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Summary
Integrated photonics is a key enabling technology to address various industrial and
societal issues. In particular, integrated photonics plays an important role in fulfilling the ever-increasing demand for higher speed and larger bandwidth created by
our information-based society. The large variety of required optical functionalities
has led to a range of integrated photonic platforms, each optimized to manipulate
and control light in a particular way. Extending the capabilities of each of the platforms is paramount in overcoming current limitations of these platforms. In this
thesis, we consider light propagating in one of these integrated photonic platforms
that consists of a stoichiometric silicon nitride (Si3 N4 ) core surrounded by a silicon
oxide cladding, the so-called TriPleXTM platform. Silicon nitride waveguides have
the advantage of a large transparency range, from the visible to the mid-infrared,
the lowest propagation loss of all integrated photonics waveguide platforms, a large
bandgap energy, a moderate nonlinear response, while the manufacturing process
is also compatible with CMOS fabrication. Furthermore, silicon nitride waveguides can be tapered to allow hybrid integration with low coupling losses. Enhancing
the control over and manipulation of light propagating through these waveguides
would significantly enhance the optical functionalities that can be implemented using this platform and thus increase its attractiveness.
In this thesis, we have studied three different nonlinear optical approaches to manipulate light propagating through stoichiometric silicon nitride waveguides. In
particular, we have used nonlinear optical processes for extreme spectral broadening of a short pulse injected into a properly prepared waveguide, for phase and
amplitude modulation of the injected light and for conversion to a single, secondharmonic wavelength.
In Chapter 2, we provide the theoretical background for linear and nonlinear propagation of light through amorphous dielectric waveguides. The description of linear
light propagation includes the concepts of eigenmodes and dispersion, while the
nonlinear light propagation includes phase matching and various nonlinear processes associated with the different orders of the nonlinear material response. These
include, second-harmonic generation and supercontinuum generation, which is the
result of a combination of third-order nonlinear processes. Chapter 2 concludes
with a brief description of the coherent photogalvanic effect and of surface acoustic
waves.
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In Chapter 3, we show our results on supercontinuum generation in low-loss, dispersionengineered Si3 N4 waveguides using a commercial pulsed laser working at a wavelength of 1560 nm (C-band for optical communications) and having a pulse duration
of 120 fs as pump laser. We have realized a bandwidth of 454 THz with a supercontinuum spectrum that extends well into the mid-infrared. This result is compared
with the theoretical prediction obtained using a one-dimensional generalized nonlinear Schroedinger equation. The simulated supercontinuum spectra is in excellent
agreement with the measured spectrum except that the required waveguide-internal
pulse energy was a factor of 3.6 lower in simulation compared to the experiment.
We attribute this difference to a lower nonlinear refractive index of the waveguides
we used, however further study is required to identify the source of the observed
discrepancy. In addition, both, the experiments and the simulations, show that for
increasing the width of the core the generated spectrum is shifted towards longer
wavelengths by about 2.45 nm per nm width.
While Chapter 3 focuses on broadening the spectral content of light when it propagates through the amorphous silicon nitride waveguide, we study in Chapter 4 how
the phase and amplitude of the propagating light can be changed. The method describe in this chapter relies on the strain induced in the region of the optical mode
propagating through a buried waveguide by a surface acoustic wave. The strain
modulation induces a refractive index modulation, which translates into a modulation of the phase upon propagation of the light. When combined with a so-called
Mach-Zehnder interferometer (MZI), this phase modulation can be converted to
an amplitude modulation. The surface acoustic wave is generated in a thin piezoelectric layer placed on top of the cladding by a so-called interdigitated transducer
(IDT). In order to determine optimum conditions for modulation of the phase of
the light, we have numerically studied the dependence of the index modulation on
the thickness of the piezo-electric film and period of the acoustic wave (i.e., period
of the IDT electrode) and for four combinations of IDT placement and terminating
layer. The best configuration was found for an IDT period of 30 µm with a PZT
thickness of 4 µm with the IDT placed at the cladding-PZT interface and a conductive terminating layer at the PZT-air interface. For this configuration, a maximum
relative refractive index change ∆n/nef f = 0.14% is found. If this maximum change
in effective refractive index is combined with a MZI, where the two arms are separated by half an acoustic wavelength so that tensile and compressive strain doubles
the phase difference that can be realized over a given length, a length of 103 µm is
sufficient to obtain full amplitude modulations of the guided light.
After studying spectral broadening in Chapter 3 and phase and amplitude modulation in Chapter 4, we use in Chapter 5 the coherent photogalvanic process to
create an effective second-order susceptibility grating in the amorphous, stoichiometric silicon nitride waveguide and use this grating to produce second-harmonic
generation. The laser used for both the coherent photogalvanic effect as well as

xi
for second-harmonic generation is a fiber laser producing 6.2-ps optical pulses at a
wavelength of 1064 nm. A second-order nonlinear grating has been created and
second-harmonic generation has been observed in waveguides with a height of
0.9 µm and various widths for the core. The experimental observations show that
the second-order nonlinear grating is written over a time period of minutes to several hours depending on the waveguide core dimensions and the average power of
the pump laser. After the grating has been written, the second-harmonic light was
instantaneously generated, at least within our measurement accuracy. With an established grating, we have verified that the average power of the second-harmonic
radiation quadratically depends on the average power of the pump. The gratings
turn out to be long-lived and hardly any degradation in the second-harmonic signal
is observed after a shelf-time of a week in a dark environment. The measured polarization of the second-harmonic radiation is the same as that of the fundamental
pump light. Rotation of the pump polarization by 90 degrees results in rewriting of
a new effective second-order nonlinear grating that now matches the new polarization direction. A maximum conversion efficiency of 0.4% has been obtained using
an average waveguide-internal pump power of 13 mW. Assuming the second harmonic radiation is emitted in a single transverse mode, the measured conversion
efficiency translates into an effective second-order susceptibility of 3.2 pm/V.
The work presented in this thesis shows that nonlinear optical processes can be used
to control to a greater extent the properties of light in stoichiometric silicon nitride
waveguides. Making use of these processes enhances the functionalities available
for this platform, which is promising for many different applications, for example,
high precision metrology, broadband communications and optical quantum computing.
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Nederlandse Samenvatting
Geïntegreerde fotonica vervult een sleutelrol in het vinden van oplossingen voor
een verscheidenheid aan industriële en maatschappelijke problemen. In het bijzonder speelt geïntegreerde fotonica een belangrijke rol in realiseren van steeds
grotere bandbreedte en snellere informatieoverdracht om aan de eisen van onze informatiemaatschappij te voldoen. De grote verscheidenheid aan optische functionaliteiten heeft geleid tot een scala van geïntegreerde fotonische platformen, waarbij
elk platform is geoptimaliseerd voor bepaalde manipulatie en beheersing van het
licht. Om huidige tekortkomingen te overbruggen is het van groot belang om voor
elk van de platformen de mogelijkheden om licht te manipuleren uit te breiden. In
dit proefschrift beschouwen we licht dat zich voortplant in een van deze platformen. Dit platform is gebaseerd op een stoichiometrische silicium nitride (Si3 N4 )
kern, welke omgeven is door silicium oxide: het zogeheten TriPleXTM platform.
Silicium nitride golfgeleiders hebben een aantal grote voordelen, waaronder een
groot transparantiegebied (van zichtbaar licht tot het midden-infrarood), het laagste voortplantingsverlies van alle geïntegreerde fotonische golfgeleiders, een grote
bandkloof, en een gematigde niet-lineaire respons. Bovendien is het fabricageproces compatibel met CMOS fabricage. Verder kan de vorm van een silicium nitride
golfgeleider veranderd worden ten behoeve van hybride integratie met zeer lage
koppelingsverliezen. De implementatie van optische functionaliteiten kan significant verbeterd worden indien de controle over en de manipulatie van het licht in
deze golfgeleider uitgebreid wordt, met alle bijbehorende voordelen voor toepassingen.
In dit proefschrift bestuderen we drie verschillende niet-lineaire optische methoden
om licht te manipuleren in stoichiometrische silicium nitride golfgeleiders. Hierbij is in het bijzonder gekeken naar niet-lineaire optische processen voor extreme
verbreding van het spectrum van een korte puls, welke geïnjecteerd wordt in de
golfleider, voor fase- en amplitudemodulatie van het geïnjecteerde licht en voor
het converteren van de golflengte van de pomppuls naar de tweede harmonische
golflengte.
In hoofdstuk 2 behandelen we de theoretische achtergronden voor lineaire en nietlineaire voortplanting van licht door amorfe diëlektrische golfgeleiders. De beschrijving van de lineaire voortplanting van licht behelst de concepten van eigenmodi
en dispersie, terwijl de beschrijving van niet-lineaire voortplanting het concept van
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overeenkomende fases en verschillende niet-lineaire processen, behorende bij de
verschillende ordes van de niet-lineaire materiaalresponsie, omvat. Hieronder valt
tweede-harmonische generatie en supercontiuüm generatie, wat het resultaat is van
een combinatie van derde-orde niet-lineaire processen. Hoofdstuk 2 eindigt met een
korte beschrijving van het coherente fotogalvanische effect en akoestische oppervlaktegolven.
In hoofdstuk 3 tonen we onze resultaten met betrekking tot supercontinuüm (SC)
generatie in Si3 N4 golfgeleiders met lage verliezen en speciaal ontworpen dispersie
welke gepompt worden door een commercieel ver-krijg-ba-re gepulste laser werkend op een golflengte van 1560 nm (C-band voor optische communicatie) en met
een pulslengte van 120 fs. Hierbij bereiken we een bandbreedte van 454 THz met
een SC spectrum dat zich uitstrekt tot ver in het mid-infrarood. Dit resultaat wordt
vergeleken met de theoretische voorspelling op basis van de eendimensionale gegeneraliseerde Schrödingervergelijking. Het gesimuleerde supercontinuüm spectrum
komt uitstekend overeen met het gemeten spectrum, met als kanttekening dat de
benodigde pulsenergie in de golfgeleider een factor 3.6 lager was dan in het experiment. We wijten deze discrepantie aan een lagere niet-lineaire brekingsindex van
de golfgeleiders in het experiment. Meer onderzoek is echter nodig om de bron
van dit verschil definitief te achterhalen. Zowel de experimenten als simulaties tonen aan dat met het vergroten van de breedte van de kern van de golfgeleider het
gegenereerde spectrum verschuift naar lagere golflengtes met ongeveer 2.45 nm per
nm breedte.
Terwijl hoofstuk 3 zich richt op het verbreden van de spectrale inhoud van het
licht tijdens propagatie door de amorfe silicium nitride golfgeleider, bestuderen
we in hoofdstuk 4 hoe de fase en amplitude van het propagerende licht veranderd
kan worden. De methode die wordt beschreven in dit hoofdstuk is gebaseerd op
de mechanische vervorming in het materiaal waar de optische mode zich bevindt
en welke wordt gegenereerd door een akoestische oppervlaktegolf. De door de
akoestische golf ver-oor-zaak-te modulatie in de vervorming heeft een modulatie
van de brekingsindex als gevolg, wat zich vertaald in een modulatie in de fase van
het licht. Als een Mach-Zehnder interferometer (MZI) wordt gebruikt kan deze fasemodulatie worden omgezet in een amplitudemodulatie. De akoestische oppervlaktegolf wordt gegenereerd door een zogenaamde geïnterdigiteerde transducer (IDT)
in een dunne piëzo-elektrische film welke geplaatst is op de waveguide. Om de optimale condities voor modulatie van de fase van het licht te bepalen, hebben we een
aantal numerieke simulaties uit-ge-voerd om te onderzoeken hoe de modulatie van
de brekingsindex afhangt van de dikte van de piëzo-elektrische film, de periode
van de akoestische golf (d.w.z., de periode van de IDT), en voor vier combinaties
van plaatsing van de IDT en een afsluitende film. De beste configuratie bleek een
IDT periode van 30 µm te zijn, met een PZT laagdikte van 4 µm. Dit zorgt voor
een verandering van de brekingsindex van ongeveer ∆n/nef f = 0.14%. Als deze
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maximum verandering van de effectieve brekingsindex zou worden gecombineerd
met een MZI, waarbij de afstand tussen de armen gelijk is aan een halve akoestische golflengte zodat de trek- en compressievervorming het faseverschil verdubbelt
over een gegeven lengte, is een lengte van 103 µm genoeg om volledige amplitude
modulatie van het licht te bereiken.
Na het bestuderen van spectrale verbreding in hoofdstuk 3 en fase- en amplitudemodulatie in hoofdstuk 4, gebruiken we in hoofdstuk 5 het coherente fotogalvanisch
proces om een effectief tweede-orde susceptibiliteitrooster in een amorfe, silicium
nitride golfgeleider te creëren. Vervolgens wordt dit rooster gebruikt voor tweedeharmonische generatie van de pump puls. De laser die we gebruiken voor zowel
het coherente galvanische effect als tweede-harmonische generatie is een fiber laser
welke 6.2-ps optische pulsen genereert met een golflengte van 1064 nm. Tweedeorde niet-lineair roosters zijn succesvol gemaakt in golfgeleiders met een hoogte
van 0.9 µm en voor verschillende breedtes van de kern. In deze golfgeleiders is ook
succesvol tweede-harmonische generatie waargenomen. De experimentele waarnemingen tonen aan dat het tweede-orde niet-lineaire rooster over een tijdsperiode
van minuten tot een paar uur geschreven wordt, afhankelijk van de afmetingen van
de kern in de golfgeleider en het gemiddelde vermogen van de pomplaser. De roosters blijken langdurig stand te houden en er vindt nauwelijks degradatie van het
tweede-harmonische signaal plaats na plaatsing in een donkere omgeving voor een
week. De gemeten polarisatie van de tweede-harmonische straling is hetzelfde als
van het fundamentele pomplicht. Een rotatie van de polarisatie van het pomplicht
met 90 graden resulteert in het herschrijven van een nieuw effectief tweede-orde
niet-lineair rooster dat met de nieuwe polarisatierichting overeenkomt. Een maximale conversierendement van 0.4% is gevonden voor een gemiddelde pompvermogen van 13 mW in de golfgeleider. Wanneer er wordt uitgegaan van emissie van
de tweede-harmonische straling in een enkele transversale mode, dan volgt uit het
conversierendement een effectieve, tweede-orde susceptibiliteit van 3.2 pm/V.
De resultaten in dit proefschrift tonen aan dat niet-lineaire optische processen gebruikt kunnen worden om de controle over de eigenschappen van licht in stoichiometrische silicium nitride golfpijpen uit te breiden. Door deze processen te
gebruiken komen voor dit platform meer optische functies beschikbaar, wat veelbelovend is voor een grote verscheidenheid aan applicaties zoals bijvoorbeeld zeer
nauwkeurige metrologie, breedbandcommunicatie, en optische kwantumberekeningen.
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Chapter 1. Introduction

Making use of light enables countless scientific, industrial and societal innovation.
This field, often called photonics, is considered a key enabling technology in our
modern society [1, 2]. For instance, the optical fiber [3] and the laser [4, 5] are at
the foundation of modern, high speed telecommunication and information technology [6, 7]. Although there are many applications based on optical fibers, especially in long-distance data communication and various sensors, the sensitivity of
fibers to their environment, specifically temperature changes and the low mechanical stability, limits applications to fully exploit the benefits of guided wave propagation. A different approach, with much higher intrinsic immunity to perturbations,
is to implement the generation, control and detection of light into integrated optical
waveguide circuits on chips, commonly referred to as photonic integrated circuits
(PICs). These benefits and the option for small-size devices and mass fabrication
have created a strong interest in integrated optics, first based on planar waveguides
(one-dimensional integrated waveguides) [8, 9], later on two-dimensional or channel waveguides [8, 9] and also on three-dimensional approaches [10].
State-of-the-art PICs show many functional applications in fields as different as
metrology [11, 12], chemical sensing [13] or biology [14]. For instance, reduced production costs and recent research on microfluidics and lab-on-chip concepts have
strongly stimulated the realization of advanced optical sensors for pharmaceutical,
medical and environmental applications [13–15]. However, the most thriving PICs
applications are expected to enable innovations in the telecommunication and information technology [11, 16–18], driven by a continuously growing demand for speed
and bandwidth as well as the need to reduce the power consumption of current
electronic solutions.
As the on-chip functionalities for telecom devices will become extremely complex,
e.g., in the case of integrated microwave photonics (I-MWP) [18, 19], it is generally
expected that all the required photonic components cannot be realized within a single waveguide platform. For instance, some semiconductor waveguide platforms
allow the generation, modulation and detection of light, but only at the expense of
relatively high propagation losses. Platforms based on dielectric materials provide
low-propagation loss, which is essential for high resolution filters, optical delay lines
and low noise performance, but the use of dielectrics for generating and modulating
light is considered as limited.
Hybrid integration, i.e., combining semiconductor and dielectric building blocks,
can be employed to enhance the functionality or performance of single waveguide
platforms in many situations, such as the reduction of the spectral bandwidth of onchip lasers [20, 21] or for realizing chip-sized optical beam forming networks [22].
However, in order to exploit fully the potential of PICs and fulfill the expectations
for telecommunications and other areas of application, hybrid integration alone is
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not sufficient, such as for frequency comb generation. Here, exploring on-chip nonlinear optical processes in dielectric photonic platforms can offer further options
for the manipulation and tailoring of light. More specifically, nonlinear optics, especially with dielectric optical waveguides, will allow an increase in the extent of
spectral and temporal control of light generation and guiding in chips. The most
prominent examples are supercontinuum generation [23], as for generating phasecoherent frequency combs [24], using second-order nonlinearities for encoding information on light fields via electro-optic modulation [25] or cascading nonlinearities [26], and acousto-optic effects to achieve modulation in passive materials [27].
Implementing nonlinear optics in an integrated platform, first of all, is subjected to
fundamental physical requirements. Due to the nature of the interaction of light
with matter, nonlinear optical processes are intrinsically weak [25, 28, 29]. Therefore, such processes typically require increased light intensities over extended interaction lengths. These conditions can be realized employing guided light pulses at
moderate average power using waveguides with a high optical confinement. For
example, using waveguides with a high index contrast and suitably sized core area
and cross-section, enables high light intensities, while the low loss in dielectric material enables extended propagation lengths. On the other hand, the high intensities
used in nonlinear optical processes can also induce undesired nonlinear losses [25],
specifically, two-photon absorption, which can be avoided by using materials with
a spectrally wide transparency range, that is, with a bandgap energy at least twice
the maximum photon energy of the light involved in the nonlinear processes.
A second condition required for efficient nonlinear optical processes, next to high
light intensities and maximized nonlinearity is that, for the various different wavelengths involved, the light needs to encounter the appropriate dispersion for phase
matching. In integrated optical waveguides, the wave dispersion can be controlled
by the choice of the core and cladding materials, the geometry of the waveguide and
the optical modes and polarization used [30, 31]. The phase matching can further
be controlled via so-called quasi-phase matching, i.e., if it is possible to provide a
periodic structuring of the waveguide material’s nonlinear susceptibility [25, 32].
As an intermediate summary, realizing efficient nonlinear optical processes in integrated photonics requires fulfilling a number of physical requirements. However,
for a successful introduction of a technology that serves applications, these are not
the only conditions. For example, using waveguide platforms that are compatible with CMOS [33] fabrication will tremendously benefit from the large, worldwide manufacturing base that allows large-volume production at low costs. Still,
the large variety in applications for PICs, which is typical for an enabling technology, has driven the development of different platforms for optical integration. The
prevailing technologies can be roughly divided into two categories. The first category can be described as not being compatible with CMOS fabrication [34] and
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includes platforms based on chalcogenides, aluminum oxide, indium phosphide or
galium arsenide. The other category comprises platforms that are compatible with
CMOS fabrication [12, 35, 36], which includes material systems based on silicon-oninsulator (SOI), doped silica or silicon nitride (SIx Ny , also briefly SiN). In this work
we will focus on a CMOS compatible material system and will therefore briefly compare the three, SOI, doped silica and SiN, materials with regard to their usefulness
for nonlinear optical processes.
First, silicon-on-insulator is highly compatible with the standardized wavelengths
used in modern telecommunication and has a relatively high nonlinearity. However,
the relatively small bandgap results in a limited wavelength range, the near and mid
infrared, due to two-photon absorption. This material also has a strong Raman response in the same range, which is usually undesired as well. The second material,
doped silica (SiO2 ) provides waveguides that have typically only a low confinement due to a small index contrast. On the other hand, the material has a much
larger bandgap energy and consequently a large transparency range that reaches
down to the visible, whereas the nonlinear response is rather weak. Consequently,
long interaction lengths are required [32, 37], making this platform less suitable for
nonlinear optical processes. Finally, silicon nitride platforms have shown the lowest propagation loss for any integrated waveguide platform [38–41], and due to the
large bandgap energy show an extremely large transparency range extending into
the ultraviolet [42]. The large bandgap energy ensures that the nonlinear optical
processes can extend over a large spectral range before nonlinear losses become noticeable. At the same time, the nonlinear response is larger than that of silica [43–
45]. Also, at a given input power, the intensities are higher due to much stronger
confinement. Furthermore, the extremely low loss in combination with the high confinement via high index contrast, specifically as provided by stoichiometric silicon
nitride when grown slowly, at high temperature via low-pressure chemical vapor
deposition (LPVCD), allows for complex integrated photonic circuits, e.g., as being
developed for integrated microwave photonics [18].
Considering these fundamental, technological and practical requirements, stoichiometric silicon nitride (Si3 N4 ) was selected for this thesis as a most promising material for studying nonlinear optics in waveguides. Actually, the state-of-the-art
of nonlinear optics in Si3 N4 PICs is already in rapid and exciting development.
Thanks to newly developed fabrication strategies [46, 47] phase matching of thirdorder nonlinear processes has been demonstrated in Si3 N4 . Nevertheless, harnessing the third-order nonlinearity further via dispersion engineering would allow, for
instance, to develop on-chip coherent anti-Stokes Raman spectroscopy sources [48].
Another achievement is that supercontinuum generation has been successfully demonstrated at visible and near-infrared wavelength ranges [23] as well as frequency
comb generation in the mid-infrared wavelength range [42, 49]. This material platform recently enabled the broadest ever on-chip supercontinuum generation having
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a bandwidth of almost 500 THz [23]. One of the advantages of on-chip supercontinuum generation is that due to the higher nonlinearity typically shorter interaction
lengths are required compared to, e.g., regular or photonic-crystal fibers, thereby potentially providing a more stable supercontinuum source. In this work, we demonstrated supercontinuum generation reaching for the first time from visible to midinfrared driven by a drive laser at telecommunication wavelengths.
The nonlinear optical processes mentioned so far for the Si3 N4 platform are all based
on the third-order susceptibility. As an amorphous material, Si3 N4 is not expected
to possess an intrinsic second-order susceptibility [25]. However, certain options
can be considered that might allow breaking the symmetry in a waveguiding geometry, thereby enabling that also an effective second-order susceptibility might be
exploit. In this work we demonstrate for the first time a second-order response in
LPCVD-grown Si3 N4 waveguides. The effect that induces the response is known
as the coherent photogalvanic effect and this has been previously observed, e.g., in
silica glass fibers first by Margulis et al. [50].
So far, we have discussed controlling or generating light using the third and secondorder nonlinear susceptibility of the waveguide material. However, changes in a
material susceptibility can be induced also via the interaction of light with other
types of waves, such as acoustic waves, which induce changes in the first-order susceptibility, i.e., the linear refractive index. Such changes, in refractive index, control
the phase of the guided light which can be used in combination with a so-called onchip Mach-Zehnder interferometer to create an intensity modulator [51, 52]. Various other physical processes can be used to control the linear refractive index in
dielectrics [25] as well, such as thermally induced index changes or stress induced
changes. However, these methods, especially thermal tuning, are much limited in
modulation speed. In this thesis, we investigate via theoretical modeling the use of
surface acoustic waves (SAWs) to modulate the effective linear refractive index of
Si3 N4 waveguides to for Mach-Zehnder interferometer-based light modulator. In a
more general sense, the named interaction with SAWs can be perceived as another
nonlinear process as well, involving both optical and acoustic waves [25].
This thesis is organized as follows. In Chapter 2 we briefly present the relevant theory behind the various physical processes that play a role in manipulating the flow
of light in Si3 N4 waveguides, in particular wave guiding and the processes that play
a role in supercontinuum generation, Rayleigh type SAW and the coherent photogalvanic effect. In Chapter 3, we show that dispersion engineering can be used to
obtain control over the supercontinuum spectrum pumped by a femtosecond Erdoped fiber laser operating at a telecommunication wavelength. In Chapter 4, we
present our numerical analysis of a hybrid approach that combines a buried Si3 N4
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waveguide with a thin piezoelectric layer to generate a Rayleigh-type surface acoustic wave. The SAW-induced modulation of the effective linear refractive index is calculated to show that an intensity modulator with high modulation frequency based
upon a Mach-Zehnder interferometer should be realizable in the Si3 N4 platform considered here. In Chapter 5, we present our results on second-harmonic generation
in Si3 N4 via the coherent photogalvanic effect which shows that the symmetry of
the normally amorphous can be broken for implementing second-order nonlinear
processes. Finally, in Chapter 6, we provide a summary of our work together with
conclusions and an outlook.
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Chapter 2. Theory: nonlinear optics in amorphous waveguides

Nowadays, integrated optics, which is also called integrated photonics, usually
refers to optical circuits realized on a chip, similar to an electronic integrated circuit. In this Chapter, we present the theory for waveguiding and nonlinear optical processes in dielectric waveguides made of amorphous material, in particular
Si3 N4 /SiO2 waveguides, as relevant for this thesis.

2.1 Waveguide optics
One of the most basic elements of integrated photonics are optical waveguides that
can confine and transport a light wave over extended distances. A typical example
of an integrated dielectric optical waveguide is shown in Fig. 2.1, which comprises
a rectangular core with refractive index nc , surrounded by a cladding with refractive index ns . Optical guiding along the longitudinal, z-direction is obtained when
nc > ns , and low-loss guiding requires that both materials are sufficiently transparent for the light wave. Some of the characteristics of wave guiding in dielectric
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Figure 2.1: Cross section of a typical dielectric optical waveguide consisting of a core surrounded by a cladding. The refractive index, nc , of
the core needs to be higher than the refractive index, ns , of the cladding
to obtain optical guiding long the longitudinal direction (z).

waveguides can be understood using a ray optics picture [1]. However, a complete
description of light guiding is only obtained when taking into account the wave nature of light [2] as achieved using Maxwell’s equations [2, 3]. For recalling the basic
principles of optical waveguiding, let us consider a monochromatic (time-harmonic)
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electromagnetic field Ẽ given by
Ẽ(r, t) = E(r)ejωt + E∗ (r)e−jωt ,

(2.1)

where E(r) is the complex amplitude of the electric field that depends on the positional vector r, ω is the angular frequency, t is time. The electric field is accompanied
with a corresponding magnetic field H̃(r, t). In absence of free charges and currents,
which is usually appropriate for dielectric waveguides, Maxwell’s equations for the
time-harmonic fields reduce to a space-dependent set of equations,
∇ × E(r) = −jωµ0 H(r)
∇ × H(r) = jωε0 εE(r)
∇ · E(r) = 0
∇ · H(r) = 0.

(2.2)

Here, ε is the relative dielectric permitivity, ε0 and µ0 are the permitivity and the permeability of vacuum, respectively. The relative permeability is set to unity because
here we consider dielectric waveguides that are fabricated from non-magnetic materials. In an isotropic homogeneous medium, Maxwell’s equations can be combined
to form the Helmholtz equation,
∇2 E(r) + k 2 εE(r) = 0,

(2.3)

√
where k = ω ε0 µ0 = ω/c = 2π/λ is the wavenumber, c is the speed of light in
vacuum and λ is the wavelength in vacuum. An equation similar to Eq. 2.3 governs
also the space dependence of the complex amplitude of the magnetic field, H(r).
Throughout this work, λ and c will remain denoting the wavelength and speed of
the light in vacuum, respectively.
We take the z-axis to be directed along the axis of the dielectric waveguide as shown
in Fig. 2.1, and assume that the index cross-section does not change with z. Consequently, the index
√ of refraction is a function only of the transverse coordinates x
and y, n(x, y) = ε(x, y). Given such an index profile, the solution to Eq. 2.3 in a
lossless medium (real-valued k and ε0 ) can be written as the product of a transverse
and longitudinal part,
E(r) = E(x, y)e−jβz ,
(2.4)
where β is the longitudinal propagation constant of the wave in the waveguide. A
similar equation is obtained for the complex amplitude of the magnetic field. Substituting Eq. 2.4 into the Helmholtz equation (Eq. 2.3) gives the conditions that waveguiding imposes on β,
( 2
)
∇t + (k 2 n2 (x, y) − β 2 ) E(x, y) = 0.
(2.5)
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Here ∇2t is the transverse Laplace operator and an equivalent equation governs
H(x, y). In general β is bigger than k (the vacuum propagation wavenumber). At
this point it is standard to define the effective refractive index as the ratio of the two,
neﬀ = β/k.
Finding the transverse field distribution, E(x, y), in Eq 2.5 and the corresponding
value for β with a given cross section is known as an eigenvalue problem. The solutions for each of the eigenvalues characterized by β are known as eigenmodes (or
transverse modes), in this case the transverse distribution of the complex amplitude
E(x, y). As the set of all eigenmodes is a complete set [2], any transverse distribution
of an electric field can be written as a superposition of eigenmodes
∑∑
E(x, y, z) =
Amn Emn (x, y)e−jβmn z ,
(2.6)
m

n

where m and n label the order of the mode along the x- and y-directions, respectively, Amn is the amplitude of the mode and Emn determines the polarization and
the transverse field distribution. The lowest-order propagating mode (m=n=1) is
also known as the fundamental or fundamental transverse mode. Modes with m or
n > 1 are called higher-order or transverse modes.
In general, Eq. 2.5 cannot be solved analytically, even for a simple refractive index
distribution as shown in Fig. 2.1. Approximate solutions may be obtained making use of the Marcatili’s method [4] that considers separate solutions for the two
transverse directions. However, for proper design and optimization of linear and
nonlinear processes in waveguides, a more accurate solution is required. Several
numerical methods can be employed, mainly based on the finite element method
(FEM) [5] or on the finite difference method (FDM) [6].
Figure 2.2 shows a typical example of a numerically calculated intensity distribution
normalized to its maximum value for the fundamental mode and a polarization in
the x-direction (a) and y-direction (b). In this example, the waveguide is considered
to comprise of a stoichiometric Si3 N4 core with a width of 2.0 µm and a height of
0.8 µm, surrounded by a SiO2 cladding. These materials and dimensions are taken
as example because the main chapters of the thesis are based on such waveguides
and similar dimensions. To avoid non-physical reflections, the simulation domain is
taken sufficiently large to have negligible optical field at the domain boundary. The
refractive index for the core, nc = nSi3 N4 , is given by the Sellmeier equation [7]
40314λ2
3.0249λ2
+
,
λ2 − 0.13534062 λ2 − 1239.8422
while the refractive index for the cladding, ns = nSiO2 , is given by [8]
n2Si3 N4 (λ) = 1 +

n2SiO2 (λ) = 1 +

0.6961663λ2
0.4079426λ2
0.8974794λ2
+
+
.
λ2 − 0.06840432 λ2 − 0.11624142 λ2 − 9.8961612

(2.7)

(2.8)
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In Eqs. 2.7 and 2.8 the vacuum wavelength, λ, must be specified in units of µm. The
value of the effective refractive index for the shown modes, calculated as neﬀ = β/k,
is displayed in each figure.
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Figure 2.2: Normalized intensity distribution (profile), which is proportional to |E|2 , for a waveguide core with a width of 2 µm and a
height of 0.8 µm, (a) for the fundamental mode polarized in the xdirection, E11,x , or quasi-TE mode, and (b) in the y-direction, E11,y , or
quasi-TM mode, both at the wavelength of 1064 nm.

By inspecting the three Cartesian components of the electric field of the fundamental
mode, it can be seen that the electric field distribution points either dominantly in
the x-direction or the y-direction, with only a small component in the z-direction.
Accordingly, the polarization of the fundamental mode is labeled as E11,x , quasi-TE
or TE-like, or as E11,y , quasi-TM or TM-like, respectively [2]. For higher-order modes
the longitudinal electric field, Ez , can be of comparable amplitude. These modes are
typically labeled as Emn,p where m and n are the two modes indices that corresponds
to the number of maxima in the electric field in the x- and y-direction, respectively,
and p indicates again the transverse polarization direction.
Examples of the normalized intensity profiles for the next two higher-order modes
for the same waveguide configuration and wavelength as was used for Fig. 2.2 are
shown in Fig. 2.3. This figure shows the normalized intensity profile for the secondorder mode with x-polarization, E21,x , (a) and y-polarization, E21,y , (b) and for the
third-order mode with x-polarization, E31,x , (c) and y-polarization, E31,y (d). For
each of the modes, the effective refractive index is calculated and the values are
shown in each of the figures. As expected the effective refractive index is different
for each of the modes, which is known as modal dispersion. For increasing order
of the mode the effective refractive index is decreasing, while the y-polarization
has a slightly higher effective refractive index than the x-polarization for each of
the modes. The number of transverse modes that exists for a given wavelength is
determined by the geometry of the waveguides and the refractive indices of the core
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Figure 2.3: Normalized intensity profile at a wavelength of 1064 nm
for a waveguide core width of 2 µm and a height of 0.8 µm for the
second-order E21,x (a) and third-order E31,x (c) modes with horizontal
polarization and the same modes with vertical polarization, (b) and (d),
respectively.

and cladding [2]. When the waveguide only supports the fundamental mode, it is
called a single-mode waveguide.

2.2 Dispersion
Dispersion describes how the phase velocity of a wave, as it travels through media,
depends on frequency (or wavelength) of the wave. This is known as chromatic dispersion. When light propagates through a homogeneous material, the dispersion
is set solely by the material properties, specifically the linear susceptibility or, alternatively, the dielectric constant or refractive index [9] which determines the phase
velocity. In case of propagation of short pulses, due to their broader spectral content,
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also the group velocity is of interest and the change of group velocity with frequency
is called group velocity dispersion [1, 9]. As dispersion plays an important role in
phase matching nonlinear optical conversion [9], which is the subject of two chapters in this thesis, we will briefly discuss how the dispersion can be controlled or
engineered in case of waveguiding using dielectric waveguides.
In this work we consider guided wave propagation in stoichiometric silicon nitride
waveguides and, consequently, the material dispersion is set by the corresponding
Sellmeier equations 2.7 and 2.8 for the core and cladding, respectively. However,
the propagation constants of the modes that are solutions of Eq. 2.5 depend also on
the geometry of the waveguide and the wavelength and polarization of the mode.
By varying the dimensions of the waveguide core and choosing a particular polarization the total dispersion, which is a combination of the material, modal and
polarization mode dispersion, can be engineered to assume certain required properties.
As an example, Fig. 2.4 shows neﬀ as a function of the width of the core for xpolarized light for the fundamental and various higher-order transverse modes at a
fixed wavelength of λ = 1064 nm and a constant core height of 0.8 µm. Figure 2.4
shows the modal dispersion, and one can see that the fundamental E11,(x,y) mode has
the highest effective refractive index for all widths investigated. We also observe
that, for each of the modes, neﬀ decreases monotonically with decreasing width of
the core until it becomes equal to the cladding’s refractive index and the mode is
not guided any more. This means that for sufficiently small widths of the core, the
waveguide becomes single mode, only guiding the fundamental mode. On the contrary, the number of transverse modes supported by the waveguide increases with
the width of the core. A physical interpretation is that with increasing area of the
core, the transverse profile of the mode is increasingly more confined to the core
and the optical field experiences to an increasing extent only of the refractive index
of the core, letting neﬀ approaching the refractive index of the core. To quantify the
degree of confinement or size of a mode it is standard to define the effective area,
Aeﬀ , of the transverse profile of the optical mode as
Aeﬀ

(∫ ∫
)2
|E|2 dxdy
.
= ∫∫
|E|4 dxdy)

(2.9)

For increasing size more of the optical field penetrates into the cladding and neﬀ
approaches the refractive index of the cladding, because Aeﬀ becomes much larger
than the core area.
To illustrate the effect of chromatic dispersion of the effective refractive index, we
display in Fig. 2.5 neﬀ as a function of wavelength for a rectangular dielectric waveguide as shown in Fig. 2.1 with a fixed height of 0.8 µm and for three different core
widths of 0.2 (solid blue line), 0.4 (solid orange line) and 0.6 µm (solid green line).
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Figure 2.4: neﬀ as a function of the width of the waveguide core for
x-polarized light at the fundamental and various higher-order modes.
The waveguide core has a fixed height of 0.8 µm and the wavelength is
1064 nm. The dotted traces represent the refractive index of cladding
(pink) and core (gray) at the given wavelength.

The light is assumed to be guided in the fundamental mode and polarized in the
x-direction. The purple and red dotted lines represent the bulk refractive indices of
the core and cladding materials. Figure 2.5 shows that for small wavelengths neﬀ approaches the core refractive index, while for the large wavelengths neﬀ approaches
the cladding index. The physical interpretation is again that, as the wavelength gets
smaller, the light becomes more confined to the core of the waveguide while as, the
wavelength gets longer, the light penetrates more into the cladding. Figure 2.5 also
shows that, with increasing core area, the largest and smallest wavelengths where
the light can be considered to be confined to the core and almost completely resides
in the cladding, respectively, shift to longer wavelengths.
Figures 2.4 and 2.5 illustrate that neﬀ can be engineered by choosing appropriate dimensions of the waveguide, in combination with choosing a particular transverse
mode of the light. In these figures we have plotted neﬀ as a function of the vacuum
wavelength, however, from a modeling point of view, it is more convenient to describe the dispersion as a function of the angular frequency, ω = ck = 2πc/λ. In
order to represent the dispersion in a mathematical model for describing nonlinear
optical pulse propagation, it is convenient to approximate the frequency variation
of the propagation constant by a polynomial fit via a Taylor expansion around the
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Figure 2.5: neﬀ as a function of the vacuum wavelength for the fundamental mode polarized in the x-direction for a rectangular waveguide
with a constant height of 0.8 µm and three widths equal to 0.2 (solid
blue line), 0.4 (solid orange line) and 0.6 µm (solid green line). The
purple and red dotted lines represent the refractive index of bulk Si3 N4
and SiO2 , respectively.

carrier frequency, ω0 , of the optical pulse [9],
1
1
β(ω) = β0 + β1 (ω − ω0 ) + β2 (ω − ω0 )2 + β3 (ω − ω0 )3 + . . . .
2
6

(2.10)

Here βm is the m-th order slope or curvature of the propagation constant at the
carrier frequency given by [9]
βm = (dm β/dω m )ω0 .

(2.11)

Specifically, the model describing supercontinuum generation (Chapter 3) uses this
approximation for the propagation constant as a function of the angular frequency,
and it turned out that an accurate modeling of the supercontinuum generation process may require an expansion beyond even the 19-th order. The second term in
Eq. 2.10, β1 , has a direct physical meaning - it is the reciprocal of the group velocity
at the carrier frequency, vg (ω0 ), β1 = (dβ/dω)ω0 = 1/vg (ω0 ). The next-higher order in
Eq. 2.10 is known as the group velocity dispersion, GVD or D, defined as [9]
D(ω) =

∂ 1
.
∂ω vg

(2.12)
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As the effective refractive index and propagation constant are often expressed as a
function of the vacuum wavelength, λ, it is convenient to express Eq. 2.12 in terms
of physical quantities that are function of λ,
D(λ) = −

2πc
λ d2 neﬀ (λ)
D(ω)
=
−
.
λ2
c dλ2

(2.13)

When D(λ) > 0, the dispersion is called anomalous, while D(λ) < 0 is called normal dispersion. Anomalous dispersion plays an important role in soliton formation
and supercontinuum generation [9, 10], which we briefly describe below. Higherorder terms in the Taylor expansion (Eq. 2.10) are commonly known as higher-order
dispersion terms.

2.3 Nonlinear optical polarization
Nonlinear optical processes are driven by the nonlinear polarization generated by
optical fields propagating through the medium. Having a small effective mode area
for guided waves in PICs has the advantage that nonlinear optical processes can
be efficiently driven by either a train of short pulses with a low average power or
using resonant structures to enhance the local intensity of the light in the waveguide.
In this section we briefly describe the nonlinear optical processes that are at the
foundation of the experiments reported in Chapters 3 and 5.
The material response to an applied light field can be described in both the time and
frequency domains [9]. Here, we choose to use the frequency domain description,
while dependence on the positional vector r is implicitly assumed. Every dielectric
medium develops an induced polarization wave, P(ω), as a response to the electric
field component of an injected light wave. For a monochromatic wave of angular
frequency ω, characterized by its electric field, E(ω), the polarization wave can be
written as [9]
∑
P(ω) = PL (ω) + PN L (ω) =
P(q) (ω),
(2.14)
q

where PL (ω) and PN L (ω) are the linear and nonlinear polarization contributions of
the medium, respectively, and P(q) (ω) is the polarization of order q defined as [9]
∑
P(q) (ω) = ε0
χ(q) (ω1 , . . . , ωq ; ω)E1 (ω1 ) · · · Eq (ωq ).
(2.15)
q

Here, χ(q) (ω1 , . . . , ωq ; ω) is the susceptibility tensor for the medium of order q for the
optical process that generates frequency ω from the frequencies ω1 , . . . , ωq . The vector Eqs. 2.14 and 2.15 can be reduced to a scalar expression when the material is
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known and the propagation direction of the fields and the orientation of the polarization of all the frequency components are known.
For most of the nonlinear optical processes, the magnitude of the higher-order susceptibility reduces strongly with increasing order. For example, in a nonlinear, noncentrosymmetric material, usually crystalline, the strongest nonlinear response is
that of the second order (q = 2). In that case
P(2) (ω) = ε0 χ(2) (ω1 , ω2 ; ω)E(ω1 )E(ω2 ).

(2.16)

In general, eq. 2.16 is applicable to various different second-order nonlinear processes where the two frequencies ω1 and ω2 generate a new frequency ω, however,
each of these processes have their own second-order susceptibility tensor. The most
common of these processes are sum-frequency generation (SFG), ω = ω1 + ω2 , difference frequency generation (DFG), ω = ω1 − ω2 , second-harmonic generation (SHG),
ω = 2ω2 , and the electro-optic (or Pockels) effect, where one of the applied fields is
static (e.g, ω1 = 0), so that ω = ω2 . For SHG the two participating input fields are
frequency degenerate (i.e, ω1 = ω2 ) so that the relevant second-order susceptibility
is χ(2) (ω1 , ω1 ; ω = 2ω1 ).
If three optical waves at the three frequencies ω, ω1 and ω2 are incident to a medium
with a non-zero second-order susceptibility, the question arises which of the possible second-order nonlinear processes will take place in the medium, i.e., which
of the various nonlinear polarization waves will radiate (generate) a light wave. It
turns out out that only those processes that are phase matched (see section 2.4) are
able to efficiently generate the nonlinear frequency component.
To recall a most simple example, which is also of relevance in Chapter 5, we describe
some central relations for second-harmonic generation where both optical fields at
the fundamental frequency, ω, and the second harmonic frequency, 2ω, can each be
written as one of the modes of Eq. 2.6,
Emn (x, y, z; ω) = Amn (z; ω)Emn (x, y) exp (−jβmn z),
Em′ n′ (x, y, z; 2ω) = Am′ n′ (z; 2ω)Em′ n′ (x, y) exp (−jβm′ n′ z).

(2.17)

Using these fields to calculated the nonlinear polarization (Eq. 2.15) and using Eqs. 2.14
and 2.15 in the inhomogeneous Maxwell equations the so-called coupled-wave equations can be derived [11]:
d
Amn (z; ω) = −jκ∗ Amn (z; ω)∗ Am′ n′ (z; 2ω)exp(−j∆βz),
dz
(2.18)
d
Am′ n′ (z; 2ω) = −jκ |Amn (z, ω)|2 exp(j∆βz),
dz
where κ is a coefficient that describes the strength of nonlinear coupling between
the two modes, and ∆β is the mismatch defined as
∆β = βm′ n′ (2ω) − 2βmn (ω).

(2.19)

Chapter 2. Theory: nonlinear optics in amorphous waveguides

22

Since we are dealing with guided waves, the propagation directions of the waves are
fixed. Also the waveguide materials are fixed (given) such that the relevant secondorder susceptibility tensor reduces to a scalar parameter, def f , which represents the
effective nonlinearity for the given polarization of the two fields at the fundamental and second-harmonic frequencies. The nonlinear coupling in the case of SHG
(Eq. 2.18) is defined as [11]:
√
( )3/2 2
def f
µ0
(2ω)2
,
(2.20)
κ = ε0
2(nef f,mn (ω))2 nef f,m′ n′ (2ω) ε0
Sef f
where Seﬀ is the effective mode overlap defined as:
∫∫
Seﬀ =

[∫ ∫
]2
|Emn (x, y; ω)|2 ∂x∂y
|Em′ n′ (x, y; 2ω)|2 ∂x∂y
.
[∫ ∫
]2
[Em′ n′ (x, y, 2ω)]∗ [Emn (x, y, ω)]2 ∂x∂y

(2.21)

Solving the coupled-mode equations (Eq. 2.18) under the assumption of negligible
pump depletion and assuming that at the waveguide only the fundamental harmonic (A0 ) is injected, the second-harmonic amplitude is found to be
Am′ n′ (z; 2ω) =

−jκA20 z

1
exp j ∆βz
2

(

sin( 12 ∆βz)
1
∆βz
2

)
.

(2.22)

Equation 2.22 shows that, in the case of perfect phase matching, ∆β = 0, the field
grows linearly with z and quadratically with A0 , and thus the second-harmonic
power grows quadratically with both the propagation coordinate (length of the waveguide used) and the power injected at the fundamental frequency. This dependency allows determination of the nonlinear coupling coefficient, κ, by measuring
the output power at the second harmonic frequency as a function of the input power
at the fundamental frequency for a given length of the waveguide, z = L . If the
modes at the fundamental and second-harmonic frequencies are known, Eqs. 2.20
and 2.21 can be used the determine the second-order nonlinear susceptibility, χ(2) ,
nonlinearity of the waveguide for this process.

2.4 Phase matching
The nonlinear SHG process discussed in Section 2.3 only shows an appreciable conversion efficiency when the phase mismatch is close to zero, ∆β = 0 (c.f. Eq. 2.22),
however, this condition is generally not fulfilled. The reason is that the nonlinear polarization wave has a phase velocity given by the driving light wave at ω,
vϕ = 2ω/2β(ω), while the optical wave to be radiated by the polarization wave (at
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the frequency 2ω) has a different phase velocity 2ω/β(2ω). Due to this difference,
which is caused by the chromatic material dispersion, the light field generated at
the various positions along the waveguide will arrive with different phases at the
end of the waveguide, which leads to destructive interference. Only when the two
phase velocities are equal, all contribution generated along the length of the waveguide will constructively interfere at the exit of the waveguide, leading to a maximum conversion efficiency in SHG. Therefore, obtaining phase matching is a central goal and precondition in designing an efficient nonlinear optical process. The
wave number mismatch, ∆β, defines a coherence length, ℓc = π/∆β, over which
all contributions of the nonlinear polarization lead to an increase of the nonlinear
field amplitude. From Fig. 2.5, which shows for the fundamental mode E11,x the
material dispersion of the core and cladding and also the waveguide dispersion for
different core dimensions, it is clear that the dispersion results in a large phase mismatch for SHG, because always neﬀ (ω) ̸= neﬀ (2ω), or neﬀ (λ) ̸= neﬀ (λ/2). Similarly,
SHG from a higher-order transverse mode into the same transverse mode does not
provide phase matching. On the other hand, Fig 2.4 shows that the different transverse modes can have significantly different phase velocities. Thereby, for certain
dimensions of the waveguide, the two phase velocities can be made equal by selecting two different, specific, transverse modes for the two frequencies involved.
The selections of the according core dimensions and transverse mode for SHG with
1064 nm-radiation in Si3 N4 waveguides is presented in Chapter 5.
An alternative method for obtaining phase matching (QPM) is so-called quasi-phase
matching (QPM) [9, 12]. For explaining the essence of quasi-phase matching it is instructive to divide the interaction length in sections with a length equal to the coherence length, ℓc . Then one observes that contributions to the nonlinearly generated
light field come from the sections which are located at an odd integer times the coherence length. Likewise the sections located at an even integer coherence lengths
emit with the opposite phase, which leads to overall destructive interference. The
idea of QPM is to suppress or phase-invert the generation of the nonlinear optical
field for the section at the even multiple sections. Thereby destructive interference
is avoided and the nonlinear optical field only grows steadily with z, although at a
lower rate than for perfect phase matching. The highest output is achieved by flipping the sign of the nonlinear susceptibility, χ(2) (z), every coherence length. This
induces a phase jump of 180 degrees in the emission of the nonlinear field, bringing
the contribution of the sections located at even multiples of the coherence length into
phase with that of sections located at odd multiples of the coherence length. Mathematically in the coupled-wave equations 2.18, the described modulation of χ(2) vs.
z corresponds to providing what can be termed a χ(2) grating of periodicity Λ. The
periodicity of that grating extends the standard phase matching condition (∆β in
Eq. 2.19) with an extra wave vector, K = 2π/Λ. The phase matching condition for
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second-harmonic generation in the presence of a spatially patterned nonlinear susceptibility is then [12]
∆β = βm′ n′ (2ω) − 2βmn (ω) + K.

(2.23)

The importance of this relation is, when standard phase matching cannot be obtained due to chromatic dispersion, still a suitable period of patterning χ(2) may be
realized, thereby providing quasi-phase matching (QPM, ∆β in Eq. 2.23). In waveguided SHG, choosing Λ = 2ℓc , perfect quasi-phase matching can be obtained. It
may then become possible to have the same transverse modes for the fundamental
and second-harmonic frequencies, which would maximized the nonlinear coupling,
according to Eq. 2.20.

2.5 Nonlinear optics in amorphous materials
Amorphous materials, specially most glasses, are centrosymmetric and therefore do
not possess bulk even-order susceptibilities, such as a second-order susceptibility.
In contrast, all materials possess odd-order susceptibilities, for which the strongest
nonlinear response is obtained via the third-order susceptibility, χ(3) . The thirdorder nonlinear polarization is defined as [9, 11]
P(3) (ω) = ε0 χ(3) (ω1 , ω2 , ω3 ; ω)E(ω1 )E(ω2 )E(ω3 ).

(2.24)

where the nonlinear polarization at frequency ω is generated by three optical fields
having frequencies ω1 , ω2 and ω3 . Again, the third-order nonlinear susceptibility
supports various different types of third-order nonlinear optical processes, of which
the Kerr effect, self-phase modulation (SPM), soliton formation and four-wave mixing (FWM) are the most relevant for this work.
Self-phase modulation is based on the Kerr effect, where the three optical input
fields (and thus also the output field) all have the same frequency, ω1 = ω2 = ω3 =
ω. However, because the nonlinear polarization at ω is still experiencing a phase
shift that grows with the input fields, this nonlinear process leads to an intensity
dependent refractive index given by
n(ω) = n0 (ω) + n2 I.

(2.25)

Here I ∝ |E|2 is the intensity of the optical field, n0 is the linear material refractive
index and n2 = 3χ(3) /(4n20 ε0 c) is the so-called Kerr index (Kerr coefficient) for a
homogeneous isotropic material. The dependence of the refractive index on the
intensity of the light wave leads to an additional, self-induced phase advance, ϕN L ,
of the optical field when propagating over a distance L, which is given by [9]
L
ϕNL ∼
= −n2 I(t)ω0 ,
c

(2.26)
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where ω0 is the angular carrier frequency of the optical pulse. Inspecting the instantaneous (time-dependent) angular frequency of the optical pulse which is defined
as ω(t) = ω0 + δω(t) with
dϕNL
δω(t) =
,
(2.27)
dt
shows that the Kerr effect leads to a self-induced phase and frequency change in
light pulses. The leading edge of the optical pulse has an intensity increasing with
time, which leads to a shift to lower frequencies (red shift) due to the minus sign in
Eq. 2.26 (assuming that n2 is positive, which is the case for most materials). The trailing edge of the optical pulse corresponds to a decrease in intensity with time which
causes a shift to higher frequencies (blue shift). This Kerr-effect based nonlinear process is known as self-phase modulation (SPM) and leads to a spectral broadening of
the optical pulse.
In order to compare the strength of the Kerr effect between waveguides made from
different materials and different cross sections, a figure of merit, γ, is used. This
figure of merit is commonly referred to as the nonlinear parameter, and is defined
as [13]
n2 ω
γ=
,
(2.28)
Aeﬀ c
where Aeﬀ is the effective mode area as given by Eq. 2.9. The small values for the
effective area that can be obtained in optical waveguides points towards a clear
advantage of using waveguides for third-order nonlinear processes [13] . For comparison, typical values for Aeﬀ in standard single-mode fibers (low index contrast,
∆n ∼ 10−3 ) are of the order of 20 µm2 [13] while for integrated Si3 N4 /SiO2 waveguides (∆n ∼ 0.5) the area can assume values well below 1 µm2 [14].
For the description of propagation of a short pulse through a medium it is not sufficient to take only a single third-order effect into account but one has to consider
also the linear dispersion. Specifically at high intensities one also has to take into
account four wave mixing, and possibly Raman scattering, as well as the spatial,
temporal and spectral interplay between all these effects.
The dispersion describes how an injected pulse tends to spread temporally due to
the GVD and how it deforms the pulse. The result is a lowered peak intensity which
decreases the nonlinear response of the medium. SPM describes how the pulse
tends to spread spectrally. In the presence of normal dispersion, the increased bandwidth would lead to an increased temporal spreading which would lower the peak
intensity of the pulse further. However, if the group velocity dispersion changes
sign by providing anomalous dispersion, pulse spreading is turned into pulse compression. This increases the peak power after SPM has broadened the spectrum.
If the optical pulse experiences the proper anomalous dispersion with the right intensity, the pulse can propagate through the waveguide with progressive spectral
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broadening and temporal shortening until reaching a constant temporal and spectral width. Such a pulse is called a fundamental soliton [10]. At increased intensity
also higher-order solitons can be generated, which show an oscillatory spectral and
temporal envelope. The presence of higher-order dispersion or Raman scattering
eventually leads to the break-up of high-order solitons into various fundamental
solitons [10].
Another third-order nonlinear optical process that can play a role during such nonlinear propagation of ultra-short optical pulses in dielectric waveguides is fourwave mixing (FWM), which is best explained in the spectral domain. In FWM, three
optical fields at frequencies, ω1 , ω2 and ω3 generate a fourth optical field at frequency
ω via the third-order nonlinear polarization. For example, ω = ω1 + ω2 − ω3 , or
ω = ω1 − ω2 + ω3 . These processes are similar to second-order nonlinear processes
and differ only in the order of the susceptibility and the number of optical fields
(four instead of three). The particular FWM process taking place again depends on
phase-matching and the relative phase of the optical fields involved. SPM is a special case of FWM, where phase matching is fulfilled because the involve frequencies
are all approximately the same.
The nonlinear process-based phenomenon that we mention finally is so called supercontinuum generation (SCG). This term designates the general observation that the
propagation of a short optical pulse can result in spectral broadening to an extremely
wide spectrum [10]. SCG usually comprises the complex interplay of dispersion
with third-order processes as mentioned, with some additional but related effects.
SCG starts with SPM and an initial broadening of the spectrum of the pulse. Together with proper anomalous dispersion and non-linear self-steepening this leads
to the generation of ultra-short higher-order solitons with associated spectral broadening of the pulse. These solitons eventually break up in fundamental solitons due
to the presence of high-order dispersion. The dispersion and broad spectrum associated with these pulses allows also for phase-matched FWM which coherently transfers energy from solitons to so-called dispersive waves at frequencies ωDW , that lie
in the normal dispersion regime and that are determined by the following nonlinear
FWM phase matching condition [10]
βωs − ωs /νg,s + (1 − fR )γPs = β(ωDW ) − ωDW /νg,s .

(2.29)

In this expression, νg,s is the group velocity of generating soliton, fR is a correction
for a possible Raman contribution, and Ps the soliton peak power at frequency ωs .
These dispersive waves usually form the outer spectral components in a wide supercontinuum spectrum.
Due to the large complexity of the described overall interaction and the strong dependence on specific material and design parameters, a simple analytical modeling
of the output spectrum is not possible. A model that can yield a quite satisfying
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agreement with experimental observations is the so-called generalized nonlinear
Schrödinger equation (GNLSE) [10], which we have applied as well for comparison
with experimental spectral.
)
(
∑ ik+ ∂ k E
∂E α
∂
+ E−
βk
= iγ 1 + iτs
∂z
2
k! ∂T k
∂T
k≤2
(2.30)
)
(
∫ + inf
E(z, t)
R(T ′ ) × |E(z, T − T ′ )|2 dT ′ + iΓR (z, T ) .
− inf

In this equation E(z, t) is the time dependent field in the direction of propagation,
z, T = t − β1 z, α describes the propagation losses. The dispersive coefficients βk
are defined by Eq. 2.11. The field product in the second bracket on the right-hand
side models the third-order nonlinear effects. The response function R(t) provides
the nonlinear response to a medium as an instantaneous electronic and a delayed
(fR ) Raman contribution, while the term ΓR models noise from spontaneous Raman
emission or spontaneous FWM. The time scale indicated with the parameter τs models optical shock formation and self-steepening effects. The GNLSE was numerically
solved using the split-step Fourier method [15].

2.6 Coherent photogalvanic effect
Centrosymmetric materials, specifically amorphous materials, do not possess an intrinsic bulk second-order nonlinearity [9]. Therefore, one would expect that Si3 N4
waveguides would not support second-order nonlinear optical processes excluding, e.g., the observation of SHG or the electro-optic effect. Fortunately, there are
several physical processes that can break the material symmetry, and lead to the
formation of a second-order nonlinearity. One way would be to apply a gradient
stress to the waveguide [16]. Here, we discuss an all-optical method that is based
on the third-order nonlinearity to generate a second-order nonlinear grating within
the waveguide using a process, known as the coherent photogalvanic effect (CPGE).
The effect has already been observed in glass fiber systems [17, 18] and is related to
the photorefractive effect [9].
It should be noted that there are several phenomenological [18, 19] and theoretical [18, 20, 21] models that describe the coherent photogalvanic effect. A more detailed description of the photogalvanic effect in the waveguides investigated will be
presented in Chapter 5. In brief, the effect relies on the generation of free charges,
based on multi-photon excitation, that are subsequently separated and trapped [18].
The named separation is based on third-order nonlinear optical rectification, which
can induce a strong DC field distribution, resulting in the build up of a space-charge
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field distribution, until this balances the rectification field. The electric field associated with this charge separation provides the asymmetry required to create a
second-order nonlinearity. If the displaced charges are immobilized in the dielectric,
due to lack of conductivity and trapping to defects sites, the created charge separation is long-lived, i.e., remains present also after the inducing light field is turned
off [22]. In the case of stoichiometric silicon nitride, silicon and nitrogen dangling
bonds, as well as other defects (hydrogen and oxygen) play a role as trap sites [23].
If one assumes that initially some small SH field is present (e.g., from local spurious
second-harmonic generation), then the third-order nonlinearity can generate a DC
electric field pattern EDC via
EDC = χ(3) (ω, ω, 2ω; 0 = 2ω − ω − ω)E(ω)E(ω)E(2ω)∗ exp (i∆βz)

(2.31)

where E(ω) is the local field of the pump laser, E(2ω) is the local field of the secondharmonic of the pump within the waveguide, z is the direction of propagation, and
∆k = 2k(ω) − k(2ω) is the wave vector mismatch. Due to the amorphous nature of
Si3 N4 /SiO2 waveguides and because all the electric fields have the same linear polarization, as a simplification we have taken the fields and χ(3) in Eq 2.31 as scalars.
The presence of photo-induced conduction charges generates a photocurrent, jph ,
which builds up a charge separation over time until that space-charge field balances the driving EDC field. Depending on the average power of the pump field, it
may take up to several hours before equilibrium is reached (see Chapter 5). Important is that due to the phase mismatch between the field at the pump and secondharmonic wavelengths, the EDC field is generated with a spatial periodicity, 2π/∆β.
Consequently, the second-order nonlinearity induced by the charge-field pattern
shows the same spatial periodicity, which results in perfect quasi-phase matching
for second-harmonic generation [24].
As an example, Fig. 2.6 shows the QPM period required to be generated via the
photogalvanic effect to phase match a fundamental mode (E11,y ) beam at 1064 nm
and the different possible transverse modes of its second-harmonic for y-polarized
light. In this example, it can be seen that for phase-matching the second-harmonic in
the fundamental mode (E11,y ) as well , the required period is very small (≈ 50 µm)
for all shown waveguide widths, due to a large mismatch. However, for certain
higher-order modes the required period for QPM is much larger, about several hundred micrometers (E12,y and E31,y ). For two of the transverse modes, E12,y and E31,y ,
even modal phase matching is possible near 0.45 µm, i.e., QPM is not required (infinite period in Fig. 2.6). For other waveguide widths at those modes, QPM is again
required.
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Figure 2.6: Quasi-phase matched period, Λ, as a function of the waveguide width of the core for various transverse modes at the second
harmonic frequency and the fundamental mode at the fundamental frequency. All modes are polarized in the y-direction.

2.7 Acousto-optic interaction:
Surface acoustic waves
So far, we have discussed nonlinear processes that solely involve optical fields.
However, there are also nonlinear optical processes that rely on the so-called acoustooptic effect [9], where an acoustic wave influences the properties of an optical wave.
Acousto-optic interactions find applications in many fields [25–28]. However, here
we limit the discussion to a certain type of acoustic waves that are relevant for this
work. In order to provide a maximum interaction with light in planar waveguide
circuits that are located closely under the surfaces of PICs, we consider acoustic
waves that deliver their maximum amplitude near the surface of the PICs.
Acoustic waves are typically generated using piezoelectric materials that allow fast
and strong coupling between the driving electrical signal and the generated acoustic
wave. However, these materials are generally not well suited as optical waveguides
due to their large propagation losses. Although some piezoelectric materials, such
as LiNbO3 , exhibit also appropriate optical properties, the integration with photonic
integrated circuits is difficult and tends to show undesired photorefractive effects at
shorter wavelengths [29].
Therefore, we decided to follow an approach in which the guiding of the optical
wave is separated from the generation of an acoustic wave. As the optical mode is
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confined to the neighborhood of the waveguide core and the acoustic waves propagates through solids, the optical waveguide can be placed close to a acoustic source
material without, however, increasing the optical propagation loss. Among the different types of acoustic waves we will consider only Rayleigh surface acoustic waves
(SAWs) because this type of acoustic wave is confined to a surface layer with a thickness of approximately an acoustic wavelength, and because it shows the lowest dispersion compared to other types of surface waves [26]. A low dispersion allows
smaller pulse distortion when an acoustic pulses propagate through the material
for obtaining a pulsed (instead of a periodic) modulation of light.
As the acoustic wavelength is much longer than the optical wavelength, a good
overlap can be obtained between the surface acoustic wave and the optical wave,
which is guided by a core that is buried just below the surface. This is schematically
shown in Fig. 2.7, which shows a thin piezoelectric layer deposited above a a waveguide consisting of a Si3 N4 core surrounded by a SiO2 cladding. The core is located
below the surface such that the optical field is practically zero inside the piezoelectric layer and the optical losses induced by this piezoelectric layer can be neglected,
even for very long waveguides (with lengths of the order of many centimeter). A
so-called interdigitized transducer electrode [26], or IDT, is placed on top of the
piezoelectric layer to drive an surface acoustic wave with an acoustic wavelength,
that is equal to the IDT period and that provides sufficient overlap with the optical
wave.
In general, an acoustic wave induces strain (or stress) which results in displacement
of volume elements in the material and, consequently, in a material deformation
with an associated change in the density [25]. The strain and stress in a material are
related by the constitutive equations, also known as Hooke’s law,
σ = cS,

(2.32)

S = sσ,

(2.33)

and its analogue
where σ and S are rank-two tensors for the stress and strain, respectively, while c
and s are rank-four tensors for the stiffness, or elasticity, and the compliance, respectively [30].
The material deformation in an isotropic material is defined by the Newton equation [26],
∂2u
(2.34)
∇ · c S − ρ 2 = 0,
∂t
where ρ is the density of the material, and u is the material deformation. As the SAW
travels, the local strain, S, becomes modulated and, therefore, the local refractive
index of the material becomes modulated [25]. The strain tensor and the spatial
deformation are related as [25, 30]
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Figure 2.7: Schematic representation of an acousto-optic modulator
based on surface acoustic waves. The electrodes (yellow) are located
above the piezoelectric material (green) which is deposited over the
waveguide cladding (light gray) and core (blue). The substrate (dark
gray) is made out of silicon.

Skj

1
=
2

(

∂uk ∂uj
+
∂xj
∂xk

)
,

(2.35)

such that Eq. 2.34 actually represents a wave equation for u.
A typical example of the strain distribution induced by the Rayleigh SAW generated
using the configuration of Fig. 2.7 is displayed in Fig. 2.8. Shown are the strain
distributions in the x-direction, |Sx |, normalized to its maximum value (a) and in the
y-direction, |Sy |, normalized to its maximum. The shown region has a width equal
to half of the IDT period, Λ, which corresponds to half of the acoustic wavelength,
and a depth below the PZT layer of 3/2Λ. Each figure also contains the depth profile
of the strain component containing the largest value of the strain (i.e., at x = −Λ/4).
The PZT layer extends from y = 0 to a small depth where the SiO2 cladding begins.
It can be seen in the figure that the strain has its maximum close to the surface,
within a depth of Λ/2, and decreases towards bigger depths. What can be seen as
well from the antinode of |Sx | in a certain depth is that Sx changes its sign when the
distance to the PZT layer increases.
In the case considered in this thesis, the materials are isotropic, so that their refractive index is uniform in every direction and, therefore, the refractive index tensor
can be simplified to a scalar for a given wavelength. However, the acoustic strain
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Figure 2.8: Strain distribution along the penetration depth of half a period of an acoustic wave being (a)-left the normalized horizontal strain,
|Sx |, with its maximum depicted on the right, and (b)-left the vertical
strain, |Sy |, with its maximum depicted on the right.

provides different changes in the refractive index depending on the direction of the
strain. These index changes can be expressed as [25, 26, 28]
( ) ∑∑
1
pidkj Skj
(2.36)
∆
=
n2id
j
k
where pidkj are the strain-optic coefficients, and Skj are the strain components. In the
case of an isotropic material, the strain-optic coefficients can be compacted to a 6x6
matrix that has only two independent parameters, p11 and p12 . The matrix elements
are pij = p12 and pii = p11 for i, j = 1, 2, and 3 and pii = 1/2(p11 − p12 ) for i = 4, 5,
and 6, with zero for all others elements [25, 30].
The interaction of the acoustic wave with the optical wave depends strongly on the
propagation directions of both waves as well as the direction of the strain and the
polarization of the optical wave. The two extreme cases are co-propagation, where
both waves travel along a common axis and interaction occurs for several acoustic
wavelengths, this configuration is used for acousto-optic long period grating modulators via mode conversion [28]. The second case is perpendicular propagation,
which induces strain and index modulation across the entire optical length of the
waveguide with the same phase.. Assuming the acoustic wave propagates in the xdirection and the optic wave in the z-direction, there will be changes in the refractive
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index along the x-direction and the y-direction, as given by [25]:
1
∆ni = − n3 (pii sii + pij sjj )
2

(2.37)

where i = x and j = y, and vice versa. This change in the local refractive index
changes the effective refractive index of the optical wave mode. Calculating the
change in effective refractive index can be used to estimate the effectiveness of using SAW to implement various functionalities for the Si3 N4 photonic platform. The
example of intensity modulation via index modulation in a Mach-Zehnder interferometer [25–28], is described in Chapter 4.
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Chapter 3

Supercontinuum generation
We demonstrate supercontinuum generation in stoichiometric silicon nitride (Si3 N4 in SiO2 ) integrated optical waveguides, pumped at
telecommunication wavelengths. The pump laser is a mode-locked
erbium fiber laser at a wavelength of 1.56 µm with a pulse duration
of 120 fs. With a waveguide-internal pulse energy of 1.4 nJ and a waveguide with 1.0 µm x 0.9 µm cross section, designed for anomalous
dispersion across the 1500 nm telecommunication range, the output
spectrum extends from the visible, at around 526 nm, up to the midinfrared, at least 2.6 µm, the instrumental limit of our detection. This
output expands more than 2.2 octaves (454 THz at the -30 dB level).
The measured output spectra agree well with the theoretical modeling based on the generalized nonlinear Schrödinger equation. The
infrared part of the supercontinuum spectra shifts progressively towards the mid-infrared, well beyond 2.6 µm, by increasing the with of
the waveguides.
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3.1 Introduction
Supercontinuum generation (SCG), typically obtained with femtosecond pulses in
photonic crystal fibers [1], is a powerful method of providing extremely broadband
spectra with full spatial and temporal coherence [2, 3]. Such nonlinear optical generation is of high interest for numerous applications, for instance in spectroscopy [4],
with visible wavelengths in the life sciences [5], or in precision metrology [2, 6]. In
addition, there is a growing relevance for coherent on-chip generation of broadband
light based on lasers in the telecommunication wavelength range [7]. Envisioned
applications include chip-sized frequency combs [8] for coherent transfer of terabit
data streams [9] or wideband integrated microwave photonics [10, 11].
Using standard photonic crystal fibers, which typically requires interaction lengths
of tens of centimeters for efficient SCG, provides considerable design flexibility in
their dispersive and nonlinear properties [1]. However, the shot-to-shot coherence
of the SC output decreases with increasing pump pulse duration as well as with interaction length [1, 12], particularly in the presence of Raman scattering [12]. In contrast, the conversion of ultra-short pulses (∼100 fs) remains coherent in short fibers,
but the conversion remains inefficient with a short interaction length. Employing
integrated optical waveguides on a chip provides the advantage of tight mode confinement which strongly increases the nonlinear coefficient. This enables an efficient
conversion of ultrashort pulses also with short interaction lengths while preserving
coherence. For instance, pulses with up to a few hundred femtoseconds have been
used for efficient SCG in short optical waveguides while maintaining a high degree
of coherence [13–15]. As a second advantage the integrated optical approach offers
a rout for high-volume and low-cost fabrication, in particular when the waveguide
platform is compatible with metal-oxide-semiconductor (CMOS) fabrication facilities.
Lasers in the telecommunication range, due to their wide availability and maturity,
have been employed for SCG in a variety of photonic platforms that are compatible
with CMOS fabrication facilities. Examples are doped silica ridge waveguides using ultrashort pulses near 1300 nm and near 1550 nm [16, 17], buried silicon nitride
waveguides using pulses near 1300 nm [18], or silicon oxynitride waveguides with
1500 nm pulses [19]. The strongest nonlinear parameter and thus SCG requiring
low pulse energies can be found in smaller-bandgap or adjustable bandgap materials, e.g. chalcogenides [20, 21], silicon [22–24], and Si-enriched nitride glass [25].
Increasing the nonlinearity via reducing the bandgap is, however, associated with
increased nonlinear losses at shorter wavelengths, such as via two-photon absorption.
A waveguide platform of highest relevance is stoichiometric SiN (Si3 N4 ) grown with
low pressure chemical vapor deposition (LPCVD), because here a large variety of
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additional functionalities is available with wafer scale fabrication. These functionalities are based on the accessibility of an extremely wide wavelength range (from the
blue, across the visible into the infrared) and that, providing different types of waveguide cross sections [26] and tapers [27], enable, e.g., polarization control, efficient
fiber coupling, or bandwidth narrowing with hybrid-integrated diode lasers [28, 29].
The intrinsic absorption and scattering is weak [30] which offers exceptionally low
propagation loss, below 0.001 dB/cm for standard waveguides [31]. The latter is
central for narrowband spectral filtering and optical delay lines as in quantum optical systems [32], in microwave photonic filters [33, 34] or in programmable optical
processors [35]. Finally, as Si3 N4 has negligible Raman gain, highly coherent supercontinua can be generated using low pump energies [36]. So far in this platform
SCG has been mainly investigated with a relatively short pump wavelength around
1 µm, yielding spectral coverage mainly at shorter wavelengths from the blue and
across the visible into the near infrared [36–39].
Here, we demonstrate a significant spectral widening of SCG towards the midinfrared range. This was achieved with a longer pump wavelength in the 1.5 µm
telecommunication range in combination with dispersion engineering based on appropriate cross sections for the fabricated waveguides. These were designed to shift
anomalous dispersion towards longer wavelengths, including the 1.5 µm telecommunication wavelength range. The output spectra extend from about 526 nm to well
beyond 2.6 µm, the limit of our detection instruments, thereby spanning at least 2.2
octaves, which is more than 454 THz at the -30 dB level. The spectra broaden towards the mid-infrared with an increasing width of the waveguides, in agreement
with modeling.

3.2 Experimental Setup
For enabling SCG with the available pump wavelength of 1560 nm, appropriate
dimensions of the waveguide core have to be chosen such that anomalous dispersion, i.e., negative group velocity dispersion (GVD), is imposed broadly around that
wavelength. Anomalous dispersion is characterized by a positive value of the dispersion coefficient, D(λ) = −λ/c · n′′ (λ) [40], where λ is the vacuum wavelength,
c is the speed of light, and n′′ (λ) is the second derivative of the effective refractive
index of the propagating mode with respect to the wavelength. We used a full vectorial finite-element solver (Fimmwave, Photon Design) to calculate the effective
refractive index n(λ) as function of wavelength and then derived D(λ). The twodimensional step-index profile used for modeling was based on the actual, somewhat rounded shape of the waveguide core as resulting from the fabrication process
and obtained from scanning electron microscope images of the waveguide cross
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section [37, 41]. The material dispersion of stoichiometric silicon nitride and silica is
given by Eqs. 2.7 and 2.8, respectively.
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Figure 3.1 shows the calculated dispersion coefficient vs. the wavelength for waveguides of various different widths between 0.7 and 1.3 µm, having the same height
of 0.9 µm. The calculations imply that anomalous dispersion (D > 0) can be obtained over wide spectral ranges including the pump wavelength at 1560 nm if the
waveguide core is chosen wider than approximately 0.8 µm. The calculations also
show that increasing the waveguide width shifts the range of anomalous dispersion
noticeably towards the mid-infrared range, which is expected to shift SCG to longer
wavelengths as well.
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Figure 3.1: Calculated dispersion coefficient, D(λ), for the fundamental TM-mode in Si3 N4 waveguides with a height h = 0.90 µm and
widths varied from w1 = 0.70 µm to w7 = 1.3 µm in steps of 0.1 µm.
Anomalous dispersion is present above the dashed zero-dispersion
line. The center wavelength of the pump laser at 1560 nm is indicated
as red vertical line.

Figure. 3.2 shows the experimental setup used for SCG based on a standard modelocked Erbium fiber laser (Toptica, FemtoFiber Pro). The laser provided ultrashort
pulses at a center wavelength of 1560 nm, a repetition rate of 40 MHz, and a maximum average output power of 300 mW (maximum pulse energy 7.5 nJ). The pulse
duration was about 120 fs (full width at half maximum, FWHM), with a timebandwidth product of 0.75, as measured with a home-made frequency resolved optical gating (FROG) autocorrelator. A combination of two half-wave plates (HWP)
and a polarizing beam splitter (PBS) was used to control the power and the polarization of the beam. Two silver mirrors and an aspheric lens (NA = 0.55 at 1550 nm)
were used to steer and focus the beam into the waveguides, respectively. Several
Si3 N4 chips were available as diced with a wafer saw, each chip carrying a set of 100
waveguides with various widths at a pitch of 20 µm and a fixed length of 6 mm.
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Figure 3.2: Schematic view of the experimental setup for supercontinuum generation (SCG) with ultrashort pulses from a mode-locked
Erbium fiber laser. The pulses enter the Si3 N4 -waveguide sample via
two half-wave plates (HWP), a polarizing beam splitter (PBS) and an
aspherical lens (AL). A lensed fiber (LF) and an off-axis parabolic mirror (OAPM) collect and collimate the generated SC. A curved mirror
(CM) focuses the beam via a removable mirror (RM) into two different
optical spectrum analyzers.

In order to determine the waveguide-internal power, the incident average power
was measured in front of the first lens and the transmitted power was measured
behind a second aspheric lens (NA = 0.55) that collected the radiation behind the
waveguide. A low input power was used to avoid spectral broadening. Also, to
ensure that only light exiting from the waveguide was measured, and not any light
scattered or guided between the SiO2 cladding and Si bulk, the measurements were
performed in the well-collimated part of the output beam, at a distance of about
a meter behind the second lens. After optimizing the input and output coupling,
typically −8.8 dB ± 0.6 dB of the incident power was transmitted through the waveguides. To determine the input coupling loss for each of the differently wide waveguides used, we subtracted from each measured transmission value the waveguideinternal propagation loss and output coupling loss. We have taken the propagation
loss of the waveguides to be in the order of -0.5 dB/cm as based on previous measurements [41]. This corresponds to a total propagation loss of -0.3 dB for the 0.6 cm
long waveguide used. As output coupling loss we took the Fresnel loss at the output
facet (-0.4 dB) and the truncation loss at the second aspheric lens (-2.6 dB) calculated
from the almost Gaussian mode field emerging from the waveguide and the aperture of the lens. As a typical example, with the 1 µm wide waveguide, where a
transmission of -8.7 dB was measured, we obtain an input coupling loss of -5.4 dB
which corresponds to an input coupling of about 29 % of the incident power. This
value can likely be increased with improved mode matching.
After the power throughput measurements, in order to conveniently record the
spectral distribution of SCG, the second lens was removed and replaced with a
lensed fiber. The fiber output was collimated with an off-axis parabolic mirror and
focused by a curved mirror via a removable mirror into two optical spectrum analyzers (OSAs) operated in parallel. For the shorter wavelengths, from 380 nm to
1680 nm, an OSA was used with a high dynamic range due to a low dark current
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(AQ1425 from ANDO, resolution 2 nm). For longer wavelengths, between 1200 nm
and 2584 nm, a second OSA was available (NIRQuest 512 from OceanOptics, resolution 6.3 nm). The latter makes use of a CCD-array and thus shows a higher level
of dark counts that was subtracted from the recorded spectra. The recordings with
the first OSA did not require subtraction. Within their overlap range the spectra of
the two OSAs displayed the same shape. We used the agreement to merge the OSA
spectra, at a wavelength of 1550 nm, such that each supercontinuum spectrum is
displayed as a single curve. To enable a direct comparison, all spectra were normalized to their peak values. Employing waveguides with seven different widths and
the same height (0.9 µm) we measured the spectral power density of the generated
output vs. the pump pulse energy incident on the aspheric lens in a range between
0.3 and 6.8 nJ, which corresponds to about 100 pJ to 2 nJ of waveguide-internal pulse
energy.

3.3 Experimental Results
Figure 3.3(a) shows a series of measured spectra as obtained with a 1 µm wide waveguide. This particular example is shown here because all of the main spectral
features still lie within the spectral range observable with our pair of OSAs.
It can be seen that the recorded spectra display all well-known features that are typical for SCG as described to large detail, e.g., in Ref. [1]. At the lowest recorded
energy the output spectrum already starts to deviate from the incident pump laser
spectrum (as retrieved from FROG traces), as is apparent from the two peaks induced by self-phase modulation at 1520 and 1590 nm. The asymmetry in the spectral power density of the two peaks is caused by a slight spectral asymmetry in
the pump spectrum. With increasing incident pulse energy, up to 1.8 nJ, there is a
spectrally symmetric, steady and steepening increase in bandwidth which indicates
increasing self-phase modulation in the waveguide. Approximately at 2.3 nJ, the
spectrum reaches almost its maximum bandwidth extending from about 515 nm
to 2250 nm at a -30 dB level. The central part of the spectrum, between 1170 and
1750 nm at - 20 dB level, can be addressed to soliton dynamics because its extent
agrees well with the expected range of anomalous dispersion (900 to 1700 nm as
seen in Fig. 3.1) required for soliton formation. Such dynamics are also apparent
from an increasing number of finer spectral features that separate and shift away
from the pump wavelength with increasing energy, indicating fission into lowerorder solitons. Starting with 1.8 nJ, at the outer edges of the spectrum there appear
additional features with narrower bandwidths located at about 520 nm, and located
in the wavelength region from approximately 2050 nm to 2270 nm. These features
reveal the generation of dispersive waves by solitons (Cherenkov radiation), due
to their smaller spectral width and because their wavelengths lie fully within the
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Figure 3.3: a) Measured spectral power density (color-coded) obtained
from supercontinuum generation in a 0.9 µm high and 1 µm wide Si3 N4
waveguide, using ultrashort pulses (120 fs) from an Erbium fiber laser
at 1560 nm. The spectra are displayed vs. the pump pulse energy incident on the aspheric lens (upper vertical axis), of which about 30 % was
coupled into the waveguide. Each spectrum is normalized to its peak
value. b) Theoretical spectral density vs. waveguide internal pulse energy (lower vertical axis) as obtained from simulations with the experimental values of the waveguide parameters.
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range of normal dispersion (D < 0). At further increased energy of the pump pulses,
beyond about 3.5 nJ, the increase in spectral bandwidth with pulse energy is weaker
and can be addressed mainly due to a Kerr-induced red-shift of phase matching for
the long-wavelength dispersive wave to about 2300 nm, as we find little to no shift
in the short-wavelength dispersive wave at about 520 nm.

3.4 Numerical Simulations
For comparing the measured spectra with calculations, we modeled the pulse propagation with the generalized nonlinear Schrödinger equation (GNLSE) using the
split-step Fourier transform method [42, 43] as implemented by Kues et al. [44]. The
motivation is to determine and verify input parameters that properly calibrate the
model. This is important because the nonlinear optical properties of waveguides
fabricated with the present material platform have not been fully characterized.
Specifically, there is little information on the Kerr index of LPCVD-grown Si3 N4 . The
only information available so far has been given by Levy [45] who derived the Kerr
index from measuring the spectral broadening induced by self phase modulation.
He reported a value of (1.1 - 1.2)x10−15 cm2
W−1 . Another value, which is often used in simulations, has been reported by Ikeda
et al., 2.4x10−15 cm2 W−1 [46], albeit for a different fabricated material, i.e., using
a lower-temperature, plasma enhanced growth technique (PECVD). Another concern is that in [46], Ikeda et al. did not specify the Si-to-N atomic ratio, leaving
open whether the material was stoichiometric. These dissimilarities are important
because PECVD-grown silicon exhibits an increased absorption at around 1.5 µm
wavelength, where also the Kerr-measurements were performed. Other dissimilarities are a higher pinhole density and a higher hydrogen content [47]. These properties not only lead to higher loss and scattering but should also induce a higher
nonlinearity as compared to LPCVD material. Specifically deviations from stoichiometric growth can strongly increase the nonlinearity as found for enrichment with
Si [48].
For definiteness in the simulations and for retrieving more information on the Kerr
index of LPCVD-grown Si3 N4 via comparison with experimental spectra, we preliminary used the Kerr index given by Ikeda et al. [46]. The size of the effective
modal area, Aeﬀ , was calculated with the finite element solver along with the waveguide dispersion as described above which results in a nonlinear coefficient γ of
1.01 W−1 m−1 . The dispersion was included to high precision, up to the 19th order.
A contribution from stimulated Raman emission to the nonlinearity was neglected,
in view of previous experiments with SCG in silicon nitride waveguides [18, 49]. A

3.4. Numerical Simulations

43

shock term was included to model the frequency dependence of the nonlinear index and of the effective modal area [50]. For the 1.0 µm x 0.9 µm-sized waveguides,
e.g., we calculated a shock time scale of 1.9 fs. The propagation loss was taken to
be 0.5 dB/cm [41]. As the input pulse we took the experimental power and phase
spectrum as measured with FROG. We note, that our modeling does not rely on any
adjustable fit parameters. This is different from, e.g., [19], where the waveguide
dimensions were adjusted to fit the simulations to experimental spectra.
Figure 3.3(b) displays a series of 100 calculated supercontinuum spectra vs. increasing waveguide-internal pump pulse energy, assuming the same waveguide width
(1 µm) and height (0.9 µm) as used for the measurements. It can be seen that there is
a very good agreement of the spectral distribution with the experimental data. One
can recognize essentially the same spectral development vs. increasing pulse energy, from self-phase modulation towards soliton formation and fission. The agreement suggests that the characteristic length of nonlinear interaction, the dispersion
length (strength of anomalous dispersion) and detailed shape of waveguide dispersion contained in higher order terms are appropriately described within the anomalous range. We note that also the spectral positions of the long and short-wavelength
dispersive waves are predicted with high agreement, with only a small offset for the
low-wavelength edge of the SC. This discrepancy is attributed to a small difference
in material dispersion at short wavelengths. This implies that phase matching was
modeled with proper dispersion in the outer, normal dispersion range (especially
for the longer wavelengths), including a proper group velocity of the solitons that
excite dispersive waves. Finally, also the spectral Kerr shift of the dispersive waves,
here mainly at the long-wavelength side, is matching well the experiments. The
overall agreement, specifically the absence of self-frequency shifting, confirms that
neglecting stimulated Raman scattering is justified here. We note that the absence
of Raman contributions is a main advantage as compared to SC generation in optical fibers where such non-parametric contribution may introduce noticeable shotto-shot incoherent output. Furthermore, from the absence of Raman scattering a
coherent supercontinuum is expected [36]. We have confirmed coherent generation
explicitly with calculation of the shot-to-shot coherence for the supercontinua presented in Fig. 3.3. We found a near unity degree of coherence for the entire spectral
range that has a larger than -30 dB relative spectral power density. This result is in
agreement with the calculation reported by Epping et al. [37] where neglecting Raman scattering was also justified and where pumping at 1 µm wavelength showed
near unity pulse-to-pulse coherence as well [51]. By spectrally integrating the output
and comparing with the internal pump pulse energy we observe that the calculated
waveguide-internal conversion efficiency is very high, typically about 93%, due to
the absence of Raman conversion and due to low waveguide propagation loss.
As the next step, based on high agreement between the simulated measurements
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spectral distributions, we also compare the waveguide-internal pulse energies required for SCG in the experiment with those predicted by the calculations. As
described above, we have concluded from throughput measurements and loss estimates that typically 29 % of the incident power is coupled into the waveguide (input
coupling loss -5.4 +/- 0.6 dB). For an unambiguous comparison of pump energies
we chose the onset of the dispersive wave at the shorter wavelength side of the
spectrum. In the experiment the dispersive waves occurs at around 2.1 nJ of incident energy, corresponding to about 0.61 nJ internal energy. Compared to this, in
the simulations the dispersive wave generation sets in already at 0.17 nJ, which is a
factor 3.6 lower.
In order to identify possible reasons for this deviation we inspected several effects.
A relatively large uncertainty is usually present regarding the input coupling loss.
Here, however, transmission measurements provide a lower bound for these losses.
Underestimating losses in the waveguide, output coupling or aperturing at the second lens would rather increase the estimated value for input coupling. A slight
misalignment of the input coupling with increasing pump power was observed. We
conclude this from a slightly sub-linear growth of the wavelength-integrated OSA
spectra vs. incident pump power, spanning from the low-power values used for
transmission experiments towards the higher-power for SCG . However, these measurements limit an underestimation of the input coupling to a factor of 1.3 at most.
Another source of error might have been pump energy coupled into higher-order
modes, which have a different dispersion and, therefore, do not contribute to the
SCG. However, input coupling to higher-order modes has been experimentally investigated with great care showing that such coupling can safely be neglected for
our experimental conditions. Similarly, measuring the transmitted power in the
collimated beam far behind the output lens rules out that the transmission measurements are impaired by light which was not coupled into the waveguide but still
scattered or guided in the SiO2 cladding towards the output facet. In the model,
a source of error might have been an underestimated size of the mode field area,
via underestimating the waveguide cross sectional area, which overestimates the
nonlinear coefficient. However, the very good spectral agreement of the calculated
and measured spectra indicate that the waveguide dispersion was modeled correctly, which rules out a wrongly assumed waveguide cross section. Our overall
conclusion from these considerations is that the nonlinear refractive index used in
the simulations is larger than in the waveguides that we have experimentally investigated. Quantitatively, the nonlinear refractive index for our waveguides appears
to be about 3.6-times smaller than the previously reported value for PECVD-grown
silicon nitride [46] and about 1.8-times smaller than the value reported for LPCVDgrown Si3 N4 , which is obtained from SPM-induced spectral broadening [45]. A further clarification might be obtained by repeating the power modulation experiments
in [46] with LPCVD-grown Si3 N4 waveguides.
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3.5 Dependence on Waveguide Width
In order to extend the supercontinuum further towards the mid-infrared side of the
spectrum, we recall that the long-wavelength zero-dispersion wavelength in Fig.
3.1 shifts to larger values with increasing waveguide width. The dispersive waves
result from a coherent energy transfer from the soliton in the anomalous dispersion
regime to phase-matched frequencies in the normal dispersion regime, where the
phase matching depends on the phase- and group velocity of the soliton as well as its
peak power [1, 52–54]. This suggests that the infrared side of the SC would shift to
longer wavelengths as well. For a verification we carried out spectral measurements
vs. increasing waveguide width. Fig. 3.4 shows the spectral power density recorded
with seven different widths (from 0.7 to 1.3 µm) at the same, maximum available
pump pulse energy of 6.8 nJ incident on the aspheric lens.
The dotted line indicates the change of the -30 dB limit at the long-wavelength side
of the spectrum. It can be clearly seen that the infrared end of the spectrum extends progressively towards mid-infrared wavelengths with increasing waveguide
width. The observable wavelength shift is about 2.45 nm per nm waveguide width.
A further progression and extension of the spectra to wavelengths beyond 2.6 µm
seems present for the three widest waveguides (1.0 to 1.3 µm) as well, but could
not be recorded with the available spectroscopic equipment. Our theoretical model
predicts the SC extending to wavelengths of 2.6, 2.7, 2.8 and 2.9 µm for waveguide
widths of 1.1, 1.2, 1.3 and 1.4 µm, respectively, while reproducing the experiment
value for the smaller widths. The shift in location of the long-wavelength dispersive wave is reduced to about 1 nm per nm waveguide widening for widths larger
than 1.1 µm.
The widest of all generated spectra, within the available detection range, was obtained with a 1-µm wide waveguide and a pump pulse energy incident on the
aspheric lens of 4.7 nJ (1.4 nJ waveguide internal). The spectrum is displayed in
Fig. 3.5. From its short-wavelength -30 dB-edge at 526 nm it extends to at least
2.584 µm (mid-infrared end of OSA detection range), which corresponds to a bandwidth of more than 454 THz and spans at least 2.2 octaves.

3.6 Summary and Conclusions
In summary, we have demonstrated extremely wide bandwidth of supercontinuum
generation in stoichiometric Si3 N4 waveguides, using a standard erbium-doped fiber
pump laser that provided ultrashort pulses in the telecommunication wavelength
range at 1560 nm. In a 6 mm long waveguide with a core area of 1.0 × 0.9 µm2
and pumped by 120 fs long pulses with a pulse energy of 4.7 nJ incident on the
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Figure 3.4: Measured spectral power density of supercontinuum generation using seven different waveguide widths, increasing from (blue
trace) 0.7 µm (blue trace) to 1.3 µm (red trace) in steps of 0.1 µm,
pumped with the same, maximum available pump pulse energy of
6.8 nJ incident on the aspheric lens. For clarity the peak values of all
spectra are normalized to 0 dB and vertically offset by 80 dB with respect to each other. The horizontal dashed lines mark the respective
-30 dB levels. The dash-dotted curves show the average noise levels for
the short-wavelength OSA, and a baseline after dark-count subtraction
for the long-wavelength OSA. The straight dotted line shows that the 30 dB infrared-end of the spectra tunes towards the mid-infrared range
with increasing width of the waveguides.
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Figure 3.5: Supercontinuum spectrum generated in a 1 µm wide and
0.9 µm high waveguide using a pump pulse energy of 4.7 nJ incident to the aspheric lens (in-coupled pulse energy 1.4 nJ). The pump
wavelength of 1560 nm is indicated with an arrow. From the shortwavelength -30 dB-edge at 526 nm the spectrum extends to at least
2584 nm (mid-infrared end of OSA detection range). This corresponds
to a spectral bandwidth of more than 454 THz and spans more than 2.2
octaves.

aspheric lens, the supercontinuum radiation showed a spectral bandwidth of more
than 454 THz, spanning at least 2.2 octaves, from the visible at 526 nm to the midinfrared (beyond 2584 nm). The shapes of the generated spectra are in very good
agreement with theoretical modeling via numerical integration of the generalized
nonlinear Schrödinger equation (GNLSE). Based on this agreement a comparison of
the required waveguide-internal pump pulse energy in the simulation and the measurements has been performed. The comparison revealed a factor of 3.6 lower pulse
energy required in the simulations. A careful analysis suggests that the nonlinear
refractive index of LPCVD-grown stoichiometric silicon nitride, Si3 N4 , is smaller by
a factor of about four than the previously reported value for PECVD-grown silicon
nitride [46] and smaller by a factor of 1.8 than the previously reported value for
LPCVD-grown Si3 N4 [45]. A further clarification should be attempted, such as with
direct index modulation experiments using LPCVD-grown Si3 N4 waveguides.
Shifting the long-wavelength edge of the supercontinuum generation towards the
mid-infrared with increasing waveguide width was achieved in agreement with engineering the waveguide dispersion. In the experiment a wavelength shifting of
2.45 nm per nm waveguide widening of the -30 dB level at the infrared-side of the
spectrum was observed, for waveguide widths between 0.7 µm and 1.0 µm. We
note that following our primary report on mid-infrared shifting [55] there was a
subsequent observation [56] analogous to our results. Furthermore, the high index
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contrast provides tight guiding which concentrates the optical mode predominantly
in the Si3 N4 core, where mid-infrared absorption is weaker [57]. The results imply
that highly efficient supercontinuum generation appears feasible, if a low-loss input
coupling can be obtained. We conclude this from the consistency between transmission loss measurements and detailed loss estimates, as well as from the good
agreement between the shape of the measured and numerically calculated spectra.
In these calculations only a low propagation loss and a negligible Raman conversion were assumed, thereby yielding a waveguide-internal conversion efficiency of
typically 93%. The measurements presented here, in agreement with mode matching calculations, show that the input coupling may be substantially increased by
combining tighter focusing and tapered waveguides [27, 58]. With these properties
and options, stoichiometric silicon nitride waveguides pumped with mode-locked
telecommunication laser sources provide an interesting platform for various applications, including multiple-octave spanning frequency combs with self-referencing
for frequency metrology [59], or mid-infrared dual comb spectroscopy [60].
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Chapter 4

Refractive index modulation via
surface acoustic waves
We theoretically investigate the use of Rayleigh surface acoustic waves
(SAWs) for refractive index modulation in optical waveguides consisting of amorphous dielectrics. Considering low-loss Si3 N4 waveguides
with a standard core cross section of 4.4×0.03 µm2 size, buried 8 µm
deep in a SiO2 cladding we compare surface acoustic wave generation in various different geometries via a piezo-active, lead-zirconatetitanate film placed on the surface and driven via an interdigitized
transducer (IDT). Using numerical solutions of the acoustic and optical wave equations, we determine the strain distribution of SAW
modes under resonant excitation, and the electric field distribution
of the fundamental optical mode near the waveguide core. From the
overlap of the acoustic strain field with the optical mode field we calculate and maximize the attainable amplitude of index modulation
in the waveguide. For the example of a near-infrared wavelength of
840 nm, a maximum relative refractive index modulation of 1.4×10−3
was obtained for an IDT periodicity of 30 µm, a film thickness of
4 µm, and the IDT voltage and modulation frequency were 10 V and
90 MHz, respectively. The relative index change is 1.4×10−3 , which is
about 300-times higher than in previous work based on non-resonant
proximity piezo-actuation, and the modulation frequency is about
200-times higher. Exploiting the relative index change of 1.4×10−3 in
a Mach-Zehnder modulator should allow full-contrast modulation in
devices as short as 103 µm.
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4.1 Introduction
Integrated optical waveguides fabricated from stoichiometric silicon nitride (Si3 N4 )
using low pressure chemical vapor deposition (LPCVD) can offer ultra-low loss, are
transparent from visible to near-infrared wavelengths [1, 2] and, therefore, are of
high interest for numerous applications. These include communications [3], sources
for nonlinear microscopy [4], optical coherence tomography [5], biosensors [6], microwave photonics [7, 8], ultra-narrow bandwidth hybrid lasers [9] and supercontinuum generation [4, 10]. Due to a high index contrast with regard to the SiO2
cladding, these waveguides enable dense, complex and reconfigurable integrated
photonic circuits [11–13].
Typically, light modulation in silicon nitride waveguides relies on the thermo-optic effect and is based on a thermally induced phase shift between the two arms
of a Mach-Zehnder interferometer [14]. State-of-the-art thermo-optic modulators
provide up to 1 kHz modulation speed, while the dissipation of heating power is
often undesired, because it can be as large as 500 mW per modulator [7]. Applications that rely on a high density of modulators, e.g., as in reconfigurable photonic circuits [12], would greatly benefit from modulation techniques with lower
dissipation, while applications needing fast modulation of the light would greatly
benefit from techniques with higher switching or modulation speeds. A technique,
which may provide both benefits simultaneously, may be based on the strain-optic
effect [15, 16] where stress induced in the waveguide results in a change of the effective refractive index. The strain-optic effect has been studied in various integrated
photonic systems [17, 18]. Specifically in the waveguide platform investigated here
(LPCVD Si3 N4 /SiO2 ) there is so far only a single implementation. In [18], Hosseini et al. showed an approach with a 2 µm-thick layer of crystalline lead zirconate
titanate (PZT) deposited on top of a silicon nitride Mach-Zehnder interferometer
(MZI) with the core of the waveguides positioned 8 µm below the PZT layer. Via
an electrode placed on top of the PZT layer above one of the interferometer arms
of the MZI, the stress within that arm could be locally controlled via the electrode
voltage. The power consumption was reduced significantly, by six order of magnitude. Also the modulation frequency could be raised, up to 600 kHz (at -3 db
bandwidth). However, further increasing the modulation frequency was not possible. In that approach this would require a smaller capacitance resulting in a reduced
electrode area, but this would reduce the induced stress and thereby the induced index change. The maximum index modulation remained rather small, at around 5
×10−6 with an optimum geometry. This reduces the overall induced phase shift as
required for decreasing the arm length of the interferometer.
Much higher modulation frequencies are possible with a more sophisticated electrode structure, using so-called interdigital transducers (IDTs) that resonantly excite
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surface acoustic waves (SAWs). For instance, optical modulation at a frequency of
520 MHz was demonstrated for a compact MZI consisting of conventional ridge waveguides of GaAs with an active region of only 15 µm [19], while acousto-optic modulation of photonic resonators on thin polycrystalline aluminum nitride films has
been demonstrated for modulation frequencies reaching well into the microwave
range [20, 21]. In Si3 N4 stress-induced optical modulation at frequencies above the
MHz are not yet available.
Here, we theoretically investigate exploiting SAW-induced effective refractive index
changes for realizing faster and smaller modulators with Si3 N4 waveguides. Using
numerical methods we calculate the index modulation experienced by the fundamental optical mode propagating through a Si3 N4 core buried in a SiO2 cladding.
The special interest in this particular geometry is that no deterioration of the ultralow optical propagation loss is expected. The reason for that is that the cladding is
assumed to be thick enough to make the optical field negligible at the location of the
thin PZT film that is on top of the cladding. At the same time, the penetration depth
of SAWs is large enough, on the order of the acoustic wavelength, λR , in the material [22, 23], which allows for a good overlap of the SAW with the optical wave even
for high modulation frequencies in the 100 MHz range. The SAW is considered to be
launched using an IDT. Compared to the unstructured electrode arrangement used
by Hosseini et al. [18], we show below that the fine structuring of the IDT allows
typically 200-times higher modulation frequencies while resonant excitation yields
a 300-fold increase in index modulation. Another advantage of employing SAWs is
that tensile strain can be applied in one interferometer arm, simultaneously applying compressive strain in the other arm, which effectively reduces the length of the
arms by a factor of two to obtain full light modulation [19].
In the following we consider acousto-optic modulation using a MZI, in a setting
where the acoustic wave propagates perpendicular to the optical waveguide axis
of the two arms of the MZI as shown in Fig. 4.1. We briefly discuss the relation
between strain and the refractive index and the surface acoustic wave of interest.
We then present the geometry studied and how the simulations are performed. We
investigate how the induced strain and, consequently, the effective refractive index,
depends on the thickness of the PZT layer and the period of the IDT used to generated the SAW. Finally, we use the maximum change in effective refractive index
to determine the required length of the MZI to obtain full modulation of the optical wave. The maximum relative change of the effective waveguide index in our
arrangement was found to be 0.14%, at a frequency of 90 MHz, which yields full
modulation with a relatively short arm length of 103 µm, i.e., about 80-times shorter
than the proximity piezo methods described above.
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Figure 4.1: Artistic impression of a waveguide (in blue) based MachZehnder interferometer. Half of the electrode structure and piezo layer
is not shown to enable a full view on the interferometer (dark blue
waveguides). The interferometer waveguides are buried in SiO2 (light
gray) deposited on a silicon substrate (dark gray).

4.2 Acousto-optic refractive index modulation
The response of a material to an applied electric field, an acoustic wave, or a combination of the two, strongly depends on the type of material. Here, we are interested on one hand in generating a strong acoustic wave using the piezoelectric
effect [24, 25]. On the other hand, we intend to use strain in amorphous waveguide
core (Si3 N4 ) and cladding (SiO2 ) materials (which do not possess a piezoelectric effect) to cause strain-induced changes in refractive index [24, 25]. The strain can be
compressive or tensile, leading to an increase or decrease in local refractive index,
respectively. In a microscopic picture, strain changes both the number of microscopic dipoles per unit volume and the microscopic potential. This volume change
determines the induced dipole driven by the applied optical field and thus changes
the optical susceptibility tensor, χ, of the material. In the most general case of an
anisotropic material, the relation between the change in the inverse of the dielectric
tensor and the applied strain is given by [16, 26],
∑
[ ( −1 )]
∆ ε
=
(pS)
=
pijkl Skl ,
ij
ij
kl

(4.1)
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where ε = ε0 (1 + χ) is the dielectric tensor, ε0 is the vacuum permittivity, S is the
strain tensor and p is the dimensionless strain-optic tensor. The indices, i, j, k and l
designate the three Cartesian coordinates. For isotropic materials such as the amorphous materials investigated here, and assuming small changes in the inverse dielectric tensor, eq. 4.1 can be simplified. In this case, the related change in refractive
index is given by [15, 27]
1
∆nx = − n30 (p11 Sx + p12 Sy ).
2

(4.2)

Here, ∆nx is the change in refractive index for linear polarized light along the x
direction, n0 is the refractive index of the material in absence of any strain, Si is
the strain applied in the i-direction (i = x, y) and the contracted indices notation
is used [16]. The change in refractive index for the other polarization direction is
obtained via exchanging the strain-tensor components,
1
∆ny = − n30 (p12 Sx + p11 Sy ).
2

(4.3)

In this work, strain in the region of the optical mode is induced by an acoustic wave.
As the optical mode is confined to an area just a few micrometer below the surface of
the cladding, for obtaining a strong interaction, the surface acoustic wave (SAW) is
the most appropriate acoustic wave to consider for a strong interaction. The reason
is that a SAW travels along the surface of an elastic material with most of its energy
and strain confined within a small region, with a thickness of the order of the acoustic wavelength, below the surface and thus can provide good overlap between the
strain induced by the SAW and the optical mode. Of various different surface waves
possible, we focus on Rayleigh surface acoustic waves, which are characterized by a
correlated transverse and longitudinal motion at the surface. This results in volume
elements traversing an elliptical path when the wave passes [28]. The motivation to
investigate Rayleigh waves is that the considered SAW1 has low dispersion, as long
as the elastic modulus near the surface does not change [28], making them suitable
for the modulation of broadband signals [29].
If the SAW is launched perpendicular to the two arms of a MZI as depicted in Fig 4.2,
and the two arms of length L are separated by half an acoustic wavelength, one arm
experiences compressive strain and the other tensile strain. The phase shift of light
leaving either interferometer arm with respect to the light entering the interferometer is given by
L
∆φ = 2π∆n ,
(4.4)
λ
where ∆n is the change in effective refractive index, neﬀ , of the optical mode, which
is opposite in sign for the two arms, neﬀ = βλ
, β is the propagation constant for the
2π
1

SAW refers to a Rayleigh surface acoustic wave in the remainder of this chapter.
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fundamental mode, and λ is the vacuum wavelength. When the light is combined
at the output of the MZI, the total phase difference is
L
∆φt = 4π|∆n| .
λ

(4.5)

A total phase difference of ∆φt = π is required for full light modulation. Therefore,
when the length L is equal to
λ
L=
,
(4.6)
4|∆n|
light is fully modulated with a modulation frequency equal to the frequency of the
SAW. The latter equation shows that a weak index modulation (small ∆n) would
require long arm lengths or interaction lengths, which is undesired for compact,
integrated waveguide circuits with a high density of components.
For providing full modulation also with short interaction lengths, a SAW is ideally
created in a material having a large piezoelectric coefficient. For our calculations we
consider lead zirconate titanate (PZT), because PZT is known as high performance
piezoelectric material and commonly used in actuators and sensors [30]. Another
advantage is that thin PZT layers have already been successfully deposited on Si3 N4
waveguides in a SiO2 cladding [18] by using a Ti/Pt bilayer as seed for epitaxial
growth of the PZT [18] on top of the amorphous SiO2 cladding material. The PZT
layer may be grown using pulsed laser deposition [18] or alternative techniques like
liquid-phase growth [31]. The different seeding techniques allow configurations
with and without a conducting layer between the amorphous cladding and crystalline PZT. The generation and comparison of SAWs in various such geometries is
presented in the next section.

4.3 Geometry and simulation domain
The geometries considered here are shown schematically in Fig. 4.2(a) and as crosssections in (b-f). The optical design comprises a typical low-loss optical waveguide
having a Si3 N4 core of height 30 nm and width 4.4 µm embedded symmetrically
in a 16 µm thick SiO2 cladding on top of a Si wafer substrate, i.e., at 8 µm distance
from the Si and SiO2 interfaces. The strain-optic tensor is not known for Si3 N4 .
However, due to the small core thickness the optical mode is mostly outside the
core and a modulation of the effective refractive index is dominantly caused by the
strain-optic effect in the SiO2 cladding. The thickness of the cladding, 8 µm, is taken
big enough that the optical mode does not extend to the end of the cladding, in
order to render optical losses due to surface layers or the substrate negligible. The
top of the SiO2 cladding contains a thin conductive or dielectric seeding layer that
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allows the growth of c-oriented PZT. The thickness, d, of the PZT layer was varied
to determine the optimum thickness for excitation of the SAW. A split-finger IDT
configuration is used to excite the SAW without first order Bragg reflections [29].
In order to maximize the optical modulation amplitude, we investigate the effect of
the location of the conductive (i.e. gold) electrodes of the IDT and a seeding layer in
four different configurations.
The first consists of the IDT electrodes at the PZT-air interface and a conductive
seeding layer at the SiO2 -PZT interface (ETC, Fig. 4.2(c)). The second, consists of
the IDT electrode on top of the PZT layer with a dielectric seed layer (shown in
blue) (ETD, Fig. 4.2(d)). The third and fourth configurations have the IDT electrode
at the SiO2 -PZT interface and have a conductive layer (EBC, Fig. 4.2(e)) or simply a
bare PZT-air interface (EBD, Fig. 4.2(f)). Configurations EBC and EBD have both a thin
seed dielectric nanosheet deposited on top of the IDT electrode to allow crystalline
growth of the PZT layer. Because the seed dielectric layer is only a few nm thick
and is considered to have perfect adhesion to SiO2 it would not notably affect the
acoustic wave, and is not included in the model.
The IDT generates a SAW and the associated strain induces a change in refractive index in both the cladding and the core. However, the optical modulation amplitude
is expected to depend on the strain distribution of the excited SAW and its overlap with the optical mode. In order to determine the degree of overlap, the strain
distribution is calculated by finding the fundamental SAW eigenmode for the four
configurations using a finite-element eigenmode solver [32]. For these calculations,
we use the two-dimensional unit cell shown in Fig. 4.2(b), which consists of one period of the split finger IDT electrode and the layers below (and layers above in case
of configurations EBC and EBD). To maximize the strain at the location of the optical
mode, the waveguide core is positioned in the horizontal direction, x, in Fig. 4.2, to
lie symmetrically underneath the gap of two IDT electrodes. Platinum is selected for
the conductive seed layer material (gray) and gold (yellow) for the conductive layer
on top of the PZT. Both layers as well as the gold electrodes of the IDT are taken as
100 nm thick.
The acoustic boundary conditions applied to the unit cell are a free displacement
condition at the air interface, a zero displacement condition at the bottom of Si substrate and a periodic boundary condition at the two remaining boundaries. In order to ensure that the SAW has negligible amplitude near the bottom of the substrate and the zero displacement boundary condition does not affect the solution,
the height of the Si substrate was found not to affect the solutions for heights larger
than 5Λ, where Λ is the period of the IDT electrode.
For the calculation of the optical field distribution, the optical boundary conditions
were taken as zero-field conditions at all outer boundaries. This is well-justified because with the chosen index and size parameters the optical field is confined closely
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(c)

(d)
ETC

(e)
ETD

(f)
EBC

EBD

Figure 4.2: (a) Schematic view of the geometry comprising a Si3 N4 core
(4.4x0.03 µm, dark blue) centered in a 16-µm thick SiO2 cladding (light
gray) on a Si substrate (dark gray). A crystalline PZT layer on top of
the cladding (green) in combination with an IDT (yellow) is used for
exciting surface acoustic waves (SAWs). (b) The cross-section shows
the corresponding two-dimensional unit cell across a single period Λ
of the IDT and the layers below it. The thickness of the Si layer included in the unit cell is proportional to Λ to ensure a negligible SAW
amplitude at the lower boundary of the unit cell. The layer between the
PZT and the SiO2 layers is either conductive (yellow) or dielectric (light
blue) and functions as seed layer for the crystalline growth of the PZT
layer on top of the amorphous SiO2 or IDT electrode. (c)-(f) Illustrate
the various combinations of IDT locations with and without opposite
conductive layer, following the same color coding. (c) ETC, (d) ETD,(e)
EBC,(f) EBD. Features are not to scale.

around the core as compared to the thickness of the cladding.
To calculate the resonant acoustic frequencies for each of the configurations as a
function of both the thickness, d, of the PZT layer and period, Λ, of the IDT electrode, we used an eigenmode solver. Note that a resonant frequency corresponds to
the modulation frequency of the light in a properly configured Mach-Zehnder interferometer. To determine the effective refractive index at the location of the optical
mode, it is required that the applied voltage is chosen to oscillate at the resonant
frequency. The electro-mechanical coupling coefficient was obtained by performing
a frequency-domain simulation using the same unit cell as shown in Fig. 4.2(b) and
calculating the strain distribution when a sinusoidal voltage with a given amplitude
(we chose 10 V) and a frequency equal to the resonant acoustic frequency is applied
to the IDT electrode. Also for this study, we investigated the dependence of the
induced strain on d and Λ. The various isotropic material properties used in the
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Table 4.1: Material constants used in calculating the SAW properties.
Parameters not included in the model are denoted as (NI). Parameters
included in tensor form are shown as (-).

Pt
Au
PZT
SiO2
Si3 N4
Si

Material constants
Young’s Modulus Poisson’s Ratio
GPa
168
0.38
78
0.44
70
0.17
270
0.24
-

Density
kg/m3
21450
19300
7600
2650
3440
2330

Damping
factor, η
NI
NI

0.03
0.0004
NI
NI

simulation are listed in table 4.1 [32–35]. The elasticity matrix C used for PZT and
silicon in the simulation is given by [34]


c11 c12 c21 0
0
0
c12 c11 c21 0
0
0


c21 c21 c33 0

0
0
,
C=
(4.7)
0
0
0 c44 0
0


0
0
0
0 c44 0 
0
0
0
0
0 c66
where the coefficients for PZT are c11 = 134.8 GPa, c12 = 63.9 GPa, c21 = 68.1 GPa,
c33 = 113.3 GPa, c44 = 22.2 GPa and c66 = 33.4 GPa. For silicon there are only
three independent coefficients c11 = c33 = 165.7 GPa, c12 = c21 = 63.9 GPa, and
c44 = c66 = 51.0 GPa. The piezoelectric coupling tensor, d, is given by [35]


0
0
0
0 440 0
C
0
0 440 0 0 × 10−12 ,
d= 0
(4.8)
N
−60 −60 152 0
0 0
and the relative permittivity tensor, εT , is given by [35]


990 0
0
εT =  0 990 0  ,
0
0 450

(4.9)

where the superscript T indicates that the relative permittivity tensor is measured
under constant stress.
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Figure 4.3: Resonant acoustic frequency, fR , of the fundamental
Rayleigh wave for the four investigated IDT configurations (ETD, EBD,
ETC, EBC, found in Fig. 4.2 ).The frequency is displayed as function of
the period of the acoustic wave λR , which is equal to the period Λ of
the IDT for a fixed PZT thickness d = 2 µm (a), and as a function of the
thickness d of the PZT layer for an IDT period of Λ = 30 µm (b).

4.4 Results
4.4.1 Acoustic wave generation
We are interested in MZI-based modulation with a maximum optical phase change
in the interferometer arms. Therefore we consider a geometry where the SAW propagation direction is perpendicular to the optical axis of the waveguide, as in Figs. 4.1
and 4.2. The modulation frequency is taken as equal to the resonant frequency of the
fundamental SAW. In this case, the acoustic wavelength, λR , and frequency, fR , are
equal to the period, Λ, and driving frequency of the IDT, respectively. The relation
between fR and ΛR is given by
fR = vR /ΛR ,
(4.10)
where vR is the phase velocity of the SAW. In general, vR varies with Λ, d and the
different IDT configurations such that the modulation frequency of the optical wave
will also vary with these parameters.
Figure 4.3(a) shows the acoustic frequency, fR , of the fundamental SAW as a function
of the IDT period, Λ, for a fixed PZT layer thickness of d = 2.5 µm in the four
geometries shown in Fig. 4.2(c-f). Similarly, Fig. 4.3(b) shows fR as a function of the
PZT thickness, d, for a fixed IDT period of Λ = 30 µm and the four geometries.
Figure 4.3(a) shows that the acoustic frequency monotonically decreases for all configurations as the IDT period increases. It can be seen that for large periods, all four
configurations have approximately the same resonant acoustic frequency, while for
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shorter periods the configurations ETD and EBD posses a slightly higher resonant
acoustic frequency compared to the configurations ETC and EBC.
Figure 4.3(b) shows as well that the frequency decreases monotonically for all configurations as the layer thickness increases. The configurations ETC and EBC show
nearly identical resonant acoustic frequencies when the layer thickness is varied.
For small layer thickness, the resonant acoustic frequency for configuration EBD is
somewhat higher than that produced by configuration ETD. For larger layer thickness, the situation is reversed, i.e., the resonant acoustic frequency for configuration
EBD is somewhat lower than that for configuration ETD.
The different resonant acoustic frequencies, found when the thickness of the layer is
varied at constant IDT period, indicate that the sound velocity of the acoustic wave
is affected by the amount of PZT material present. On the other hand, for a fixed
geometry and varying only the IDT period, i.e., the period of the acoustic wave,
we observe a strong increase in the resonant frequency when the period decreases
(Fig. 4.3(a)), which is to be expected from the reciprocal relation between frequency
and wavelength (c.f. Eq. 4.10). In summary, when the PZT layer is terminated with
a conductive layer opposite to the IDT electrode, the resonant acoustic frequency is
somewhat lower and is almost independent of the location of the IDT electrode (at
PZT-air interface or SiO2 -PZT interface), while when it is terminated with a dielectric layer, the resonant frequency is somewhat higher and is affected by the location
of the IDT electrode.
In order to determine the change in effective refractive index of the fundamental optical mode that is induced by the SAW, the strain distribution generated by the SAW
within the volume of the optical mode has to be calculated. A frequency domain
analysis is performed to calculate the induced strain when a sinusoidal voltage is
applied at a near resonant acoustic frequency to the IDT electrode. We note that
with our symmetric unit cell (see Fig. 4.2(b)) the frequency domain analysis showed
zero strain when excited at exactly the resonant frequency. However, when moving
the frequency slightly off resonance, a nonzero strain is obtained. Adding acoustic
damping to the cladding and piezo regions (see parameters in table 4.1), provides a
physically realistic and numerically stable response.
A typical example of the strain distribution amplitude generated by the fundamental SAW when a voltage signal with an amplitude of 10 V is applied to the IDT electrode is shown in Fig. 4.4 for the configuration ETD with Λ = 15 µm and d = 2 µm,
which corresponds to modulation with fR = 150 MHz. In this figure, only the region
of interest is shown, i.e., the region containing the waveguide’s core and cladding.
The origin of the coordinate system coincides with the center of the optical waveguide, and y = 8 µm coincides with the SiO2 -PZT interface. The z-axis (along which
the optical mode propagates) points along the axis of the waveguide, normal to x
and y. Figure 4.4(a) shows the modulus of the induced strain in the x-direction, |Sx |,
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Figure 4.4: Strain distribution in the horizontal, |Sx |, and vertical, |Sy |,
directions as generated by the fundamental Rayleigh wave when Λ =
15 µm and d = 2 µm. The Si3 N4 waveguide core is shown in purple at
scale.

and Fig. 4.4(b) for strain in the y-direction, |Sy |. We observe that with increasing
depth, |Sx | grows from a near-zero value at y ≈ 8 µm, reaching a maximum before
decreasing again towards y = −8 µm. Inspecting Sx within the PZT layer shows
that Sx changes sign as a function of depth and therefore there is a depth at which
Sx is zero. Note that for the parameters of Fig. 4.4, this depth is at the upper edge of
the region plotted (near the SiO2 -PZT interface) and moves to smaller y values, i.e.,
larger depth below the PZT layer, when Λ increases. In contrast to horizontal strain,
the vertical strain, Sy , does not change sign and Sy decreases monotonically with
increasing depth, as seen in Fig. 4.4(b). Comparison of Figs. 4.4(a) and (b) shows
that |Sy | is the dominant strain at the location of the waveguide core and is typically
a factor of 2 or more larger than Sx . This typical example shows that the SAWinduced strain easily extends to the core of the optical waveguide and, therefore, a
good overlap between the induced strain and optical mode is expected.
Two of the other configurations (EBC and EBD) exhibit similar strain patterns (not
separately shown), although with different strength. The remaining configuration,
ETC displayed a different behavior in that the induced strain in the cladding region
was significantly smaller (about six orders of magnitude) than for the other configurations. Apparently, the presence of the Pt layer between the PZT and SiO2 ,
together with the presence of acoustic damping, results in a very poor coupling of
the generated SAW into the cladding region. We note that by artificially turning off
the acoustic damping, a similar behavior for the strain was obtained as for the other
configurations. In the remainder of this chapter we will only consider the configurations ETD, EBC and EBD.
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Maximizing strain
In order to quantify how the strain can be maximized via variation of the thickness
of the PZT layer and the period of the IDT electrode, we plot in Fig. 4.5(a) the dominant induced strain, |Sy |, as a function of the IDT period, Λ, for d = 2.5 µm when a
sinusoidal voltage with a near resonant frequency and an amplitude of 10 V is applied to the IDT for the three configurations considered. Similarly, Fig. 4.5(b) shows
|Sy | as a function of the layer thickness, d, for Λ = 25 µm.
(a)

(b)
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Figure 4.5: Strain distribution, |Sy |, in the vertical direction as produced by the fundamental Rayleigh SAW at the center of the optical
waveguide as a function of IDT period, Λ for d = 2.5 µm (a) and as
function of the layer thickness, d, for Λ = 25 µm. Only results for the
configurations ETD,EBC and EBD are shown. A sinusoidal voltage with
a near resonant frequency and an amplitude of 10 V is applied to the
IDT electrode.

It can be seen in Fig. 4.5(a) that, with increasing IDT period, |Sy | at the center of the
optical waveguide increases before reaching a maximum. Increasing the IDT period
further results in a decreasing |Sy |. The overall dependence of |Sy | on Λ is very
similar for the three configurations, however, it can be seen that EBC produces the
largest strain at the center of the waveguide for an IDT period that is smallest for the
three configurations. Figure 4.5(a) also shows an increased decay of |Sy | for periods
Λ ≳ 25 µm for configuration EBC compared to the other two configurations. The
behavior of |Sy | at the center of the optical waveguide can be explained as follows.
As the IDT period increases, the acoustic wavelength of the SAW increases and
the wave penetrates deeper into the structure towards the waveguide core. Consequently, the strain, |Sy |, at the location of the core is expected to increase. However,
at the same time the volume corresponding to a single acoustic period increases as
well. As the IDT electrode is powered by a constant voltage signal, this results in
a decreasing amplitude of the sound wave and, consequently, the induced strain.
The balance of these two effects is what gives rise to the maximum observed in
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Fig. 4.5(a). The different electric field distribution when a conductive layer is present
opposite of the IDT electrode results in a more efficient excitation of the SAW wave
for the optimum IDT period and PZT layer thickness combination at the cost of a
faster decay in SAW excitation when the combinations moves away from the optimum.
A similar trend is visible in the dependence of Sy on d as shown in Fig. 4.5 (b) for the
three configurations and Λ = 25 µm. Again, the configuration with the 100-nm gold
layer on top (EBC) provides the largest strain, |Sy |, at the waveguide core, followed
by the configurations EBD and ETD. We also observe a maximum in the strain as function of the layer thickness, d, of the PZT layer, although the strain is near maximum
over a wide range of thickness values (1 µm < d < 3 µm) for configurations EBD
and ETD. Figure 4.5(b) also shows that for configuration EBC the maximum strain is
obtained at a larger PZT layer thickness than for the other two configurations. As
expected, |Sy | starts dropping to zero for small values of d, although much faster
for EBC than for the other two configurations. As the acoustic wavelength is not
changed when the layer thickness is varied, these results show that there is an optimum thickness for the PZT layer to couple the electrical power supplied to the IDT
into the SAW wave. This also maximizes the strain at the core of the waveguide,
the value of which varies with the IDT period and depends on the configuration
used. We attribute the larger maximum strain and higher sensitivity to the PZT
layer thickness of configuration EBC to the 100-nm thick gold layer on top of the PZT
layer, which affects the electric field distribution inside the PZT layer such that it
produces the largest-amplitude SAW under optimum conditions.
In summary so far, we find that in order to maximize the acoustic modulation frequency, all configurations require a thin PZT layer and a small IDT period. Of the
three configurations studied, ETD and EBD provide almost equal modulation frequencies for a given d and Λ, which are somewhat higher than those for the two other
configurations. However, the need to create maximum strain in the area of the optical mode requires an optimum IDT period with corresponding optimum PZT layer
thickness, which will ultimately limit the maximum modulation frequency (via a
decreasing index modulation) that can be realized.

4.4.2 Modulation of the effective refractive index
In this section we use the calculated strain induced in the core and cladding to obtain the change in effective refractive index for the fundamental mode propagating
through the optical waveguide as function of d and Λ and for the three relevant
configurations.
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As shown in the previous section, at modulation frequencies of the order of 100 MHz
the SAW-induced strain extends well into the cladding and should be able to cover
the whole cross-sectional area occupied by the optical mode. This strain will lead
to a change in the refractive index of the cladding and core via eqs. 4.2 and 4.3, the
strength of the coupling being set by the strain-optic coefficients. The strain-optic
coefficients are not known for Si3 N4 , however, due to our choice of a small core area
and high aspect ratio, the influence of the core on the effective refractive index of
the optical mode can be neglected. In the model we take the strain-optic coefficients
for Si3 N4 equal to zero, to obtain a lower bound of the change in effective refractive index that can be realized. For SiO2 we take the strain-optic coefficients to be
equal to p11 = 0.113 and p12 = 0.252 [36]. Due to the difference in strain in the xand y-direction, the refractive index experienced by the mode is different for the
quasi-TE and quasi-TM polarization [37]. To find the effective refractive index for
the fundamental mode for the two polarization directions, we take the calculated
strain and add the appropriate change in refractive index to the material refractive
index [15] (using Eq. 4.2 for the quasi-TE and Eq. 4.3 for the quasi-TM polarization).
Subsequently we use the eigenmode solver [32] to determine the propagation constant, β, and the spatial shape and field distribution for the fundamental quasi-TM
mode. We then calculate the effective refractive index of this mode, neﬀ = βλ
, and
2π
determine the difference, ∆n, with the effective refractive index for the same mode
in absence of a SAW.
Since the waveguide geometry we choose is meant for the visible and near-infrared
applications [38], we selected an intermediate wavelength (λ= 840 nm, as an example). Figure 4.6 shows the normalized intensity distribution of the fundamental
guided mode with vertical polarization (quasi-TM mode), for a waveguide core area
of 4.4x0.03 µm2 and using the same coordinate system as for Fig. 4.4. We observe
that the mode is confined around the core and has negligible amplitude already being 5 µm away from the core. Using the manufacturer supplies refractive indices
for the core and cladding, the effective refractive index for this mode is found to
be neﬀ = 1.4646, which is close to the refractive index of the SiO2 cladding. This
confirms that most of the optical field is outside the Si3 N4 core and that approximating the influence of the strain in the core as negligible is justified. When the
SAW-induced strain is applied, the transverse shape of the intensity distribution as
displayed in Fig. 4.6 is almost unaffected by the slight change in refractive index of
the cladding material (in the order of 10−3 ), however, the longitudinal propagation
constant is changed and, hence, the effective refractive index.
Effective refractive index dependency on IDT periodicity
In Fig. 4.7(a-c) we show the calculated relative change in effective refractive index,
∆n/neﬀ , for the fundamental mode with TM polarization as a function of the IDT
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Figure 4.6: Normalized intensity distribution of the fundamental
quasi-TM mode for a wavelength of 840 nm. The Si3 N4 core with dimensions of 30 nm by 4.4 µm is centered at the origin of the coordinate
system. The drawing is to scale.

period, Λ, for the configurations ETD (a), EBD (b), and EBC (c), respectively. In each
case, ∆n/neﬀ is calculated for three different thicknesses of the PZT layer, d =2.5,
3 and 3.0 µm, while the voltage signal applied to the IDT period is maintained at a
constant amplitude of 10 V with a configuration dependent near-resonant frequency
(see Fig. 4.3). As expected from the calculations of the strain at the center of the waveguide core (see Fig. 4.4), Fig. 4.7 shows an initial increase in the relative change in
effective refractive index with increasing period of the IDT before reaching a maximum and then starts to decrease when the period is further increased. This behavior
is found for all three configurations investigated. However, the maximum ∆n/neﬀ
is largest for the EBC configuration followed by the EBD and the ETD configurations,
for which the maximum change in relative refractive index is smaller by a factor of
1.2 and 1.5, respectively. Furthermore, Fig. 4.7 shows that the maximum change in
effective refractive index shifts to a lower value of Λ when going from configuration
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Figure 4.7: Relative change in the effective refractive index, ∆n/neﬀ , as
a function of IDT period, Λ, for three different PZT-layer thicknesses,
d = 2.5, 3.0 and 3.5 µm, and for configuration ETD (a), EBD (b) and EBC
(c). The vacuum wavelength is λ = 840 nm and the light is polarized
in the y-direction (TM polarization) .
ETD via EBD to EBC. According to Fig. 4.3, this leads to a higher modulation frequency,

from around 90 MHz to 100 MHz. Finally, we observe that the change in effective refractive index drops more quickly with increasing IDT period beyond the maximum
for configuration EBC (Fig. 4.7(c)) compared to the other two configurations.
Effective refractive index dependency on PZT thickness
So far, we have only considered the variation with Λ for a few fixed values of the PZT
layer thickness. In Fig. 4.8(a-c) we show the calculated relative change in effective
refractive index as a function of the PZT layer thickness, d, for the configurations
ETD (a), EBD (b), and EBC (c), respectively. In each case, ∆n/neﬀ is calculated for three
different IDT periods, Λ = 25, 30 and 35 µm and the remaining parameters are as for
Fig. 4.7. With the IDT electrode on top (ETD), i.e., with the electrode at the PZT-air
interface, we find that ∆n/neﬀ is almost constant for d < 3 µm for each of the three
IDT periods investigated. For larger values of d, ∆n/neﬀ starts to differ between the
three configurations (Fig. 4.8(a)), with the lowest IDT period of Λ = 25 µm showing a faster drop in ∆n/neﬀ than for the other two IDT period investigated. For the
case of the IDT electrode placed at the bottom of the PZT layer and no conductive
layer placed in the opposite side (EBD), Fig. 4.8(b) shows that ∆n/neﬀ is almost independent of d for the three IDT periods investigated. A decrease in ∆n/neﬀ is found
only for very small (< 1 µm) or very large (> 4 µm) thickness of the PZT layer. On
the other hand, with the IDT electrode at the bottom and a 100-nm conductive gold
layer at the opposite site of the PZT layer (EBC), Fig. 4.8(c) shows a strong variation of ∆n/neﬀ with d for all periods investigated. The optimum layer thickness for
maximum ∆n/neﬀ is between 3 and 4 µm, depending on the IDT period.
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Figure 4.8: Relative change in the effective refractive index, ∆n/neﬀ , as
a function thickness of the PZT layer, d for three different IDT periods,
Λ = 25, 30 and 35 µm for configuration ETD (a), EBD (b) and EBC (c).
The vacuum wavelength is λ = 840 nm and the light is polarized in the
y-direction (TM polarization).

The largest ∆n/neﬀ of ∼ 0.14% is obtained with this configuration for Λ ≈ 30 µm and
d ≈ 4 µm. This corresponds to an absolute change in index of ∆n = 2.0 × 10−3 . Both
Figs. 4.7 and 4.8 show that the induced change in effective refractive index depends
on (i) the location of the IDT electrode, (ii) its period, (iii) the thickness of the PZT
layer and (iv) whether there is a thin conductive layer opposite the IDT electrode or
not. To find the maximum value for ∆n/neﬀ requires a two-dimensional scan over
the IDT period and PZT layer thickness for each of the configurations. Although we
have not fully scanned the complete parameter space, Figs. 4.7 and 4.8 indicate that
the scans presented in these figures should be close to or even contain the optimum
combination of Λ and d to achieve a maximum change in the effective refractive
index for each of the configurations investigated.
In summary, having an IDT electrode on top of the PZT layer with a 100-nm thick Pt
layer at the SiO2 -PZT interface (ETC) results in a extremely weak SAW in the cladding
region. This configuration was therefore not studied further. Having instead a very
thin dielectric seed layer at the SiO2 -PZT interface (ETD) results in a SAW that penetrates well into the cladding region, however the magnitude of the induced strain
and hence the of the maximum relative change in the effective refractive index of
∼ 0.1% is smallest of the remaining configurations. Optimum values for the IDT
period and PZT layer thickness are 25 µm < Λ < 40 µm and 1 µm < d < 2 µm,
respectively, depending on the configuration. Moving the IDT electrode to the SiO2 PZT interface and having no opposite conductive layer (EBD) generates a maximum
relative change in effective refractive index of ∼ 0.11% for a wide range of IDT periods (25 µm < Λ < 40 µm) and thicknesses of the PZT layer (1 µm < d < 4 µm).
Finally, terminating the SiO2 -air interface with a 100-nm gold layer (EBC) results in
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a configuration that generates the largest relative change in effective refractive index of ∼ 0.14%, although with the smallest parameter range of 20 µm < Λ < 30 µm
and 3.5 µm < d < 4 µm. With the additional gold layer at the SiO2 -air interface, the
electric field provided via the IDT electrode is confined to the PZT layer and this
produces a SAW wave that generates the largest strain at the location of the waveguide core, though with a stronger dependence on the IDT period and PZT layer
thickness. Although this configuration and the required thickness of the PZT layer
results in a slightly lower resonant acoustic frequency (c.f. Fig. 4.3), and hence the
modulation frequency, the larger induced change in effective refractive index makes
this the favorable configuration of the four investigated.
Optimized design and geometry
Now that we have calculated the maximum value for ∆n/neﬀ provided by the optimal configuration, which is 0.14%, we use Eq. 4.6 to calculate the required length
of the arms of a balanced Mach-Zehnder interferometer to obtain complete light
modulation at the acoustic resonance frequency.
For a vacuum wavelength of λ = 840 nm, we find L = 103 µm using neﬀ = 1.464 for
the quasi-TM polarized light. The voltage applied to the IDT has an amplitude of
10 V. Due to the linearity of the strain with applied voltage expected in this regime
of small strain and index modulation, obtaining full light modulation at a shorter
wavelength, say half the used wavelength (420 nm) would require driving the IDT
only at half the voltage (∼ 5 V). In contrast, modulating light with a longer wavelength, say at telecommunication wavelengths (1550 nm), would almost double the
required driving voltage (∼ 18.5 V). Nevertheless, both values are well within the
expected operating range that may extend to voltage amplitudes of 50 V or more
before breakdown occurs [19, 29, 35]. This means that depending on the selected
voltage or wavelength even a smaller arm length than 103 µm might be sufficient to
obtain full light modulation.

4.5 Summary and Conclusions
In this work we investigated the use of a Rayleigh-type surface acoustic waves
(SAWs) to modulate the effective refractive index of an optical mode guided by a
buried Si3 N4 waveguide core in a SiO2 cladding. We considered that the acoustic
waves are excited in a PZT piezo-electric film layer deposited on top of the waveguide cladding via interdigitized electrodes, at a frequency in the order of 100 MHz.

72

Chapter 4. Refractive index modulation via surface acoustic waves

Considering a balanced Mach-Zehnder interferometer, the modulation of the effective refractive index can be used to obtain full, i.e., 100%-modulation of the light
power and amplitude, at the acoustic frequency. The optical waveguide considered
here consists of a Si3 N4 core, with dimensions of 4.4 µm by 30 nm, buried in a SiO2
cladding 8 µm below the surface, which is typical for this low-loss photonic platform. The SAWs generated by the thin PZT layer is guided in the interface between
the PZT and the cladding, while its evanescent strain field extends towards depths
that include the waveguide core. The strain induced by the SAW results in a change
of the effective refractive index of the waveguide via the strain-optic effect.
We find that of four investigated IDT-PZT arrangements, the combination of IDT
electrode at the interface SiO2 -PZT with a counter-electrode at the PZT-air interface
(configuration EBC) is the most efficient in generating strain in the cross sectional
area of the optical mode. This results in a maximum relative change in effective
refractive index for the fundamental waveguide mode of ∆n/neﬀ = 0.14% for a
wavelength in the middle of the working range of this waveguide, here taken as
λ = 840 nm, with quasi-TM polarization. The maximum modulation is obtained
near-resonance at a driving voltage of 10 V for an IDT electrode periodicity Λ =
30 µm with a PZT thickness d = 4 µm.
For the maximum relative change in refractive index, the arm length required in
a balanced Mach-Zehnder interferometer is 103 µm, with 100% light modulation
driven with 10 V at a frequency of 90 MHz. We note that this frequency is larger by
at about five orders of magnitude compared to thermo-optic intensity modulators
and about two orders of magnitude compared to a stress-optic intensity modulator
where stress is induced via a single electrode [18].
We note that also the required interaction length (for a MZI) is shorter, by a factor
about five to ten, than what is typically used in thermally operated MZI (500 µm)
and by a factor of 80 compared to proximity strain-optic modulation [18]. As a parallel route for optimization, IDT electrodes might be configured to generate a focused
SAW [39] to increase the strain in the region of the optical mode. An additional
variation would be meandering the optical waveguide though the SAW field for
shortening of the required overlap length with the transverse SAW field dimension.
Also, the cladding height above the core might be reduced by one third without
affecting notably the optical propagation loss, because the optical mode with our
example wavelength, and also for even shorter wavelengths as in [18] does not extend too far outside the core (c.f. Fig. 4.6). Another advantage of using a SAW to
drive a Mach-Zehnder interferometer is that it can coherently drive multiple interferometers located suitably next to each other for providing a stable phasing relative
to each other. This is if interest, e.g., for low-loss phase modulators that form optical
isolators based on acoustic waves [40, 41].
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Chapter 5

Second-harmonic generation
We report the observation of second-harmonic generation (SHG) in stoichiometric silicon nitride waveguides grown via low-pressure chemical vapor
deposition (LPCVD). Quasi-rectangular waveguides with a large cross section were used, with a height of 1 µm and various different widths, from
0.6 to 1.2 µm, and with various lengths from 22 to 74 mm. Using a modelocked laser delivering 6-ps pulses at 1064 nm wavelength with a repetition
rate of 20 MHz, 15% of the incoming power was coupled through the waveguide, making maximum average powers of up to 15 mW available in the
waveguide depending on the waveguide cross section. Second-harmonic
output was observed with a delay of minutes to several hours after the initial turn-on of pump radiation, after which it grew within tens of seconds up
to minutes to a steady state, with the shortest delay and faster growth at the
highest input power. After this first, initial build-up, the second-harmonic
became generated instantly with each new turn-on of the pump laser power.
Phase matching was found to be present independent of the used waveguide width, although the latter changes the fundamental and secondharmonic phase velocities. We address the presence of a second-order nonlinearity and phase matching, involving an initial, power-dependent buildup, to the coherent photogalvanic effect. The effect, via the third-order nonlinearity and multiphoton absorption leads to a spatially patterned charge
separation, which generates a spatially periodic, semi-permanent, DC-fieldinduced second-order susceptibility with a period that is appropriate for
quasi-phase matching. The maximum measured second-harmonic conversion efficiency amounts to 0.4% in a waveguide with 0.9×1 µm2 cross section
and 36 mm length, corresponding to 53 µW at 532 nm with 13 mW of IR input coupled into the waveguide. The according χ(2) -susceptibility amounts
to 3.7 pm/V, as retrieved from the measured conversion efficiency.
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5.1 Introduction
Photonic integrated circuits (PICs) realized with various different material platforms, e.g., SOI (silicon on insulator) [1, 2], InP [3, 4], polymers [3], SiO2 [2, 3]
and SiN [5, 6], have gained a tremendously growing importance in modern photonic technologies. This is due to a huge variety of emerging applications in highthroughput communications [7], optical sensing [8] and the life sciences, the latter, specifically, when involving visible light [9, 10]. Semiconductor waveguide
platforms offer the strongest first-order optical interactions, such as required for
light generation, amplification or photo detection. Dielectric waveguide platforms,
on the other hand, provide lowest propagation loss and tolerate high intensities,
thereby enabling various types of optical functionalities via nonlinear optical interactions.
A most prominent example is photonic circuits fabricated from stoichiometric Si3 N4
grown via low-pressure chemical vapor deposition (LPCVD), embedded in a SiO2
cladding. This platform offers a unique combination of adjustable properties, i.e.,
record-low propagation loss (<0.001 dB/cm) [5] such as for high-Q resonators [11],
a wide spectral range of optical transparency (from about 310 nm throughout the
entire visible spectrum up to 5.5 µm [12]), and a high index contrast to achieve tight
mode confinement via fabrication of relatively thick waveguide cores [13]. This platform has also reached a considerable degree of maturity, allowing two-dimensional
tapering [14] for low-loss fiber coupling or realizing hybrid lasers [15, 16]. The platform supports also a wide range of optical functionalities [11, 17] by offering various different core cross sections for waveguide dispersion engineering, and offers
a highly reproducible material dispersion [13, 14]. Regarding third-order nonlinearities, the recent demonstration of the broadest-ever optical spectrum generated
on a chip, 495 THz when pumped at 1064 nm [18], shifted more towards the midinfrared when pumped at 1550 nm, while still maintaining a bandwidth of 453 THz
(Chapter 3) [19]. This has opened a wide prospective towards four-wave mixing
[20], frequency comb generation [21] and all-optical switching [22].
Additional functionalities that can be used with lower field strengths would become
accessible if this platform would as well provide a second-order nonlinear response,
for instance for electro-optic modulation, second-harmonic generation (SHG), or
parametric down-conversion. Such nonlinearity, having as its signature a non-zero
second-order susceptibility, is also of interest for generating quantum correlated
photon pairs directly within reconfigurable time-bin entanglement circuits [23].
A fundamental precondition for making use of such second-order nonlinearity is,
however, that the material provides a non-inversion symmetric structure. With the
discussed silicon nitride platform, this is a problem because the involved materials, Si3 N4 and SiO2 , are amorphous and thus inversion symmetric. On the other
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hand, there have been two reports on second-order response in related amorphous
SiN-type materials. Specifically, second-harmonic generation has been observed in
SiN waveguides (fabricated with plasma enhanced chemical vapor deposition at
lower temperatures [24, 25]), and in silicon-enriched SiN films (fabricated with RF
sputtering [26]). Such differences are important to note because both the stoichiometric ratio as well as the type of fabrication process have a strong influence on the
size of the optical bandgap, the propagation losses and the third-order nonlinear
response [27]. The stoichiometric, low-loss Si3 N4 material waveguides described
above have not been investigated so far for their second-order nonlinear response,
thus leaving open whether functionalities based on a non-zero χ(2) susceptibility can
be realized.
Here we present the first observation of a second-order response in LPCVD-grown,
stoichiometric Si3 N4 waveguides, using second-harmonic generation. Employing
a mode-locked laser at a wavelength of 1064 nm delivering 6.2 ps pulses and coupling an average power of 13 mW into a waveguide with 0.9 × 1 µm2 cross-section
and 36 mm length, a second-harmonic (SH) output of 53 µW was reached, which
corresponds to a conversion of 0.4%, with an effective second-order nonlinear susceptibility of 3.7 pm/V. We observed that in order to generate a SH output, an optical
initialization process is required, similar to what had been observed earlier in glass
fibers [28, 29]. The process involves exposing the waveguides with the in-coupled
IR pulses at mW power levels over time intervals between several minutes to hours,
depending on the infrared power.

5.2 Experimental procedure and results
In our experimental approach we aimed on demonstrating second-harmonic generation based on modal phase matching [30]. This requires the identification of
proper waveguide dimensions that provide the same effective refractive index (waveguide index) for propagation at the fundamental and second-harmonic frequencies. To calculate the effective refractive index dispersion, neﬀ (ω), as function of
the width and height of the waveguide core we use a fully vectorial finite-element
mode solver [31] with the Sellmeier dispersion data given by Eqs. 2.7 and 2.8, for
the wavelength range of the available pump laser (around 1.064 µm wavelength)
and its second-harmonic (around 532 nm). For maximizing the waveguide-internal
intensity via a strong confinement, enlarged core cross-sections are considered with
a height and width around 1 µm. The two-dimensional step-index profile used for
the calculations is based on the actual waveguide shape available from SEM images
[13].

Chapter 5. Second-harmonic generation

80

Figure 5.1 gives an overview of the calculated effective index, neﬀ , vs. the waveguide
width, w, for a constant waveguide height, h, of 1 um for two polarizations. The effective refractive index for the fundamental guided mode of the infrared (IR) pump
light (labeled E11 ), at a vacuum wavelength of 1064 nm, is shown as red curves. The
effective refractive index of the next-higher transverse modes, Eij , of the according second-harmonic at 532 nm wavelength is shown as green and blue curves, for
quasi-x (horizontally) and quasi-y (vertically) polarized light (Figs. 5.1(a) and (b),
respectively). It can be seen that modal phase matching involving the E11 mode and
a given polarization is expected only for a single, specific waveguide width where
the IR dispersion curve crosses a specific SH dispersion (green) curve as indicated
with a black circle. According to the calculations, phase matching is expected with
a waveguide width of about w = 0.65 µm for the horizontally polarized transverse
mode E13 , and about w = 0.68 µm for the vertically polarized transverse mode E21 .
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Figure 5.1: (a) Calculated effective refractive index vs. waveguide
width, w, for the IR fundamental mode (E11 ) with quasi-horizontal polarization (red curve), and for various transverse modes at 532 with
quasi-horizontal polarization. The waveguide height is fixed at 1 µm.
(b) Analogous calculation of dispersion for quasi-vertically polarized
modes. The black circles indicate where modal phase matching is expected, namely with w = 0.65 µm or 0.68 µm.

Figure 5.2 shows the experimental setup employing a mode-locked Yb-fiber laser
operating at a wavelength of 1064 nm with a pulse duration of 6.2 ps and a repetition
rate of 20 MHz (Toptica, PicoFYb 1064). The power of the laser and its polarization
was controlled via two half-wave plates and a polarizing beam splitter. To maximize
the input coupling, the round cross-section provided by the laser in a collimated
beam was reduced from 4 mm to 2.5 mm with a telescope arrangement. Due to the
high confinement of IR light in the waveguide, with a calculated effective mode area
of around 0.5 µm2 , achieving maximally efficient input coupling would require a
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rather high numerical aperture (NA ≈1.25) whereas, due to availability, we used an
aspheric lens with moderate numerical aperture (NA = 0.68, Thorlabs C330TMD-C).
With this arrangement, the input coupling loss estimated from throughput measurements amounted to about 75%. The output light from the other waveguide facet was
collected via a microscope objective (NA = 0.74, Mitutoyo x60) with an estimated
output coupling loss of 43% for the fundamental (as obtained from the measured
collimated output from the microscope objective and power measurements with a
large area power meter). The fundamental and SH powers were continuously monitored vs. time. For monitoring the respective spectra, power fractions of about 16%
for the fundamental and 1% for the second-harmonic power were sent to separate
spectrometers.

HWP

HWP

TA

Si3N4 Waveguide
Sample

Spectrometer

Spectrometer

VIS

IR

PD VIS

Pump
Drive Laser
Laser
PBS

AL

MO

VIS-PBS

CL

PM IR

Fiber

Figure 5.2: Schematic of the experimental setup used for secondharmonic (SH) generation in Si3 N4 waveguides. The infrared pump
laser with a wavelength near 1 µm is sent through two half-wave plates
(HWP), through a telescope arrangement (TA), and a polarizing beam
splitter (PBS) and focused into a waveguide sample with an aspheric
lens (AL). Output from the waveguide is collected with a microscope
objective (MO), followed by a dichroic mirror (DM) that spectrally separates the fundamental IR from the second-harmonic. A photodiode
(PD VIS) behind a polarizing beam splitter (VIS PBS) and a power meter (PM IR) record the SH power and IR radiation vs. time. A small
portion of the output (1% of the SH and 16% of the IR) is guided into
two spectrometers to monitor the visible (VIS) and infrared (IR) spectra, using a collection lens (CL) and a large mode area fiber.

In Figs. 5.3(a-d) several typical examples of time dependent measurements performed during the initialization are shown, i.e., when exposing the waveguides to
pump radiation for the first time. The examples comprise two different waveguide
widths (w = 0.9 µm and 1.2 µm), and three different waveguide lengths (L = 74, 60
and 22 mm). The power of the waveguide-internal pump laser, in these examples
using horizontally polarized light, is shown as red traces and was kept constant after turn-on. The traces shown in green display the generated SH vs. time. It can be
seen that the SH output does not appear simultaneously with the pump laser turnon. Instead, the SH builds up with a delay of minutes to hours, after which it rises
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within tens of seconds to minutes until reaching a steady state, with the sooner and
steeper growth occurring at higher pump powers.
For comparison with the experimental data we applied a least-square fit using the
a
exponential growth function as given in [32], f (t) = 1+(Rt0 −1)
, where a, t0 and R
e−2tR
are fit parameters. In this expression, a is the steady-state value, t0 is the delay time
and R quantifies the growth rate of the SH output, i.e., the steepness of the slope at
the moment that the output reaches a 1/e-fraction of the steady-state value. The figure shows that, for all pump powers, the fit function matches the experimental data
very well. For an evaluation of the power dependence, the values for the growth
rate retrieved from the fits are displayed as data points in Fig. 5.3(e) vs. the pump
power, Pp . For a comparison, we used a least-square fit of a linear function of the
pump power as R = (Pp − P0 )/F , where F and P0 are fit parameters. P0 is the pump
power where the growth rate becomes zero, indicating the existence of a minimum
or threshold pump power required to obtain SHG. Figure 5.3(e) shows that the fit
agrees well with the measured growth rates. The threshold pump power retrieved
from the fit, P0 = 1.22 mW, is indicated in Fig. 5.3(e) with an arrow.
In order to verify that the observed green output is indeed SHG and not radiation
from a different process, such as fluorescence from impurity ions, the SH output
power was measured vs. the IR pump power. Expected is a quadratic growth with
the pump power and that the output shows a well-defined polarization. The experiment was carried out by reducing the pump power towards zero, starting from the
value that was used to generate a steady-state SH output, and also by increasing it
from zero back to the maximum available power. In these measurements, performed
after the initialization as described above, we observed that the SH power followed
the pump power reduction or increase without any noticeable delay (sampling time
1 s). Also, the output was found linearly polarized, parallel to the polarization of
the pump laser. The measured SH output vs. pump power is displayed in Fig. 5.4.
A double-logarithmic plot is chosen for easy identification of power laws, where a
quadratic dependence shows as a straight line with a slope, m, of 2. The dashed
line shown in the figure is a least-square fit with a fixed slope of m = 2 and with
a variable offset as single fit parameter. It can be seen that the generated output
power follows very well the expected quadratic dependency of second-harmonic
generation. The agreement clearly proves that the investigated waveguides show a
second-order nonlinear response.
In order to investigate whether the generated output involves components also of
higher-order nonlinear response, specifically, self-phase modulation or four-wave
mixing via the χ(3) -nonlinear susceptibility, we recorded the power spectra of the
pump laser and the SH output for comparison with each other. If the output is
solely dependent on the pump power with a square-law, one expects that the spectral shape of the SH output should match the convolution of the IR spectrum with
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Figure 5.3: (a) to (d). Initial growth of the second-harmonic output
power vs. time (green traces) in four waveguides of different widths,
w, and lengths, L. The red traces show the average infrared pump
power in the waveguide. The dashed curves are least-square fits of the
exponential function f (t) (see main text) to the experimental data. (e).
Shown is the rate of growth, R, where the SH output has reached a
1/e-fraction of its steady-state value, as retrieved from the fits to the
data in (a-d), vs. the waveguide-internal pump power. The triangular and square symbols represent growth rates as obtained with waveguide widths of w = 0.9 µm and 1.2 µm, respectively. The dashed
curve is a linear least-square fit to the data.
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Figure 5.4: Measured second-harmonic (SH) output as function of input infrared pump power. The used waveguide has a width of 0.9 µm,
a height of 1.0 µm and a length of 22 mm. The dashed line is a quadratic
fit curve (slope m = 2).

itself (autocorrelation of the IR power spectrum). Figure 5.5 compares an example
of a measured and normalized power spectrum of the SH (green trace) with the
normalized autocorrelation spectrum of the measured pump spectrum (red trace).
It can be seen that the SH power spectrum fits the autocorrelated pump spectrum
well, which excludes noticeable spectral influences of self-phase modulation and
four-wave mixing.
A next measurement was performed to attempt clarifying what type of phase-matching mechanism was present that enables generation of the observed SH. Figure 5.1
suggests that modal phase matching should be possible only with a single, specific
value for the waveguide width. The experiments, however, showed that SH output
is generated regardless of the waveguide width, such that equal phase velocities of
transverse modes alone cannot explain the observed phase matching. For instance,
SHG is observed with w = 0.9 µm as well as with 1.2 µm (see Fig. 5.3 and also
Fig. 5.7(a)). To gain further information by identifying the spatial mode in which the
SH is generated, we recorded the transverse intensity profile of the visible output
in the far-field behind the waveguide, with a microscope objective and a CCD. To
provide a large NA for the recording, a microscope objective was placed (NA = 1.4,
60x, Zeiss) with immersion oil (index of 1.5) slightly closer than the focal distance,
in order to maintain a diverging beam for a far-field measurement.
The CCD was positioned about 1 m beyond the microscope objective. The measured
SH far-field intensity profile, normalized to the maximum intensity, for a waveguide

Normalized Power (dB)

5.2. Experimental procedure and results

85

0

-10
553

563

Light frequency (THz)

573

Figure 5.5: Power spectra of the generated visible radiation (green
trace) compared with the autocorrelated infrared pump power spectrum (red trace) in a logarithmic plot, with peak values normalized to
0 dB. The SH was generated in a waveguide with a 0.6 × 1 µm2 crosssection and a length of 36 mm, with a waveguide-internal pump power
of 4.8 mW.

with a cross-section of 0.7 × 1 µm2 and length of 36 mm is shown in Fig. 5.6(a).
Figure 5.6 shows a transverse-moded structure with vertically three main lobes (the
lower one and the higher one having the highest intensity, the central one distorted),
and with horizontally two weaker side lobes. As the SH intensity profile could only
be measured in the far-field, it is not possible to determine the modal decomposition
of the SH to great detail. Further complications are some diffraction by the objective
aperture and possible asymmetries introduced by the meniscus of the oil droplet
present between waveguide facet and microscope objective1 . However, the main
features in the measured pattern, such as number of lobes and symmetry, allows the
identification of the main mode in which the SH is generated.
To that end, Figs. 5.6(b-d) show the normalized intensity profiles of the waveguide
modes E13 , E21 and E31 , respectively, for the horizontal polarization. In calculating
the transverse profiles of these eigenmodes, the actual waveguide geometry as determined from SEM measurements was used [13]. The waveguide core has rounded
edges at the bottom, i.e., at the location of minimum y value in Fig. 5.6, and this
asymmetry is responsible for the higher intensity of the lower lobes in the profiles
shown in Fig. 5.6. Qualitatively, the presence of a weak central spot with vertically
stronger and horizontally weaker side spots, the highest similarity was found with
1

Asymmetries became clearly visible in the experiment when the objective was moved too far
from the exit facet of the waveguide

Chapter 5. Second-harmonic generation

1

(b)

1

y (µm)

y (pixels)

100
0

-100
-100

0

x (pixels)

100

0

1

0
-1
-1

(c)

1

y (µm)

(a)

E13
0

x (µm)

1

0

1

0
-1
-1

(d)

1

y (µm)

86

E21
0

x (µm)

1

0

1

0
-1
-1

E31
0

x (µm)

1

0

Figure 5.6: Far-field intensity pattern formed by the second-harmonic
output beam, normalized to the maximum intensity, recorded with a
CCD behind an immersion objective (a) and calculated normalized intensity pattern for the waveguide modes E13 (b), E21 (c) and E31 (d).
The waveguide has a width of 0.7 µm and a height of 1 µm. The SH
output and waveguide modes are horizontally polarized.

the E13 mode, with some small contributions from either the E21 mode, the E31 mode
or both. For reasons discussed below, we also expect that the SH radiation is dominantly generated in the E13 mode for this waveguide.
Finally, in order to identify the optimum overall conditions for SHG we recorded the
dependence of the SHG output vs. the waveguide width, length, and polarization.
Figure 5.7(a) shows the measured power for five different waveguide core widths,
0.6, 0.7, 0.8, 0.9, 1.1, and 1.2 µm (height of 1 µm and length of 36 mm), using the
same waveguide-internal pump power of 10 mW. Squares represent horizontally
polarized light and triangles vertically polarized light. Figure 5.7(b) shows the SH
output power as a function of the waveguide length using a fixed waveguide core
cross-section (0.9 × 1 µm2 ) and the same waveguide-internal pump power (10 mW).
A maximum SH output is found for a waveguide length of L = 36 mm, and a
cross-section of 0.9 × 1 µm2 for horizontally polarized pumping. Regarding polarization, two effects were observed when changing the input polarization. Initially,
i.e., immediately after injecting the other polarization, there was no SH output. Instead, a SH build-up took place with a certain delay and growth rate as described
in Fig. 5.3. Thereafter, the SH output followed instantaneously any variation of the
pump power. The second observation is that the polarization of the SH output was
always parallel to that of the pump radiation. Independent of polarization effects
it was observed that the second-order nonlinear response became erased when illuminating the waveguide with UV radiation (a PR-100, UVP Inc., with a 254 nm
wavelength was used for ten minutes). After storing initialized waveguides in complete darkness at room temperature, typically for at least a week, we did not observe
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Figure 5.7: (a) Measured second-harmonic (SH) output power for different waveguide widths with a fixed input power of 10 mW, horizontally polarized (squares) and vertically polarized light (triangles) for a
waveguide length of 36 mm. (b) Measured second-harmonic power for
different waveguide lengths with a fixed input power of 10 mW, for a
waveguide with 0.9 × 1 µm2 cross-section.

any degradation of the nonlinear response.

5.3 Discussion
The most basic expectation that the second-harmonic (SH) output power would follow a quadratic growth with the input pump power, and that the spectrum would
have the same spectral bandwidth and shape as the autocorrelated pump spectrum,
is confirmed by the experimental observations. However, contrary to what is expected, which is the absence of SH output, due to fabrication as amorphous materials, we observed second-harmonic generation, though this required an initialization process during which the SH is time dependent. This time dependency is
a growth over time of the SH power towards a steady-state value, as long as the
pump power is above a threshold value (P0 as indicated in Fig. 5.3(e)). Unexpected
is also that SHG was observed in all of the investigated waveguides, independent of
their width, which excludes an explanation solely based on modal phase matching.
Instead, during the initialization, an additional wave-vector, i.e., a matching spatial periodicity, appears to become available that compensates the remaining wave
vector mismatch of modal phase matching.
We address our observation of phase-matched SHG to the so-called coherent photogalvanic effect (CPGE), because of the excellent match of the fit functions to the
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measured temporal growth function and growth-rate vs. power dependence in
Figs. 5.3, (a-e)). The temporal fit function was derived by Balakirev et al. [32] for the
CPGE in glass. The first observations of the CPGE in guided optics were made with
phosphor-doped silica fibers [28, 29, 33–35] and several phenomenological models
were proposed [32, 36–39].
In brief, a first part of the CPGE is related to the third-order term in the expansion of Ohm’s law, j = σE, in powers of the electric field [40]. Here, j is the current density, σ is the conductivity and E a directed (DC) electric field generated by
the light fields present in the waveguide. A second, underlying nonlinear effect is
third-order optical rectification, which originates from the simultaneous presence
of light at the fundamental frequency, ω, and its second harmonic, at 2ω. The χ(3) nonlinear rectification field induces a photocurrent density that is proportional to
E(ω)E(ω)E∗ (2ω). This nonlinear DC current density possesses a spatial periodicity
set by the wavenumber mismatch between the fundamental and second-harmonic
fields (∆k = 2k(ω) − k(2ω)). The current density leads to a spatial redistribution
of electrons between long-lived intra-band trap sites [35, 36, 41], which is the origin for generating an effective second-order nonlinearity. An equivalent picture is
the creation of a nonlinear conduction via multi-photon excitation of electrons into
the conduction band. Simultaneously, the optical rectification field created via the
third-order susceptibility creates a charge relocation between the trap sites with a
spatial pattern that provides self-organized quasi-phase matching.
For a somewhat more detailed description, we make the simplification that all optical fields have the same linear polarization, in agreement with our experimental
observation. The third-order nonlinear conductivity and susceptibility tensors are
assumed to be isotropic and can be represented as scalars as the materials under
consideration are amorphous. Accordingly, we treat all fields, current densities and
tensors as scalar quantities.
We define the electric field of the fundamental input wave as
E(ω; r) = A1 (z)E(ω; x, y)cos(k(ω)z + φ1 ),

(5.1)

and the second-harmonic field as
E(2ω; r) = A2 (z)E(2ω; x, y)cos(k(2ω)z + φ2 ).

(5.2)

Here, z is the propagation coordinate, k(ω) and k(2ω) are the wavenumber of fundamental and SH, and φ1 and φ2 are phase offsets for the fundamental and SH fields.
A1 (z) and A2 (z) are the amplitudes of the field distributions along the propagation
direction for the fundamental and the SH waves, E(ω; x, y) and E(2ω; x, y) represent
the transverse field distributions, respectively.
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Electrons, promoted to the conduction band via multi-photon absorption, are driven
away from their original locations by a static (DC) electric field, EDC , that is generated via the third-order nonlinearity (third-order optical rectification),
PDC (0; r) = ε0 χ(3) (0 = ω + ω − 2ω)E(ω; r)E(ω; r)E ∗ (2ω; r).
(3)

(5.3)

Equation 5.3 shows that the optical rectification field exhibits a spatial modulation
set be the wavevector mismatch between the fundamental and second harmonic
fields that is contained in the z-dependence of E(ω; r) and E(2ω; r). Consequently,
the associated nonlinear photocurrent density jph given by [35, 42]
jph (r) = C(x, y)|A1 (z)|2 A2 (z)|E(ω; x, y)|2 E ∗ (2ω; x, y) cos(∆kz + ∆φ)

(5.4)

exhibits the same spatial modulation. In Eq. 5.4, C(x, y) is the effective photogalvanic coefficient [38, 40, 42], ∆k = 2k(ω) − k(2ω) is the wavenumber mismatch, and
∆φ is a constant. The direction of the current follows the transverse polarization of
the inducing light fields. Via this photocurrent and due to the presence of trap-sites,
a long-lived charge grating is written into the material which remains present when
the optical fields are turned off.
In the presence of light, the charge grating continues to develop, but the development ceases when the transversely orientated space-charge field, EDC , associated
with the charge grating balances the optical rectification field,
(3)

ε0 χ(1) EDC = −ε0 χ(1) EDC = −PDC (0; r).

(5.5)

Alternatively expressed, the development of the charge grating will cease when the
space-charge field has increased to a level where
EDC (r) = −jph (r)/σeﬀ ,

(5.6)

where σeﬀ is the effective conductivity of the material in the presence of the optical
fields. This conductivity is composed of the third-order nonlinear conductivity σ (3)
and of a background conductivity, also named dark conductivity, which has a low
value for the case of amorphous glass [38]. The spatial period of EDC (r) along z is
again given as Eq. 5.4 by the fundamental vs. SH wavenumber mismatch.
Finally, the fundamental light field, E(ω, r), together with the static field, EDC , generates a second-harmonic polarization via the material’s third-order nonlinear response, of which the transverse component is given by
P (3) (2ω; z) = ε0 χ(3) (z)EDC (r)E(ω; r)E(ω; r).

(5.7)

This third-order response at the second-harmonic frequency can be seen as an effective second-order polarization based on an effective second-order nonlinearity, as
given by [35]
(2)
χeﬀ (r) = χ(3) EDC (r).
(5.8)
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(2)

In Eq. 5.8, the induced EDC , and thus also χeﬀ assumes the form of a spatial grating
(2)
along z with the periodicity set by ∆k. The spatial structure of χeﬀ is then similar to a periodically poled second-order nonlinear crystal that provides quasi-phase
matching [43], in this case for second-harmonic generation.
Phenomenological description of second harmonic mode selection
As described above, the CPGE provides quasi-phase matching independent of the
wavenumber mismatch. Therefore, a second-harmonic output should be generated
independent of the chosen waveguide width which was indeed experimentally observed. However, for the same reason, the generation should then also be possible
independent of the specific type of transverse mode in which the second-harmonic
field is generated. For instance, SHG should also be generated in the fundamental
mode, E11 (2ω) by the fundamental IR mode, E11 (ω). In contrast to this, we have
observed the SH output to be generated predominantly in a specific higher-order
(transverse) mode shown in Fig. 5.6(a), i.e., in the E13 mode (Fig. 5.6(b)) with only
some small contributions from the E21 (Fig. 5.6(c)) or E31 (Fig. 5.6(d)) modes. This
rises the question, why the dominant SH mode is E13 . In order to discuss possible
reasons, in the following we present a phenomenological description of details in
the generation of the spatial charge distribution expected in our case.
To generate an initial photocurrent via an optical rectification field, an initial SH seed
wave is required. Initially, the seed wave might posses only a small amplitude. Nevertheless, the nonlinear feedback, enabled by the photocurrent-generated charge
grating responsible for the effective second-order nonlinearity that leads again to
second-harmonic generation, will eventually lead to an exponential growth starting from the seed wave. An initial SH seed wave can be present, e.g., from surface SHG near the interface between core and cladding [44], near local material
anisotropies [36], or by photoionization of defects, i.e., of electrons from dangling
bonds [40, 45].
Two mechanisms can be responsible for the nonlinear optical generation of a conductivity, required for the coherent photogalvanic effect. The first possibility is excitation of electrons via three-photon absorption from the valance band to the conduction band [41]. This possibility is, however, not likely in our experiments since the
bandgap of stoichiometric Si3 N4 (4.9 eV) is even larger than the energy of four pump
photons (4.6 eV). The second mechanism is via dangling bonds in stoichiometric silicon nitride. In LPCVD Si3 N4 two main types of dangling bonds are possible, silicon
(K-centers, having an energy of ∼2.6 eV above the upper edge of the valence band)
and nitrogen (N-centers, having an energy of ∼0.3 eV above the upper edge of the
valence band) [46]. These dangling bonds allow photoexcitation of electrons into
the conduction band. As the dangling bond defects are most stable in their charged
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Figure 5.8: Normalized charge distribution in the waveguide core induced by the coherent photogalvanic effect. The generating optical
fields are assumed to be the fundamental mode E11 (ω; r) for the IR
field and the E13 (2ω; r) mode for the SH field, both polarized along
the x-direction. For clarity only charge values with |ρ| above 80% of the
maximum value are plotted, where red and blue represents positive
and negative charge, respectively. The sign of the effective χ(2) is then
given from blue to red. The horizontal arrow indicates the coherence
π
, in absence of quasi-phase matching.
length for SHG, ℓc = ∆k

state [47] they also act as trap sites and provide the mechanism to create long-lived
charge gratings in the core of the waveguide.
The establishment of the charge grating may be described and understood as follows. The time dependency of the SH output is dominated by the excitation of
charges by the pulsed laser (ps timescale), while the recombination time of charges
to a vacancy is rather long (∼0.1 s) [48]. Due to the high repetition rate of the
laser pulses present over a significant illumination time, the excited electrons can
be pushed away by the optical rectification field from volume elements where the
product of the light fields, E ∗ (2ω; r) · E(ω; r)2 , is large, towards trap sites in the direction given by the rectification field. If the optical rectification field is not strong
enough, recombination will be dominant and no charge grating is written, i.e., the
average IR laser power should be above a threshold, which is in agreement with our
experimental observation (cf. Fig. 5.3(e)).
To illustrate the shape of charge distribution written in the core of the waveguide,
we have calculated the product E(ω; r)2 E ∗ (2ω; r) ∝ E and used Poisson’s equation,
simplified to ρ(x) ∝ dE/dx, where ρ is the charge density, to determine from the
transverse field the according charge density. Figure 5.8 shows the example of a
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charge distribution as generated by the pump radiation in the E11 mode and by SH
in the E13 mode, both having a horizontal polarization. For better clarity of presentation, only charge levels with |ρ| in the range of 80% - 100% of the maximum charge
are shown. Positive and negative charge are indicated by red and blue, respectively.
Figure 5.8 shows that the overlapping pump and SH fields generate a charge grating
2π
where the longitudinal periodicity defines a grating period, Λ = 2ℓc = ∆k
, where ℓc
is the coherence length for second-harmonic generation in absence of quasi-phase
matching. This grating period is what is required for quasi-phase matched (QPM)
generation of the second harmonic field.
At this point it can be discussed, why not all of the allowed spatial modes are equally
likely to generate a SH output. We suggest that the answer lies in the very different
charge patterns that correspond to the different pump and SH mode combinations.
As can be seen in Fig. 5.8 the longitudinal grating period, Λ, is set by the wavenumber mismatch between the mode of the IR pump, here taken to be the fundamental
E11 mode, and the mode of the SH field. A smaller phase mismatch, ∆k, and consequently a larger grating period, Λ, results in a stronger growth with distance for
the SH in the waveguide [44]. Initially, the SH field might be emitted in various
modes. But then, during the initiation phase of exponential growth, the various resulting charge gratings will compete with each other to establish the charge grating
in the waveguide. The mode with the largest growth, i.e., with the smallest phase
mismatch, will become the dominant mode due to the nonlinear feedback process
described above. To illustrate this also quantitatively, we have, for convenience, in
Fig. 5.9 replotted Fig. 2.6, however for the waveguide height and shape as present
in the experiment. Figure 5.9 depicts the QPM period, Λ, as a function of the width
of the waveguide core for various modes with horizontal polarization.
Figure 5.9 shows that, for a waveguide width of w = 0.7 µm i.e., for the waveguide
used to record the SH beam profile in Fig. 5.6(a), the required QPM period, Λ, is
rather short for most of the SH modes, and consequently these modes will only
experience a moderate growth. Only certain modes, here E13 , can be quasi-phase
matched with a long QPM period and will experience a far larger growth, i.e, will
become the dominant mode. This is in agreement with the measured SH beam profile (see Fig. 5.6(a).
As a related conclusion, from Fig. 5.9, it appears more likely that the observed SH
output is a E13 -E21 superposition (with dominating E13 ) than having a E31 contribution. The E31 contribution, that may be present in the observed SH intensity distribution, requires an even shorter QPM period at w = 0.7 µm and is expected to have
a smaller growth. Based on these phase-matching arguments, Fig. 5.9 would imply
that SH generated in the E22 mode grows faster than that generated in the E21 mode.
However, this mode is not expected to grow due to the zero on-axis intensity of the
E22 mode, which creates a poor modal overlap of this mode with the E11 mode of
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Figure 5.9: QPM period required for SHG in the various different
modes shown in Fig. 5.1 with the infrared pump power in the E11
mode. All modes are horizontally polarized. As can be seen, E13 has the
largest period for the range of waveguide widths discussed in Fig. 5.1.

the IR pump.
In order to quantify the effective nonlinear susceptibility than can be provided by
the CPGE in Si3 N4 waveguides, we evaluate the maximum power conversion efficiency, η, which was obtained for a width of w = 0.9 µm (core cross-section 0.9 ×
1 µm2 ). The conversion efficiency is defined as
η = P (2ω)/P0 (ω) = κ2 P0 (ω)L2 ,

(5.9)

where P (2ω) and P0 (ω) are the generated SH power and the input IR power, respectively, κ is the coefficient for nonlinear coupling between the fundamental and SH
waves, and L is the length of the waveguide. Equation 5.9 can be used to determine
κ from measured powers and the waveguide length. Making use of Eq. 2.20, and
assuming perfect quasi-phase matching and no pump depletion, the obtained value
for κ can be used to determine the effective second-order nonlinear susceptibility,
(2)
χeﬀ as
√
( )2
( )−3/2
κ
2(n(ω)eﬀ )2 n(2ω)eﬀ µ0
(2)
Seﬀ ,
(5.10)
χeﬀ = 2
ε0
(2ω)2
ε0
where neﬀ (ω) and neﬀ (2ω) are the refractive indices for the IR and SH waves, while
Seﬀ as given by Eq. 2.21, is the effective cross-section of the modal overlap of the IR
and the SH fields. In our case, the horizontally polarized pump radiation is injected
in the E11 mode and the SH is dominantly generated in the E13 mode with the same
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Figure 5.10: Nonlinear coupling (orange markers) and effective χ(2)
(blue markers) as a function of the length of the waveguide. The core
of the waveguide has a cross-section of 0.9 × 1 µm2 . The shown error
bar (0.2 pm/V half-width) seen at the highest data points represents
the statistical uncertainty of the fit in Fig. 5.4 and the experimental uncertainty in measuring the output coupling efficiency at the waveguide
exit facet.

polarization. Figure 5.10 shows the experimentally obtained nonlinear coupling,
κ, as a function of the length of the waveguide. Also shown is the corresponding
effective second-order susceptibility as calculated using Eq. 5.10, assuming a pure
E13 mode for the SH output. Figure 5.10 shows that the maximum effective value for
χ(2) obtained in this way is about 3.7±0.2 pm/V. We note that taking into account a
small SH contribution in the E21 mode would lead to a larger effective susceptibility.

5.3.1 Summary and conclusions
For the first time, we have observed second-harmonic generation in stoichiometric
Si3 N4 waveguides grown via LPCVD. Second-harmonic output was generated independent of the width of the waveguide core cross-section and required a build-up,
a delay in the order of several minutes up to hours and an exponential growth to
a steady state value, depending on the IR pump power and waveguide core crosssection. These findings are consistent with the coherent photogalvanic effect being responsible for the building up of a second-order nonlinearity and quasi-phase
matching. With the available pump laser pulses, the investigated Si3 N4 waveguides provide a maximum conversion efficiency of 0.4% for an input power of 13 mW
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(peak power 105 W, pulse energy of 0.65 nJ). This is the highest second-order conversion efficiency achieved to our knowledge in an integrated SiN platform. The
measured conversion efficiency corresponds to a high effective second-order sus(2)
ceptibility, χeﬀ = 3.7±0.2 pm/V, which is smaller than that from highly Si-rich SiN
(2)
thin films (deﬀ = 5.9 pm/V, corresponding to a χeﬀ = 11.8 pm/V) [26] as concluded
from X-ray photoelectron spectroscopy (XPS), and slightly larger than that achieved
with periodic gratings in thin SiN films (χ(2) = 2.5 pm/V) [49] or in SiN ring resonators (χ(2) < 0.04 pm/V) [25], both calculated from frequency conversion measurements.
Numerous applications are already based on χ(1) -gratings in waveguides such as
reconfigurable Bragg filters [6], optical switching [30, 50], mode conversion [51] or
optical storage [10]. The presence of an effective χ(2) -grating in amorphous Si3 N4
waveguides may lead to the development of further functionalities such as parametric down-conversion [52], all optical signal processing [50], and possibly also
self-referencing of frequency combs that exploits the simultaneous presence of χ(2)
and χ(3) in low-loss Si3 N4 waveguides [53–55].
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Chapter 6

Conclusion and outlook
In this thesis we have explored new approaches to exploit nonlinear properties of
Si3 N4 /SiO2 waveguides. We have investigated nonlinear optical processes based
on the nonlinear susceptibility and have shown that these processes can be used
to extend the control over light propagating through stoichiometric silicon nitride
waveguides. In particular, we have experimentally demonstrated that the spectrum
of ultra-short pulses (∼ 100 femtosecond) with a center wavelength of 1560 nm can
be broadened to 454 THz via supercontinuum generation, which relies on the thirdorder nonlinear susceptibility (Chapter 3). The bandwidth is close to the maximum bandwidth ever reported for supercontinuum generation on a chip [1]. To explore the options for acousto-optic interactions, we used theoretical modeling. The
results demonstrate that surface acoustic waves can be used to implement highfrequency phase modulation in these waveguides, which is sufficiently strong to
realize compact amplitude modulators based on a balanced Mach-Zehnder interferometer (Chapter 4). Finally, we have experimentally demonstrated that short optical
pulses (∼ 10 picoseconds) having a wavelength of 1064 nm can be frequency doubled via second-harmonic generation, which relies on the creation of a long-lived
effective second-order susceptibility via the coherent photogalvanic effect (Chapter 5).
In Chapter 3, we demonstrated extremely wide-bandwidth supercontinuum generation in stoichiometric Si3 N4 waveguides, using a standard erbium-doped fiber
pump laser that provided ultrashort pulses in the telecommunications wavelength
range at 1560 nm. In a 6-mm long waveguide with a core area of 1.0 × 0.9 µm2
and pumped by a 120-fs long optical pulse with a pulse energy of 4.7 nJ incident
on the aspheric lens, used to coupled light into the waveguide, the supercontinuum
radiation showed a spectral bandwidth of more than 454 THz, spanning at least 2.2
octaves, from the visible (at 526 nm) to the mid-infrared (beyond 2584 nm).
The spectral shapes of the generated supercontinua are in very good agreement
with theoretical modeling via numerical integration of the Generalized Nonlinear
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Schrödinger equation (GNLSE). Based on this agreement, a comparison of the required waveguide-internal pump pulse energy in the simulation and the measurements was performed. Comparing the best estimate of the experimental optical
pulse energy coupled into the waveguide with the theoretically needed value to
match the measured supercontinuum spectrum reveals that the model predicts a
factor of 3.6 lower required pulse energy. From this we conclude that the measured
and model results are in agreement when the intensity dependent index, n2 , takes
the value of 0.67x10−15 cm2 W−1 , which is lower than the value reported in literature [2, 3]. The different values reported for n2 are most likely due to the different
manufacturing techniques used, however this requires further study.
Control over the supercontinuum, i.e, bandwidth and central wavelength, was obtained through dispersion engineering via the cross-section of the waveguide core,
which ideally puts the pump wavelength in the anomalous dispersion region close
to the zero-dispersion wavelength. For example, using ultra-short pump pulses
with a 1064 nm center wavelength, the widest supercontinuum spectrum on a chip,
with a bandwidth of almost 500 THz, has been observed using similar waveguides [1]. Dispersion engineering the waveguides to use shorter (e.g., Ti:sapphire
laser) and longer (e.g., Tm-doped fiber laser) pump wavelengths as well as by engineering the drive pulses’ temporal chirp would further differentiate the properties of the supercontinuum generated. Such supercontinua are highly attractive as
on-chip tunable light sources for label-free microscopy and imaging in bio- and lifesciences [4, 5] and spectroscopy.
In Chapter 4 we theoretically investigated the use of Rayleigh-type surface acoustic
waves (SAWs) to modulate the effective refractive index of an optical mode propagating through a Si3 N4 waveguide core embedded in a SiO2 cladding. The geometry considered consists of a standard single-stripe optical waveguide with core
dimensions of 4.4 µm×30 nm centered in a 16 µm-thick cladding. A so-called interdigitized transducer (IDT) excites the SAW in a piezo-electric lead zirconate titanate
(PZT) film located on top of the cladding at frequencies in the order of 90 MHz.
We found that a combination of IDT electrodes at the SiO2 -PZT interface with a
floating-potential conducting film at the PZT-air interface would be the most efficient in generating strain in the area where the optical mode is. In this case, the
maximum induced strain was obtained for an IDT periodicity Λ = 30 µm with a PZT
thickness d = 4 µm, resulting in a resonant acoustic frequency of around 90 MHz.
For a guided fundamental optical mode, having a wavelength of λ = 840 nm and a
quasi-TM polarization, the strain generated via SAWs was determined to provide a
maximum relative change in effective refractive index for the fundamental mode of
∆n/nef f = 0.14%, when the IDT is driven with a 10 V amplitude and at a frequency
of 90 MHz. This modulation frequency is four orders of magnitude higher than current thermal methods and two orders of magnitude higher than other strain-based
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approaches [6]. Using the maximum change in effective refractive index, full contrast amplitude modulation can be obtained in a Mach-Zehnder interferometer with
an arm length as short as 103 µm if the two arms of the interferometer are separated
by half an acoustic wavelength. This length is about an order of magnitude shorter
than the length of typical thermal amplitude modulators for this platform and two
orders of magnitude shorter than the strain-based method investigated by Hosseini
et al. [6].
Our modeling suggests that the strength of the acousto-optic interaction for phaseand amplitude modulation in stoichiometric silicon nitride waveguides can be further optimized by reducing the distance between the PZT layer and waveguide core.
Other methods include focusing of SAW waves [7] or considering other waveguide
devices (e.g., ring resonators or multi-mode interferometers). A further advantage
of using a SAW to drive the phase- or amplitude modulator appears promising for
future realization, which is that a single SAW may be used to coherently drive multiple modulators.
Having on-chip phase- and amplitude modulators for the stoichiometric silicon nitride waveguide platform will benefit many applications. Here, we want to highlight one such application, an on-chip optical isolator for narrow-band light sources.
This optical isolator would make use of two phase modulators that are driven 90
degrees out of phase and are separated by a distance of vg /4fm [8], where vg is the
group velocity of the wave and fm is the modulation frequency of the phase modulators. Using SAW-driven phase modulators, the modulation frequency of the order
of 100 MHz may, on first view, be a disadvantage, because a large distance between
the modulators would be required. This would be associated with huge optical
losses in standard semiconductor waveguides. In standard dielectric waveguides,
e.g., fabricated from doped silica, the losses would be low, but, due to the low index contrast of silica, high bending losses would inhibit realization of a chip. The
present Si3 N4 platform, however, offers both low losses and a high index contrast,
which warrants the realization of a low-loss acoustic isolator much higher chances.
In Chapter 5 we report for the first time the observation of second-harmonic generation in LPCVD-grown stoichiometric Si3 N4 waveguides. The output of a modelocked Yb-fiber laser, producing 1064-nm optical pulses with a duration of 6.2 ps
at a 20 MHz repetition rate, was frequency doubled in various waveguides with
different core dimensions. Second-harmonic generation was only observed after a
build-up time in the order of several minutes up to hours, depending on the average
IR pump power and waveguide core cross-section. Interestingly, phase matching
was found fulfilled independent of the waveguide dispersion. These findings, and
the excellent agreement with specific exponential growth rates, are consistent with
the coherent photogalvanic effect being responsible for building up of an effective
second-order nonlinearity. This effective nonlinearity has a spatial periodicity that
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results in quasi-phase matching for second-harmonic generation. With the available
pump laser pulses, the investigated Si3 N4 waveguides provide a maximum conversion efficiency of 0.4 % for an input power of 13 mW (corresponding to a peak input
power of 105 W and an input pulse energy of 0.65 nJ). To our knowledge, this is the
highest conversion efficiency achieved in an integrated SiN waveguide. Assuming
that the second-harmonic output is dominantly produced in the transverse mode
E13,x , such conversion efficiency corresponds to an effective χ(2) of 3.7±0.2 pm/V.
This value is slightly smaller than that from silicon-rich SiN films [9], measured
via X-ray photoelectron spectroscopy, and larger than that achieved with periodic
gratings in thin SiN films [10] and SiN ring resonators [11], measured via secondharmonic generation.
The presence of an effective second-order susceptibility in amorphous stoichiometric Si3 N4 waveguides is important because it may open up various second-order
nonlinear optical applications, e.g., generation of entangled photon pairs via parametric down conversion for integrated quantum photonics [12] or optical parametric oscillators [13, 14]. Another application would be a compact, single-chip stabilization of femtosecond laser sources and frequency combs through self-referencing [15,
16]. Here, the third-order nonlinearity of the waveguide would be used for wider
than octave-spanning supercontinuum generation, or Kerr frequency comb generation [17], and the effective second-order nonlinearity might be used to implement
the f − 2f self-referencing scheme [15] on the same chip. Such sources are of high
interest for a broad range of applications, e.g., ultra-high speed communication in interconnects [18], free-space communication [19], coherent telecommunication techniques [20] and precision metrology [21]. Locking one of the frequency components
to the atomic clock standard would accommodate on-chip or portable atomic clocks
for navigation services [22].
The results presented in this thesis show that nonlinear properties of stoichiometric
silicon nitride waveguides can make important contributions to the optical functionality of this waveguide platform. As the technology is compatible with CMOS
fabrication, this platform benefits from a mature CMOS manufacturing base and we
foresee a bright future with the platform providing economically viable integrated
photonic solutions for industry and society.
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