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RESUME

Cette thése porte sur 1’étude, la conception et la fabrication de convertisseurs de fréquences a
large bande pour la génération efficace de seconde harmonique (SHG) et de somme de
fréquences (SFG) sur des dispositifs non-linéaires en quasi-accord de phase (QPM). Les
dispositifs de QPM comprennent des réseaux de domaines inversés, qui fournissent un accord de
phase non critique pour la conversion de fréquences dans les matériaux non-linéaires. Pour créer
des cristaux a QPM, le coefficient non-linéaire de second ordre est périodiquement inversé a
I’aide d’une méthode de polarisation périodique. Avec d’excellentes propriétés telle sa non-
linéarité, le cristal de niobate de lithium (LN), utilisé pour les simulations et la fabrication de ces
travaux de recherche, est un des meilleurs candidats pour les dispositifs @ QPM. Les matériaux
périodiquement polarisés uniformément tel le niobate de lithium périodiquement polarisé
(PPLN), possédent une largeur de bande d'acceptation spectrale et thermique étroite. La largeur
de bande étroite limite la conversion de fréquences pour une longueur d’onde spécifique d’un
laser pompe et nécessite 1’utilisation d’un contrdleur de température pour maximiser 1’efficacité
de conversion. En addition, les conversions de fréquences pour plusicurs longueurs d’onde
simultanément ainsi que le réglage de la longueur d’onde de pompe sans réglage de température
sont restreints par les PPLN uniformes. Les réseaux a pas variable (chirped) et step-chirped dans
le LN ont été récemment proposés pour pallier la limitation de la bande passante des doubleurs de
fréquences bases sur la SHG. Les réseaux chirped peuvent étre congus pour obtenir une largeur
de bande souhaitée et enlever la nécessité de l'installation du régulateur de température dans le
montage expérimental. Cependant, ces dispositifs souffrent d'ondulations et de fluctuations dans
leurs réponses spectrales. L'application d'apodisation sur les réseaux chirped est proposée pour
diminuer les ondulations dans la réponse de ces dispositifs, dans lesquels les changements de
coefficient non linéaire effectif en fonction de la longueur converge vers zéro au niveau des
rebords du réseau. Dans cette these, les méthodes d’ingénieries non linéaires effectives

appropriées pour supprimer des ondulations des convertisseurs a large bande sont explorées.

La mise en ceuvre d'une fonction d'apodisation souhaitée sur les convertisseurs a large bande
basés sur la variation du rapport cyclique est examinée en profondeur. La dépendance de la phase
du champ electrique sur la génération de seconde harmonique a 1’endroit de la région polarisée

dans un réseau apériodique est explorée théoriquement. Il a été démontré pour la premiére fois
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que la bande spectrale de conversion de doubleurs de fréquences chirped apodisés dépend du lieu
de la région polarisée dans la période de réseaux. La conception adéquate pour minimiser les
ondulations et pour réaliser une fonction de non-linéarité souhaitée pour un réseau chirped

apodisé a été proposée, ce qui améliore la tolérance aux erreurs de fabrication.

Il a été également démontré qu'une autre approche alternative pour adapter et contréler
efficacement la non-linéaire dans les convertisseurs a large bande est de focaliser le faisceau
gaussien dans un réseau chirped non-apodisé. Il a été démontré théoriqguement et
expérimentalement pour la premiére fois que le changement spectral de I'intensité lumineuse en
focalisant un faisceau gaussien peut étre traduit en une fonction d'apodisation et supprime
I'ondulation (ripple) dans la réponse a large bande de convertisseurs chirped. Pour démontrer
cette approche, un réseau chirped dans un morceau de LN a été fabriqué pour fonctionner dans
une bande de SH de 30 nm pour la bande de communication (C-band), en utilisant un design de
réseau step-chirped. 11 a été vérifié qu’en augmentant la focalisation, une réponse sans ondulation
est progressivement realisée sur une bande passante de 6 dB de >5nm, avec une taille de faisceau
de 20 um. L'augmentation de la focalisation rétrécit également la bande passante des réseaux, car
elle réduit l'intensité de la lumiére rapidement loin du point focal. Cependant, le réglage en

continu est également démontré en déplagant le point focal dans le réseau step-chirped.

En outre, il a été prouvé que les PPLN chirped apodisés spécialement concgus, basés sur le
positionnement particulier des régions polarisees dans les périodes, présentent une réponse
réciproque dans les spectres de SHG, pour les directions de chirped vers I’avant et vers 1’arriere.
Les résultats de simulations sont comparés a un autre PPLN chirped apodisé pour lequel le
placement des régions polarisees est dévié de la position optimale. Expérimentalement, pour la
premiére fois, la conversion de fréquence des dispositifs fabriqués est obtenue sur une largeur de

bande de 30 nm dans les deux sens pour montrer la réciprocité de la conception.

Enfin, le convertisseur de bande indépendant de la température est utilisé, pour la premiére fois,
pour la génération de SHG et SFG d’un puissant laser a fibre a onde continue (CW laser) avec
une largeur de bande de quelques nanomeétres centrée autour de 1550 nm, sans l'aide d'un
régulateur de température. Il a été démontré que ce dispositif est insensible a la dérive de
fréquences du laser et des variations spectrales lorsque la puissance intégrée augmente. De plus,

la puissance quadratique de SHG par rapport a la puissance de pompe est obtenue en utilisant un
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PPLN step-chirped avec la source de puissance élevée. Il a été également démontré que ce
dispositif est entierement en accord de phase simultanément pour les deux processus de
conversion non-linéaire de second ordre : SHG et SFG. Il a été démontré que I'ensemble du
spectre d'un laser pompe peut étre converti en onde de SFG par l'ingénierie d'une fonction de
transfert appropriée pour un réseau. A 1’aide d’un laser monochromatique accordable comme
signal de contrdle et en réglant a plus de 30 nm dans la bande de communication, une conversion
de fréquences a large bande super-accordable du puissant laser CW dans la gamme de 770-778
nm est réalisée. L'effet de focalisation a également été pris en compte dans I'élaboration de la
théorie de la conversion de faisceau laser pour un maximum d'efficacité de conversion non-

linéaire.
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ABSTRACT

This thesis focuses on research study, design and fabrication of broadband frequency converters
based on second harmonic generation (SHG) and sum frequency generation (SFG) in nonlinear
quasi-phase-matched (QPM) devices. QPM devices based on domain-inverted gratings provide
noncritical phase matching for frequency conversion in nonlinear media. For creating QPM
crystals, the second-order nonlinear coefficient is periodically reversed by periodic poling
method. Lithium niobate (LN) crystal with excellent properties such as high nonlinearity is one
of the best candidates for QPM devices, which has been used for the simulations and fabrication
in this research work. Conventional uniform periodically poled materials such as periodically
poled lithium niobate (PPLN) crystals possess a narrow spectral and thermal acceptance
bandwidth. The narrow bandwidth limits the frequency conversion for a specified pump
wavelength and necessitates the use of a temperature controller to maximize the efficiency. In
addition, uniform gratings restrict simultaneous frequency conversion for several wavelengths
and tunability of the pump wavelength without temperature tuning. Therefore, chirped and step-
chirped gratings in LN were recently proposed to overcome the bandwidth limitation of
frequency doublers based on SHG. Chirped gratings can be engineered to obtain the desired
bandwidth and remove the necessity of controlling the temperature in the experimental set-up.
However, these devices suffer from ripples and fluctuations in their spectral responses. Applying
apodization in chirped grating is suggested to diminish the ripples in the response of these
devices, in which the effective nonlinear coefficient changes, as a function of length, smoothly to
zero at the edges of the grating. In this dissertation, methods for engineering proper effective

nonlinearity are explored to suppress ripples of broadband converters.

Implementation of a desired apodization function on broadband converters based on duty ratio
variation is deeply examined. The dependence of SH electrical field phase on the place of poled
region in an apreriodic grating is explored theoretically. It has been demonstrated for the first
time that the spectral conversion bandwidth of apodized chirped frequency doublers depends on
the place of the poled region within the period of gratings. The proper design to minimize the
ripples and achieve a desired nonlinearity function for an apodized chirped grating has been

proposed which improves the tolerance to fabrication errors.



It has been also shown that another alternative approach for shaping effective nonlinearity in
broadband converters is focusing the Gaussian beam in a un-apodized chirped grating. It has been
demonstrated theoretically and experimentally for the first time that the spatial change of light
intensity by focusing of a Gaussian beam can be translated to apodization and suppresses the
ripple in the wideband response of a chirped grating. For demonstration of this approach, a
chirped grating in bulk LN has been fabricated to operate in a 30-nm SH bandwidth for the
communication band, using a step-chirped grating (SCG) design. It has been verified that by
increasing the focusing, a ripple-free response is progressively achieved over a 6-dB bandwidth
of >5nm, with a beam waist of 20 um. Increasing the focusing also shrinks the bandwidth of
gratings as it reduces the intensity of light rapidly far from the focal point. However, continuous

tuning is also demonstrated by changing the focal point within the SCG.

Also, it has been proved that a specially-designed apodized chirped PPLN based on the particular
positioning of poled regions within the periods exhibits a reciprocal response in the SHG, for up-
chirp and down-chirp directions. The simulation results are compared with another apodized
chirped PPLN in which the placement of poled regions deviates from optimum positions.
Experimentally the frequency conversion is obtained over a 30-nm bandwidth of fabricated

device in both directions to show the reciprocity of the design.

Finally, the temperature-independent broadband converter is used for the first time to generate
SH and SF of a CW high power fiber laser with a few nm bandwidth centered at 1550 nm
without using temperature controller. It has been shown that this device is insensitive to laser
frequency drift and spectral variations as the integrated power raises. In addition, quadratic SH
power with respect to the pump power is obtained using step-chirped (SC)-PPLN for the high
power source. It has been also demonstrated that this device is fully phased-matched
simultaneously for both second-order nonlinear up-conversion processes, SHG and SFG. It has
been shown the entire BW of a pump laser can be converted to an SF wave by engineering a
proper transfer function for a grating. Utilizing a tunable monochromatic laser as a control signal
and tuning over 30 nm in the communication band, a super-tunable broadband frequency up
conversion of the high power CW laser in the range of 770-778 nm is realized. The effect of
focusing is also has been considered in developing the theory of laser beam conversion for

maximum up-conversion efficiency.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

In photonics, producing broadband light at high frequencies such as green and blue light has been
of great interest in recent years. High-frequency broadband light has numerous applications in
optical communications, optical information processing, and optical sensing in the past decades
[1], [2]. One common way to produce such light is based on nonlinear frequency conversion,
specially quasi-phase-matching (QPM) technique in which the nonlinear coefficient of crystal is
reversed in specific periods [3], [4]. QPM in the form of uniform gratings has been investigated
in many studies for up and down frequency conversions. However, uniform gratings have a small
conversion bandwidth and are sensitive to temperature variation as well as angular rotation.
Broadband wavelength converters in the form of spatially-modulated gratings, chirped and step-
chirped periodically poled material have already been suggested to solve these limitations [5],
[6]. Although utilizing chirped grating allows us to obtain a wider bandwidth but it introduces
many ripples in the output response and significantly decreases the efficiency. Imposing some
apodization has been suggested in chirped gratings [7] to decrease the fluctuations and ripples in
second harmonic generation (SHG) responses. Increasing SH power is still a real problem as well
as applying apodization on chirped gratings for realization. The broadband frequency conversion
device requires a special design to be suitable for fabrication while decreasing the ripples. The
ripple in the conversion efficiency is a function of wavelength in chirped gratings and depends
strongly on apodization. All of these necessitate studying and realizing of a different kind of
apodization in aperiodically poled material to achieve ultra-wide bandwidth devices, which fulfill
the requirements by compromising between different criteria such as flatness, bandwidth,
intensity and practicability of fabrication. In this dissertation, our aim is the realization of an
apodized broadband wavelength up-converter (for high-power lasers with an output power in the
order of 10°s-1000s of watts) based on SHG and sum frequency generation (SFG) in bulk lithium

niobate (LN) using engineered step-chirped grating as a feasible fabrication approach.



1.1 Literature review

Second harmonic generation (SHG) was first demonstrated by Franken et al. in 1961 [8] by
focusing a ruby laser beam at 694 nm in a plate of crystalline quartz shortly after demonstration
of the first laser. The equations for SHG and other nonlinear interactions for monochromatic light
are formulated by Armstrong and his colleague in a nonlinear medium using quantum-
mechanical perturbation theory [9]. They derived coupled equations and solved it in phased
matched velocities and imperfect phase matching. These nonlinear interactions require phase
matching between fundamental and second harmonic wave vectors to compensate phase drift
coming from the difference in their phase velocities due to material dispersion. Earliest approach
to satisfy phase matching condition was using the birefringent material, in which two waves with
orthogonal polarization can keep the same phase velocity for one wavelength due to different
dispersion [10], [11]. As the refractive index is dependent on the temperature, phase matching for
the wavelength of interest can be achieved by temperature tuning, named noncritical phase
matching in which all polarization directions are along the two different crystal axes. Another
technique for birefringence phase matching is tuning the angle of crystal or beams to adjust the
phase velocities of propagation to fulfill the phase matching condition [12], [13]. In birefringence
phase matching, the propagation directions and polarizations are severely constrained. The
frequency converted light should be perpendicular to one or two polarized inputs named as the
type Il and type | phase matching, respectively. For SHG at a desired wavelength, the
combination of temperature and angle tuning should be considered in proper crystal. In addition,
the birefringence phase matching suffers from the birefringent walk-off in a critical phase
matching (angle tuning). The SHG efficiency is a function of crystal’s properties and its length.
Many theoretical and experimental works have been done on SHG for plane waves and focused
beams [11], [12], [14]-[18]. Kleinman and his colleagues were the first to have examined the
effect of a focused Gaussian laser beam on the SHG efficiency in nonlinear crystals. In their
investigation, the birefringent walk-off in which intensity distribution drifts away from initial
wave vector, with different beam tightness and focusing position, has been considered [17], [19],
[20]. When light is focused into the crystal, the light is diffracted more rapidly when the spot size
diminishes and leads to a reduction in the effective interaction length. Therefore, there is a

tradeoff between the spot size and interaction length to get the maximum efficiency.



In a dispersive material, the fundamental and second harmonic waves have different phase
velocities, and they shift 7 out of phase relative to each other over a distance called the coherence
length (Ic). If the sign of the nonlinear coefficient reverses in every other coherence length, it can
locally transfer power to the second harmonic wave. This compensation of phase velocity
dispersion in frequency conversion by the modulation of nonlinearity is called quasi phase
matching (QPM). QPM provides non-critical phase matching at a specific temperature in the
entire transmission band of the material and consequently does not suffer from the spatial walk-
off. This technique also provides usage of materials with low birefringence for frequency
conversion which was not efficient before QPM were introduced. Also, the largest nonlinear
coefficient can be exploited [21], [22] and [23]. In addition to the type | and type Il phase
matching, type 0 phase matching, with the same polarization of input and output waves, is also
possible using QPM. The quasi phase matched structure and mechanism of field accumulation in
QPM are shown in Fig.1.1 and they are compared with a non-phase matched crystal.

A Quasi Phase Matched

L.

L Non -Phase Matched

Generated Harmonic Intensity
Generated Harmonic Intensity

M >
Distance Distance
= | — | —
— A=2lCp— Generated
Harmonic

Fundamental Harmenic beam Fundamental Harmonic beam

Figure 1.1: Non-phase-matched crystal compared to quasi phased-matched structure and its

generated harmonic intensity. lc represents the coherence length.

The QPM technique was proposed first time by Armstrong et al. in 1962 [9] for correction of the

mismatch in nonlinear material. In 1972, Somekh and Yariv investigated the periodic modulation



in the boundaries of a thin film waveguide [21]. Experimentally, making QPM structures was
first done based on stacking polished plates of nonlinear material together while alternating the
sign of susceptibility in successive plates of GaAs at a Brewster angle [22]. The QPM is possible
in a medium in which the nonlinear susceptibility can be patterned on a microscopic scale.
Ferroelectrics and semiconductors are the best candidates for this purpose. While semiconductors
such as GaAs are suitable for long-wavelength operation in the mid-IR, ferroelectrics have been
widely used in the near IR and visible regions since the beginning of QPM devices. By enhancing
the manufacturing ability on microscopic scale, many methods and experiments were undertaken
to make QPM structures in ferroelectrics including electron beam writing [23], inversion during
crystal growth [24], thermal inversion [25], surface impurity diffusion [26], ion exchange through
a lithographic mask [27] and electric field poling [28]. Electric field poling in which the electric
fields higher than the coercive field of ferroelectric material are applied to a periodic electrode
pattern on the surface of a millimeter-thick wafer, is applied for both bulk materials and
waveguides [29]. Nowadays, periodic domain inversion or poling by applying a high voltage at
room temperature is the most common technique [30], [31]. The electrode pattern, which is an
insulating grating pattern is made by lithography on the crystal which is then immersed into a
liquid electrolyte. A high voltage is applied to create the electric field [32]. In the present work,
electric field poling at room temperature was used for the fabrication of QPM devices in the form

of chirped periodically poled lithium niobate (PPLN).

The most widely exploited ferroelectric for periodic domain inversion is lithium niobate
(LINbO3, LN) due to its largest nonlinear coefficient d33, among all other popular ferroelectrics
such as lithium tantalate (LiTaO3, LT) and Potassium titanyl phosphate (KTiOPO4, KTP). It
benefits from wide transparency from mid-IR into the near UV with an absorption edge at 320
nm. It is commercially available in three- and four-inch diameter substrates, convenient for
lithographic patterning, processing and providing long interaction length. On the other hand,
lithium niobate suffers from photorefractive damage in which the refractive index variation is
induced by the generation of charges due to photo-ionization at relatively low intensities [33].
Photorefractive damage results in beam distortion within the PPLN and consequently affects the
phase matching condition and particularly is severe for visible light [34]. In order to increase

photorefractive damage threshold heating the crystal above the annealing temperature has been



suggested [35]. Also, magnesium oxide (MgO) doping can improve the LN resistant to
photorefractive effect [36]-[38].

PPLN is used for frequency conversion in bulk and waveguide form. The first periodic poling
based on the lithographic technique was only possible in waveguide geometries as it was based
on the in-diffusion of titanium under the lithographic pattern and the domain gradually penetrated
only a few microns below the surface of the substrate [26], [39]. However, by the emergence of
electric-field poling techniques, the waveguide-usage limitation was overcome and the
fabrication of PPLN was made also possible in the bulk form. Nowadays, annealed proton-
exchanged and titanium in-diffusion after and before domain patterning (uniform grating) is a
common way to fabricate PPLN waveguides [40], [41]. Waveguide PPLN has the advantage of
having several times higher efficiency over bulk PPLN due to the high intensity from the beam
confinement in the waveguide length. However, waveguides in PPLN can suffer from
photorefractive damage at about 100 kW/cm? [42] even with a small input power of around 100
mW [43], [44]. Therefore, for high power and ultra-short pulse laser pump with a high peak
power, bulk PPLN is preferred. Bulk PPLN can tolerate several average kW input power and can
avoid reaching the optical damage threshold. Also as long as the output power is the main
concern, bulk QPM with higher input power can be utilized to compensate for lower efficiency.
Further, the conversion efficiency in bulk configuration can be improved by optimum laser beam
focusing using QPM. The conditions of focused light through the PPLN have been investigated
theoretically and experimentally [45]-[47]. Focusing the light inside the quasi phase matched
structure induces a central wavelength shift which can be fixed by modifying the period of QPM
device [48].

The bandwidth of uniform poled structures is about few nanometers and similar to the
birefringence phase matched converters, is inversely proportional to the length of a converter.
The narrow bandwidth is not acceptable for many applications. There are many works on optical
frequency converters to raise their bandwidths. In some schemes, multi-crystal design with the
possibility of small angular detuning is used to satisfy the phase matching condition in crystals
for different spectral components of input pulse [49], [50]. Segmenting the crystal and reversing
the temporal or spatial walk-off in alternating segment of a multi-crystal is another approach to
increase acceptance bandwidths in optical frequency converters [51]. Also, angular dispersion

provided by a system of diffraction gratings and lenses or several prisms is exploited to guide



light at their phase matched angle and results in wider acceptance bandwidth [52], [53]. This
method can also be applicable in QPM grating structures [54]. All of above approaches need very
precise alignment and in the two last cases also need additional optical components. Another way
to make a broader bandwidth device in a QPM grating is the use of segmented QPM waveguide
[55]. Two fabrication techniques have been suggested for segmented grating structures. In one of
them, several uniform structures with small period change are placed beside each other with a
gap. In the second technique, the variation of waveguide width in a uniform grating is used to
control the effective refractive index and consequently to satisfy phase matching condition for
neighboring phase matched wavelengths. Also, the effect of using a constant-temperature
gradient imposed along the bulk nonlinear crystal [56], [57] and uniform grating [6] have been
studied to improve the tuning of the spectral bandwidth for a fixed crystal orientation. In 1990,
Suhara offered a chirped grating structure to increase the SH bandwidth at the cost of reduced
efficiency. In his proposed approach, instead of the identical periods, the period changes linearly
within the crystal [5]. Chirped gratings not only have application in bandwidth broadening but
also in compressing and stretching the second harmonic generated pulse relative to the input
pulse [58].

Linearly chirped grating has two problems; Firstly, continuous change in the linear-chirped
grating periods which is typically around 100 picometers makes it difficult for the fabrication
[59]. Second problem is the noticeable ripples in the SHG conversion efficiency response [60].
Proposing step-chirped grating in which the change of period increases in steps and also applying
some apodization to smooth ripples in the SHG efficiency response of the chirped PPLN
waveguide have assisted to overcome the mentioned problems [7]. Apodization is the removal of
the sharp edges in the spatial profile of nonlinearity in which the maximum of nonlinearity is
brought down smoothly to zero at the grating edges. This leads to a reduction in ripples in
chirped grating and diminishes the side-lobes of the sinc response of a uniform grating. Several
schemes have been suggested for apodization in a uniform grating such as deleting domain
reversal in some parts of the grating; waveguide tapering by placing grating into and out of the
waveguide or integrating two directional couplers with a QPM grating; and by altering the duty
cycle [59] ,[60]. An efficient method for apodization of step-chirped grating in waveguides was
proposed theoretically by Tehranchi and Kashyap [7], which facilitates the process of fabrication

and employs the variation in the duty cycle on the two edges of step-chirped grating. To



compensate for the efficiency reduction in the step-chirped gratings, a high-power laser with an

average power in the order of several Watts to kWs can be used.

1.2 Objectives

As mentioned before, the development of apodized temperature-insensitive broadband QPM in
bulk lithium niobate for high power application is the motivation of this work. In details, the

purpose of this thesis is specified in the following objectives:

1. Development of the theory and design of engineered apodization in chirped gratings in

poled crystals, e.g., lithium niobate for second harmonic generation
2. Spectral SHG response evaluation of the proposed apodized chirped grating devices

3. Investigation of a new approach to control the spectral SH response of a chirped grating

instead of fabricating an apodized chirped grating
4. Fabrication of apodized and un-apodized step-chirped gratings

5. Characterization of the device using SHG and sum frequency generation with a high

power laser

6. Removing the temperature controller as a result of the device temperature-insensitivity.

1.3 Overview

In Chapter 1, after explaining the motivation for this dissertation, the literature behind this work
is reviewed. The objectives and an overview of this dissertation explaining the general

organization of the work are presented.

Chapter 2 introduces the basics of nonlinear optics relevant to frequency up-conversion. The
theory of nonlinear optics and wave equations in nonlinear media is described. The concepts of
phase matching and applicable techniques to satisfy it are presented. Continuous- and step-
chirped grating, and apodization with different functions and ratios are introduced. Moreover,

apodization using a Gaussian beam is explained.

In Chapter 3, the properties of lithium niobate as our working material are discussed and our
fabrication approach for making PPLN devices based on electric field poling at room temperature

is described in details.



Chapters 4 to 7 present four articles, addressing the objectives of this dissertation. Chapter 4
contains the first paper entitled “Engineering of effective second-order nonlinearity in uniform
and chirped gratings”. This article addresses the first objective. This paper proposes the proper
design to apply apodization in uniform and chirped gratings. It has been shown that when
applying a desired apodization function, not only is the duty ratio but also the location of the
poled region within the pitch is important. This is due to the amplitude and phase of the SH
electric field being function of the duty cycles and position of the poled regions, respectively. The
effect of displacement of the poled region position in the pitch on the SH conversion efficiency
spectrum is investigated theoretically and numerically in the absence and the presence of domain

errors. It is shown that our approach is robustly resistant to fabrication errors.

In Chapter 5, which is the second article entitled “Tailoring and tuning of the broadband
spectrum of a step-chirped grating based frequency doubler using tightly focused Gaussian
beams”, we propose the use of Gaussian beam to control the SH response of a step-chirped
grating device. In this paper, SHG response characterization of the fabricated un-apodized device
is obtained by the use of a tunable monochromatic laser. We address objective 3 and part of

objective 4 for successful fabrication of step-chirped gratings.

Chapter 6 presents the design and fabrication of an apodized chirped grating while considering a
proper position for a poled region within a pitch which is theoretically described in Chapter 4.
This paper shows the reciprocal SH response as is expected from the theory and simulation in
Chapter 4. This paper which is entitled “Design, fabrication, and characterization of a specially
apodized chirped grating for reciprocal second harmonic generation” addresses the second

objective and the part of the fourth objective, only the fabrication of an apodized grating.

In Chapter 7, a high power laser is used to pump the specially designed step-chirped grating to
address the objectives five and six, which are the characterization of our chirped device with a
high power laser considering the temperature insensitivity of the device. The temperature
controller is removed in the experimental set-up as the device has a broad temperature acceptance
bandwidth. The article entitled “Super-tunable, broadband up-conversion of a high-power CW
laser based on x®® processes in an engineered nonlinear photonic crystal” in this chapter can be
divided into two experimental parts. In the primary part, we used a high power laser in addition

to a tunable laser with neighboring frequencies around the pump as a control signal to be able to



tune the output wavelength of a chirped grating in the sum-frequency band. In secondary part the
SHG of a broadband high power pump laser using the chirped grating is examined for different

pump Powers.

Chapter 8 provides a general discussion on the aspects of the four articles and a summary of
technical points in this work. Finally, we conclude the work in Chapter 9 and it is followed with a

view on future work and recommendations.
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CHAPTER 2 INTRODUCTION TO NONLINEAR OPTICS AND
FREQUENCY CONVERTERS

2.1 Basics in nonlinear optics

When an electromagnetic wave enters a dielectric material, it interacts with the medium, causing

a displacement of negative and positive charge centers in the constituent atoms and consequently

creates dipoles. The dipole moment per unit volume is named the polarization (P ). The induced
polarization in materials depends on the strength of input electric field and medium crystal
structure. At low intensities, the polarization depends linearly on input electric field. This linear
dependence is proportional to the linear susceptibility 'Y of material and determines the
refractive index of the material. In this case, charges radiate their own electromagnetic wave with
the same frequency as the input wave but with a phase delay, which results in a slower
propagating output light compared to the original one due to its interference with the input wave.
At high intensities, depending on the material structure, the dipoles do not oscillate sinusoidal for
an applied sinusoidal electric field: in other words the generated polarization by dipoles is not
equal for an applied electric field of +Eo compared to applied field of magnitude -Eo. This
nonlinear response leads to the creation of other frequency components than the input one. The
relation between the polarization and electric field can be described mathematically by means of
the Taylor expansion

|5=50(;((1)E+;((2’EE+;((3)EEE+---)=5L+5NL, 2.1

where ﬁ =g, 7WE presents the linear part of the polarisation , and &, Is the permittivity of free
space [61]. The linear part of polarization contributes to linear phenomenon causing by produced
phase delay in the material such as refraction, diffraction, reflection and dispersion. P,, denotes

the nonlinear part of polarization. The quantities y@ and x® are known as the second- and third-
order nonlinear optical susceptibilities, respectively. The second term, proportional to the square
of the electric field, is responsible for different kinds of frequency conversion, parametric
fluorescence, and optical rectification. The second-order nonlinear interactions can occur only in

non-centrosymmetric crystals that do not display inversion symmetry. On the other hand, third-
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order nonlinear optical interactions can occur both in centrosymmetric and non-centrosymmetric
media and give rise effects such as third harmonic generation (THG), the Kerr effect, Brillouin
scattering, Raman scattering, self-phase modulation (SPM), soliton formation, cross-phase
modulation (XPM) and four-wave mixing (FWM).

In order to understand different second-order nonlinear interactions which our focus in this

dissertation is on, we consider an optical field strength E (which consists of two distinct

frequency components as
E(t)=Ee ™ +E,e ™ +cc., 2.2

where c.c. is the complex conjugate. The second order contribution to the nonlinear polarization

strength in Eq. (2.1) can be written in the following form
P@(t) = g,y PE(t)?. 2.3
By substituting (2.2) in (2.3), the second order polarization is given by

PO(t) = g,y P[EZe @ + E2e ¥ + 2E,E e ™ 4 2E Eje ) 4] 2.4
"‘goZ(Z) [E1E1* +E, E;]

If the polarization is expanded for different positive and negative frequency wn, then:

PA(t) =X P(w,)e ™" 2.5

The complex amplitudes of different frequency components are given by

P(2w) = 6‘0}(((22:1) E;

P(2w,) = 50)(((2232) E;

Pl +w,)= Zgogff}l)mz)ElEz . 26
P(o, —,) = 25,1, E.E,

P(0) = 250;(((02))(E1Ef +E,E))
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The two first relations in Eqgs. (2.6) describe second harmonic generation (SHG) of two pumps,
the third and fourth one indicate on sum frequency generation (SFG) and different frequency
generation (DFG). The last expression denotes on optical rectification (OR). For all frequency
conversion equations (nonzero frequencies), also there is a response at negative frequency of
each equation in (2.6) coming from the conjugation form of electric field which is not
distinguishable. In practice, from these four different nonzero frequency conversions, typically,
just one interaction occurs with a high-intensity input as the phase matching condition (This shall
be explained in section 2.4 ) should be satisfied for frequency conversion which is not always
easy to satisfy. Also, the interacting susceptibility (yin®) for the selected polarization should be

nonzero.

The susceptibility coefficient y™ for each allowed interaction is a (m+1) tensor and it consists of
3™ elements. For instance, »® can be represented by a matrix of 3x3x3 and consists of 27

elements. Considering all kind of symmetries such as intrinsic permutation, lossless media
symmetries and the Kleinman symmetry (the ;(iﬁi) are not strongly dependent on frequency, if all
the frequencies contribute to the interaction are far enough from any resonance frequencies of the

nonlinear material) [62], the second-order susceptibility tensor can be simplified into a more

convenient form called d-tensor, with components determined by

2d, (-, 0, @,) = Ziﬁi) (-, 0, @,) 2.7

= Zi(k?) (~;; 0,, @) = Ziﬁi) (~5; 0, @)
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The indices i, j, and k indicate the field polarization directions of different axes x, y, and z. The
indices j and k can be replaced by the index m, using the Voigt contraction. The contracted d-
tensor has a more convenient form with 18 independent elements for nonlinear material with
minimum symmetry. Therefore, the induced second-order nonlinear polarization for sum
frequency generation in different directions is proportional to various components of applied

electric field as

E (@) E (@) 2.8
X X
= (@) E (@)
S (o +;) Ey y
P d, d, d; d, dyg dg E (@) (@)
S(@+a,) | _ z z
P =dey|dy dy dy dy dy dy E@E @) | E@ g @) |
plate,) d31 d32 d33 d34 dss dse ~)(,( ) ~Z( ) ~Z( ) ”3(,( )
z E,YE, + E;YE,”
= (o) B (@) | E(@)E (o)
_EX Ey + Ey E, |

In the case of SHG, the two frequencies are equal, and a coefficient of %2 is multiplied in the

second term due to the use of one source.

Based on different classes of crystals, holding symmetries, the d-tensor elements can be reduced.
For example for lithium niobate crystal which places in the 3m point group class, the d-tensor

just has three nonzero elements; ds1, d22 and dsz and in the form of tensor can be given by:

0 0 0 0 d, -d, 2.9
~d, d, 0 d, 0 0
d, dy, dy 0 0 0

The quantity of nonzero elements and their places in the tensor are important in designing
parametric devices as it can benefit from a maximum of the d-tensor element to maximize the

conversion efficiency and the selection of proper polarizations.

2.2 Wave Equations

In order to understand and obtain wave equation describing propagation of light through a

nonlinear optical medium, we begin with the Maxwell’s equations
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V-D=p,,, 2.10
V-B=0, 2.11
L 5 2.12
VXE=—@,
ot
L D 2.13
VxH = ext+@.
ot

We are interested in the solutions of these equations in regions of space that contain no free
charges, so that

Pec =0. 2.14

Also, the region does not contain any free currents, therefore

jext =0. 2.15

With the assumption of solving equation in nonmagnetic material, we have
B =u,H 2.16

however, in nonlinear material experiencing induced polarization, the fields D and E are related

by

D=¢,E+P, 2.17

and in general, the polarization vector P depends on the local electric field E .

To derive the optical wave equation in the usual manner, we take the curl of the 3 Maxwell’s
Eg. (2.12), and interchange the order of space and time derivatives on the right-hand side of the

resulting equation. Using Eq. (2.13), (2.15), and (2.16) to replace VxB by z, % we obtain
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~ ’D 2.18
V xV x E+yoaat—5)20.

Substituting Eq. (2.17) in the above equation, to eliminate D , results in

- 1 9%E d*P 2.19
V xV x E+C—2?:—ﬂ0?.

This is the most general form of the wave equation in nonlinear optics [61]. This equation can be
simplified under certain conditions. Using a vector calculus identity, the first term on the left-

hand side of Eq. (2.19) can be rewritten as
VxVxE=V(V-E)-V’E. 2.20

In linear optics, for an isotropic and homogeneous media with no charge, the first term on the
right-hand side of this equation wiped out as the Maxwell’s equation v.p =0 results inv-g=0.
However, in nonlinear optics, this term cannot generally vanish even for isotropic materials,

because of the general relation between D and E described in Eq. (2.17). Nevertheless, for

transverse E field and infinite plane wave, this term can be dropped from the equation in
nonlinear optics. Also, for slowly varying amplitude due to smallness compared to the second
phrase in the right hand side of Eg. (2.20) can be ignored. Therefore, we can have this equation in

the following form

16°€  oO°P 2.21

9=
\% E—C—2 e

By separating linear and nonlinear part of polarization as

_BO B 2.22

NL?

O

where P® and Pn. are the linear and nonlinear part of P, respectively. The displacement field

D can be decomposed into two parts of linear and nonlinear.
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D=D"+P, 2.23.a
where the linear part is given by

BY =5 E+B . 2.23b
Considering all of these quantities, the wave Eq. (2.21) becomes

. @Y o 2.24
VZE+ 44, o M &SL

In the case of a lossless, non-dispersive medium, the relation between D® and E is real and the

frequency-independent dielectric tensor £® can be expressed as

DY —z0 .E 2254

For isotropic materials, this relation simplifies to

DO —cOF 2.25.b

where ¢® is now a scalar quantity, then wave Eq. (2.24) for an isotropic and dispersion-less
material becomes
n’ 6°E 2PN 2.26

_VZE-’_? atZ :_IL{O atz

Eg. 2.26 is the inhomogeneous wave equation in the presence of a source. Actually, the nonlinear

response of the medium acts like a source term, which appears on the right-hand side of this

equation. In the absence of this source term, Eq. (2.26) converts to the form of wave propagation
o @ 2

e’ n . .
=&y —=— and n is the (linear)
& C

in a dielectric with the phase velocity of c/n, where &

refractive index.
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2.3 Nonlinear Coupled Wave Equations for SFG and SHG

For a dispersive medium, each frequency component of the optical field must be considered
separately. In general, the total electric field and polarization are considered as a superposition of
all different frequency components as

E(rt)= %Zén E_(r,0)exp(—io 1) +cc.

1 , 2.27
=5 L&A MeRlik, r-o Hl+cc
= . 2.2
P (rt) = %Zén P (r,w)exp(—io t) +ccC.. 8
For each frequency component, Eq. (2.26) is valid, therefore
e(w) °E, R 2.29

~V2E, +

2 ot =My ot2

Consider plane waves propagating in the z-direction, combining the two input waves at @, and

o, , the sum frequency is generated at «, . The present waves in the medium can be expressed by:

£, = 7 A@explilkz - o] +cc 230
E,(z.t) = % A, (z)expli(k,z — 2awt)] +c.C. 2.30.b
E;(z,t) = % A, (z) expl[i(k,z — wt)] +c.C. 2.30.c
where ki =wni/c and i =1, 2 and 3 denotes the pump 1, pump 2, and generated SF wave,

respectively. Ai is the slowly varying amplitude of the electric fields for the waves. The

appropriate nonlinear polarization components for all contributing frequencies, according to Eq.
(2.8), can be written as
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1 2.31la
Po=3 62" (@ + w0, 0,)E B =460y B E,
. ) * 2.32.b
Pl = 5501(2) (a)3 _a)z;a):g! 0)2) E3 E2 = 480deff E3E2 '
2.31.c

1 * *
P, :5501(2)(0)3 —o;0,,0)E B =4g,d 4 EE, .

For a negative uniaxial crystal of class 3m , the effective value of d for type I, Il and zero phase
matching can be given by d_, =d, siné—d,,cos@sin3¢, d =d,, cos’@sin3¢ and d =d,,,
respectively. Here, for SFG in type | phase matching, pump 1 and pump 2 have a different
polarizations and the polarization of one field is perpendicular to the polarization of generated SF
wave. In type Il phase matching, two pumps have the same polarization and their polarization are
perpendicular to the generated SF wave and in type zero phase matching, the pumps and

generated output have the same polarization.

We assumed that the Kleinman’s symmetry holds. Therefore, the same dett appears in all of three
equations. Substituting Egs. (2.30) and (2.31) into the wave Eq. (2.29) for example for SFG, and

replacing V2 by d2/dz? as the field is just dependent on the z axis, we find:

d?A, .. dA eD(@) @A | en
+2ik —KZA, + 30378 eiltkzmat) 4 o0
|: d22 3 dZ 3 A3 CZ

—4Ad_. »? .
_ Ce;f 3 AlAzel[(kl+kz)z—a)3t] +C.C.

2.33

The third and fourth term in brackets on the left-hand side of this equation, cancel each other.

Also using the slowly-varying envelope approximation,

dA 2.34

dz

d?A

dz<<k
z

we end up with the well-known coupled wave equations for SFG
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w’d 2.35
ddA3 2i k3 T A A, exp(iAkz)
z

where Ak =k, +k, —k, is called the phase mismatch. Using the same approach for the two pumps,

other coupled equations can be obtained as

d oy . .
dAz& 2i ; T A A, exp(-iAkz)

2.36

dA2 2 eff
=2I—— A exp(—iAkz).

This equation for SHG with the pump at frequency of w1 and second harmonic at @, reduces to

two equations as

dAZ 2 d 2.37.a
—— A exp(iAkz)  (up-conversion process),
dz kzc
wld 3.
(jin 2i kl Ze” A, A exp(-iAkz) (down-conversion process), 23b
z
where i =1, 2 denotes the fundamental harmonic (FH) and the second harmonic (SH),

respectively. Egs. (2.36.a) and (2.36.b) represent the frequency up-conversion (o+® — 2w) and

down-conversion process (2ao—-w — w), respectively.

The phase mismatch Ak for SHG of light in frequency of 1 defined as

Ak:k2—2kl:47ﬂ(n2—nl) 238

Under the non-depleted condition in which the pump power stays constant (A1 ~ constant) Eq.
(2.36) can be solved by direct integration to give the amplitude of the SH,
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a)z2 d Aiz(o) (eiAkL _1) 2.39
k,c® Ak '

A =2

This assumption is valid whenever the conversion efficiency is not too large (around 10%) [63].
A1(0) is the input FH amplitude, and L is the length. The intensity of a light wave with the

amplitude A can be written as

I :%Cgon|A|2. 2.40

Using (2.39) and Eq. (2.38), results in calculating SH intensity

. o( AKL 241
_ 20dg o (j kL
T oc SINC [2)
%)

=— <2 121200
g,c°n?n, 1 (0)

2

sin x

X

where we define sincx =

Normalized SH intensity versus wave vector mismatch is plotted in Figure 2.1. The maximum
SH intensity occurs when the mismatch is zero and decreases by increasing phase mismatch. For
this reason, phase matching is very critical for having an effective conversion. In the next section,

condition for phase-matching is explained in more details.
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Figure 2.1. Normalized SH intensity vs. phase mismatch.

However, for the high conversion efficiency (more than 10%) the FH power depletion cannot be
neglected. The pair of coupled Eqgs. (2.36) should be solved simultaneously.

For the phase matching case (AKL = 0), the solution exactly reduces to the well-known result

(only when 12 (0) = 0) as follows

1,(2) = 1,(0) tanh*(72) , 2.42.a

1,(z) = 1,(0)sech*(72) , 2.42.b
where I”is a normalized nonlinear coefficient defined as

- odg  [21,(0) 2.43
cn, \ gen,
For low conversion efficiencies, tanh?(I'L) = (I'L)* and Eq. (2.41) reduces to maximum the SH

intensity in Eq. (2.41) for phase matched one in the case of undepleted pump. The normalized SH

efficiency 112/ 11 given by Egs. (2.42) are shown in Figure 2.2
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Figure 2.2 Normalized FH amplitude and SH efficiency in depleted case are in comparison with

SH efficiency in un-depleted case.

The FH intensity is depleted, approaching to zero while the SH intensity approaches up to one
and does not violate the conservation energy. In addition, In order to compare the SH conversion
efficiency for an un-depleted case with a depleted case, the un-depleted approximation is plotted
in the same figure. Clearly, it can be seen that for efficiencies lower that 10% two graphs are
coincident. Therefore, for a conversion with the efficiency of less than 10% we are allowed to use
the un-depleted approximation.

2.4  Phase matching

Phase matching is of vital importance in many nonlinear processes that are phase sensitive, such
as SHG, SFG, DFG and FWM. The phase matching condition ensures that the harmonic waves
add up constructively in the propagating direction. In the microscopic point of view, for example
for SHG, at every place in the non-centrosymmetric crystal, fundamental harmonic induces a
dipole emitting light at the double frequency of fundamental harmonic as shown in Figure 2.3.
The overall effect of this process is obtained by the summation of all the fields emitted from

different positions with their respective phases. In order to calculate the phase difference between
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two emitted waves, we consider a second harmonic light that is generated in place z1 and another
one generated in the z2. The second wave bears a phase dictated by fundamental wave equal to
(2k1)zz  while the first SH light had the initial phase of (2ki)z1 plus the phase that gains by
traveling through the crystal (k2)4z. Therefore, the phase-difference between two dipoles can be

calculated by 2k,z,—[2k,z, +k,(z,-2)]=(2k,—k,)Az. The 4k = 2ki - ko is called phase

mismatch vector as has been derived mathematically in Eq. (2.37). 4k should be equal to zero to
ensure that the contributions to SH wave generated at different points in the crystal build up in
phase and lead to efficient SHG. In the other word n1 = nzand it means the phase velocity for two
waves should be the same. Meeting this condition is a common problem as nonlinear optical
materials usually have a normal dispersion in which higher frequencies have larger refractive
incidence compared to lower frequencies n2 > n1. The dispersion commonly produces a non-zero
phase mismatch [4k = ko — 2ke # 0] if no special arrangement is taken. To overcome this
difficulty two different techniques have been mostly utilized; birefringent phase matching and

quasi-phase matching.

Second Harmonic

Fundamental Harmonic

.~

v

Crystal Length

Figure 2.3: Sketch of phase matching concept when all dipoles radiate in phase to build up the
SHG. The fundamental wave is plotted in red color and has a well-defined phase, propagating in
the crystal. The induced dipoles all emit light at the double frequency of fundamental harmonic

with a phase determined by the fundamental wave [64].
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2.4.1 Birefringence phase matching

In Dbirefringent material, the refractive index depends on the polarization of the wave and
propagation direction. Therefore, the speed of light in these mediums can be governed by
selecting the proper wave polarization depending on their wavelengths. Between birefringent
material, uniaxial crystals are the most common type in which a single direction governs the
optical anisotropy whereas all directions perpendicular to it are optically equivalent. This special
direction is known as the optic axis of the crystal. Light with polarization perpendicular to the
optic axis experiences ordinary refractive index no while the light whose polarization is in the
direction of the optic axis experiences an extraordinary refractive index ne. If the polarization of
generated harmonic waves is constrained to lie along the axis with lower refractive index while
the fundamental harmonics polarization is constrained to lie along higher refractive index, their
corresponding phase velocities can be equalized using birefringence for a specified wavelength.
Thus, phase matching condition can be achieved. In Figure 2.4 the arrangement for birefringent
phase matching for lithium niobate which is a negative uniaxial crystal has been shown. a, b, and
c are three orthogonal axes of the crystal. In addition, the extraordinary and normal refractive

indices versus wavelength are plotted in Figure 2.4.

24
2m x
c(ne) )
E
1.
2
) °
a £
0
b(no © 21t
2 1 1 1 1
5 1 1.5 2, 25 3
wavelength(p m)
(a) (b)

Figure 2.4: a) Configuration for achieving phase matching in a birefringent LINbO3 (no>7e).

b) ordinary and extraordinary refractive indices for lithium niobate vs. wavelength.
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Phase matching condition can be satisfied just for one specified wavelength at each time, as it can
be observed from the plot (b). In order to get conversion frequency in other wavelengths, two
methods are utilized including temperature tuning and angle tuning. Temperature tuning is based
on the dependence of refractive index on the temperature so that the wavelength at which 4k =0
changes with the temperature. In another alternative approach, angle tuning, the direction of
propagation changes instead of the temperature to satisfy phase matching. The polarization of
fundamental harmonic lies in an angle o relative to a-axis and in the a-b plane in Figure 2.4 a. In
this case, the effective refractive index for fundamental beam can be calculated from the

following equation

0 (@) = sin?(6) . cos?(0) | 2.44
Ao A QRw)? |

In the angle tuning or critical phase matching technique, as optical waves do not propagate
collinearly with each other, there is a loss of efficiency due to walk-off. The reason is that the
extraordinary wave propagating through a birefringent crystal possesses a Poynting vector that is
not parallel to the propagation vector.

Although birefringent nonlinear materials provide phase matching, there is no guarantee for
efficient generation of SH. Because the nonlinear d-tensor must contain appropriate elements that
couple a linear polarized fundamental harmonic in ordinary axis to a polarized second harmonic

in extraordinary one to obtain an efficient SHG.

2.4.2 Quasi-phase matching

In general, in a dispersive material, the phase mismatch leads to SH intensity oscillation within
material length if the phase velocities of the FH and SH are different. The SH intensity oscillates
in the period of 2lc = 2a/(k2e — 2Ko) as shown in Figure 2.5 when there is no phase matching
(Non-PM). If the sign of driving nonlinear susceptibility is reversed in the distance of Ic = n/(kze
— 2kw) called coherence length, the phase difference is “reset” to zero. This creates a step-wise
growth in the output power along the crystal length known as quasi-phase matching (QPM) and

can be seen in Figure 2.5. Such a spatial modulation of nonlinear susceptibility can be obtained in
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ferroelectric crystals by periodically altering the crystal orientation so that the effective

nonlinearity changes according to the orientation.

SH Intensity

Non-PM

0 1 2 3 4 5 6
Coherent Lengths

Figure 2.5. Second harmonic intensity as a function of propagating distance for quasi-phase
matching (QPM) by flipping the sign of the spontaneous polarization in every other coherence

length compared to perfect phase-matched (PM) and non-phase-matched interaction (Non-PM).

Although QPM has lower conversion efficiency for the same nonlinear coefficient compared to
the perfect phase matching (the effective nonlinearity dex is reduced by a factor of 2/x), it brings
useful flexibility into optical parametric processes. Among the advantages of QPM, the use of
any convenient combination of polarizations in the nonlinear interaction can be mentioned. In
this case, in addition to Type | and Type Il phase matching, Type 0 in which all interacting waves
have the same polarization is allowed and this often corresponds to use of the strongest element
of the nonlinear tensor. In addition, QPM makes the noncritical phase matching possible for all
frequencies in the transparency region of the nonlinear material. Therefore, the spatial walk-off is
eliminated. In order to have a more precise look at QPM, mathematically description of QPM,
can be considered. The nonlinearity modulation d(z) (known as QPM grating) changes like a

rectangular wave in the space domain with the period of 4=2Ic as shown in
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Figure 2.6.b
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Nonlinearity

Figure 2.6: a) Uniform grating. b) nonlinearity function in space.

This function can be written in the form of the Fourier transform of spatial frequency (k=2z/A)
including all frequency components at fundamental harmonics

o 2.45
d(2)=der D, G explikn2)

m=—o0
where def is the effective nonlinear coefficient of the material, Kn=2nm/A is the grating vector of
the m" Fourier component, and A is the period of the modulated structure. The Fourier

coefficients Gm for the duty ratio D is given by:

2.46

m

G, = isin(m;zD)
zm

In order to achieve strongest nonlinear interaction, the first order of grating harmonic m = 1 and
duty cycle of D = 1 should be selected. Therefore, the phase matching condition for the first-
order QPM in Eq. (2.37) can be written as:

7 2.47
Ak =Ak£K =k, ~2k £~

C
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where 4k, ki and k2 are same as in Eq. (2.37), and |, :#zé is the coherent length of

4(”2_n1)

SHG for a specific fundamental wavelength A. For periodically poled lithium niobate (PPLN),

exploiting the biggest nonlinear coefficient dss via type 0 phase matching is possible.

The spectral shape of QPM is similar to birefringent phase matching. It still obeys the Eq. (2.30)
with different effective nonlinearity but the similar sinc function as shown in Figure 2.1. The
maximum of efficiency is correlated with the wavelength A for which spatial modulation is

designed.

2.5 Chirped grating

QPM in the form of periodically poled material has been discussed in the previous section. These
devices are designed to be phase matched for a specific wavelength and nonlinearity changes

uniformly in the crystal length as shown in

Figure 2.6.a with a constant period. These devices have a narrow spectral and thermal bandwidth.
In order to increase the bandwidth of uniform gratings and satisfy phase matching for a wider
range of wavelengths, the QPM in the form of chirped grating has been introduced. In the price of
losing efficiency, the bandwidth can be enlarged. In chirped QPM the spatial period changes
linearly in the crystal length. In Figure 2.7, a chirped grating has been shown.

Figure 2.7: Chirped grating.

Mathematically, d(z) can be written as

d(z2)=dy i G, exp(—ik, (z+12/2)), 248

M=—o0
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where all parameters are similar to Eq.(2.44) and r is the chirp ratio of the grating. In the chirped
structure, the period and wave number of grating change with respect to the distance. They can be

described by following equations:

A(z)=A, 1 (1+712) 2.49
K@) =K,(1+rz)

where Ao is the length of the first period and r is the chirp rate per unit length and can possess the
positive or negative quantity. The bandwidth broadening can be managed by changing the chirp
rate. The sign of chirp rate influences the bandwidth broadening in the higher or lower
frequencies as the positive sign enhances the broadness at shorter wavelengths and negative chirp

rate increases the broadening toward higher wavelengths.

As the period variation in linearly chirped gratings is too small, (typically around 100
picometers) the step-chirped grating are suggested to overcome fabrication difficulties [7]. In
step-chirped gratings, the total length is divided to p sections as shown in Figure 2.8 and each

section consists of n constant period 4i. The period of each section is calculated to be
A=A +AA(-D), 2.50

where A1 is the period of the first section, and AA is the step in the chirp period or the constant
chirp period change between two adjacent sections. Also length of each segment is Li = nAi,

i=1,2,...,p. Here, n represents the number of periods in each section.

< L

L, — -~ L —— L, —

Figure 2.8: Schematic of step-chirped grating.
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Chirped grating can be designed to have desired spectral bandwidth. As the phase mismatch
depends on temperature through the refractive index, expansion of spectral bandwidth naturally
leads to increase of thermal acceptance. Here, to compare spectral and thermal bandwidths of
uniform and chirped grating, the SH efficiency of a 2-cm-long uniform PPLN has been compared
to the same length of chirped PPLN with 10 sections and AA = 0.1 um for the central bandwidth
at 1.55um in Figure 2.9 and Figure 2.10. The SH response of chirped grating has some

fluctuations (ripples) as it can be clearly seen in these two figures.

~ 0 : : L L L
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= — Chirped PPLN
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Figure 2.9: Bandwidth of chirped PPLN compared to uniform PPLN.
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Figure 2.10: Thermal acceptance of chirped PPLN compared to uniform PPLN.

2.6 Apodization

Apodization is utilized as a solution to reduce the fluctuations in the generated harmonic
efficiency in chirped grating or to eliminate side lobes in the response of uniform grating.
Apodization is a function, which is used to smoothly bring the maximum of nonlinearity down to
zero at the edges of the grating. Mathematically for a chirped grating it can be described by
multiplication of the apodization function to a chirped nonlinear grating function, therefore, d(z)
for an apodized chirped grating changes as
© 2.51
d(2)=f,,(2)dy > G,exp(-ik,(z+r2°/2)),
where fap is the apodization function, r is the chirp ratio and ders is the effective nonlinearity. The

other parameters are same as Eq. (2.47).

Apodization function can affect the response of generated harmonics based on the function shape
and the ratio of applied function in a grating. Several common apodization functions are as

follow:



Sine

Raised sine

Tanh

Gaussian

Cauchy

Blackman

f(z)=sinz,
f(z)=sin*z |,

et —e’
el +e?’

f(2)=

Z2
f(z)=aexp(-a—)
@,

1-(z/LY

O ey

)= (1+ B)sin(z) + Bcos(2z) .

f(z
2+2B

2.52

2.53

2.54

2.55

2.56

2.57
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These functions can be applied on the whole length of grating or on the part of that. For example,

for a sine-apodized chirped grating the percentage of unaffected chirped grating in the center can

be variable and can be described by the following equations:

f(z) =sin(azrz/L),

f(z) =sin(ar(L-2)/L,

O<z<L/2a,

LQl-1/2a)<z<L,

2.58
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where a is an apodization ratio parameter to adjust the amount of apodization and L is the total
length of the device. The profiles of apodization for different ratios on the structure are plotted in
Figure 2.11

1
0.8 ]
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=
g
£ 0.6 - ]
'S
2
04+ 1
Qo —1/2 length apodized
= Completly apodized
x ———2/5 length apodized
0.2 1/4 lenth apodized
Unapodized
0 1 1 1 1
0 2000 4000 6000 8000 10000

Length (um)

Figure 2.11: SHG nonlinearity versus length for apodization ratios.

Also, profiles of different functions such as sine, hyperbolic tangent, Gaussian, Blackman and
Cauchy on half of the grating are depicted in Figure 2.12. For the Gaussian function, & =0.3x10°,
which is sharp enough to reach near zero at the ends of the device. For the Cauchy function, the
constant C is 0.9. This amount has been chosen to result in a smooth efficiency response. For the

Blackman function, the constant B is equal to 0.9.



34

T T T T
1 e
v,
4
0.8 -
_,E’ === = Unapodized
; Tanh
Y = = =Sin
£ 0.6 L2
= =Sin
g Gaussian
O m—— Blackman
o 0.4 Cauchy
7]
0.2
0 1 1 1 1
0 2000 4000 6000 8000 10000
Length(ym)

Figure 2.12: SHG nonlinearity versus length for various functions.

The effect of apodization on a grating is shown for the conversion of broadband fundamental
harmonic centered at a wavelength of 1570 nm to achieve a 30-nm bandwidth at the output. To
obtain this result the chirped ratio, r in Eqg. (2.50) for a 1-cm-long aperiodically poled lithium
niobate (APPLN) is chosen to be 4 x10°®. Therefore, the first-period length is 20 microns and the
last one ends with 19.23 microns. The bandwidth in the unapodized chirped grating is around 30
nm and efficiency variation is 53% of maximum efficiency which can be reduced by applying
apodization. For different ratios of apodization which is plotted in Figure 2.11, the normalized
SHG efficiencies are shown in Figure 2.13. With complete apodization, when a = 2 in Eq. (2.57),
the nonlinearity grows with a shallow slope and then diminishes abruptly. In this case, ripples are
removed, but the bandwidth is reduced to less than 50%. By decreasing the ratio of apodization,
bandwidth and ripple increase. In the ¥ length apodization, the bandwidth reduced to 66% and
the maximum of efficiency change falls to 7%. This case which gives a compromise between

bandwidth and flatness is used for examination of other functions profile.
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Figure 2.13: Normalized efficiency of SHG for different ratios of sine function appodization.

The normalized simulated results of above apodization functions are shown in Figure 2.14 which
are corresponding to plotted functions in Figure 2.12. Since Blackman function is not symmetric,
the response is also not symmetric. By diminishing the quantity B, the difference between
maximum and minimum of ripple reduces but these changes are not large (2%) in comparison
with the ripple of this function (18%). The Gaussian function reduces the bandwidth more than
other functions (56%) while the ripples are still large (30%). The hyperbolic function gives less
intensity change (5%) in comparison with the sine (7%) or Cauchy function (8%) while the
bandwidth of tanh and sine is almost the same. The raised sine gives the 10% intensity changes

but the fluctuations of efficiency with wavelength are the smallest.
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Figure 2.14: Normalized efficiency of SHG for various functions

In practice, apodization in chirped PPLN can be achieved by changing the duty ratio in every

period of the chirped structure [8, 9]. Unlike refractive index apodization, it is impossible to have

the desired nonlinearity coefficient as it can have just two states: positive and negative. Thus, by
changing the duty ratio in each period at both ends of the device, the behavior of nonlinearity

coefficient can be controlled. A schematic of the initial part of an apodized chirped grating is

shown in Figure 2.15.

A A —AA A—nAA

Figure 2.15: Schematic of the apodized chirped grating.
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2.7 Gaussian beam

In practice, the incident laser beam is focused in the crystal in order to increase the optical
parametric efficiencies. In this case, paraxial wave equation can be used. Therefore, wave

equation (2.29) for each frequency component, is given by

,= &(w) 0°E, 0P 2.59
V°E, - 2 ot =Hy ot

The electric field and polarization field are given by

E. (r,t)=A (ne'®“ ) ¢, 2.60
P (r,t)=p, (r)e'“ " +cg,

En represents the non-plane wave by defining complex amplitudes An and pn is dependent on
radial direction. I3n is considered different from En to allow the phase mismatch possibility. By

substituting Eqg. (2.60) in Eqg. (2.59), considering z-axis as the propagation direction and
separating Laplacian to transverse and parallel to propagation axis, Eg. (2.59) using slowly

varying amplitude results in

. OA T o, iAkz 261
2ik, —+V,A =——-p.e
n az 2A1 C2 pn

where Ak =k’ —k, and V2 =6°/0x*+0° /oy?. This derivation is known as the paraxial wave

equation due to neglecting 6°/0z* on the left-hand side. For a laser beam with a Gaussian form

the amplitude A can be written as:

AT = e i, 262

+ig

Here r=4/x2+y2, Wo is beam waist radius and ¢ =2z/b is a dimensionless longitudinal

coordinate defined in terms of confocal parameter b as
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b=27zW2 /A =2z,, 2.63

where wo is the focal radius and /4 is the wavelength of light. The beam converges towards the
focal point and expands in a symmetrical manner in the propagation direction. The spot size of

the beam changes with z while propagating. It can be calculated from the focus point by

] 2 2.64
w(z) =w, 1+(—] :
z

R

In the vicinity of the focus point, the beam exhibits approximately parallel behavior between
roughly z = £ zr. The field strength on-axis (r = 0) can be obtained from the first term in Eq.
(2.62) which can be written as:

A 2.65

W) exp(|¢Gouy) J

where the phase term in Eq. (2.65) is the Gouy phase given by

A(0,z) =(

¢Gouy —=tan! <. 2.66

The Gaussian beam width as a function of distance (z) along the beam (wo) and intensity profile
in two different places of propagation distance are shown in Figure 2.16.
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Figure 2.16: Field amplitude of a Gaussian beam.

In order to solve the second harmonic excited by a Gaussian fundamental beam, Eq. (2.60) is

used for SHG by substituting p, = 2¢,d. A?, resulting in

2ikza—+v;A2=

_—2d
0z

2 iAkz
A

For undepleted pump the fundamental beam is

A_L(I’ Z) _ A_l(O) e—r2/w§(1+i§) 2.68
T 1+ig ’
and the solution of Eq. (2.67) supposed to have the form of
2.69

_ m —2r2 Jw2 (1+i¢)
Az(r,z)—1+i§e )
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The amplitude of the second harmonic depends on the z-axis and radial dependence is similar to
the fundamental pump. If Eq. (2.69) is substituted in Eqg. (2.68) then A2(z) obeys the following
differential equation

oA, 4im,s, e 2.70

&z nc o A A+i¢)

By direct integration of Eq. (2.70) we obtain

|C()2€0 IAkZ 271

effAij.(l_i_lé/)

A2:

The Eq. (2.70) in plane wave approximation (b>> |z |, Izol) reduces to Eq. (2.37.a)

Az( Z) Az() —2r /w0(1+|§) 272

1+|cj

The field strength on-axis(r=0) is plotted versus z direction for different confocal parameter in
Figure 2.17.
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Figure 2.17. The field strength (A:) changes on-axis (r = 0) for different focusing parameters b
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CHAPTER 3 FABRICATION OF PERIODICALLY POLED LITHIUM
NIOBATE

Ferroelectric materials with nonzero spontaneous electric polarization are proper candidates for
poling. The polarization can be reversed by applying a strong external electric field in opposite
direction. The polarization in ferroelectric material exhibits hysteresis loops and depends on the
electric field and its history. In periodic poling of lithium niobate, nonlinear coefficient dss along
the optic axis of the crystal is reversed in the periodic domains. The dimension of these periods is
around several microns and requires high precise fabrication techniques. There are several
techniques for reversing the spontaneous polarization in lithium niobate including direct electron
beam writing, electric field poling (EFP), and UV assisted electric field poling [65]. Among these
techniques, electric field poling at room temperature is accepted as the most convenient method
because of its simplicity and poling rapidity. The devices used in this thesis were fabricated using
the room temperature EFP technique based on photolithographically-defined liquid electrodes. In
this chapter, we first introduce a brief summary of the physical properties and structure of

LiNbOs. Then we describe our approach to fabricate PPLNs in details.

3.1 Lithium niobate

Lithium niobate is a human-made dielectric material that does not exist in nature. It was grown
from a melt solution, the first time by Matthias and Remeika in 1949 [66]. After, it was
synthesized in a single crystal form and examined in Bell Laboratories. Its growth conditions, the
crystal structure and the elctro-physical properties were investigated precisely [67]-[72]. Lithium
niobate which is now widely used in electro-optic devices exhibits several important properties
such as ferroelectricity, pyroelectricity, piezoelectricity, negative uniaxial birefringence and
nonlinear optical polarizability. Lithium niobate is classified as the 3m point group and shows
three-fold rotation symmetry about its optical ¢ axis [73]. The structure of LiNbOs crystal is
shown in Figure 3.1. Its molecular structure consists of a planar layer of oxygen atoms in the
form of distorted hexagonal closed packing. The two third of spaced between these layers filled
by Nb atom and Li atoms equally and one third of the lattice is vacant. Below its ferroelectric
Curie temperature (~1210 °C), Nb atoms are located just below the average oxygen layers and Li
atoms are placed just above the oxygen layer. The spontaneous polarization of LiNbOs crystal is

in a positive direction as it is shown in Figure 3.1.a.
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Figure 3.1.LiNbOs structure in (a) as-grown state and (b) domain inverted state, where Ps and E

represent the polarization and electric field direction respectively [74].

If an electric field over the coercive field is applied in the direction of c-axis to the crystal, the
locations of Li and Nb atoms changes. Lithium and niobium atoms move a little in the direction
of electric field and lithium atoms locate below the oxygen layer and niobium place just above
the oxygen layers. Consequently, the spontaneous polarization of LiNbOs crystal is reversed. The
c axis is defined as the axis that the crystal exhibits three-fold rotation symmetry. The direction of
the c-axis can be recognized by compressing or heating the crystal and checking the electric
charge on the surface of the crystal. The surface with accumulated negative charge is then +c.
Because the lithium and niobium ions in the oxygen octahedral move closer to the oxygen plane
centers, and consequently, reduce the net polarization and exceed the negative charges on +c
[75].

Lithium niobate crystal is a negative uniaxial crystal, which holds two refractive indices; the
ordinary refractive index (no) and the extraordinary refractive index (ne). The refractive indices
are variable for different optical frequencies and depend on temperature. The dependence of
refractive index on frequency is known as dispersion. The dispersion comes from the phase

difference between natural oscillators in the material and electromagnetic radiation through
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oscillation of bound electrons induced by input light [76]. Far from the medium resonance, the
refractive index n(w) is given by the Sellmeier’s equation
a)Jz 3.1

B; w;
Ll
a)jz—a)2

nz(a)):A+Zm:

where w; is the resonance frequency and B; is the oscillator strength of the j™ oscillation. Here,

n(w) stands for no or ne, depending on the light polarization with respect to the crystal axis, and A
is a constant. If the summation in Eq.3.1 is extended for all material resonances frequencies that
contribute in the required frequency range, it can be derived in an easier form. For the case of LN

crystal, the Sellmeier’s equations are reported as [77]

a,+b f 3.2
weat (103/1)22—(213+b D an®
2
a,+b, f +a4+b4 f 3.3

n’=a +b f+ RS

A*—(a;+b, f)* A% -3
where f=(T-24.5)(T +570.82), A is the wavelength in um, and T is the temperature in "C.

The parameters in Egs. (3.1) and (3.2) are shown in Table 3.1. At 25 °C, the refractive index of
lithium niobate versus wavelength is already plotted in Figure 2.4.
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No Ne

a, 4.9048 5.35583
a, 1.178x10° 0.100473
a, 2.1802x10? 0.20692
a, 2.7153x10°° 100

as - 11.34927
g - 1.5334x10°°
b, 2.2314x10°° 4.629 x10™
b, 2.9671x10°° 3.862 x10°®
b, 2.1429x107° —0.89x10°
b, - 2.657x10°

Table 3.1. Parameters for Egs. (3.2) and (3.3).

3.2  Fabrication process

Our designed chirped PPLN is fabricated on the 0.5 mm thick optical grade LN wafers from
Crystal Technology. Different steps are involved in the fabrication of PPLNs, which is described
in details as follow; making mask based on our design, photolithographic printing of the mask,
preparing poling set-up and employing high voltage pulse shape, in-situ optical monitoring of the
poling process using crossed-polarizers, and wet-etching of the surface of the poled lithium

niobate to reveal the pattern [78].
a. Mask fabrication

Based on the design, length, period, and duty ratio of different sections of the grating are
determined. Then typically, five or six channels with the width of 2 mm of the grating are drawn

by the Auto Sketch software. We have used a smaller duty ratio (open area to covered area) than
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what we finally desire to obtain in final step due to the expansion of open-area widths during UV
exposure in photolithography and poling process. The electric field and UV usually penetrate
through open windows and increase the width of exposed area undesirably. For example, in order
to achieve a final 50:50 duty ratio on the periodically poled sample, we obtained an optimized
initial duty ratio of 25:75. Then the designed pattern is fabricated as a positive mask in a 5-inch
glass using chrome deposition and laser machining facility in the Polygrames research center at
Polytechnique Montreal. Part of the fabricated mask under the microscope is shown in Figure

3.2. In this picture, two different duty ratios are clearly observable.

18.2
pm

Figure 3.2: Microscopic images of the fabricated mask with two different duty ratios.

b. Photolithographic printing

The photolithographic domain patterning of periodic and aperiodic gratings is done in class-
100 clean-room facilities of microfabrication laboratory at Polytechnique Montreal.
Schematic of photolithography are shown in Figure 3.3, which is done in following six steps:
cleaning, spin-coating, soft baking, mask exposure, development and hard baking. All these
steps take one day for lithium niobate to proceed. We use quarters of full 3-inch LN wafers,
purchased from Crystal Technology; because our designed gratings have a maximum 2 cm
length. A dicing machine with diamond grit blades is used to cut the wafers into four equal
pieces. In cutting process, we cover the positive side of lithium niobate by a Teflon tape to
prevent minuscule particles coming from dicing from sticking on the photolithographic side
of the sample. The +c side can be determined by heating the crystal and monitoring the
deflection of a multi-meter to check the electric charge on the wafer surface as it was

explained in the last section.
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Stepl: Cleaning the Wafer

The important initial step in the photolithography process is cleaning the sample. Any dirt or
particles on the sample leads to having unevenness in spin coating and emerging comets on the
surface. The comets can cause large errors in the final fabricated sample. In addition, the particles
on photoresist layer can disturb the distribution of electric field during the poling process and
eventually cause the break of the sample. Series of solvents such as Acetone and Isopropanol are
used in order to remove the grease, dirt or any other particles. We first wipe up the samples with
a special napkin wetted by Acetone and isopropanol to remove all dust and stains. After that, we
soak the sample in beakers containing the Acetone and shaking it for 5 minutes to clean all small
particles. Then we repeat the step with isopropanol, which is the solvent of Acetone to remove
the residue of acetone. Finally, we use deionized (DI) water to clean the isopropanol. The sample
is quickly dried by blowing dry N2 to avoid any stain from water. We always keep the +z of the
sample with no contact with napkins or any surface. A hot plate is not used for dehydration as it
is used in a normal photolithography process due to the high sensitivity of LN to abrupt

temperature changes.
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Step1: Clean Wafer Step2 : Photoresist Deposition
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Step 3: Soft Baking Step 4 : UV Exposure
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Step 5 : Develepement Step 6 : Hard Baking

Figure 3.3: Schematic of photolithography process of LN.

Step2: Spin-coating

The +z face of the sample should be coated by a positive resist. After cleaning, without any
delay, the sample is placed on the spin mount and is stuck to the mount by vacuuming the air
between the mount and the sample. In order to increase cohesion between the photoresist and
lithium niobate, adhesive assistant HMDS is spin coated before photoresist. We use photoresist
S1813 for the spin coating. The thickness of the photoresist depends on the speed and spinning
time. Therefore, the sample is spin coated with the speed of 4000 rpm for 30 seconds to obtain
1.5-micron thickness. The thickness of 1.5 um is selected to optimize fabrication in both
photolithography and poling processes as decreasing the thickness of photoresist leads to increase
of the accuracy in photolithography. However, the resist should be thick enough to be a good

isolator in the high voltage electric field in the poling process.

Step 3: Soft baking

In soft backing, all the solvent should be removed from the photoresist coating. Soft-baking plays

a very critical role in the photo-imaging. The photoresist coating becomes photosensitive, or
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imageable, only after soft baking. We put the samples in an oven for 30 minutes in the
temperature of 90 °C. If the sample is over soft-baked at a higher temperature or longer duration,
the photosensitivity of resists is degraded by either reducing the solubility of the developer or
destroying part of the sensitizer. In contrast, under-soft-baking does not allow the light to reach
the sensitizer and the exposure cannot be done completely. Therefore, the resist can be easily
removed in both exposed and unexposed areas and it leads to ruining the desired pattern. Since
LN is a pyroelectric and is highly sensitive to temperature variations, the charge can accumulate
on the surface of the sample during the baking and break the sample. Thus, we place the sample
in a cavity on to discharge the accumulated electricity the sample surface due to the temperature
rising. An aluminum foil under the samples in a petri-dish and a metallic wire mesh on top are
used to make a cavity. The mesh and foil are folded around the edges to be connected
electronically. Then the sample is put in the oven while it is turned off and has the initial room
temperature. Then the temperature gradually is increased by the rate of 2 °C/min to reach 90 °C.

After half an hour, the oven is turned off and is left closed to reach the room temperature again.

Step 4: UV Exposure

Mask pattern is transferred to the sample in this step. As the domain growth in lithium niobate is
along the y-axis, we align the channels in the x-direction of crystal to allow domains grow in y-
axis. Once the mask has been precisely aligned with the pattern on the wafer's surface, the
photoresist is exposed to the pattern on the mask with a high-intensity ultraviolet light at 314 nm.
The exposure to light causes a chemical change that allows exposed positive photoresist to be
removed by a developer. We use the Karl Suss MA4 photomask aligner, which works based on
contact exposure. The wafer and assistant holding assembly rise to be in physical contact with the
mask, which is grasped by a vacuum chuck. In contact exposure, usually, a high-resolution
patterning is expected. The intensity of lamp light is around 3.5 mW/cm?. Based on the lamp
intensity, the required time is calculated to give the total 75 mJ to the sample in the duration of 20
seconds. The intensity of an old UV lamp decays over the time, so the exposure time is calculated
each time after a trial exposure. If the exposure time is too low, the development time and thus
the dark erosion increases. Too high exposure duration causes light scattering and diffraction in

the resist film, which lessens the resolution.
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Step 5: Development

After exposure, the substrate is immersed in a developer solution for 60 seconds while agitating.
We have used developer MF319 for photoresist S1813. The solution dissolves away areas of the
photoresist that were exposed to the light. After, the sample is soaked in water to stop developing
the process in the sample. Then it is washed in running DI water and is dried with nitrogen gas.
Develop time is critical, as putting in the developer more than the required time leads to opening
the windows wider that desirable one and reduce the resolution. After drying, the sample is
watched under a microscope to check the quality of the development. Sometimes longer develop
time is required to reach sharp edges in the sample due to the reduction of lamp intensity. In

Figure 3.4 part of the sample after development is shown under the microscope.

i
l|<|

Figure 3.4: Photolithographic image under the microscope after development.

The period is 18.6 pum.

Step 6: Hard Baking

Hard baking is the final step in the photolithographic process. The hard bake solidifies the
remaining photoresist. This step is similar to the soft backing. The only difference is time and
temperature of baking samples in the oven. The sample is placed in the center of the oven for 40
minutes at the temperature of 120 °C to enhance the insulation and to harden the photoresist. In
this stage, also, the cavity made by aluminum foil and wire mesh is used to surround the sample

to prevent cracking the sample in temperature variable environment.
c. Poling

In the poling step, the high voltage electric field is applied to +z faces of patterned lithium

niobate. Electrically conductive liquid electrode (Electrolyte) made of the saturated solution of
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lithium chloride over the un-resist area on both sides of the sample is used to convey the electric
field to the LN sample.

High Voltage
amplifier |

@ iquid electrolyte
LN sample [IJ_ [_lj Liqui %

K
Wight LED Video
array [ Camera

Diffuser Lens

O-rings

Crossed polarizers

Figure 3.5: Schematic of poling experiment setup showing the high voltage set-up and in-situ
optical monitoring using crossed polarizers, DAC: data acquisition card, PC: computer [79].

A transparent isolator sample holder made from plexiglass keeps the sample by sandwiching the
sample between two plastic O-rings. The O-rings enclose the liquid electrolyte around the sample
as demonstrated in Figure 3.5. In addition, other elements in the set-up are shown in this
schematic. The sample holder is placed between two crossed polarizers and illuminated by white
light source. A camera records the changes of the sample during poling for optical monitoring. A
data acquisition card (DAQ) which is controlled by a LabVIEW program generates the required
pulse for poling. A Trek-20 high voltage (HV) amplifier intensifies the input voltage pulse 2000
times to generate the high electric field required for domain inversion in LN. An oscilloscope
measures the input voltage and current. The generated pulse by DAQ card in the poling setup for
a 0.5 mm LN sample is shown in Figure 3.6. Here the initial pulse generated from DAQ is
1/(2000) of the final pulse that is applied to the sample. The coercive field for lithium niobate is

21.5 kV/mm. Therefore, we have generated an electric pulse more than the coercive field (22
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kV/mm) but lower than the breakdown field (~26 kV/mm) which is responsible for the domain
growth. Shape, pulse duration and duty cycle of applied pulse are critical for controlling poling
and preventing breakdown. All factors are optimized by researching previous studies and
experiments. Duration of this pulse is 0.5 ms that is shown in the middle of the larger pulse. The
initial stage is applied to warm up the sample and prevents breaking the sample due to receiving
abrupt voltage. The final stage prevents the back switching in which the partial or total poled
crystal de-poles after turning off the electric field. After amplification, the positive end of the HV
output is connected to the +z side of the crystal while the ground wire is connected to the initial —
z side of the crystal by inserting the wires on the electrolyte. The electrolyte is directly connected
to the sample through the capillaries on two blocks of the sample holder and acts as liquid
electrodes. Before fixing the patterned lithium niobate in the sample holder, all around the sample
edge are covered by insulation tape. The insulation tape avoids charge leaking from the edges of
the sample due to surface conduction, which can cause an electrical breakdown.
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Figure 3.6: Applied voltage during the poling process.

The number of pulses that is needed for poling a uniform grating can be determined by
calculation of required charge for entire domain reversal by the following equation:

Q= [Idt=n(l, xt,)
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n=Q/l,xt, 34

I and t present the current and the duration time of pulse.

The surface charge is given by Q = 2PsxA, where A is the area of the samples to be poled and Ps
is the spontaneous polarization [31]. For lithium niobate at room temperature, spontaneous
polarization is Ps ~ 78 C/cm? [80]. For uniform grating, the duty ratio is 50:50 and the half of
channels need to be poled. The current can be read from the DAQ card which is recorded during
poling process. The calculation of the number of pulses is more complicated for chirped and
apodization gratings. Therefore, this equation just provides an approximation for the number of
pulses. The reason is that the open areas are not homogeneous in the length of channels. In order
to monitor poling process, we use optical monitoring which is shown in Figure 3.5. In-situ optical
monitoring utilizes observing the contrast of two polarization state between two crossed polarizer
[81], [82]. The light is scattered due to birefringence associated with oppositely oriented adjacent
domains. Figure 3.7 presents pictures taken by a camera during the poling process from starting
point to ending point. Before sending the pulses, the stripes on the photolithographic pattern are
observed like (a) in the figure. Pictures (b) and (c) show domain inversion during the poling.
After few pulses, the domain inversion starts randomly in the channels and grow around the
initial random area. The final point is depicted in the picture (d) in which all areas are poled.
Sometimes poling does not start from everywhere in channels and leads to over poling and

merging periods in some parts and under poling in other places.
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Figure 3.7: Images of samples under poling process in optical monitoring. a) Before sending the
pulse. b) After starting several pulses. c) After receiving more pulses than b. d) After completion
of domain reversal area.

d. Chemical etching

Chemical etching is a corrosive diagnostic method on the surface of the ferroelectric material to
reveal the inverted pattern after poling [83]. Usually, acids are used for chemical etching. The
method is based on the different etch rates for the positive and negative ends of ferroelectric
dipoles. In the negative face, absorption of the proton with a positive charge is easier than
positive face and it accelerates the rate of etching. Also the etch rate rises by increasing the
concentration of acidic protons [84]. The mechanism is shown in Figure 3.8. For observation of

etched patterns, an optical microscope can be used. Also, imaging of the etched structures with a
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scanning electron microscope or topographic imaging with a scanning force microscope are other

alternatives [85].

After poling, the photoresist is washed out with acetone and IPA. The original positive side of
lithium niobate is covered by Teflon tape to prevent etching on one side. The HF (hydrofluoric)
acid with a concentration of 49% is used for etching. The sample is dipped into the acid for 5
minutes, washed with deionized water, and then dried by N2. The inverted domain pattern is
observed using an optical microscope. One well-poled sample after etching can be observed in

Figure 3.9.

Etched PPLN
PPLN HF Etching

. Teflon Tape t'

Figure 3.8: Schematic of revealing poled features in LN using HF etchant.

Figure 3.9: Inverted domain pattern in lithium niobate after etching under the microscope.
The period is around 18.5 um.

e. Cut and polish

In order to prepare a sample for characterization set-up, it is cut from the edge of poled channel
perpendicular to channels by a diamond dicing saw. Then the input and output light interaction
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faces are polished using a polishing machine and grain sheets. Four sizes of grain sheets as 30
pum, 6 um, 1 um, and 0.1 pum are used in polishing machine. Polishing is done for each grain size
at the spin rate of 30 rpm in two directions of clockwise and anticlockwise approximately 10
minutes. The sample is sandwiched between two rectangular lithium niobate pieces and is placed
in the holder of polishing machine to prevent breaking sample during polishing. The polishing
reduces the scattering losses due to the coarseness of the surface to fresnel reflection (~14% on

each surface).
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Overview

This paper demonstrates for the first time, how a mathematical apodization function can be
implemented exactly in a nonlinear quasi-phase-matched grating. Previously for applying an
apodization on a nonlinear grating, the change of duty cycle (ratio of poled to un-poled region)
had been suggested. However, here in this article, we show that the position of poled regions
within the pitches can affect the SHG response in addition to duty ratio, through influencing of
the phase of the generated SH electric field. The phase study of the SHG leads to proposing the
proper design which improves the tolerance to fabrication errors. All results in this paper come
from the theoretical calculations and numerical simulations. Experimental demonstration of this
article is explained in Chapter 6 by fabrication of the apodized step-chirped grating. The result of

this paper was also presented at nonlinear photonic conference 2012, in Colorado Spring.
The complete reference to the article:

A. Bostani, A. Tehranchi, and R. Kashyap, “Engineering of effective second-order nonlinearity in
uniform and chirped gratings,” J. Opt. Soc. Am. B, vol. 29, no. 10, pp. 2929-2934, Oct. 2012.

4.1 Abstract

The dependence of second harmonic generation (SHG) conversion efficiency resulting from the

position of poled regions of the second-order nonlinearity in uniform and chirped gratings in
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ferroelectric materials has been studied analytically and numerically. The displacement of the
poled region’s position from a specific location in second order nonlinear materials can introduce
a wavelength shift in a uniform grating’s second harmonic intensity peak and strongly influences
the bandwidth and ripple in the harmonic conversion response of chirped gratings. We propose
that the poled regions should be located at specific positions within the single period to minimize
the ripples and achieve a desired nonlinearity function, also for significantly improving tolerance

to fabrication errors.

4.2 Introduction

Quasi-phase-matched (QPM) gratings in the form of periodically poled ferroelectric crystals have
been widely used for frequency conversion [65], [86]-[97]. Chirped QPM gratings have been
utilized to achieve broadband conversion, e.g. in aperiodically poled lithium niobate (APPLN),
for example in broadband second harmonic generation (SHG) [5], [98]-[101], however the
conversion efficiency response suffers from ripples. These ripples cause the output of SH power
to vary with wavelength and the use of optical equalizer for chirped PPLN is thus required [102].
The ripples on the SHG response have been shown to be reduced by applying apodization in
periodically poled structures [7]. For applying apodization to gratings, a change of the effective
nonlinear coefficient is required as a function of length. An apodization function is used to bring
the effective second-order nonlinear coefficient to zero at the edges of the grating, thereby
diminishing the side-lobes of a sinc-type response function in unchirped [103] as well as the
ripples in chirped gratings [60]. In order to change the effective nonlinear coefficient along the
grating, the duty cycle, i.e. the length ratio of positive and negative polarity region needs to be
varied throughout the structure [59], [60]. In practice the apodized chirped structure has been
used as a wavelength converter [59].However the experimental results still exhibit ripples that do
not exist in theoretical simulation. The source of the ripple may be caused by errors in the
fabrication [104] or in the engineering of apodized chirped grating. Indeed, these could be
minimized by choosing a design of grating which is less sensitive to fabrication errors. For
realizing and minimizing errors in SH broadband intensity response, effective factors in

apodization should be examined.

In this paper, we examine the dependence of SH intensity response, resulting from the effective

second-order nonlinearity, on the physical location of the poled regions within each period of the
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chirped gratings. Chirped gratings can be considered as an array of short uniform gratings each
with a slightly different period. Thus, the study of short uniform gratings is also necessary to
realize the impact of the position of the poled space on its transfer function. In the following
sections, first, three different schemes are assumed and analyzed to determine how as a moving
frame, the poled region in a pitch, affects the SH intensity in a generalized periodically poled
material. Three structures based on the arrangement of several pitches (or cells) obeying the
proposed schemes are studied analytically. Second, the simulation results of the SHG intensity
response for uniform and chirped gratings with assumed structures in lithium niobate are
presented. Altering the location of the poled (mark) space from a specific position leads to a
frequency shift in a uniform grating depending on the symmetry of the function. In a chirped
grating, changing the place of mark space strongly influences the profile of SH intensity versus
wavelength. Finally, we propose a proper grating design to obtain an exact SH response for a

desired nonlinearity function.

4.3 Theory

The coupled wave equations for SHG in a crystal can be written for a grating by introducing d(z)

as:
dA.L ZJCOZd(Z) * —jAkz
dz n,c T eAs 4.1
dA2 2]6022d (Z) A12 JAkZ
dz n,c

where A1 and Az are the fields of fundamental harmonic (FH) and second harmonic (SH), and

Ak =k, —2k represents the wave vector mismatch between the SH and FH. c is the speed of

20

light,@, and N;,are the angular frequency and refractive index of FH and SH field.

d(z)=d,(2)f,,(2) is the nonlinearity function in the length of grating where d, is the modulation
of nonlinearity which can possess only the positive and negative states of a constant nonlinear
coefficient in ferroelectrics, and fap is the desired apodization function. In order to examine the

dependence of the SH intensity on the position of the poled region, one cell of grating is
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considered which includes just one positive and one negative poled region with the total length of

A =271 (K, —2K,) which is also the period for the 1-st order quasi-phase matching.

For a non-depleted pump, the SH field is calculated by integrating over the length of A in the
second equation of Eq.4.1. The duty cycle in one cell is considered as a parameter in Eqg.4.1to
find the required duty cycle for getting the desired nonlinearity in SHG. Integrating over one cell,

2
putting 2Jerd, A’ = D and considering the duty cycle as a variable, the SH electric field can be
n,c

J-C+aA/2 e—iAkZ dz

. I AV A —iAkz .
written asAle—_[0 e dz— +Ic+ame dz. C represents the poled region

C-aA/2
center, which can move fromaA/2 to A—aA/2 by considering the poled region as a frame, and

moving from right to the left of the cell. The SH intensity in frequency of 2w is proportional to

Sin(ﬂa)zfor all allowed values of C and the duty cycle can be obtained by a =arcsin(d)/ =, but

the phase in the SH electric field varies from —iAkaA /2 to iAkaA /2 linearly with changing of C
from right to the left and it is eliminated when it is placed in the middle of the cell. To apply the

desired apodization function fap, the duty cycle should change as a(z), however the position of

poled region should also be determined.

In order to examine how the moving of the mark space frame can influence the SH output, three
positions are assumed as shown in Figure 4.1. They are named cell Scheme I, Il and Il if the
poled regions are placed in the right (maximum negative phase), center (zero phase) and left
(maximum positive phase) of the cell, respectively. Based on Schemes I, Il and Il incorporating
several cells with specific poled positions, the three considered structures are called Structure I, 11
and I11.

c . c
Scheme I Scheme 11 Scheme III

Figure 4.1. Three supposed schemes when the poled region is in the right (Scheme I), middle

(Scheme I1) and left (Scheme I11) of a cell. C is the center of space region.
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The second harmonic electric field produced by apodized Structure | for the function fap can be
written as:
4.2

N-1 ) ) -
1 (Z4Sin(AkaiL/Z)e—lAkL(Hai/Z)j_ﬁsin(AkL/2)e|AkL/2)
i=0

/ID=—
: Ak \ =

where L is twice the coherence length for the phase matched wavelength and a; is the duty cycle.
N is the number of cells. For apodized Structure 11, the phase in the first term of Eq.4.2 changes
to exp(—iAkA(i +1—a, /2)) . However for Structure 11 the SH electric field for the apodized device is
calculated by:

1(8,.. iAKL(i+1/2 2 . iAKNL/2 4.3

A, 1D=-—| > 4sin(AkL(1—a,)/2)e" "D | —sin(AKNL / 2)e™*"'2)

Ak \ 5 Ak

The phase of electric field in Structure Il is independent of the duty cycle aiand its amplitude just

for the specific frequency of w which satisfies the phase matching condition (AkL =0)is the

same as other structures.

In chirped gratings, the length of n' period changes as A, = A +(n—1) where the § is the length

difference for the neighboring cell. Therefore, the phase of the electric field, similar to the
uniform grating for Structure | and 111 remain dependent and for Structure Il it is independent of
the duty cycle. The SH electric field in the chirped gratings for Structure Il varies as:

A /D= i (3 4sin(Ak(L—a, , (L +n—1)5) / 2)e KO-Dks-112)] 4.4

—25|n(AkNL / Z)efiAk(LNJr(Nfl)b‘/Z + 4S|n(AkL(1— a()) / 2)efiAkL/2)

where L is first pitch length. Positive and negative values of ¢ give increasing and decreasing

period for chirped gratings, respectively.

The intensity, which includes multiples of each two terms of the electric field, is dependent on
the duty-cycle difference for Structure | and Il unlike Structure Il. The dependence of SH
intensity on duty cycle difference in various structures influences the SHG intensity response. In
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the two next sections, the effect of this dependence in the three proposed structures is studied for

uniform gratings with a small number of cells and chirped gratings.

4.4  The case of apodized uniform gratings

If in the uniform grating with a period of A, the mark space frame moves from left to the right in

all cells, it results in a maximum intensity at different wavelengths. The wavelength shift of SH

intensity from the phase matched wavelength (4, ) for the period of A, is shown in terms of a

relative wavelength shift in Figure 4.2(a) for different number of cells.
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Figure 4.2 a) Effect of moving poled mark space with a duty cycle of 1/2 on the wavelength shift
from left to the right side according to b) in which, C, the central poled region changes from A/4
to 3A/4.

Based on Figure 4.2(a) for a small number of cells, the maximum intensity deviates from the

phase matched wavelength (/10) due to a movement of the poled mark space. However for a large

number of cells (>30) it is not affected significantly. Since the duty cycle is constant throughout

the crystal, the movement of the poled region just changes the first and last cell in the structures.
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Therefore, by increasing the number of cells it has almost no impact on SHG intensity. If the duty
cycle and consequently the effective nonlinearity changes, depending on the function of the

nonlinearity (fap), a shift in the peak intensity can be observed.

The relative wavelength shifts for the intensity peak vs. cell numbers are shown in Figure 4.3 for
the three introduced Structures in the previous section. The nonlinearity changes as the functions
are shown in the insets of the figures. Figure 4.3(a) shows the wavelength shift of the intensity
peak for an applied asymmetric nonlinearity function of 1/4 cycle of a sine function, which
changes from zero to a maximum. This shift is reduced by increasing the number of cells and
becomes constant for a large number of cells. The maximum intensity shifts to longer

wavelengths in Structure | and to shorter wavelengths in Structure Il relative to the primary

phase matching wavelength (/10). The minimum wavelength shift occurs when Structure 11 is

used.
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Figure 4.3. Relative wavelength shift for the three supposed structures in uniform grating

according to inset functions for change of nonlinearity as (a) asymmetric (b) symmetric.

In Figure 4.3(b) the relative wavelength shifts are shown for the % cycle sine function, which is
symmetric. In this case, the wavelength shift disappears with increasing number of cells. The
reason is that the shift produced in the first half of the crystal, is compensated in the second half.
The responses of the Structures | and Il are exactly the same but it is different compared to
Structure Il as a result of a different amplitude value in the electric field (Eq.4. 2 and Eq. 4.3).
The deviation from a constant value for small numbers of cells (<20 cell in the plot) is due to the

jump of the value of the duty cycle and the reduction of precision in the applied apodization
function.

The observed wavelength shifts in Figure 4.3(a) are caused by an accumulation of different
electric field phases from every cell. The intensity includes multiples of every pair terms of the
electric fields in the summation shown in Egs. 4.2 and 4.3. In these multiplications, the phase
difference of every pair appears in terms of cosines. These phases do not depend on duty cycle in

Structures Il unlike Structure I and 11, in which the duty cycles are variable in the crystal length
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due to the change of nonlinearity. In Structure 1l the phase is just a function of AKA , therefore

there is no phase accumulation reliant on the duty cycle differences in this structure.

If a symmetric apodization function is applied to a uniform grating, there is no difference in the
transfer function of SHG for the location of the mark space. However, according to our results,
for an asymmetric function, the position of mark space can introduce a wavelength shift in the
intensity output. On the contrary, in chirped gratings another variable, the pitch length, is a
contributing factor, which may lead to a different result. The change of SH intensity by applying

an apodizing nonlinearity function in chirped gratings is examined in the next section.

4.5 The case of apodized chirped gratings

In this section, the SH intensity in apodized chirped gratings of different lengths are simulated
considering the three previous structures, which represent the movement of the mark space frame.
In Figure 4.4(a) the normalized SH intensity versus (FH) wavelengths centered at 1535 nm is
plotted for unapodized and apodized linearly chirped grating (LCG) using the three proposed
structures with applied apodized sine functions shown in the inset. The lengths of the first and
last pitches are 18.97 um and 18.22 um, respectively to achieve a bandwidth of 25 nm in an
approximately 1-cm-long poled lithium niobate crystal with 500 cells. The intensity is
normalized to the maximum intensity for the unapodized grating. Apodized linearly chirped
grating’s (LCG’s) plot represents the SH intensity for a desired sine function applied
mathematically to an unapodized LCG, which results in an almost ripple-free response. The SH
intensity responses for Structures I and I11 differ from that for the mathematically apodized LCG.
There is lower (higher) intensity at the edges of the response and higher (lower) in the middle for
Structure I (111) in comparison with the SH intensity for the apodized LCG and Structure II.
Normalized ripples and bandwidths for different grating lengths are plotted in Figure 4.4(b).
These plots are normalized to the mathematically apodized LCG. The ripple and bandwidth are
almost the same for structure Il and the apodized LCG, however, the ripple for Structures I and
Il increases considerably depending on the grating length. The bandwidth for Structure Il is
reduced by ~20% and increases ~10% for Structure | compared to that of the structures with
apodized LCGs.
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Figure 4.4. a) Normalized SH intensity response for 10-mm-long chirped APPLN crystal with
different structure. b) Normalized bandwidth and ripple for structure I (red O), 11 (green>) and 111
(blue<).
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Figure 4.4 demonstrates that positioning the poled region in the center of cells proposed by
Structure 11 provides the best response for the required apodization function. This occurs because
the position of the poled region within a period affects the overall SH intensity as both amplitude
and phase of SH electric field change differently for the three proposed structures. The amplitude
and phase can thus be controlled by the duty cycle, and the position of poled region, respectively.
This explanation and result are not only applicable for the sine function and linear duty cycle
changes, but also to other apodizing functions. For example, the intensity of the hyperbolic
tangent apodized function is plotted in Figure 4.5(a). The “best” structure for the applied
apodized function is related to structure Il and its schematic is shown in Figure 4.5(b).

The positioning of poling in the center of cells eliminates the electric field phase dependence on
the duty cycle as it is symmetric. Whatever position is chosen, except in Structure 11, introduces a
phase dependence on the duty cycle, when the effective nonlinearity is a function of position. The
structure I and 111 can convert to each other by switching the direction of laser launch as the poled
region changes from the right to the left side. Chirped gratings can be considered as many
uniform gratings, each with a short length, with the period varying in each section. The
wavelength shifts of the intensity peaks, arising from each uniform period short grating, interfere
with each other and lead to a digression from the response of the mathematically applied
function. Therefore, analytically and numerically it is concluded that using Structure Il for
apodization is the most desirable structure and gives the best match to the mathematically applied
function to engineer the effective nonlinearity, and to achieve the flattest response. Furthermore,
the simulation of similar structures in linear multilayer devices with modulated refractive indexes

indicates that their reflection responses are sensitive to the positioning of the layers as well.
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Figure 4.5.a) Normalized SH intensity versus the FH using hyperbolic tangent apodized function.

b) Schematic of the proposed apodized chirped grating structures in APPLN composed of several

cells. The middle un-poled (dark) space between nth and (n+1)th period changes as

(A +n5)(1—%)+§(1—am)
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4.6 Effect of domain error in proposed apodized chirped structure

In practice, the fabricated device may deviate from the designed device in the poling process or in
the preparation of the mask. The errors degrade the intensity and flatness of SHG intensity
response. Common errors such as broadening of poled regions or displacement of poled regions
from the intended positions [105] is investigated for the best-proposed structure (Structure I1).
Figure 4.6 a) shows the effect of different errors. In certain cases, the domain boundary can shift
from the ideal position without any change in the size of the periods or duty ratio. For this
situation, with a 2-um domain shift from the center of every cell to one side, the normalized SH
intensity versus FH wavelength is plotted in Figure 4.6 (a) and is called error A. For Error A,
since all poled regions shift together by 2 microns from the center in one direction to around 10%
of the period, they never overlap. Normalization is kept the same as Figure 4.5 (a) for the SH
response of unapodized LCG. The size of ripple with error A does not change significantly in
Structure Il. Furthermore, the width of poled regions may increase in the poling process. This
broadening is considered in two cases of linear and random 12% broadening of poled region that
can occur in the poling process [106]. For a 12 percent mark space broadening in each cell (Error
B) and randomly varying between zero and 12% of the mark space ratio in poled regions (Error
C), the ripples increase (0.35% of its average of minimum and maximum ripples) and the
intensity shrinks while the shape of output still follows the response of ideal Structure Il. For
comparison with two other supposed structures, an error of 12 percent broadening in the duty
ratio (Error B) is plotted in Figure 4.6 (b). This error introduces much larger ripples in Structure
I11 and decreases the ripples in Structure | in comparison to its ideal structure. However, the
errors in Structure | shrink the intensity significantly (around 30%) and the size of ripples
increases to 52% of its average of ripples that is still more than Structure Il. Even by considering
the errors in fabrication, Structure Il still results in a better SHG intensity response compared to

the other two structures.
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4.7 Conclusion

The dependence of the SH intensity on the location of poled regions in periodically and
aperiodically poled crystals was theoretically analyzed to achieve the best structure for a desired
nonlinearity function, we believe for the first time. It was shown that the SH response is
dependent on the location of the poled region within the pitch, as the amplitude and phase of the
SH electric field is controlled by the duty cycles and position of the poled regions, respectively.
The simultaneous displacement of the poled regions (as a moving frame) from the center in all
cells can lead to a wavelength shift in the intensity peak depending on the applied function and
structures. In uniform gratings, the displacement of the poled mark space frame from the center
of cells can lead to a wavelength shift for asymmetrical functions but it is insignificant for
symmetric ones. In aperiodic gratings, this movement leads to increased ripples in the SH
intensity response as a function of wavelength, especially at the bandwidth edges. For a required
nonlinear function, Structure I, based on locating the poled region in the center of cells, is
recommended since it has the closest response to the desired theoretical function. Simulations
show that other structures diverge from the desired mathematical function. These results show
that in periodically poled devices, positioning the poling region appropriately within the pitch can
dramatically improve the SH transfer function of the structure, and should lead to better device
performance, significantly increasing tolerance to fabrication errors. This result is applicable
(extendable) to periodic linear refractive index or phase modulated structures and their reflection

response as well.
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Overview

In the previous chapter, we demonstrated applying apodization on a device using a proper design.
Here in this chapter, we propose a different method for apodization. We suggest apodization by
applying a shaped input beam such as tightly-focused beam into an un-apodized chirped device.
In this case, the SH response of the un-apodized chirped grating can be controlled by changing
the focusing condition in the set-up instead of fabricating an apodized chirped grating. We
experimentally prove our proposal including the characterization of the SH response of the step-
chirped grating, fabricated in our laboratory, using different degrees of beam focusing. The
results of the work was also presented in CLEO 2013, San Jose, USA; and Nonlinear Optics
2013, Hawaii, USA.

The complete reference to the article:

A. Bostani, M. Ahlawat, A. Tehranchi, R. Morandotti, and R. Kashyap, “Tailoring and tuning of
the broadband spectrum of a step-chirped grating based frequency doubler using tightly-focused
Gaussian beams,” Opt. Express, vol. 21, no. 24, pp. 29847-29853, 2013.
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5.1 Abstract

We demonstrate theoretically and experimentally, that the non-uniform spectra of second
harmonic generation (SHG) from an unapodized step-chirped periodically poled nonlinear optical
grating can be apodized utilizing tightly-focused Gaussian beams to suppress the ripple in its
wideband response. In our example, by increasing focusing, a ripple-free response is
progressively achieved over a 6-dB bandwidth of >5nm, with a beam waist of 20 um. With this
tight focusing arrangement, a continuous tuning of 11-nm is also demonstrated by simply

changing the focal point by 5.8 mm within the step-chirped grating based APPLN.

5.2 Introduction

Ultrafast optical signal processing based on cascaded second-order nonlinearities requires a
broadband frequency doubler to perform waveband wavelength conversion [102], [107]-[111]. A
good candidate for this purpose is quasi-phase matched second-harmonic generation (SHG) in
poled crystals [65], [89] . As a uniform, periodically poled material has a narrow bandwidth,
chirped gratings [5] and step-chirped gratings [7], [101]in the form of aperiodically poled
material on the other hand, have been proposed to realize a broad bandwidth for SHG. However
the SH response of these devices suffers from a highly non-uniform spectral response. Therefore,
apodization techniques are applied during fabrication to minimize the ripples in the SH spectrum
[7], [101], [112]. These methods are based on altering the effective nonlinearity to zero
progressively by decreasing the duty cycle, i.e., the length ratio of positively and negatively poled
regions, at the edges of chirped device [7], [112], [113]. Applying this kind of apodization with
the fabrication of extremely fine-poled regions requires very precise and advanced equipment. To
reduce the ripples, we suggest a new scheme for introducing some apodization, by launching
tightly focused light into a step-chirped (SC) aperiodically poled material such as lithium niobate

and controlling the wavelength range of the spectrum by moving its focal point inside the device.

The role of a focused light beam for frequency mixing for SHG in a nonlinear crystal [17], [18],
[114] and in periodic structures, in particular PPLN, has been investigated theoretically and
experimentally to determine the optimum focusing conditions [45], [46], [115]. Using a tighter
focus in a periodic structure induces a Gouy phase shift [115], which reduces the maximum

efficiency in comparison with a plane wave. Also a new design has been suggested to correct this
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phase in the periodic structure [45]. The effect of adding chirp and Gouy phase shift compensator
to a periodic structure has been studied using local phase mismatch in chirped and uniform
structures for a Gaussian beam in order to find an optimum chirp rate to maximize efficiency
[48]. The dependence of SHG on the focusing position has also been investigated in non
periodically poled nonlinear crystals indicating that the maximum power is not generally yielded
in the central focal point [20]. However, the effect of focusing and the focal position in the crystal
have not been investigated to the best of our knowledge, in a chirped structure for frequency

doubling. Of course, this applies to the generalized case of frequency mixing as well.

In this paper, in section 2, we discuss the theory of Gaussian beams for engineering the SHG
response, which is used in our simulations. In section 3, the special design and fabrication of a
wideband frequency doubler in the form of an unapodized step-chirped (SC) aperiodically poled
lithium niobate (APPLN) are described. In section 4 we demonstrate the possibility of control
over the SH efficiency of an unapodized SC-APPLN for different fundamental harmonic (FH)
wavelengths obtained by focusing the FH pump to different beam waists. This allows us to
engineer the conversion efficiency profile. In section 5 we examine the influence of shifting the
focal point within the SC-APPLN to tune the spectrum of the SHG response. The experimental

results are also compared with the theoretical simulations.

5.3 Theory

The coupled wave equations for SHG in chirped gratings can be written as [5]

dA _ 2jwld(2)

*e—jAkz
dz n,.c AA -
dA, _ 2 joyd(z) AZele '
dz n,c

where A1 and Az are the fields of FH and second harmonic (SH) which are perpendicular to

propagation direction (z), Ak =k, —2k  is the phase mismatch between the SH and FH. c is the

20
speed of light, @, , n,,and k, , are the angular frequencies, refractive indexes and wave numbers
of FH and SH field. d(z) = f,,(2)d ;. IS the nonlinearity of structure composed of two terms of

apodization (fap ) and chirping (dchirped). An apodization function is used to bring the effective

second order nonlinear coefficient to zero at the edges of the grating, thereby diminishing the side
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lobes of a sinc-type response function in unchirped gratings as well as the ripples in chirped
gratings [7], [101]. Chirped structures have a monotonically variable period to cover all required
periods for broadband SHG. The step-chirped grating consists sections, each of uniform gratings
with different periods. The period in the i’th section changes as

A=A +(-DA, 5.2
Where A1 is the period of first section and A represents the period difference between two
successive sections.
When a laser beam is focused in the crystal, the electric field contribution using a first order

approximation of electric field component results in [116]

E0 y (|kz) 5.3
1+i§exp( @, (1+|§))

Ely (Z) =

where s =2(z— f)/b where f is the focal position and b=2zwin /2, is the confocal
parameter. @,, M and Eo are beam waist and FH wavelength and initial electric field (|E (0)]),

respectively. Considering the variation in the non-depleted case, the total SH field contribution at

the observation point (r’, z") outside the crystal can be written as

ik, E, 2(x +Y%) d(z) : 54
E,(r',z)=—2=2 n 0 ex (1+|g))j LH;(Z)}exp(lAkz)dz

where X, y, z are considered to be the coordinates of the source [17] . The first term in brackets
can be considered as the total nonlinearity.

5.4  Design and fabrication

In order to design a wideband frequency doubler based on chirped gratings in PPLN with an SH
efficiency centered at the FH wavelength of 1550 nm and possessing a bandwidth of 30 nm at a
temperature of 125°C, the period of the device should change from 18.209 um to 19.019 um. The
device covers SHG between 1535 nm and 1565 nm. However, achieving the resolution below
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100 nm makes the mask fabrication for the photolithography process difficult and expensive.
Therefore we designed an unapodized SC-APPLN considering this limitation and its schematic is
shown in Figure 5.1(a). The total grating length (L) is divided into 10 equal sections with a
varying periodic pattern. Using Eq. 2 with A,= 18.2 ym and A= 0.1 um, the last period isA,,=
19.1 um. The device efficiency is then the power ratio of the output SH to input FH at any
wavelength. The total length is engineered to be 20 mm, a compromise between the efficiency
and the ripples. The uniform, 2-mm-long sections possess a 5-nm bandwidth which are short
enough to produce a continuous 30-nm bandwidth with < ~6 dB peak-to-peak ripple.

Fabrication of the SC-APPLN is based on electric field poling at room temperature, a common
technique used for the fabrication of QPM devices, especially for LN [106] . The +z face of an
undoped, 0.5-mm-thick, z-cut, optical grade lithium niobate crystals were used for the fabrication.
The LN wafers were then coated with a 1.5 um layer of positive photo-resist S1813 and exposed
to 314 nm UV radiations through a specially designed SC grating pattern on the mask. After
lithographic printing, the sample was mounted on a holder contacting both surfaces with
saturated lithium chloride (LiCl) solutions as the electrolyte. A dc-electric field (22 kV/mm),
higher than the coercive field strength of LN in the shape of pulses with duration of 0.5 ms were
applied to the liquid electrode pattern until domain inversion is achieved in all grating regions.
The in-situ monitoring of the poling process was made using a video camera through a crossed
polarizer setup, observing the induced birefringence change between the poled and un-poled
regions. The duty cycle and period of APPLN were examined under microscope after cleaning
and etching in hydrofluoric acid (HF 49%). A microscope image of a section of the fabricated

device is shown in Figure 5.1(b).

The domain broadening as a fabrication error in an SC-APPLN, unlike in uniform grating for
which it reduces the efficiency, may change the shape of the spectrum and ripple heights if the
broadening does not occur exactly the same in all sections. The response even could be better
than perfectly fabricated one as the overall response comes from the phase accumulation of the
SH electric field of every section. Our simulations indicate that if there is a random broadening in

order of 20% of period, it does not influence the ripple height significantly.
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A

Figure 5.1.(a). Schematic of the designed SC-APPLN. (b) Part of the fabricated sample viewed

under the microscope after etching.
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5.5 SH Spectrum tailoring by focusing with different beam waists

In order to examine the effect of focusing on the wideband SH response of a step-chirped grating
device, we simulated SHG with a Gaussian beam of different beam waists in the specially-

designed SC-APPLN, and verified it experimentally.

In our theoretical simulations, the output power is calculated by integrating a Gaussian beam over
the cross section as it changes along the length of a crystal. In the step-chirped gratings
d(z)=d

anirpes (2) With focusing, part of the electric field variation can be translated to a change of

the effective second-order nonlinearity and thus considered as an apodization term in the poled

crystals as f, (z) =1/(1+ig). This function is shown in Figure 5.2(a) for different beam waists

(w,) of the focused light versus the length of crystal. In this plot, the focal position is considered

to be in the middle of crystal; however, by changing this position the maximum in each graph

changes to the point of the focus.

In the experimental setup, three different lenses (f =5 cm, 7 cm, 12.5 cm) were used to achieve a
focused beam waist of 20, 30 and 50 microns, respectively, in the center of the SC-APPLN. A
JDSU tunable laser was used as the pump in the C-band, amplified by a Pritel high-power EDFA
and passed through a polarization controller before being focused into the center of the SC-
APPLN. The SC-APPLN sample was placed in a temperature-controlled oven at a fixed
temperature of 125° C to avoid thermal damage. The output FH and SH waves were evaluated
using an optical spectrum analyzer and a power meter. For an input pump power, Pp = 0.66 W,
the experimentally observed peak power is ~0.21 mW which is in good agreement with the

theoretical calculation Psne = 0.22 mW, resulting in an efficiency of —34.78 dB. The normalized
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SHG efficiency versus FH wavelength is plotted in Figure 5.2(b-d) and compared with the
simulation of a perfect SC-APPLN structure. We found, somewhat surprisingly, that the
efficiency profiles for various beam waists change dramatically due to the apodization resulting
from focusing. The ripple on the 6-dB bandwidth of the response reduces significantly with a
decreasing beam waist or with an increasing degree of focusing in both the simulation and the
experiment. A 6-dB bandwidth in an SC-APPLN for beam waists of 50, 30 and 20 pum, according
to the theory are 14 nm, 8 nm and 7 nm, compared to the experimental data which are 25 nm, 7.5
nm and 5 nm, respectively, in reasonably good agreement with the simulations. The bandwidth
difference in loose focusing is due to the existence of large ripples in the theoretical SHG
efficiency which decreases in practice by random phase accumulation in imperfect devices.
Further, there is a ripple-free response (for both theory and experiment) using a tightly-focused
beam (w0 = 20um) within the 6-dB bandwidth. Thus, the use of focused light as a novel
apodization technique can increase the tolerance in fabrication for apodized SC-APPLN.
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Figure 5.2. a) Normalized effective second-order nonlinearity vs. grating length as a function of
focused beam waist and b-d) Normalized measured and simulated SHG efficiency vs. FH
wavelength, for a focused light with different beam waists. In the legend “T” and “E” represent

theoretical and experimental result, respectively.

5.6  SH spectrum tuning by changing the focal point in the grating

When the light is focused in a specific point in the SC-APPLN with a particular period, the
intensity in its Rayleigh range is increased significantly and raises the efficiency in that regime by
a factor of 2 [5]. The confocal parameter is 1.62 mm for a beam waist of 20 microns and less than
the length of one section of the fixed period grating section. Therefore, it is expected that the
efficiency will be improved within the bandwidth; however, as the intensity decreases rapidly out
of the Rayleigh range for a tight focusing, the bandwidth is also reduced with respect to the
bandwidth of full chirped grating. To convert other wavelengths available within the bandwidth

of the SC-APPLN, one can simply change the focal point in the device. Here we swept the focal
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point from ¥4 to almost the middle of the crystal length using a translation stage and a fixed lens
with a 5-cm focal length. The normalized measured and simulated SHG efficiency versus FH
wavelengths are shown in Fig. 3 (a-d) for four different focusing positions. By varying the focal
point by ~5.8 mm along the length of the broadband device, the spectrum and its peak
wavelength can be tuned by ~11 nm. Therefore, 1 nm tuning is possible by a 0.52 mm position
displacement. The tiny changes in the shape of SHG responses in Figure 5.3 (a-d) are due to the
intrinsic non-smooth behavior of the fabricated SC-APPLN. This specially designed and
fabricated device has the capacity to operate over its entire designed bandwidth. Again, the
experimental results are in reasonable agreement with the experimental results. Note that the
spectra remains essentially unchanged as the focal point is moved in the grating, evident
fromFigure 5.3 (a)-(d), indicating that the apodization scheme by focusing works well even with

tuning of the central SHG wavelength.
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device. In the legend “T” and “E” are theoretical and experimental data, respectively.
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5.7 Conclusion

In summary, a broadband unapodized SC-APPLN was designed and carefully fabricated using a
liquid-electrode poling scheme to obtain a maximum of 30-nm SHG bandwidth. The device
efficiency was characterized using focused light with different beam waists. The tightly-focused
Gaussian beam significantly affected the efficiency profile and suppressed the ripple in the
wideband SHG response of the SC-APPLN. By increasing the degree of focusing, a ripple-free
response is obtained, e.g., for a 6-dB bandwidth. For a tightly-focused beam with a beam waist of
around 20 microns, the bandwidth in the unapodized SC-APPLN is >5 nm for both simulation
and measurement. Furthermore, tuning the SHG spectrum over the entire SC-APPLN bandwidth
is possible by displacing the focal point of the input beam inside the device. Tuning of the
spectrum by 1 nm per 0.52 mm change of focal point was obtained using simulations and verified
experimentally. Changing the point of focus in the crystal led to the realization of a temperature-
independent tunable broadband frequency doubler, which can be used in agile multicasting of a
signal via cascaded SHG and difference frequency generation (DFG) for the construction of
flexible all-optical networks [108], or in the frequency doubling of high power tunable lasers,

amongst other applications.



81

CHAPTER 6 ARTICLE 3: DESIGN, FABRICATION AND
CHARACTERIZATION OF ASPECIALLY APODIZED CHIRPED
GRATING FOR RECIPROCAL SECOND HARMONIC GENERATION

Ameneh Bostani,!” Meenu Ahlawat,* Amirhossein Tehranchi,?® Roberto
Morandotti,® and Raman Kashyap??
!Department of Engineering Physics, Ecole Polytechnique de Montreal, Montreal, QC, Canada,
H3T1J4
’Department of Electrical Engineering, Ecole Polytechnique de Montreal, Montreal, OC,

Canada, H3T1J4
SINRS-EMT, 1650 Boulevard Lionel Boulet, Varennes, QC, Canada, J3X 152

“Corresponding author: bostani.ameneh@polymtl.ca

Published in Optics Express in January 2015
Overview

This chapter presents the experimental demonstration of the proposed design in Chapter 4 for
apodized chirped grating based on locating the poled regions in the center of pitches. In Chapter
4, the analysis and numerical simulation were done for a continuously chirped grating. Here, the
device design is based on step-chirped grating which is feasible for fabrication. We

experimentally realize the reciprocity of the SH response in the newly-proposed device.

This work was also presented in the OSA conference, Nonlinear Photonics 2014 in Barcelona,
Spain.

The complete reference to the article:

A. Bostani, M. Ahlawat, A. Tehranchi, R. Morandotti, and R. Kashyap, “Design, fabrication and

characterization of a specially apodized chirped grating for a reciprocal second harmonic
generation,” Opt. Express, vol. 23, no. 4, pp. 5183-5189, 2015.
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6.1 Abstract

A specially-designed apodized chirped PPLN based on particular positioning of poled regions
within the periods has been realized theoretically and experimentally to demonstrate the
reciprocal response in the SHG spectra over a 30-nm bandwidth, for up-chirp and down-chirp
directions. The simulation results are compared with another apodized chirped PPLN for which
the placement of poled regions is deviated from optimum positions. The average power
difference is less than 0.75 dB and the standard deviations of extrema on second harmonic power

responses are 1.34 dB and 1.64 dB for two up-chirp and down-chirp directions respectively.

6.2 Introduction

All optical networks and ultrafast optical signal processing require broadband optical wavelength
conversion which can be provided with engineered periodically poled nonlinear materials, using
quasi phase-matching (QPM), due to their several advantages [102], [107], [108], [111], [117]-
[124]. QPM has been widely used in uniform gratings such as periodically poled lithium niobate
(PPLN) for narrowband frequency doubling [86], [91], [125], and in the form of chirped and
step-chirped gratings for broadband frequency doubling using variation of period within the
device continuously or in steps or nonlinearly [5], [126]. However, the chirped-one is available at
a cost of lowered SH intensity compared to a uniform grating [5], [101], [126]. Apodized chirped
grating devices have also been suggested [7], [59], [113], [127], [128] to reduce the conversion
ripples in the spectral response of chirped devices employing a second-order nonlinearity profile
that approaches zero at both ends of the grating. The apodized one also may further reduce the
generated SH power of the chirped PPLN device. In order to compensate the loss of SH power,
pump resonant devices may be used [101]which demand the use of a device with a reciprocal SH
response, resulting in an identical spectral SH response as for a single-pass propagation of input
pump in both directions in the apodized chirped PPLN (AC-PPLN). As the period changes in a
linear chirped PPLN device, the two different directions of input pump propagation in the device
can be defined as the up-chirp (period getting bigger with distance) and down-chirp (period

getting smaller with distance) directions.

In our recent work, we theoretically proposed a particular structure for the fabrication of an

apodized chirped grating based on a desired apodization function on continuously chirped
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gratings ignoring group-velocity mismatch between fundamental and second harmonic wave and
considering un-depleted pump condition [128]. Since the second-order nonlinearity has just two
polarization states, positive and negative, in practice, apodization in chirped PPLN can be
achieved by changing the duty ratio, i.e. the length ratio of the positively and negatively poled
regions within the pitch of the grating [59], [128]. In our proposed structure, the position of the
poled region within the pitch should be in the center of each cell to arrive at a better performance,
as it increases the tolerance to fabrication errors. Here, for convenience we call this proposed
device “center-poled structure (CPS)”. In practice due to fabrication limitation, the step-wise
apodized chirped grating is suggested for which period and duty ratio change in sections and
subsections instead of in every period. AC-PPLN based on CPS design which is still symmetric
in each subsection can possess the reciprocity property in terms of having the same SH intensity
response when the input light passes through both up-chirp and down-chirp directions. However,
for “off-center-poled structure (OCPS)” the poled regions are placed in one side of cells. As
OCPS is not symmetric in each subsection it can introduce extra phase in SH amplitude and

present two different SH responses for up-chirp and down-chirp direction [128].

In this paper, we present the design, fabrication and characterization of our home-made AC-
PPLN device (using CPS model) based on our proposal in the earlier work [128] for both the up-
chirp and down-chirp directions in the same grating and experimentally demonstrate its

reciprocity in its SH power response profile.

6.3 Theory and design

The coupled wave equations for second harmonic generation (SHG) in an apodized chirped

grating can be written for a grating by introducing d(z) as

(?j_Ai — 2i(012d (Z) AZAi*e—iAkz

Z nc 6.1
dA, _ 2ia)22d (2) A12eiAkz’

dz n,c
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where, A1 and Az are the fields of fundamental harmonic (FH) and second harmonic (SH),

and Ak =k, — 2k represents the wave vector mismatch between the SH and FH. c is the speed

20

of light,», and n12 are the angular frequency and refractive index of FH and SH field. is the

nonlinearity functiond(z) = f, (2)dM,;,(z) in the length of grating where M, is the

chirp
modulation of nonlinearity which can possess only the positive and negative states of unit and

d., is the effective nonlinear coefficient in ferroelectrics, and fap is the desired apodization

function.

In order to introduce the importance of the position of the poled region in the apodized chirped
grating we consider a unit cell with a length of A and the poled region of aA where a is the duty

ratio. For one cell, in non-depleted pump case, the SH field is calculated by integrating over the

2

. . . . 2iwyd
length of A in the second equation of Eq.6.1. Integrating over one cell, putting ﬁﬁf =D
C
2

and considering the duty cycle as a variable, the SH electric field can be written as

C-aA/2 C+aA/2 A 6.2
A,=D I e"dz - j e"dz + j e"dz
0 C-aA/2 C+aA/2

where C represents the poled region center, which can move from aA/2 toA-aA/2 by

considering the poled region as a frame, and moving from right to the left of the cell. The SH
intensity in frequency of 2w is proportional to sin(za)> for all allowed values of C and the duty

cycle can be obtained in a structure by a=arcsin(f,))/ 7, but the phase of the SH electric field

varies from —iAkaA /2 to +iAkaA /2 by changing C from the right to left and it is eliminated
when it is placed in the middle of the cell as it remains symmetric. Therefore, the AC grating
design based on laying several symmetrically apodized cells in each section, ie., CPS, does not
introduce any additional phase in the SH electric field unlike any asymmetrically apodized

sections using the off center positioning, ie., OCPS.

To design the grating mask which can be feasible for fabrication, we use a step-wise AC
design including 10 sections for which the period changes in each section. The 3 sections at the
beginning and at the end of the grating have 3 subsections with variable step-wise duty ratios. To

observe how the displacement of poled region can affect the SH response theoretically, we
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simulate two AC-PPLN devices, with CPS and OCPS. The periods change from 18.2 um to 19.1

um in steps of 0.1 um to cover a 30-nm bandwidth. Considering f, (z) =sin(z) the duty ratio

should change linearly. In our design, we applied the step-wise apodization function on half of
the device. Therefore, the duty ratio is changed step-wise in first three and last three sections.
Due to fabrication limitation, the duty ratio begins at 0.18 in the first subsection and increases to
0.5 in 9 steps in the last subsection of the 3rd section. It is reversed symmetrically for last 9
subsections at the end of the grating as well. The schematic of our design is shown in Figure 6.1.
While the period A remains constant in each section, the duty ratio may change in each
subsection. The difference between the CPS and OCPS model, is the placement of poled regions

in each apodized subsections.

In CPS design, as there is no additional phase from sections we expect reciprocal property.
However, in OCPS model depending on the placement of poled regions different phases can add
up. Phase interference from these 18 subsections (9 in beginning and 9 at the end) of OCPS
influences the SH response and make it different for up-chirp and down-chirp resulting in a non-
reciprocal device. This difference can be smaller compared with that of the continuous apodized
chirped grating with many cells [128] due to fewer numbers of sections. Reciprocity of this
device can be investigated theoretically by changing the periods for the up-chirp to down-chirp
gratings and mirroring the poled region location with regard to the center of each cell and

experimentally, by reversing the direction of input FH light.
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region with natural domain.

6.4 Fabrication and characterization

We have fabricated a 15-mm-long CPS-AC-PPLN based on electric field poling at room
temperature, a common technique used for the fabrication of QPM devices, especially for LN
[106], [129]. The +z faces of undoped, 0.5-mm-thick, z-cut, optical grade lithium niobate crystals
were used. The LN wafers are then coated with 1.5 um layer of positive photoresist S1813 and
exposed to 314 nm UV radiation through the specially designed AC grating pattern on the mask.
After lithographic printing, the sample was mounted on a holder contacting both surfaces with
saturated lithium chloride (LiCl) solution as the electrolyte. A dc electric field (22 kV/mm)
higher than coercive field strength of LN in the shape of pulses with duration of 0.5 ms were

applied to the liquid electrode pattern until the domain inversion is achieved in all grating regions

In order to characterize the SH intensity response of our AC-PPLN device for two up-chirp and

down-chirp directions while the beam passes the same path in the grating channel, we used a
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symmetric set-up as shown in Figure 6.2. A JDSU tunable laser was used as a pump signal in the
C band. It was amplified using a high-power EDFA connected to a polarization controller, the
light from the fiber is collimated with a spherical lens and is then focused into the center of the
AC-PPLN. A lens with the focal length of 12.5 cm is used to make a roughly parallel beam
through the device which is placed in a temperature-controlled oven at a fixed temperature of 125
°C. The SH power is evaluated using a power meter and spectrum analyzer after collimation and

coupling into the fiber.

CW Laser L~ III I i I]] _ | osa
EDFA U 1]
PC 30x

SAC-PPLN U

EDFA

(@

FH
FH SH SH

Up-chirp Down-chirp

(b) (©

Figure 6.2.a) Experimental setup to evaluate SH response reciprocity with a CW pump laser,
EDFA: Erbium-doped fiber amplifier, PC: Polarization Controller and OSA: Optical Spectrum
Analyzer. An AC-PPLN device is mounted on a temperature-controlled oven. b) up-chirp and (c)

down-chirp configurations, when the input and output fiber is interchanged.

The maximum SH power generated for each section of an m-section SC-PPLN with the length 1,
in the plane wave approximation can be calculated using
8rd:i P’ |2 6.3

_ eff ' p )
SHe = 2,2 2\ o)
£,CN Ny, A7 M
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where Jp is the pump wavelength. The effective nonlinear coefficient of each section is deit =
2d3’m = 15 pm / V, the free space permittivity (eo) is 8.85 x 1072 F/m, the speed of light in
vacuum (c) is 3 x 10% m /s, the confocal beam waist cf is 50 pm, and np and nsu are the
refractive indices of LN at the pump and SH wavelength, respectively. For an input pump power,
Pp = 0.55 W we used in the experiments, the calculation gives a maximum SH power, Pshc =
0.0129 mW which is reduced to 70% with apodization over half of the structure [130]. Therefore
we expect the SHG power of 0.009 mW or -20.45 dBm. What we measured in practice is around
-23 dBm. Considering ~-3dB loss in our setup including the coupling loss of light from free space
to the fiber, the reflection loss from lenses and fiber connector loss, it is in fairly good agreement
with the theory. We ignore back reflection effect in bulk AC-PPLN. The SH power is measured
as a function of the FH wavelength and for each wavelength the polarization is adjusted to reach
maximum SH power. After the SH power characterization for one direction, the input and output
fiber are interchanged. The measurement for the second direction is completed immediately after

the first to ensure the same conditions for the laser and amplifier to minimize the effects of drift.

6.5 Results and discussion

Considering two CPS and OCPS model, the simulated normalized SH intensities versus the FH
wavelengths are plotted for two different up-chirp and down-chirp directions in Figure 6.3(a) and
3(b), respectively. Due to fabrication limitation we have deliberately used fewer sections than
what are required to give a smooth response, so that the difference may be highlighted. In the
CPS model, the SH responses overlap for the two, up-chirp and down-chirp directions as there is
no phase variation contributing to spectrum shape change. On the contrary, in the OCPS model
the phase accumulation from 18 subsection borders (9 on left side and 9 on right side of the
grating) is different in two directions as it can have positive phase in one and negative in another
due to the fact that the place of poled region can move from one side to another as mentioned in
section 2. The theoretical simulation shows that not only should we expect a difference between
the bandwidth in two directions but also in extrema (maxima and minima) points in the spectrum.
Note the wildly different response for the OCPS scheme [Figure 6.3(b).]
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Figure 6.3. Normalized simulated SH power versus FH wavelength for up-chirp and down-chirp
configurations using AC-PPLN with a) CPS and b) OCPS design.

Results for fabricated CPS AC-PPLN in the two, up-chirp and down-chirp directions are shown
in Figure 6.4. In order to compare the results and examine reciprocity in two directions, we have
considered two criteria; the bandwidth and the extrema points in the SH spectra. As it can be seen
in Figure 6.4 the bandwidth for CPS design is almost the same for both up-chirp and down-chirp
as we expect from the theoretical simulation. In addition, the extrema in spectra of CPS design
for up-chirp and down-chirp follow each other reasonably well. The only difference is in the
amount of the extrema which can come from measurement errors due to adjusting the
polarization controller at each measurement wavelength. The average power difference in two
directions in less than 0.75 dB and the standard deviation of extrema are 1.34 dB and 1.64 dB for
up-chip and down-chirp respectively. We believe that the main issue in making this comparison
iIs in the precise control of the input polarization for each wavelength in the two directions, as it is
difficult to maintain linear polarization for each of the wavelengths used in the measurements due
to the imperfection of the polarization controller, and would have to be better controlled to take
full advantage of the CPS scheme. Nevertheless, the closeness of the spectra in the two directions
is clearly visible. The measured bandwidth is limited by the erbium amplifier used in the

experiments.
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Figure 6.4. Normalized measured SH power versus FH wavelength for up-chirp and down-chirp
configurations using AC-PPLN based on CPS.

6.6 Conclusion

In summary, the effect of displacement of poled regions within periods on SH spectral response
of apodized chirped gratings was evaluated theoretically. An AC-PPLN devices based on center
poled structures was designed and fabricated using electric field poling method in room
temperature. It was shown theoretically that for the device composed of symmetric cells called
CPS, the SH response is the identical for up-chirp and down-chirp directions and thus the AC-
PPLN device is reciprocal for SHG. Experimental results on the CPS scheme have indeed shown
the benefit in terms of preserving the bandwidth and also the similarity in structure in the
conversion response. The reciprocal device based on CPS, can have application in resonant

cavities and multi-pass configuration to improve SHG performance.
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7.1 Overview

In two previous chapters, the characterization of the fabricated grating has been done by tuning a
narrowband laser in the communication band. In this paper, we use a high power fiber laser as a
source for frequency conversion in an SC-PPLN at room temperature without using temperature
controller. The CW high power fiber laser has a much broader bandwidth than the tunable laser
and suffers from some drift in central wavelength and bandwidth broadening. Here, we show
several important features of step-chirped grating such as insensitivity to the laser frequency drift
and bandwidth broadening of the fiber laser and also its functionality in a wide range of
temperatures. Also, the effect of focusing is considered in the development of the theory and
characterization. The design of the device has been described in details. We realize a tunable
broadband laser (centered around 775 nm) with the help of an amplified tunable narrowband
laser as a control signal and a high power fiber laser as the pump (both centered around 1550
nm) based on SFG. Also, SHG of the entire spectrum of the fiber laser has been obtained and the

result is discussed.
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This paper was presented at different international conferences such as Optical Society of
America (Nonlinear Optic 2015) in Hawaii, the USA, and SPIE Photonic west 2016 in San
Francisco, USA.

7.2 Abstract

A specially-designed chirped periodically poled lithium niobate nonlinear photonic crystal was
fabricated with a phase-matching bandwidth as large as 50 nm for sum frequency generation to
operate at room and higher temperatures. This device also benefits from insensitivity to laser
frequency drift and fine alignment. The loosely-focused beam position of a high-power CW laser
at around 1550 nm is optimized within the grating for maximum up-conversion efficiency, to
realize a super-tunable source in the range of 770-778 nm by tuning a narrowband control signal
over 30 nm in the communication band. This device is demonstrated to be fully phased-matched
simultaneously for both second-order nonlinear up-conversion processes, namely second
harmonic generation (SHG) and sum frequency generation (SFG). The measurement of the
generated SF power versus wavelength agrees well with the theory. Also, a quadratic SH power
with respect to the pump power is realized.

7.3 Introduction

There is increasing demand for tunable CW sources at shorter wavelengths due to many
applications in biomedicine and spectroscopy [131], [132]. Due to the lack of suitable sources, a
feasible approach is by the up-conversion of available fiber lasers in nonlinear materials.
However, high-power fiber lasers in the form of continuous wave generally possess a bandwidth
(BW) in the order of hundreds of GHz proportional to the laser output power due to the use of
fiber Bragg gratings [133] or four-wave mixing (FWM) between the different longitudinal modes
[134], [135]. Further, these high-power fiber lasers are only available in limited wavelength
ranges. In addition, they experience a drift in their central wavelength when the output power
varies [136], [137]. Nevertheless, in order to realize tunable CW sources at the desired higher
frequencies, up-conversion based on second-order nonlinearities using engineered quasi-phase-

matching (QPM) in nonlinear photonic crystals can be exploited with several advantages [107],
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[138]. There are many works on second harmonic generation (SHG) and sum frequency
generation (SFG) in uniform gratings in the form of periodically poled crystals [138]-[142].
However, uniform gratings limit the BW of up-conversion process as it is inversely proportional
to the length of a grating. Since the up-conversion efficiency (assuming an undepleted pump) is
also increased by the length squared, using a long grating leads to a reduction in the up-
converted BW of a few-nm-wide pump and consequently results in a waste of power whilst a
short grating up-converts the whole BW with a very low efficiency. Also, at higher pump
powers, the use of a short grating may lead to the crystal damage. Moreover, as the effective
period of uniform grating changes by angular rotation and temperature, fine alignment and a
controlled temperature are required to obtain maximum efficiency for the central wavelength of a
pump. Also, accurate temperature control is necessary for uniform gratings to tune the up-
conversion wavelength [143]. Thus, to convert the entire BW of a pump laser, broadband
converters in the form of engineered chirped and step-chirped periodically poled lithium niobate
(PPLN) [7], [102] with an efficiency almost linear proportional to the grating length have been
proposed to provide higher efficiency compared to very short uniform gratings to achieve the
same BW. Although for the same length the conversion efficiency of a chirped grating with wide
BW is less compared to that of a uniform grating with narrow BW, using a high-power source,
the efficiency is not of significant concern, as power can be traded for BW. Hence one can
benefit from temperature- and fine-alignment-insensitivity of chirped grating and obtain a large
conversion BW. Recently, temperature independent broadband up-conversion (i.e., SHG and
SFG) as well as cascaded with DFG in step-chirped PPLN (SC-PPLN) were demonstrated for
tunable monochromatic CW lasers [108], [144] and the effect of tight focusing on broadband
output spectra of such converters was reported [129]. In this letter, we demonstrate super-tunable
broadband frequency up-conversion of a high-power CW laser for the first time to the best of our
knowledge, in a specially-designed nonlinear photonic crystal namely SC-PPLN, demonstrating
wideband SFG where the tuning is achieved using a tunable monochromatic laser as a signal
source. The loosely-focused beam position of the high-power CW laser is optimized within the

grating for maximum up-conversion efficiency. A tunable source at shorter wavelengths is thus
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realized in which the central frequency is controlled by tuning the control signal laser without

concern of the frequency drift of the high-power CW laser pump.

7.4  Theory and Design

Under the undepleted pump regime and plane wave approximation, the SFG electric field
envelope in the frequency domain is given by the product of the transfer function, b(»)and the

convolution of the pump and signal electric field envelopes [145]

A(0-a,) = D(0)[A(0-a)* Alw-o,)] 7.1

where Ai and wi are the electric field envelope in the frequency domain and angular frequency.

The star sign denotes a convolution. i = 1, 2 and 3 denotes the pump, signal, and SF waves,
respectively. D() is proportional to the Fourier transform of the nonlinear modulation function,
d(z) in a quasi-phase-matched structure which is engineered [17]. In addition, the effect of

focusing can be added to the transfer function integral as follows [129]

A o= d . 7.2
D(w) = —Jy_j %exp(mkz)dz

where Ak = k1 + k2 - k3 and ki is the wave vector. {=2(z— f)/bwhere f and z are the focal
position and propagation axis, respectively. b=2aw2nl/A1 is the confocal parameter where w

and nl are the beam waist, and refractive index, respectively, at the pump wavelength, A1.
y =8rwiy, 1 kc® where ¢ is the speed of light in vacuum and is considered to be a constant

from the Boyd-Kleinman calculation for a focused Gaussian beam in a parametric interaction
[22].

For the input pump, we suppose a Gaussian function with a peak amplitude of a1 centered at w1,
aBW ofcias A =aexp[~(@—a)*/ ;] and for the monochromic signal, we consider a Dirac

delta function as A, =d(w—®,) at 2. Therefore, the SFG wave can be calculated as
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A(0-a,) = D(@)a, expl[-(0- (@ +@,))* | 5] 73

which can have the same BW as the pump if the transfer function is broad enough to
accommodate the Gaussian function. Therefore, with the engineering of a proper transfer
function, the entire BW of a pump laser can be converted to an SF wave. However, in the case of
pump SHG, the spectra of Az is replaced with A1 in Eq.7.1 and the amplitude of the SH wave can

be calculated using an auto-convolution as
Ay (0-ay,) = (L1 2)D(w)a; exp[~(0-2am) /20,] 74

which shows a spectral broadening of the SH amplitude in the order of the square root of two,
compared to that of the input pump BW, assuming a broad enough transfer function. Thus, we
expect full BW conversion of the pump in SFG and broadening of the SHG BW compared to the
pump BW only if the transfer function is wide enough to accommodate both processes. The
nonlinear modulation function in the spatial domain can be presented by d(z) as

i i2zm/A(z 75
d(z) =rect(z/L)x > (2/mx)dysin(zm/2)e"""

where ds3 is the nonlinear coefficient of the crystal and A(z) is the period of the grating at
different spatial positions, z.

In order to design an SC-PPLN with a wideband transfer function for SFG with a pump laser
centered at 1550 nm and a swept control signal in the 30-nm C-band (1530 nm to 1560 nm), the
device should work at room and possible higher temperatures to reduce possible photothermal
damage [23]. Two pairs of minimum and maximum periods for SC-PPLNs at 25 °C and an

elevated temperature, i.e., 115°C can be calculated from the phase matching condition for SFG
resulting inA=2zc/(wn, —w,n, —wn), where @y=@ +w®, and the refractive indices are

dependent on temperature through the Sellmeier equation. The minimum period at the higher
temperature and the maximum period at the lower temperature are then chosen. Therefore, the

SC-PPLN period change from 18.38 um to 19.11 um results in a 50-nm BW fully covering the
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C-band for temperatures from 25 °C to 115 °C. Given that our fabrication facility allows a
minimum variation in the period of 100 nm (chirp step), the SC-PPLN device has to be designed
in 8 sections. The length (L) of the device is then determined by a compromise between the
higher efficiency and smaller ripple height. The normalized transfer function for different lengths
of the SC-PPLN at room temperature is plotted in Figure 7.1. The length of 13 mm is then
selected for fabrication to reduce the ripples to £2 dB. Longer SC-PPLNs lead to peak-to-peak
ripples greater than 4 dB reaching as high as 6 dB for a length of 18 mm. Shorter SC-PPLNs
reduce the efficiency without a remarkable reduction in ripples. Our device works like a 2D
photonic crystal as it has a very large acceptance angle. The device tolerates £11.4° yaw to obtain
a half BW which is almost 2 times greater than is possible for a short uniform PPLN with one

section length in addition to benefiting from higher efficiency as large as 5dB.

0 L] hd 3 " L] L] L L]
LY A Y n
= -5
=l
c
.0
—
< -10 /
> ‘
LL o)
— . =
G HEWA-
» o-
c-151:,~ g
© T H &
- aly %—’
i € 1530 1550 1570 1590 =m== |=3mm
u’ = Signal Wavelength{nm)
_20 'l ']l [ ] ]

1500 1510 1520 1530 1540 1550 1560
Signal Wavelength (nm)

Figure 7.1. Normalized transfer functions for different lengths of SC-PPLN at 25 °C,
considering input pump (plane wave) at a wavelength of 1550 nm and a sweeping control signal.
The inset shows the transfer function of the 13-mm-long SC-PPLN at T = 115 °C.
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Figure 7.2. Normalized transfer functions of the SC-PPLN considering un-focused beam (plane

wave) and focused beams at two different places along the gratings.

In addition, we can simulate the role of focusing on the transfer function, to approach the real
experimental conditions. The effect of different degrees of focusing and the position of the focus
within the grating were already examined in Ref. 129. Focusing can suppress the sidelobes in the
transfer function of the SC-PPLN far from the phase-matching wavelength of the grating in the
focusing point. In Figure 7.2, the transfer functions for a loosely focused light beam with a waist
of 70 pum located at 0.5 x L and 0.7 x L are plotted for a 13-mm-long SC-PPLN at room
temperature, using a fixed pump at 1550 nm and a swept signal. For comparison, the transfer
function of the ideal plane wave is also shown in Figure 7.2. In the case of focused beams, the
focal point is optimized to be at 0.7 x L within the grating to achieve the maximum up-
conversion power for 1550 nm, and to maintain the required 30-nm working BW. The transfer
function is suppressed in the range of 1510 nm to 1530 nm, but this is not a concern as it is

outside the designed working range.
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7.5 Experiment and Results

A mask based on our design was fabricated by photolithography before electric field poling at
room temperature, which is a common technique to fabricate PPLN [129]. After cutting the

sample, it was polished and placed in the up-conversion setup as shown in Figure 7.3.
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Figure 7.3. Experimental setup to evaluate SFG and SHG in an SC-PPLN with a high-power
fiber laser as a pump and a tunable laser as a control signal, EDFA: erbium doped fiber
amplifier, PC: polarization controller, M: mirror, BS: beam splitter, PBS: polarization beam
splitter, HWP: half-wave plate and OSA: optical spectrum analyzer.

An erbium fiber laser (ELR-75-1550) from IPG photonics with a central emission wavelength
around 1550 nm is used as a high-power fundamental harmonic (FH) pump. A combination of a
half-wave plate and a polarization beam splitter (PBS) cube in front of the pump beam is placed
to adjust the power. After the PBS, another half-wave-plate is located to fix the light polarization
before entering into the SC-PPLN. The pump beam is combined in a beam splitter with the
control signal source from another device: a C-band EDFA amplified JDSU tunable laser after a
fiber-based polarization controller. The signal beam from the fiber, collimated by a spherical lens
enters the beam splitter cube. The two combined beams (the pump and signal) are loosely
focused into the SC-PPLN by a lens with a focal length of 12.5 cm (at around 1550 nm). The
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output SF and SH waves were separated from the pump by a dichroic mirror, then collimated and

coupled into the output fiber and analyzed using an optical spectrum analyzer and power meter.
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Figure 7.4. a) Pump spectra for different integrated powers. b) Theoretical (T) and experimental
(E) results of simultaneous SFG and SHG when the pump and control signal are at 1550.16 nm
and 1545 nm, respectively. The inset shows the region of tolerable drift in the pump central

wavelength at 1550 nm for different signal wavelengths.

The spectra of the CW pump laser at three output powers are shown in Figure 7.4(a). The
FWHM of the pump laser increases from ~0.1 nm at 10 W to ~1 nm at 53 W due to the FWM
within the fiber laser. In addition, it shows a spectral-shift (with a peak wavelength drift < 0.75
nm) toward longer wavelengths as apparent in Figure 7.4 (a). The experimental spectra of
simultaneous SFG and SHG for the high-power laser centered around 1550 nm and the signal at

1545 nm are shown in Figure 7.4 (b). The results are compared with the computed spectra for
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SFG and SHG simulated by the real pump spectrum and a monochromatic wavelength at 1545
nm as the inputs to the SC-PPLN. The SF wave, centered around 773.78 nm, has a spectrum
corresponding to the pump BW as expected from the theory. The SH BW centered at 775.08 is
~1.4 times broader compared to the SF as it is proportional to the auto-convolution of the FH
beam in the agreement with the theory presented earlier in this letter. Also, both y(2) processes
tolerate the drift easily in the central wavelength of the pump. Based on the up-conversion
simulation, the pump central wavelength (at 1550 nm) can undergo -37 nm to +15 nm drift for

the signal at a wavelength of 1545 nm as shown in the inset of Figure 7.4(b).

Next, the control signal is tuned when the pump wavelength is fixed at 1550 nm and
simultaneous SH spectra of the pump and signal and associated SF spectrum are observed. In
Figure 7.5, four overlaying spectra of SH and SF for four different control signals centered at
1532 nm, 1536 nm, 1560 nm, and 1561 nm are shown. Each SF wave has a broader and narrower
BW than that of the corresponding signal SH wave and pump SH wave, respectively, as
predicted by Egs. 3 and 4. The maximum power of SF waves alters for different signal

wavelengths as expected from the ripply transfer function of the SC-PPLN, shown in Figure 7.2
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Figure 7.5. Overlaying of four experimentally observed spectra including SH of a pump (SHp) at
M=1550 nm and SH of four tuned signals at As1=1532 nm, As2=1536 nm, As3=1560 nm and
As4=1561 nm named as SHs1, SHs2, SHs3 and SHs4 and SF of the pump and signals presented by
SFp.s1, SFps2, SFp,s3and SFpsa. The inset shows theoretical and experimental results for

normalized SF power versus the wavelength.

The simulated and experimental results (at 25 °C) for normalized maximum SF power versus
wavelength is plotted in the inset of Figure 7.5 for a pump at 1550 nm and a swept control signal.
The measured SF central wavelength is successively tuned from ~770 nm to 778 nm by tuning
the control signal from 1530 nm to 1560 nm, confirming an experimentally tunable BW of ~8
nm for the SF whilst for an equivalent-length, uniform PPLN, it is only 0.41 nm, demonstrating
the super-tunability of our SC-PPLN. However, the difference between experimental and
simulated results comes from accumulated phase differences in the fabrication and errors
involved in the poling process. The simulated response in the inset is shown in a wider range
than the experimental one as the SC-PPLN is designed to work also at higher temperatures.

Theoretical calculation for the SF power using Eq.7.1 and assuming Gaussian functions with the
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integrated powers and bandwidths of (P1, o1) and (P2, 2) for the pump and signal, respectively
leads to Py o BP0y, / (67 +o5)!? which results in a small SF power where 61 >> o2 even if P1is
comparable to P2. For instance, considering a typical 1-W signal power at 1542 nm and a 3-W
integrated power of the pump, the maximum integrated power in the generated SF power at

773.2 nm is measured to be around 75 pW.

In a special case, by turning the control signal off, an SH proportional to the auto-convolution of
the high-power pump is generated. The SH spectra for three pump powers (already illustrated in
Figure 7.4 (a) are shown in Fig. 6. It is obvious that the SC-PPLN performs well for full-BW
frequency-doubling of the FH wave, and is also able to handle the pump spectral-shift. The

generated SH power is measured and plotted versus the input power in the inset of Figure 7.6.
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Figure 7.6. SH spectra for 3 pump powers shown in Figure 7.4 (a). The inset shows output SH

power versus input FH pump power.

The SH power changes quadratically with the FH power as is expected from the un-depleted
pump theory. The quadratic fit curve to the experimental data is shown in the inset and the

estimated quadratic coefficient, a is 0.056/W, which is comparable with the theoretical
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2
calculation using the following equation a=P,, /P.* =87/ A’ce,nn, W DOLd(z)e‘A”dz} for an SC-

PPLN, where ds3 is 21 pm/V, the free space permittivity, €o is 8.85 x 10—12 F/m, c is 3 x 108
m/ s, w is 70 um, and nsH is the refractive index of LN at the SH wavelength, respectively. The
calculation gives the coefficient, a in the range of 0.048/W to 0.12/W which depends on the chirp
step, SC-PPLN length, working wavelength and temperature. No photorefractive damage was
seen at 25 °C for different FH powers, however, we increased the temperature from room
temperature to 115 °C. The change in the SH power is less than 3 dB over a 90 °C temperature-
tuning BW and thus, the device does not require a temperature controller. It is worth noting that

the similar BW for an equivalent-length uniform PPLN is calculated to be only around 4 °C.

7.6 Conclusion

In conclusion, it was demonstrated both experimentally and theoretically that by engineering the
chirped grating in a nonlinear photonic crystals and designing the transfer function larger than
the signal tuning span, all spectral components of a few-nm-wide pump and a tunable CW signal
can be phase-matched over the transfer function’s bandwidth to generate an SF wave with a
corresponding bandwidth as the pump wave. For the SC-PPLN, a 50-nm wide transfer function
was obtained to cover the C-band at room temperature and higher temperatures (up to 115 °C). In
this device, SFG phase-matching of the control signal swept over 30-nm in the C-band with a
high-power CW pump at 1550 nm resulted in the generation of a super-tunable SF wave over ~8
nm around 775 nm. Also, the loosely-focused beam position along the grating is moved to
maximize the up-conversion efficiency around 1550 nm in the transfer function. The focusing
position has been found to be optimized at 0.7 x L of the grating. The measured generated SF
power versus wavelength is in a good agreement with the theory. Although the SF response has
ripple due to the transfer function profile, apodization of the SC-PPLN grating can remove the
ripples [7], [128]. In a special case of turning the signal off and obtaining frequency doubling of
the pump alone, the SH wave with a broader bandwidth than that of the pump was achieved
which is the consequence of the auto-convolution of the pump wave distribution function in the
frequency domain [145]. Quadratic SH power with respect to the pump power was realized and
the quadratic coefficient was measured to be ~0.056/W. The device is insensitive to pump-
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spectrum drift and does not need a temperature controller and also can tolerate £11.4° yaw, i.c.
an input acceptance angle. The current engineering technique can also be applied to other

wavelength ranges and materials as long as the phase-matching conditions are met.
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CHAPTER 8 GENERAL DISCUSSION

Aperiodically poled lithium niobate (APPLN) in the two forms of chirped and apodized chirped
gratings in bulk crystals were investigated in this work to increase the bandwidth and thermal
acceptance of frequency converters compared to uniform PPLNs. Using high power lasers and
controlling the focus of input beam are available in bulk APPLNs compared to waveguides
APPLNSs. In chirped gratings the period of device changes linearly while in apodized chirped
gratings, the duty ratio is also a variable. Apodized chirped gratings were suggested to improve
the output response of chirped grating and to reduce its fluctuations. There are several
parameters which should be determined for the design of APPLNSs such as pump and control
signal wavelengths, its bandwidth or tunability, and required thermal tolerance. In designing
these devices, fabrication limits and the growth of poled regions under the electrodes should also
be considered. Fabrication limits are related to the mask fabrication for APPLNs including the
minimum period variations in chirped grating and minimum open windows for apodization.
Step-chirped scheme is used in the design and fabrication of chirped grating as the fabrication of
continuously chirp grating with the present fabrication facilities is impossible due to the
smallness of variations in periods. For fabrication of these gratings, familiar liquid electrode
poling method was used. The 0.5 mm thick z-cut lithium niobate wafer is patterned by coating
positive photoresist S1813 and expositing UV through the mask. A dc electric field (22 kV/mm)
higher than coercive field strength of LN in the shape of pulses with a duration of 0.5 ms is
applied to the patterned LN to invert the domain polarization. During sending the pulses, poling
process is monitored by two crossed polarizer placed on the two sides of the substrate. Domain
inversion is initiated by nucleation sites under the electrodes. However, it does not occur
homogeneously in different parts of the grating, due to the presence of an internal field in the
crystal which trigger the nucleation [146]. This internal field originates from defects in lattice
structures such as missing ions or unregulated packing of atoms into a place (nonstoichiometry)
[147]. When the nucleation does not start in different parts of the grating simultaneously, it leads
to over-poling near the starting point or under-poling far from the starting point. Sometimes the
over-poling causes merging the domains and reduce the efficiency. The poled pattern after
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receiving the pulses can be revealed by etching in HF. The fabricated sample then is cut,

polished to reduce the scattered light in the characterization set-up.

Chirped gratings possess many ripples in order of 5 dB or larger in their SH efficiency responses
depending on the device length, chirp steps and initial and final periods. Apodization can help to

reduce the ripples of chirped gratings.

Based on this thesis, there are two ways for apodization to decrease the ripples in the SH
efficiency response. The first way is relied on the fabrication of the converter by increasing the
duty ratio from a minimum to a maximum and decreasing it smoothly at the end of the device.
Generated harmonic field amplitude can be controlled by changing the duty ratio in the grating.
The size of the duty ratio is determined by apodization function and fabrication limits. The place
of poled regions should be centered within the pitch to control the phase of generated electric
field. The reason for this accurate positioning extensively was explained in Chapter 4 by the
theory and numerical simulation. When the poled regions are not placed in the center, in each
period, generated harmonics gain an extra phase compared to the center positioning.
Accumulation of this phase can lead to increased ripples in the generated SH intensity in the
spectral response and its deviation from the response of the desired mathematical apodization
function. Thus in designing the apodized chirped periodically poled material, positioning the
poling regions in the center of pitch can improve the generated SH transfer function and results

in better device performance, by increasing tolerance to fabrication errors.

However, fabrication of these devices is difficult because of two reasons. The first one is related
to difficulty in making small windows in the mask fabrication and photolithography process. The
second problem appears in poling process during sending the electrical pulses. Bigger windows
require a larger amount of electric charge compared to small windows on both sides of the
substrate while sending the pulse provides equal electric charge everywhere, which leads to
leakage of the electric field under the electrodes in areas with small windows as trying to pole
regions with bigger areas. The second approach for apodization was proposed in Chapter 5. This
technique is based on shaping the pump beam by different degrees of focusing and displacing the
focusing center within the converter. In fact, part of the pump electric field profile can be

translated to the change of the effective second-order nonlinearity and thus is considered as an
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apodization term in the poled crystal. In this approach, the intensity of light is altered spatially
within the grating by focusing the laser beam. The intensity is maximized in the focusing point
and decreases slowly in two sides of that. The nonlinear interaction amplifies when the intensity
increases, therefore it acts similar to the change of duty cycles when it maximized (=1/2) in the
grating center. The shape of apodization function associated with the focusing can be controlled
by the focal length of the lens which focuses the light inside the device. When the focal length
decreases, the light is focused more, gives smaller spot size, and suppresses the height of ripples
in SH response and it also reduces the bandwidth of the grating transfer function. However,
tuning the SH response over the entire SC-APPLN bandwidth is possible by displacing the focal
point of the input beam inside the device. The theoretical analysis and experimental results of the
second approach on a fabricated step-chirped grating were presented in Chapter 5. The laser
beam was focused with 3 degrees of focusing using 3 lenses and four different focusing places
by changing the place of the sample regarding the lens. For a designed and fabricated step-
chirped grating with 30-nm SHG bandwidth, focusing the light with a beam waist of around 20
microns, a ripple-free response can be obtained, e.g., for a 6-dB bandwidth while its bandwidth
shrinks to 5 nm for both simulation and measurement. Using this method, we are able to tune the
central working wavelength by moving the focal point in the experimental set-up without any
need to change the temperature. For tuning the central wavelength by 1 nm, displacement of the
focal point by 0.52 nm in the SC-PPLN is required.

In order to demonstrate our first approach, step-apodized chirped grating was fabricated based on
placing centered pole region, which was proposed in Chapter 4. The reason is that the
continuously chirped grating presented in Chapter 4 is not feasible for fabrication. Therefore, in
Chapter 6, we have demonstrated the simulations, fabrication, and characterization of the
apodized step-chirped grating for 30 nm SHG bandwidth. Based on our analysis in Chapters 4
and 6, the apodized chirped grating and consequently the step-apodized chirped grating should
showed the reciprocal behavior in which the SH efficiency response should be identical for both
directions of propagating light through the converter. Also it should possess the same bandwidth
for both propagation directions. This feature provides the use of this kind of converter
convenient in resonators. Experimental results of our fabricated chirped apodized grating which
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was demonstrated in Chapter 6 showed reciprocal behavior in two up-chirp and down-chirp

directions of the grating.

Another feature of designed and fabricated APPLNs were temperature- and frequency-drift
insensitivity, which were demonstrated in Chapter 7. The experiment was done at the room
temperature without using any temperature controller. The laser source, which is used in the
frequency conversion experiment, is a CW high power fiber laser. The idea of using high power
was proposed in order to compensate for the lower efficiency of APPLNs compared to PPLNs.
The high power fiber lasers show wavelength drift and bandwidth broadening when their output
power is increased. This characteristic makes the frequency conversion difficult for their whole
bandwidth in PPLNs. However, it can be converted entirely using a properly-designed APPLN
as we demonstrated in Chapter 7. The SHG of the high power laser was obtained for different
powers and the quadratic SH power with respect to the pump power was obtained and the
quadratic coefficient was measured to be ~0.056/W which is in a good agreement with the
theory. The SH spectral response profile follows the spectral shape of the input high power fiber
laser regardless of the bandwidth broadening and frequency drift. We observed a little
broadening (1.4 times) in the SHG bandwidth compared to the pump bandwidth, which was the
result of the auto-convolution of the pump electric field envelope. As the central wavelength of
the high power CW laser is non-tunable around 1550 nm, it gives a SHG around 775 nm.
Therefore we combined this laser beam with a tunable laser as a control signal working in the
communication band to make a tunable broadband CW laser around 775 nm. The transfer
function for the SFG, considering important elements in design and fabrication is described in
Chapter 7. By tuning the control signal, we generate a super-tunable SF wave over ~8 nm around
775 nm using the SFG of these two lasers. We also considered the effect of the beam focusing,
discussed in Chapter 5, to maximize the up-conversion efficiency around 775 nm and have a

more realistic simulation result for the characterization experiment.

Our devices were designed and characterized for the wavelengths in the communication band;
however, the idea is general and can be applied to other wavelengths as long as the phase-

matching conditions are met.
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CHAPTER 9 CONCLUSION AND RECOMMENDATIONS

In this thesis, broadband temperature-insensitive QPM frequency converters were investigated
through design, fabrication, and characterization. Earlier, the design of step-chirped and step-
apodized chirped QPM devices in waveguides were introduced by our group in 2008 to flatten
broadband SHG response [7]. Apodization of chirped QPM devices was studied in more details
in this work by simulating the SHG response with various apodization functions and different
apodization ratios. It was theoretically proved that in designing apodized chirped grating, the
positions of poled regions play an important role in the SH spectral response. The poled region
should locate in the center of the cell to provide the best structure for a desired apodized function

in a broadband converter.

We designed the APPLNSs in the form of SC-PPLNs and proportional to our fabrication limits.
The samples were patterned by photolithography and then were fabricated using the high voltage
electric field poling at room temperature in the laboratories of Montreal Polytechnic. The devices

were fabricated to cover 30-nm SHG bandwidths in the communication band.

Two methods for apodization and suppression of ripples for chirped gratings were proposed in
this dissertation. One based on design and fabrication of apodized converters and the other one
based on spectral shaping of focused laser beam. We used a focused laser beam to change the SH
efficiency spectral profile and suppress its ripple. In addition, it was shown that tuning the SHG
response over the entire SC-PPLN bandwidth is possible by displacing the focal point of the
input beam inside the device. This technique was demonstrated using a homemade un-apodized
chirped grating.

In addition, step-apodized PPLN based on locating the poled region in the cell center was
designed and fabricated. It was shown that the SHG responses of these devices should be
identical for up-chirp and down-chirp directions and thus the apodized SC-PPLN device is
reciprocal for SHG. Also theoretically it was shown that the displacement of the poled regions

within periods leads to a difference in SH spectral response (non-reciprocity) for two directions.

Finally, a broadband converter is designed to generate tunable sum frequency of a high power

laser using a control signal in the C-band. It was shown that all spectral components of a few-
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nm-wide pump can be converted to SF with a wide enough transfer function as long as phase
matching conditions are met. Considering the effect of focusing on the response profile of the
broadband converter, the place of focusing was optimized. Moreover, the SHG of high power
laser was obtained for different input powers and it was shown that the device is insensitive to
pump-spectrum drift and does not need a temperature controller. The current engineering
technique can also be applied to other wavelength ranges and materials as long as the phase-

matching conditions are met.

9.1 Direction for future work

For all-optical broadband wavelength conversion, we fabricated the step-chirped grating with a
100-nm step change in the periods of gratings that introduces large ripples in the spectral
frequency conversion response. In addition, in the fabrication of apodized devices, windows
cannot be made smaller than a minimum size in the mask and consequently in final devices.
Therefore, future work is needed to improve the fabrication of these devices by using facilities
that are more advanced or applying different techniques to decrease the step changes in grating
periods and also windows width which leads to better performance of APPLNSs. Also fabrication
of step-chirped and apodized step-chirped grating can be applied to semiconductors such as

GaA:s for frequency conversion in mid-infrared

In addition, we developed a proper design for apodization and showed that it results in a
reciprocal SHG response. However, the optimization algorithm can be used to optimize the
design of the step-apodized chirped gratings considering different shape or ratio of apodization
functions and various parameters, to supress the ripples as much as possible. Also, as these
devices are reciprocal, they would provide the possibility of enhancing the conversion efficiency
by a double-pass configuration or using these devices in resonators or OPOs. As these devices do
not need any temperature controller can lead to realizing compact optical conversion devices.
Another scope of research that can be opened using the proposed ideas in this thesis is related to

frequency conversion of different lasers with broad bandwidth or tunable frequencies.
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APPENDIX A - CONVOLUTION OF TWO GAUSSIAN BEAMS

The convolution of two Gaussian functions centered at frequency of o, and @, with bandwidth of

o,and o,
f(x)=a,exp(~(0-a)*/ o7)

9(x) = a, exp(~(w—-®,)* | 53)

Can be written as :

oo\ a (0— (o +®,))’°

exp

72 )
Joi +o} 0, t0;

Therefore, for SFG and SHG the amplitude of electric field can be written as

FO)*g(x) =aa,
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We can calculate the power of SFG and SHG by integrating the squared electric field

PSF = I ASF :aizazzDz
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The relative power of SFG to SHG can be obtained:
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