
processes and their QPM conditions have been described in chapigu4 5-6 shows the
experimental setup used for ¢c(SFBEG)/DFG in which two tunable lasers are employed as
pumps, operating within the-Gand. They are combined by a WDM coupler and then amplified

by a Pritel highpower EDFA. The amplified lightwaves, passing tilgb a polariation
controller are cofocally focused using a lens into a-ffnlong bulk zcut multipleQPM
PPLN.This corresponds to a loose focusing condition for SH. phaseeversal PPLN sample
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is temperature controlled for tuning the operating wengths and maximizing the conversion
efficiency. A temperature tuning coefficient of 0.3 nm/{@ the PPLN devicaevas observed in
the wavelength conversion experiments described in this ch&p®®b dB filter is used for high
input powers beyond 100 mW to avoid damaging the detectordidheeterof theinput lights is
Iy rrimm which is focusedn the center of the PPLN to a beawaist of! , ! " II" using

a 108cm focal length lensThe confocal length parameter of focused beam equals ttetiggh
I=1cm of the PPLNThe output lights are coupled to a spectrum analyzer via a 30x Newport

objective and a multimod#&er, for which the coupling loss of the setup is 1.5 dB.

30x
APPLN
PC Pumpl
P 2
Hmp OSA
EDFA Signal

Figure 5-6: Experimental setup for cSFG/DFG with two pumps and a signal, PC: Polarization
Controller, OSA: Optical Spectrum Analyzer. For SFG, just the two pump wavelengths are
coupled into the setup. PPLN with a central aperiodic domain having width equal to sige of th

device period is shown.

In the dualpeak PPLN grating,itference frequency mixing of a-Band signal wavelength with

the multiple SHSF peaks generated from the two pumps in tH®ld gives multiple idlers in

the same band. The output power of thewslve is twice the SH wave for eqyadwer pumps;

e.g. for the two pumps with powers of 182 mW and 145 mW, respectively, the SF power

obtained isP,,, =16/ d%PPJ? /(" ,cnnn,##,$?) and is equal t@' PPJ?="2.63dBm. The

cascaded SFG/DFG output can then be calculatedPgs; . =/ PygPyol” =" 38.2dBm,

DFG — SFG " signal
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considering the inpuWsre= average of SFG over hdéngth of the PPLN anBsigna= 14.3 dBm.

The experimentally observed efficiency ©f53.2 dBis thus comparable with the calculated
efficiencyof -52.5 dB.The experimental result of three idler generation is illustrated uwr&ig

7 where one signal at 1546.46 nm is converted to three idlers spaced ~ 2.0 nm each around
1528.7 nm in a cSHGFG/DFG process employing two pumps at the QPM peaks with a mutual
spacing of 2.0 nm.
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Figure 5-7: Experimentally observed spectrum oplei idler generation in the twpeak PPLN
structure of a signal at 1546.5 nm to idlers at 1526.65 nm, 1528.68 nm and 1530.70 nm via
cSHG/DFG and cSFG/DFG using two pumps at wavelengths 1536.48 nm and 1538.54 nm.

5.4Tuning the idler spacing by pump detunng

The schematic of tuning thrautual spacing of the three broadcast idlers via cSHG/DFG by
employing pump detuning in the SFG bandwidth is representEdjure 58, wherethe change

in the pump wavelengths is reflected identically in theee idlers To demonstrate this
experimentally, we set the two pumpghin the two QPMpeak bandwidthgaround i.e1536.1

nm and 1538.2 nm, at 80;C) resulting in two SH peaks and one SF peak in between. The
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channels fothe WDM network considered herare separad by 50 GHz 0.4 nm) in the C
band. DF mixing of a signal walength at 1545.3 nm with titaree SHSF peaks gives three

idlers.

Figure5-8: Scheme for tunable broadcasting of a signal into three idlers by detuning of the pump

wavelengths

Keeping he signal wavelength fixedhe desired wavelength spacing between the idkers
obtained bytuning of pump wavelengths around tiiggPM peak of SH wavelengths. We have
successfully varied the spacing from 0.4 nm to 4 nm between the idlers in steps af,0.4 n
without registering significant loss in the idler efficiency, so that the idlers can be directed over
10 adjacent WDM channels on either side of the central idler. For example, Fiuhegrates

the cases for idler spacing of 0.4 nm, 1.2 nm, 2.4amch 3.6 nm, while keeping the signal
wavelength fixed. Employing a chirped dymdak QPM device in which we get broader
bandwidth of SHG response, many more WDM channels can be covered in terms of idler

spacing.

































































































































