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The highest activity a human being can attain is learning
for understanding, because to understand is to be free.

— Spinoza



A B S T R A C T

Integrated optical devices enable the development of miniaturized compon-
ents with increased functionality, mechanical stability, robustness and reduced
cost. Integrated devices that generate, manipulate and detect light enable op-
tical systems that could not be implemented otherwise, at the vanguard of
both technology and fundamental research. Among a multitude of integrated
optical functionalities, nonlinear optical converters and distributed-feedback
resonators are of special relevance. The former is particularly important be-
cause it enables the generation of coherent radiation in spectral regions in-
accessible by available lasers, while the latter enables single-frequency laser
sources. This thesis concerns both functionalities.

This thesis comprises waveguides on rubidium-doped potassium titanyl
phosphate and lithium niobate, for second-harmonic generation via quasi-
phase matching. Simulations and a literature review provide a basis for
identifying gaps where the waveguide performance is below the theoretical
predictions. The fabricated waveguides presented in this thesis were based on
ion-exchange and precise diamond-blade dicing resulting in a ridge geometry.
Moreover, waveguide grating couplers were developed on the emerging ma-
terial platform lithium niobate on insulator.

This thesis also comprises spectral investigations of distributed-feedback
laser resonators below lasing threshold. Here, the goal was to optimize the res-
onator design in order to maximize the photon decay time, thus minimizing
the linewidth of the emitted resonance. In particular, two scenarios were in-
vestigated, namely, a distributed-feedback resonator with a distributed phase
shift and with a thermally-chirped grating.

The research presented in this thesis adds to a growing corpus of research
towards the development of novel and improved integrated components.



S A M M A N FAT T N I N G

Integrerade optiska komponenter möjliggör utveckling av miniatyriserade fo-
toniksystem med ökad funktionalitet, mekanisk stabilitet och robusthet, till en
reducerad kostnad. Med sådana komponenter som kan generera, manipulera
och detektera ljus skapas nya förutsättningar och avancerade lösningar för
grundforskning och teknikutveckling. Bland alla integrerade optiska funktio-
naliteter så är icke-linjära frekvenskonverterare och resonatorer med distribue-
rad återkoppling av speciellt värde. De förstnämnda är speciellt betydelsefulla
då de möjliggör generering av koherent strålning i spektralområden som inte
kan nås direkt med lasrar. De sistnämnda utnyttjas för att erhålla singelfre-
kvenslasrar. Denna avhandling avser båda dessa funktionaliteterna.

I avhandlingen behandlas först ickelinjära vågledare tillverkade i rubidium-
dopad kaliumtitanylfosfat och litiumniobat, för studier av ickelinjär frekvens-
konvertering via kvasifasmatchning. Simuleringar samt en litteraturstudie ut-
gör en bas för att identifiera områden där vågledarprestandan inte uppnår de
teoretiska gränserna. Vågledarna som presenteras i denna avhandling har en
så kallad kanalvågledargeometri och tillverkades med jonutbyte följt av dia-
mantsågning. Vidare så utvecklades vågledargitterkopplare på den nya plat-
formen litiumniobat-på-isolator.

Avhandlingen behandlar även laservågledarresonatorer med distribuerad
återkoppling, med specifikt fokus på de spektrala egenskaperna under laser-
tröskeln. Målet här var att optimera resonatordesignen för att maximera fo-
tonlivstiden och därmed minimera linjebredden på det emitterade ljuset. Två
olika scenarier undersöktes, först en återkopplingsresonator med ett distribu-
erat fasskift och sedan en resonator med ett återkopplingsgitter som hade en
termisk gradient.

Arbetet som presenteras i denna avhandling bidrar till utvecklingen av nya
och förbättrade integrerade optiska komponenter.
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1
I N T R O D U C T I O N

1.1 background and motivation

Integrated optics has been a growing field of research since the first experi-
mental demonstration of laser emission, in 1960. It has been largely driven
by the telecommunication sector, as optical technologies continually replace
electrical systems. This field comprises the development of components to
generate, manipulate and detect light, which are ultimately combined into a
single photonic device. Waveguides are the key elements for implementing
integrated optical devices which, in contrast to free-space optics, enable the
development of miniaturized components with reduced cost, increased func-
tionality, mechanical stability and robustness. Moreover, integrated optics
allows the study of optical phenomena in which the effects depend on the di-
mensions, enabling optical systems that could not be implemented otherwise.

Among a multitude of integrated optical functionalities, nonlinear optical
converters and distributed-feedback (DFB) resonators are of special relevance.
The former is particularly important because it enables the generation of co-
herent radiation in spectral regions inaccessible by available lasers and the lat-
ter is particularly important for enabling single-frequency laser sources. This
thesis concerns both functionalities.

Nonlinear optics (NLO) is a growing field of research enabled by lasers. It
comprises phenomena that occur as a result of the optical properties of a ma-
terial being modified by the presence of light. Because strong light intensities
are required for NLO effects to become relevant, such effects can be greatly
enhanced when exploited in an integrated platform, in which light is more
tightly confined. The nonlinear material response proportional to the square
of the electric-field amplitude is referred to as the second-order nonlinearity,
which is exhibited only by non-centrosymmetric materials, such as the ferro-
electric crystals lithium niobate (LN) and potassium titanyl phosphate (KTP).
The second-order nonlinearity gives rise to several wave-mixing processes,
such as second-harmonic generation (SHG), sum and difference frequency gen-
eration, parametric amplification, and optical rectification.

For efficient second-order NLO processes, the interacting optical waves must
propagate in phase throughout the nonlinear crystal, which is a condition
known as phase matching. Due to material dispersion, this condition is usu-
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ally not automatically fulfilled. The most common method to achieve phase
matching is by using a birefringent nonlinear crystal, in which its birefrin-
gence is exploited in order to cancel the phase mismatch. Alternatively, a more
versatile and powerful method is called quasi-phase matching (QPM). Concep-
tually, QPM consists in periodically resetting the phase mismatch between the
interacting waves in order to force them to be in phase as they propagate
along the nonlinear crystal. QPM was first described theoretically in 1962 [1]
and first realized by stacking plates with different orientations [2], which is far
from an ideal QPM technique. Only in 1993 a more appropriate QPM structure
was achieved, as a result of periodic-electric-field poling of a LN waveguide
[3]. In this technique, periodic electrodes are implemented along a ferroelec-
tric crystal and are used to apply a strong, periodic electric field to the crystal,
thereby periodically reversing the sign of the crystal’s spontaneous polariza-
tion. This achievement was a milestone in the field of NLO, which enabled an
improvement of orders of magnitude in NLO conversion efficiencies.

The development of waveguides for efficient nonlinear optical conversion
has been a topic of interest since the 1970s, in which much of the efforts in
the late 1980s and 1990s was towards developing blue light sources [4]. It has
received renewed attention over the last two decades for its potential applic-
ations in quantum information science. In particular, LN waveguide devices
have emerged as one of the key platforms for fundamental investigations of
quantum phenomena and a variety of paradigm-shifting quantum technolo-
gies, such as photon-pair sources, heralded-single-photon sources, coherent
frequency-conversion interfaces and quantum memories [5].

The establishment of LN as a nonlinear material is due to its excellent prop-
erties, including low-loss over a wide transparency window and outstanding
piezoelectric, electro-, acousto- and nonlinear-optical properties [6]. Moreover,
due to mature technological processes, LN is available in large scale, at low
cost, and with high quality and uniformity.

Thin-film lithium niobate on insulator (LNOI) has recently emerged as a
new material platform. Thin films are achieved by crystal ion slicing, which
is a technique developed in the late 1990s [7] and recently made commer-
cially available. The thickness of the thin films is usually between 300 nm and
700 nm, enabling the development of waveguides with submicrometer cross
sections, in which NLO interactions are dramatically enhanced, which enables
extremely efficient NLO conversion. Despite growing momentum in develop-
ing all photonic building blocks on LNOI, many devices require further optim-
ization in order to overcome generally large propagation and coupling losses.
In particular, coupling light in and out of such waveguides poses a major chal-
lenge, in which the usual approach of end-coupling with an optical fibre leads
to a coupling efficiency of typically only ≈ 3 %. Alternative coupling schemes
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have been successfully implemented, such as the use of a tapered fibre [8],
or an inverse taper in addition to a tapered fibre [9]. While both approaches
lead to a large coupling efficiency of ≈ 65 %, they place strict demands on
alignment tolerances and require access to the waveguide end faces on the
optical chip, with the additional requirement that the end faces should be
polished. Grating couplers are an attractive alternative, because they can be
implemented anywhere on the optical chip surface and are highly insensitive
to alignment, given that they are usually fabricated on an expanded region
of the waveguide. Their implementation resulted in a coupling efficiency of
≈ 45 % [10].

There are, however, limitations associated with LN for operation at visible
wavelengths, especially at the blue-green region. It is challenging to fabricate
the short-period QPM gratings required for interactions in this spectral region,
moreover, the material is susceptible to photorefractive effects [11], as well
as green- and blue-induced infrared absorption [12]. In the visible spectral
region, particularly towards shorter wavelengths, KTP is a more suitable ma-
terial.

KTP exhibits a high optical nonlinearity, excellent mechanical and thermal
properties and high resistance to photorefractive effects [13, 14]. Ion-exchanged
waveguides in KTP allow a better transverse-mode overlap between interact-
ing waves [15] and a better coupling to optical fibres, compared to LN, due
to the refractive-index profile resulting from ion-exchange. However, KTP suf-
fers from a poor material homogeneity and large ionic conductivity, which
negatively affect the quality of the QPM grating and results in highly inhomo-
geneous and non-reproducible waveguide structures [16]. Alternatively, the
isomorph rubidium-doped potassium titanyl phosphate (RKTP) can be em-
ployed, in which the KTP crystal is doped with typically 0.3 % Rb during its
growth. RKTP exhibits extremely similar linear and nonlinear optical proper-
ties as of KTP but has an ionic conductivity dramatically reduced by two orders
of magnitude [17], which greatly enhances the quality of the fabricated QPM

structures and waveguides. RKTP offers the possibility of being periodically
poled with short periods, which is required for optical interactions at shorter
wavelengths. If the period is made short enough (in the submicrometer range),
counter-propagating parametric interactions can be exploited [18], in which a
pump photon generates a forward-propagating signal photon, and a back-
ward-propagating idler photon with a narrow bandwidth. This process is
highly interesting, for instance, for the generation of counter-propagating en-
tangled photons.

For achieving efficient nonlinear optical conversion, a waveguide should
exhibit large nonlinearity, low propagation losses, uniform domain grating,
uniform geometry along the propagation direction, strong optical confine-
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ment and good mode overlap between the transverse mode profiles at the
wavelengths involved in the process. Much effort has been dedicated towards
the development of waveguides with all the above requisites fulfilled. This
challenging task remains an open topic of research, in which devices are be-
ing continually further improved.

Another integrated optical functionality of special relevance is DFB wave-
guide resonators [19], because of the unique spectral response that they enable.
DFB optical resonators utilize Fabry-Pérot-type resonators [20] with longitud-
inally distributed optical feedback, granted by Bragg gratings. The Bragg
gratings provide high spectral selectivity. The introduction of a phase shift of
π/2 in the grating period allows only a single longitudinal mode to oscillate
in the resonator, and as a result the transmission spectrum contains a single
peak.

When implemented in a laser-active material, DFB resonators enable narrow
single-frequency laser emission for a wide range of applications, such as sens-
ing [21, 22], generation of microwave signals [23, 24], telecommunication [25],
and high precision measurements in the fields of spectroscopy, atomic and
molecular physics [26], to mention a few. DFB lasers have been extensively
realized in semiconductor waveguides [27] and in rare-earth-doped fibres [28–
30] and waveguides [23].

For all applications requiring precise control over the resonance wavelength
and linewidth, it is of utmost importance to understand the underlying mech-
anisms that result in the spectral response of DFB resonators, in order to cor-
rectly design them for targeted applications.

It is noteworthy that devices relying on combining waveguide nonlinear
converters with waveguide optical resonators have also been a topic of re-
search for various applications. In the late 1980s, for instance, with the aim
of increasing the nonlinear conversion efficiency, a LN waveguide was integ-
rated to a resonator by employing multilayered dielectric films on its end
faces [31]. To the same effect, distributed Bragg reflectors were implemented
along a LN waveguide [32]. Waveguides in nonlinear crystals can be integ-
rated to resonators also with the purpose of realizing self SHG lasers [33]. In
this case, by doping the crystal with laser-active rare-earth ions, both the fun-
damental laser wave and its second-harmonic (SH) wave are generated in the
same waveguide resonator. More recently, periodically-poled (PP) crystals in
an optical-parametric-oscillator configuration have received attention for emit-
ting photons at the cavity frequency modes only, thus addressing the narrow
acceptance bandwidth of quantum memory devices [5, 34]. These application
examples illustrate the importance of individually optimizing the waveguide
design parameters for efficient NLO conversion and the design parameters for
the optical resonator to produce the desired spectral response.
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1.2 outline of this thesis

This thesis describes the research in the publications labelled Paper I-IV.
Chapter 2 provides a theoretical basis for describing the integrated devices

pertaining to this thesis. It contains a theoretical description of optical wave-
guides and of diffraction gratings employed as waveguide grating couplers
and as Bragg gratings.

Thereafter this thesis is structured in two parts. Part I concerns the de-
velopment of waveguides on LN, KTP and RKTP for efficient NLO conversion.
Chapter 3 contains the fundamental concepts of NLO, on a theoretical level.
This chapter also provides the main motivation for exploiting waveguides for
NLO processes. In Chapter 4, the ferroelectric nonlinear crystals employed for
the research in this thesis, namely, LN, KTP and its isomorph RKTP, are de-
scribed. Furthermore, thin-film LNOI is introduced as an emerging material
platform. Chapter 5 contains a literature review comparing the characteristics
of the most common types of waveguides developed on LN, KTP and RKTP.
The reviewed technologies are based on ion exchange and laser writing of
channel waveguides. Additionally, waveguides with a ridge geometry on ion-
exchanged planar waveguides and on LNOI are also reviewed. A theoretical
description of ion exchange is given at the start of this chapter, providing the
basis for describing the diffusion characteristics relevant for each waveguide
type. Chapter 6 contains simulation results of ion-exchanged waveguides on
LN and KTP, with channel and ridge geometries, and of ridge waveguides on
LNOI. The simulation results are used to compare the different waveguide
technologies and are also compared with the best results from the literat-
ure (which were presented in Chapter 5), elucidating which aspects of the
waveguide-development process need further research to improve their per-
formance. Chapter 7 contains experimental results in implementing ridge
waveguides on ion-exchanged LN and PP RKTP (Paper I). Chapter 8, the final
chapter in Part I, contains results concerning the design and experimental
implementation of grating couplers on LNOI ridge waveguides (Paper II).

Part II concerns investigations of the spectral response of DFB resonators.
This part is focused on rare-earth-ion-doped DFB waveguide laser resonators
operating below lasing threshold, which are particularly insightful for invest-
igating the behaviour of light inside the optical resonator [35].

Chapter 9 contains a theoretical description of Bragg gratings, which are
the building blocks of DFB resonators. It also contains a theoretical description
of DFB resonators, followed by a discussion on their spectral response and
how it is affected by resonator losses. Chapter 10 describes the Born and Wolf
characteristic-matrix approach, which is the method employed in this thesis to
theoretically investigate the spectral response of DFB resonators. In Chapter 11,
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a DFB resonator with a distributed phase shift is introduced. This chapter con-
tains a discussion on the advantages of such an implementation, and both
simulation and experimental results on the resulting spectral response and
the factors which should be taken into account for an appropriate resonator
design (Paper III). Finally, Chapter 12 contains simulation results and experi-
mental results on how a temperature gradient on the Bragg grating of a DFB

resonator affects its spectral response (Paper IV).
A summary of the results in this thesis is given in Chapter 13, additionally,

possibilities for future research are proposed.



2
WAV E G U I D E S A N D D I F F R A C T I O N G R AT I N G S

The operation principle of waveguides and the basic equations describing
the propagation of light in planar dielectric waveguides are presented in Sec-
tion 2.1. In Section 2.2, diffraction gratings implemented as waveguide grating
couplers and as Bragg gratings are introduced.

2.1 theoretical description of waveguides

A traditional optical waveguide consists of a substrate, a core (or film) and
a cladding (or cover), with refractive indices ns, nf and nc, respectively. The
largest refractive index is nf, such that light is confined in the core by total
internal reflection. As an example, a waveguide where light propagates along
the x direction is illustrated in Fig. 2.1a, and its step-like refractive-index pro-
file is represented in Fig. 2.1b. The cross sections of some of the most common
waveguide geometries are shown in Fig. 2.2.

Here the general considerations used to derive the dispersion equation
which describes the propagation of light in a planar dielectric waveguide are
introduced. A plane wave is considered, with wavelength λ and propaga-
tion constant k0 = 2π/λ, propagating along the x direction in a lossless and
isotropic medium.

The optical modes in a planar waveguide are guided in the film and ex-
ponentially decay into the substrate and cover. At the film-cover and film-
substrate interfaces, the continuity conditions of the electric and magnetic

y

z

x

cover

substrate

film

(a)

z

d/2
-d/2

nc

n
nf
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(b)

Figure 2.1: (a) Ray-optics representation of light propagating in a waveguide, due to
total internal reflection and (b) a step-like refractive-index profile in a wave-
guide.
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Figure 2.2: Illustration of the cross section of a (a) planar, (b) rib, (c) ridge and (d)
diffused channel waveguide.

fields [36] must be fulfilled. An optical mode exists in the waveguide when
the transverse resonance condition is fulfilled, which is given by [36, 37]:

κd = mπ + Φs + Φc m = 1, 2, 3 · · · (2.1)

where d is the film thickness, m is the transverse order of the guided mode,
and Φs and Φc are the phase shifts associated with the total internal reflection
at the film-substrate and the film-cover interfaces, respectively. The transverse
propagation constant, κ, and the decay constants in the substrate, γs, and in
the cover, γc, are given by:

κ2 = k2
0(n

2
f − N2

eff)

γ2
s = k2

0(N2
eff − n2

s)

γ2
c = k2

0(N2
eff − n2

c) ,

(2.2)

where Neff is the effective refractive index of the mode, with corresponding
propagation constant β = k0Neff. The condition βcritical = k0ns is the critical
condition that allows guiding, and for smaller values of β the field is cut off
and becomes a radiation mode.

For a transverse-electric (TE)-polarized wave, the phase shifts in Eq. 2.1 are
given by [37]:

Φs = tan−1
(γs

κ

)
, Φc = tan−1

(γc

κ

)
, (2.3)

while for a transverse-magnetic (TM)-polarized wave, they are given by [37]:

Φs = tan−1

(
n2

f
n2

s

γs

κ

)
, Φc = tan−1

(
n2

f
n2

c

γc

κ

)
. (2.4)

Equation 2.1, with the restrictions given in Eq. 2.2 and either Eq. 2.3 for a
TE wave or Eq. 2.4 for a TM wave, is the dispersion or eigenvalue equation
that describes the propagation of light in a planar dielectric waveguide.
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In this thesis, single-transverse-mode waveguides were investigated. In
Part I, the primary reason is the larger NLO conversion efficiency achieved
with single-mode waveguides. In Part II, a main reason is that single-mode
waveguides offer e stronger interaction between the optical fields of the pump
and laser. Another reason is that a waveguide supporting only a single trans-
verse mode is required to produce a single-frequency laser.

2.2 diffraction gratings : grating couplers and bragg grat-
ings

Diffraction gratings redirect incident light into diffractive orders, each order
at a discrete angle. While there are many research areas in which diffraction
gratings are key elements, the content of this section is constrained to their
applications as waveguide grating couplers and Bragg gratings, which falls
within the scope of this thesis. Figure 2.3 illustrates these two applications.

A waveguide grating coupler is a diffraction grating integrated with a wave-
guide. When employed as an input coupler, light incident on the grating is
diffracted into a guided mode, while when employed as an output coupler,
the guided mode is coupled out upon encountering the grating. A grating
coupler is characterized by its grating vector ~K, with magnitude |~K| = 2π/Λ,
where Λ is the grating period.

The diffracted light is described by the addition of integer multiples of ~K to
the undiffracted transmitted wavevector~ku, according to [38]:

~kq =~ku − q~K , q = 0,±1,±2 · · · , (2.5)

where q is the diffraction order and~kq is the wavevector of the qth diffraction
order. The undiffracted beam corresponds to diffraction order q = 0. Equa-

input output

cover

substrate

film
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z

x

(a) Waveguide grating couplers.

y

z

x

cover

substrate

film
input

output

(b) Bragg grating.

Figure 2.3: Diffraction gratings employed as (a) waveguide grating couplers for input
and output of light to/from a waveguide, and (b) Bragg gratings.
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tion 2.5 is known as the Floquet condition, and the infinite set of resulting
wavevectors ~kq is associated with the so-called Floquet waves [39].

In order to illustrate how diffraction takes place, a simple example is ini-
tially considered, that of a grating consisting of a surface corrugation with
period Λ = 2.5 µm. In this example, the grating is placed directly on a glass
substrate, the cladding is air, and light at λ = 1.55 µm is incident on the grat-
ing. The incident wavevector lies within the xz plane, with an angle θi = 20◦

to the z axis, according to the orientation shown in Fig.2.4.
It is helpful to graphically represent the wavevectors involved in the pro-

cess by constructing the k-space diagram, as illustrated in Fig. 2.4a. The top
half circle represents the medium of the incident light, with refractive index
ni, and its radius corresponds to |~ki| = 2πni/λ. The bottom half circle rep-
resents the medium of the transmitted light, with refractive index nt, and its
radius corresponds to |~kt| = 2πnt/λ. The grating is at the centre of the circles.
The incident beam is partially reflected and partially transmitted into the un-
diffracted beams (q = 0) according to Snell’s law, as represented in gray in
Fig. 2.4. A set of grating vectors, ~K, is then added to the undiffracted beam,
such that each addition corresponds to a distinct diffraction order, according
to Eq. 2.5. The head of each added ~K determines the position of a vertical
line, which corresponds to the tangential component of each Floquet wave,
relative to the surface normal. The vertical lines are lines of phase matching
at the boundaries between different materials. The intersections between the
vertical lines and the circles determine the wavevectors of the transmitted and
reflected diffraction orders, as illustrated in green in Fig. 2.4.

In this example, there are diffraction orders q ∈ {−1, 0,+1,+2} in reflection,
and diffraction orders q ∈ {−1, 0,+1,+2,+3} in transmission. The k-space

air0
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z
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Figure 2.4: (a) k-space diagram and (b) physical picture illustrating diffraction from a
grating with period Λ = 2.5 µm, on a glass substrate.
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diagram is shown in Fig. 2.4a, and the corresponding physical picture of the
grating on the air-glass interface is shown in Fig. 2.4b, where the angles of the
beams are the same as in both figures.

The wavelength of the incident light, the angle of incidence, the grating
period, and the materials of the cover and substrate determine which diffrac-
tion orders are reflected and transmitted. In order to illustrate the effect of
changing Λ, all these parameters were kept constant with exception of Λ,
which was reduced to Λ = 1.1 µm. This situation results in a single diffrac-
tion order q = +1 in transmission, while all diffraction orders are cut off in
reflection, as illustrated in Fig. 2.5.

The situation of a grating placed on a planar waveguide is now considered,
where the grating period is kept at Λ = 1.1 µm, as in the previous example.
The corresponding k-space diagram has one more half circle representing the
waveguide material, which in this case was chosen to be LN, with refractive
index nf, as shown in Fig 2.6a. As the phase matching for diffraction order
q = +1 in transmission is satisfied on both waveguide and substrate, the beam
is transmitted to both mediums and is therefore not guided, as illustrated
in Fig. 2.6b. However, the phase matching for diffraction order q = −1 in
transmission is satisfied only on the waveguide, therefore, it can be guided, as
schematically represented in Fig. 2.6b.

Diffracted light can be efficiently coupled to the waveguide by choosing the
appropriate grating period. By reducing the grating period to Λ = 0.67 µm,
phase matching for diffraction order q = +1 in transmission is satisfied only
on the waveguide, while it is cut off on the substrate, as illustrated in Fig. 2.7a.
All other diffraction orders are cut off in both materials. For the diffracted
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Figure 2.5: (a) k-space diagram and (b) physical picture illustrating diffraction from a
grating with period Λ = 1.1 µm, on a glass substrate. The properties were
kept the same as in Fig. 2.4, except for the smaller grating period. As a
result the number of diffraction orders is reduced to 1.
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Figure 2.6: (a) k-space diagram and (b) physical picture illustrating diffraction from a
grating coupler with period Λ = 1.1 µm, on a lithium niobate waveguide.
Diffraction order q = +1 is not guided, whereas diffraction order q = −1
can be guided.

beam to be guided, as schematically represented in Fig. 2.7b, it is necessary
that its wavevector matches the wavevector of a guided mode. This condition
is expressed by the diffraction equation:

Neff = ni sin θi − q
λ

Λ
, (2.6)
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Figure 2.7: (a) k-space diagram and (b) physical picture illustrating diffraction from a
grating coupler with period Λ = 0.67 µm, on a lithium niobate waveguide.
The reduction in grating period as compared with Fig. 2.6 means that the
first diffraction order cannot enter the glass substrate, and so it can be
guided. The grating is employed as an input coupler.
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where Neff is the effective refractive index of a guided mode, and in this ex-
ample, Neff = 1.98.

Given that a grating coupler is a reciprocal system, an input coupler can be
directly employed as an output coupler, as illustrated in Fig. 2.8. The design
of waveguide grating couplers is often carried out by considering an output
coupler, even if the grating coupler will be used primarily as an input coupler.
The reason for this is the simplicity of an output coupler, in the sense that
the incident wave is the waveguide mode, rather than a beam incident at an
arbitrary angle. A detailed design of an output grating coupler is presented
in Section 8.1.

The grating period can be chosen such that the forward-propagating wave-
guide mode is reflected into a backward-propagating mode. This special case
of a diffraction grating coupler is known as a Bragg grating, and is illustrated
in Fig. 2.9. In order for the reflected light from each individual period to inter-
fere constructively, the grating period must satisfy Bragg’s law according to:

Λ =
qλB

2Neff
, (2.7)

in which λB is the wavelength at which reflection occurs and is known as
the Bragg wavelength, and q = 1 for a first-order Bragg grating, q = 2 for a
second-order Bragg grating, and so on.

A great variety of integrated devices rely on Bragg gratings, such as filters
[40], optical add-drop multiplexers [41], dispersion compensators [42], and
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Figure 2.8: (a) k-space diagram and (b) physical picture illustrating diffraction from a
grating coupler with period Λ = 0.67 µm, on a lithium niobate waveguide.
The grating is employed as an output coupler. There is diffraction order
q = +1 through the cover and the substrate, which cannot be avoided.
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Figure 2.9: (a) k-space diagram and (b) physical picture illustrating diffraction from a
grating coupler with period Λ = 0.39 µm, on a lithium niobate waveguide.
This grating consists of a Bragg grating, which is used to reflect light at the
Bragg wavelength, λB.

distributed-feedback (DFB) lasers. The spectral response of Bragg gratings is
presented in detail in Section 9.1.
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3
N O N L I N E A R O P T I C S

In this chapter, the theoretical background for the nonlinear processes relevant
to this thesis is briefly presented, based on [43]. Additionally, a brief compar-
ison between the scaling of second-harmonic generation (SHG) in waveguides
and in bulk is presented in Section 3.5.

3.1 linear and nonlinear polarization

An electromagnetic wave incident on a dielectric material causes a displace-
ment of its electrons, thereby stretching and compressing their bonds to the
nuclei and creating oscillating dipoles. The polarization P of a material is
the dipole moment per unit volume, and it depends on the strength of the
incident electromagnetic field E according to the following power series, in a
simplified notation [43]:

P = ε0

(
χ(1)E + χ(2)E2 + χ(3)E3 + ...

)
= P(1) + P(2) + P(3) + ... ,

(3.1)

where ε0 is the vacuum permittivity, χ(1) is the linear susceptibility, and χ(2),
χ(3), ... are the nonlinear susceptibilities of the medium. Correspondingly, P(1)

is the linear polarization, while P(2), P(3), ... are the nonlinear polarizations.
For low intensity optical fields, only the first term is relevant. This term is

responsible for the linear optical response of the material. This situation cor-
responds to a small electron displacement and a linear restoring force, thus
resulting in a harmonic potential. In this case, the atoms in the material can be
treated as classical harmonic oscillators. However, if the optical field is made
sufficiently intense, the electron displacement increases and the restoring force
is no longer linear, thereby resulting in a classical anharmonic potential. In
this situation, the higher order terms in Eq. 3.1 become relevant and the ma-
terial exhibits a nonlinear optical response, in which multiple electromagnetic
waves can interact with each other as well as with the material.
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3.2 second-order nonlinearity

This section is focused on nonresonant second-order processes, with emphasis
on SHG, using a classical treatment. The effects which result from the second
order polarization P(2) are essentially all mixing phenomena involving the
generation of sum and difference frequencies, giving rise to a range of pro-
cesses. Mixing laser beams at different frequencies in a nonlinear material
can generate coherent output radiation for which there are no conventional
laser sources, which is one of the main technologies based on NLO. Only
non-centrosymmetric materials can exhibit P(2), because they allow a poten-
tial energy function that contains both even and odd powers of the electron
displacement, as introduced in Section 3.1. An illustration of SHG is shown in
Fig. 3.1a.

Another process of interest for this thesis is spontaneous parametric down
conversion (SPDC), also known as parametric fluorescence. In this process,
a photon of frequency ω1 is annihilated thereby creating two photons, with
frequencies ω2 and ω3, such that ω3 = ω1−ω2, as represented in Fig. 3.1b. In
SPDC, the generated fields are created by a spontaneous two-photon emission
from a virtual level, and this process needs a quantum mechanical treatment
to be fully described. SPDC has received increased attention during the past
decades, due to the entangled nature of the generated two-photon state. The
generated fields can also be driven by an input field at frequency ω2. In this
configuration, ω2 is amplified and generates the field at ω3. This process is
known as difference-frequency generation, or optical parametric amplification,
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Figure 3.1: (a) Schematic of second-harmonic generation, and the corresponding
energy-level diagram. (b) Schematic of spontaneous parametric down con-
version, and the corresponding energy-level diagram. The dashed lines
represent virtual energy levels.
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and can be described classically. Usually ω1 is termed the pump frequency,
ωp, and ω2 and ω3 are termed signal and idler, ωs and ωi, respectively.

Considering an electromagnetic wave which is a superposition of two dis-
tinct monochromatic waves of frequencies ω1 and ω2 with amplitudes Eω1

and Eω2 , the second-order polarization can be written in the general form:(
P(2)

ω3

)
i
= ε0 ∑

jk
∑
ω

K (−ω3; ω1, ω2) χ
(2)
ijk (−ω3; ω1, ω2) (Eω1)j (Eω2)k , (3.2)

where ω3 is the resulting frequency from the interaction between ω1 and ω2,
ijk are the Cartesian components of the electromagnetic wave, χ

(2)
ijk (−ω3; ω1, ω2)

is the second-order nonlinear optical susceptibility, and K (−ω3; ω1, ω2) is a
numerical factor which accounts for intrinsic permutation symmetry and de-
generacy, and it is defined as:

K (−ω3; ω1, ω2) = 2l+m−2 p , (3.3)

where
l = 1 if ω3 6= 0

l = 0 if ω3 = 0

m number of frequencies ω1,2 = 0

p = 2 if ω1 6= ω2

p = 1 if ω1 = ω2

For example, K (−2ω; ω, ω) = 1/2 in the case of SHG, whereas in the case
of sum- or difference-frequency mixing or non-degenerate parametric ampli-
fication, K (−ω3; ω1,±ω2) = 1.

The tensor character of the susceptibility allows for the polarization in a
given direction to be excited by an electric field whose polarization is along
another direction. χ(n) is a n + 1-rank tensor, therefore χ

(2)
ijk is a third-rank

tensor and contains 27 elements. If all the field frequencies are much smaller
than the resonance frequencies of the nonlinear medium, χ

(2)
ijk is frequency

independent. In this case, Kleinman symmetry is valid [44] and χ
(2)
ijk can be

reduced to a second-order tensor dil , which is related to χ
(2)
ijk by [44]:

dil =
1
2 χ

(2)
ijk , (3.4)
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where l is the index that corresponds to the contraction of jk indices. Apply-
ing Kleinman symmetry for free permutation of indices j and k allows us to
further simplify dil to 10 independent values:

dil =

d11 d12 d13 d14 d15 d16

d16 d22 d23 d24 d14 d12

d15 d24 d33 d23 d13 d14

 . (3.5)

Consequently, second-order processes can be described by:1


(

P(2)
ω3

)
x(

P(2)
ω3

)
y(

P(2)
ω3

)
z

 = 2ε0 K (−ω3; ω1, ω2) dil



(Eω1)x (Eω2)x

(Eω1)y (Eω2)y

(Eω1)z (Eω2)z

(Eω1)y (Eω2)z + (Eω2)y (Eω1)z

(Eω1)x (Eω2)z + (Eω2)x (Eω1)z

(Eω1)x (Eω2)y + (Eω2)x (Eω1)y


, (3.6)

in which the axes x, y and z correspond to the indices i, j and k, respectively,
and K (−ω3; ω1, ω2) and dil are given in Eq. 3.3 and Eq. 3.4, respectively.

3.3 the wave equation in nonlinear optics

The wave equation in the regime where nonlinear processes occur is derived
directly from Maxwell’s equations. A planar wave propagating along the x
direction can be expressed as:2

E(ω) = Ê(ω)e−ikx , (3.7)

in which Ê(ω) is the travelling-wave amplitude, k is the wavenumber given
by k = 2πn/λ, where λ is the wavelength and n is the refractive index of
the material. Using the slowly-varying envelope approximation, the wave
equation can be written in the form [43]:

∂

∂x
Ê(ω) =

iω2µ0

2k
PNLe−ikx , (3.8)

where µ0 is the vacuum permeability and PNL is the total nonlinear polariza-
tion in the material, i.e., PNL = P −P (1).

1 Note that Eq. 3.6 is a special case of the more general Eq. 3.2, and is employed when Kleinman
symmetry is valid.

2 In this section, bold characters indicate vector and tensor quantities.
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Considering an incident field consisting of a superposition of collinear mono-
chromatic waves, a particular component at frequency ωσ can be selected. In
this case, the wave equation in Eq. 3.8 becomes:

∂

∂x
Êωσ =

iω2
σµ0

2kσ
PNL

ωσ
e−ikσx , (3.9)

where Êωσ is the electric-field amplitude of a monochromatic travelling wave
at frequency ωσ. The total nonlinear polarization PNL

ωσ
contains the contri-

butions of all the nonlinear polarization orders, and is expressed as PNL
ωσ

=

∑∞
n=2P

(n)
ωσ , where each nth order polarization is given by:3

P
(n)
ωσ = ε0 ∑

ω

K (−ωσ; ω1, · · · , ωn) χ
(n) (−ωσ; ω1, · · · , ωn) Eω1 · · ·Eωn , (3.10)

where ωσ is the sum of all the optical driving frequencies, i.e., ωσ = ω1 +ω2 +
· · ·+ ωn and ∑ω denotes the sum over all of the distinct sets of ω1, · · · , ωn.
Equation 3.10 can be employed to express the total nonlinear polarization at
frequency ωσ:

P
(NL)
ωσ = ε0K (−ωσ; ω1, · · · , ωn)χ

(n) (−ωσ; ω1, · · · , ωn) Êω1 · · · Êωn eikSx ,

(3.11)

where kS = k1, · · · , kn. Replacing Eq. 3.11 in Eq. 3.9 leads to a general expres-
sion that describes the wave evolution, expressed here in scalar form:

∂

∂x
Êωσ =

iω2
σ

2kSc2 K (−ωσ; ω1, · · · , ωn) χ(n) (−ωσ; ω1, · · · , ωn) Êω1 · · · Êωn ei∆k x ,

(3.12)

where ∆k = kS − kσ is termed the phase or wavevector mismatch. Equa-
tion 3.12 can be used for specific nonlinear processes, where only one specific
order of nonlinearity is selected. Considering SHG, with the input wave at
frequency ω, the coupled equations for the second-harmonic (SH) and funda-
mental waves are:

∂

∂x
Ê2ω =

i2ω

2n2ωc

[
1
2 χ(2) (−2ω; ω, ω) Ê2

ω

]
ei∆k x

∂

∂x
Êω =

iω
2nωc

[
χ(2) (−2ω; ω, ω) Ê∗ω Ê2ω

]
e−i∆k x . (3.13)

3 Note that Eq. 3.10 is the general form of Eq. 3.2.



22 nonlinear optics

Equation 3.13 can be directly integrated in order to obtain the intensity of
the SH wave, I2ω. Assuming no pump depletion, ∂Eω/∂x = 0, and no initial
intensity of the SH field, then I2ω at a distance L it is given by:

I2ω(L) =
ω2|χ(2) (−2ω; ω, ω) |2

2ε0c3n2
ωn2ω

I2
ω L2sinc2

(
∆k L

2

)
, (3.14)

where Iω is the intensity of the fundamental wave.

3.4 quasi-phase matching

Considering SHG as an example, an input coherent optical field at frequency
ω induces each atom in the nonlinear material to develop an oscillating dipole
moment which contains a component at frequency 2ω [44]. Each atom emits
radiation at frequency 2ω with a phase determined by the phase of the input
field. In order for the SH radiation to constructively interfere, the generated
wave at 2ω must maintain a fixed phase relation with respect to the oscillating
dipoles, in which case ∆k = 0. However, the phase velocity of the generated
wave is 2ω/k2ω, while the phase velocity of the input wave is ω/kω. The two
phase velocities are different due to material dispersion. When ∆k 6= 0, the
two waves become out of phase after a distance Lc = π/|∆k|, known as the
coherence length.

A plot of Eq. 3.14 is shown in Fig. 3.2a, where it is evident that the intensity
has a maximum where ∆k = 0. For distances shorter than Lc, power flows
from the fundamental wave to the SH wave, but after Lc is reached, power is
transferred from the SH wave back to the fundamental wave.

In order to satisfy ∆k = 0, different phase-matching schemes can be imple-
mented. One of them is known as birrefringent phase matching, in which
a birrefringent nonlinear crystal is used, where the fundamental and the SH

waves each travel with orthogonal polarizations in order to experience either
the ordinary refractive index, no, or the extraordinary refractive index, ne, of
the nonlinear crystal. The angle and temperature of the nonlinear crystal are
tuned in order to achieve ∆k = 0. However, this technique exhibits a few
disadvantages, such as a spatial walk-off between the interacting waves (for
angle tuning) and the impossibility to access the nonlinear component d33,
which is usually the largest, due to the different polarizations of the waves
involved in the process.

Another possibility is to use quasi-phase matching (QPM). In this configur-
ation, ∆k is reset every Lc, which is achieved by periodically rotating χ(2) by
180◦ with respect to the propagation direction, with a period Λ = 2Lcm, in
which m is the grating order. QPM is a very powerful and versatile approach,
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allowing the engineering of any second-order optical interaction within the
transparency range of the nonlinear crystal. The grating vector is given by:

Km =
2πm

Λ
, (3.15)

and the phase mismatch for SHG can be written as:

∆kQPM = k2ω − 2kω . (3.16)

For a QPM grating with duty cycle D, a coefficient Gm can be defined as
Gm = 2

mπ sin(mπD), which describes the reduction in efficiency due to the
evolution of the phase mismatch within a grating period. The resulting effect-
ive nonlinearity deff is given by:

deff = Gmdil . (3.17)

The scaling of SHG in a LN crystal is illustrated in Fig. 3.2b, with perfect
phase-matching, QPM and without any phase mismatch compensation. For
the three calculations, the stronger nonlinear coefficient d33 was employed.
Note the difference in efficiencies of a perfect phase matching and QPM due to
the phase mismatch evolution within a grating period.

(A
.U
.)

(a)

perfect phase matching

no phase matching

(A
.U

.)

L

quasi-phase matching

(b)

Figure 3.2: Second-harmonic generation in the non-depleted-pump regime. (a) Effects
of the phase mismatch on the intensity of the generated second-harmonic
wave. (b) Evolution of the generated second-harmonic wave inside a lith-
ium niobate crystal, calculated using its d33 coefficient. The efficiency was
calculated for no phase matching, perfect phase matching and quasi-phase
matching with a first-order grating with 0.5 duty cycle.
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3.5 second-harmonic generation in waveguides

Nonlinear optical interactions benefit from a high-intensity optical field, as
evidenced in Eq. 3.14. The intensity can be increased by reducing the area of
the input beam, which is normally implemented either by focusing the input
beam in the nonlinear crystal, or by employing a waveguide on such crystal.
The latter approach is adopted for the research presented in this thesis.

The SHG conversion efficiency in waveguides is given by ηwg = P2ω
Pω

where
Pω and P2ω are the powers of the fundamental wave, of frequency ω, and
SH wave, of frequency 2ω, respectively, and L is the length of the nonlinear
crystal.

A meaningful parameter to compare the SHG performance in different wave-
guides is the normalized conversion efficiency ηnorm, which is normalized per
1 W of input power and 1 cm of length, according to:

η
wg
norm =

ηwg

Pω L2 . (3.18)

In the low-conversion regime, η
wg
norm is calculated as [4]:

η
wg
norm =

8π2d2
eff

N2
ω N2ωc0ε0λ2

ω Aovl
sinc2

(
∆kL

2

)
, (3.19)

where
deff effective nonlinear coefficient

Nω effective refractive index of the guided mode at ω

N2ω effective refractive index of the guided mode at 2ω

c0 speed of light in vacuum

ε0 vacuum permittivity

λω free-space fundamental wavelength

Aovl overlap area

∆k phase mismatch

The overlap area Aovl between fundamental and SH waves is calculated by
[31, 45]:

Aovl = (Iovl)
−2 , (3.20)

where the overlap integral Iovl is defined as [31, 45]:

Iovl =

∫∫
E∗2ω(x, y)Eω

2(x, y)dxdy[∫∫
E2ω

2(x, y)dxdy
] 1

2 ∫∫ Eω
2(x, y)dxdy

, (3.21)
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where Eω and E2ω are the electric fields of the fundamental and SH beams, re-
spectively. The numerator should be integrated within the waveguide region
with non-vanishing nonlinear coefficient. In many cases, however, most of the
optical fields are confined within the waveguide, and the integration limits
can be extended to infinity [31].

In order to calculate the phase mismatch and design the QPM grating cor-
rectly, it is necessary to know accurately the effective refractive indices at the
involved wavelengths. Moreover, the use of waveguides for efficient nonlin-
ear optical conversion requires very tight fabrication tolerances over the entire
length of the waveguide [45]. For instance, in a nonlinear process involving
three distinct waves, each effective refractive index needs to be held to within
0.001 over a 5 mm long waveguide, typically [46].

Type-I phase matching refers to the case of the two lower-frequency waves
having the same polarization [44] (in waveguides, this case is often also re-
ferred to as Type 0) while Type II to the case of orthogonal polarizations.

For comparison, the conversion efficiency in a bulk crystal with a focused
Gaussian beam is now presented. This situation has been thoroughly dis-
cussed in the seminal work by Boyd and Kleinman [47], where the focus-
ing parameters were optimized in order to balance how strongly focused the
beam is, and the distance over which it is focused (this is described by the
confocal parameter). The compromise between these two parameters limits
the efficiency than can be achieved with this approach. In the low-conversion
regime, the conversion efficiency is [47]:

ηbulk =
16π2d2

effPω L
nωn2ωc0ε0λ3

ω
sinc2

(
∆kL

2

)
h (B, ξ) , (3.22)

in which nω and n2ω are the refractive indices at the fundamental and SH

wavelengths, respectively, and h (B, ξ) is the Boyd and Kleinman focusing
factor, which depends on the crystal length and on the confocal parameter.
In the optimized focusing condition, h (B, ξ) = 2.84.

QPM SHG scales differently in a bulk crystal and in waveguides. This is
because waveguides allow the beam to be tightly confined along the entire
propagation length. From Eqs. 3.18, 3.19 and 3.22, it is evident that ηbulk

scales linearly with L in bulk, and ηwg scales with L2 in waveguides. This is
illustrated in Fig. 3.3, in which ηwg was calculated with Aovl = 100 µm2, and
ηbulk was calculated with an optimally-focused Gaussian beam, for Pω = 1 W.

The improved nonlinear conversion efficiencies available with waveguides
motivates the research presented in Part I in this thesis.
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ηwg

ηbulk

L

Figure 3.3: The SHG efficiency in a lithium niobate bulk crystal with an optimally fo-
cused Gaussian beam (purple line) scales linearly with the crystal length,
while in a waveguide (green line) it scales quadratically with the waveguide
length.
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P R O P E RT I E S O F L I T H I U M N I O B AT E , K T P A N D R K T P

In this chapter, the material properties of the nonlinear crystals lithium niobate
(LN), potassium titanyl phosphate (KTP) and rubidium-doped potassium ti-
tanyl phosphate (RKTP) are presented. The implementation of quasi-phase
matching (QPM) via electric-field periodic poling is discussed in Section 4.3.

4.1 lithium niobate

Lithium niobate (LN), or LiNbO3, is one of the most consolidated and widely
used crystalline dielectric materials, having been first synthesized in 1928 [48]
and grown by the Czochralski technique in 1965 [49, 50], leading to the suc-
cessful production of large-diameter boules of single crystals, in both stoi-
chiometric and congruent forms.

LN contains planar sheets of oxygen atoms arranged in a distorted hexagonal
close-packed configuration [6]. The octahedral interstices are successively
filled by a Nb5+ ion, a vacancy, and a Li+ ion, as shown in Fig. 4.1a. At

oxygen, O2-

niobium, Nb5+

lithium, Li+

(a)

+z axis

T<Tc

oxygen 

planes

      

T>Tc

(b)

+ a1 axis + a2 axis

+ a3 
axis

(c)

Figure 4.1: Lithium niobate crystal structure, based on [6]. (a) Arrangement of atoms
in lithium niobate. (b) Position of Li+ and Nb5+ ions in relation to the
oxygen planes, for the crystal in the ferroelectric (T < Tc) and paraelectric
(T > Tc) phases. (c) Hexagonal unit cell.



28 properties of lithium niobate , ktp and rktp

temperatures lower than the Curie temperature, Tc = 1140◦C [51], the crystal
is in the ferroelectric phase. In this situation, the Nb5+ and Li+ ions are shif-
ted in relation to the oxygen octahedra, as represented in Fig. 4.1b, resulting
in a charge separation that causes LN to exhibit a spontaneous polarization Ps
either parallel or antiparallel to the z axis. The direction of Ps can be reversed
upon applying an electric field with enough strength, as briefly discussed in
Section 4.3. At temperatures T > Tc, the crystal transitions to the paraelectric
phase, for which Ps = 0.

LN exhibits a three-fold rotation symmetry about its z axis, therefore being
a member of the trigonal crystal system. Additionally, it exhibits mirror sym-
metry about three planes that are 60◦ apart which intersect to form a three-
fold rotation axis, thus classifying LN as a member of the 3m point group [6].
In the trigonal crystal system, either a hexagonal or a rhombohedral unit cell
can be chosen, and the former is shown in Fig. 4.1c. The three equivalent a
axes (a1, a2, a3) are 120◦ apart, each perpendicular to a mirror plane, and they
lie in the plane normal to the z axis. In the Cartesian coordinate system, the x
axis is parallel to the a axis, the z axis is parallel to the crystal’s c axis (or op-
tical axis) and the y axis is perpendicular to both the x and z axes and chosen
such that the system is right handed. Additionally, LN is a negative uniaxial
crystal, such that the extraordinary refractive index, ne, is smaller than the
ordinary refractive index, no.

The immense interest in LN is due to its outstanding piezoelectric, electro-,
acousto- and nonlinear-optical properties [52]. LN possesses a wide transpar-
ency window, with absorption below 1 cm−1 between 300 nm to 4500 nm [53].
Its UV transmittance cut-off depends on the relative Li molar concentration,
ranging from 320 nm for the congruent composition, to 300 nm for the stoi-
chiometric composition [54].

Additionally, the possibility to engineer the ferroelectric domains makes it
a very versatile material for NLO applications. The two the most exploited
nonlinear coefficients in LN are d33 = 32.4 pm V−1 [55], and d31 = 4.64 pm V−1

(values measured at 1064 nm).

4.1.1 Lithium niobate on insulator

Lithium niobate on insulator (LNOI) is an emerging material platform, based
on crystal ion slicing [7]. A LN wafer is initially implanted with He+ ions,
which penetrate the crystal and stop at a certain depth, creating a signific-
antly damaged layer. The depth and thickness of this implantation layer are
dependent on the ion energy, and the upper limit for the depth being ≈ 10 µm.
The wafer is then coated with a buffer layer, typically SiO2, and subsequently
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bonded to a substrate wafer, such as LN, Si or quartz. The bonding is per-
formed at T≈ 300◦C [56], which causes the He in the implanted layer to form
bubbles, creating a cleavage layer which flakes off, resulting in a bonded thin
film. A final annealing step at T≈ 500◦C is performed to increase the bonding
strength and recover the LN crystal properties [57–59].

LNOI is an extremely attractive material platform for photonic integrated
circuits (PIC), as it enables a large variety of compact and high-performance
integrated devices, such as tunable filters [60], modulators [61], resonators
[62], waveguides for supercontinuum generation [63], and integrated circuits
for the generation and modulation of frequency combs [64], to mention a
few. In particular, waveguides developed on LNOI exhibit a large refractive
index contrast, and this enables strongly confined optical modes with high
optical intensities and very small Aovl (see Eq. 3.20). Recently, LNOI has be-
come commercially available, which significantly boosted the development of
new devices.

4.2 ktp and rktp

Potassium titanyl phosphate (KTP), or KTiOPO4, is a ferroelectric crystal that
was developed primarily for NLO applications [65], having been synthesized
for the first time in 1971 [13, 16]. Given that KTP decomposes on melting, it
cannot be grown by the Czochralski technique, and is instead grown by either
flux or hydrothermal techniques.

KTP is a member of the orthorhombic crystal system, and it belongs to the
2mm point group [66]. KTP belongs to the family of compounds that have the
formula unit MTiOXO4, where M can be K, Rb, TI, NH4 and Cs, and X can be
P or As [46]. Since it is a ferroelectric crystal, it exhibits a spontaneous polariz-
ation Ps either parallel or antiparallel to the z-axis at temperatures T < Tc, and
its Curie temperature is Tc = 934◦C [67]. The KTP crystal structure consists of
chains of TiO6 octrahedra, linked together by PO4 tetrahedra. There are eight
oxygen atoms binding to both Ti and P atoms, while two oxygen atoms bind
only to the Ti atoms. The TiO6 octahedra and PO4 tetrahedra form a crystal
framework with cavities where the K+ ions are accommodated, as shown in
Fig. 4.2. The cavities are slightly stretched along the z axis, forming open chan-
nels in this direction. The K+ ions are loosely bound in the cavities, and can
diffuse via a vacancy mechanism within the channels. They are responsible
for the large ionic conductivity of KTP [17].

It is not fully understood what causes the optical nonlinearity in KTP. Some
studies suggest that it is related to an asymmetry in the Ti-O bonds, resulting
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Figure 4.2: The crystal structure of KTP, where the TiO6 octahedra are shown in blue,
the PO4 tetrahedra are shown in red, and the K+ ions are shown in purple
[17].

in a net polarization in the z direction [14, 46, 68], while other studies suggest
that the KO and PO4 groups are responsible for the crystal’s nonlinearity [69].

KTP is a positive biaxial crystal, such that nx < ny < nz. It possesses large
nonlinear-optical and electro-optical coefficients [14], in particular, the nonlin-
ear coefficient d33 = 16.9 pm V−1 [70], while d31 = 2.54 pm V−1 [70] (measured
at 1064 nm). Its transparency windows extends from 350 nm to 4.5 µm [71].
However, KTP suffers from a poor material homogeneity and large ionic con-
ductivity, which negatively affect the quality of the periodically-poled (PP)
structures. Alternatively, the isomorph rubidium-doped potassium titanyl
phosphate (RKTP) can be exploited, which has similar optical properties and
does not suffer from these drawbacks.

The RKTP crystals used for the experiments discussed in this thesis were
grown by the flux-growth technique and approximately 1.5 % of the K+ ions
in the melt were substituted by Rb+ [72], resulting in a substitution rate of
0.3 % in the crystal [73]. With such a low doping concentration, the linear
and nonlinear optical properties of RKTP are extremely similar to KTP. At
the same time, the ionic conductivity is dramatically reduced by two orders
of magnitude [17], which greatly enhances the quality of the fabricated QPM

structures and waveguides. An extremely attractive feature of RKTP is that
it allows PP with very shorts periods, reaching sub-micrometer periods with
large aspect ratios [74], i.e., short periods in thick crystals. Such short peri-
ods enable counter-propagating interactions, in which the signal and idler
photons propagate in opposite directions, additionally, the idler exhibits a
narrow bandwidth. This process enables the implementation of mirrorless
optical parametric oscillators [18, 75], for instance.
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4.3 implementation of quasi-phase matching via electric-field

periodic poling

Quasi-phase matching (QPM) in ferroeletric materials can be implemented by a
process called electric-field periodic poling. In this process, an electric field is
applied using periodic electrodes to selectively switching by 180◦ the spontan-
eous polarization of the material. The applied electric field must be stronger
than a critical field called coercive field, which depends on the material’s
thermal and electrical history, mechanical stress, preparation conditions, tem-
perature, pressure and distribution of defects over the crystal. Moreover, the
characteristics of a particular field depend on the electrode geometry and on
the magnitude and wave shape of the applied switching voltage [76].

Accurate control of the periodic-poling process is critical in order to achieve
a QPM grating with duty cycle D = 50 % in all regions of the crystal, i.e.,
straight domain walls, as required for efficient nonlinear optical conversion
(see Section 3.4).
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A C O M PA R I S O N O F D I F F E R E N T WAV E G U I D E
T E C H N O L O G I E S

An overview of various waveguide technologies on lithium niobate (LN), po-
tassium titanyl phosphate (KTP) and rubidium-doped potassium titanyl phos-
phate (RKTP) is presented in this chapter. Their performance is discussed for
SHG with fundamental wavelength at 1.55 µm, unless explicitly stated oth-
erwise. The most commonly implemented technologies are based on ion-
exchange, which is introduced in Section 5.1, taking [77] as reference. High-
precision diamond-blade dicing as a micro-structuring method to fabricate
ridge waveguides is introduced in Section 5.2.3.3.

5.1 introduction to ion exchange

Many of the waveguide fabrication techniques discussed in this chapter are
based on diffusion of dopant ions into the crystal structure, which modify
the crystal’s chemical composition, thereby increasing its refractive index and
resulting in a guiding layer. The spatial coordinates for the resulting ion-
exchanged waveguide were considered in accordance with Fig. 2.2d. Typically,
ion exchange is performed either by submerging the crystal in a solution con-
taining the dopant ions at an elevated temperature, or by initially depositing a
film containing the dopant ions followed by a heat treatment at elevated tem-
peratures. The diffusion process is driven by the chemical potential difference
across the crystal-solution interface, i.e., due to the concentration gradient
normal to this interface.

For simplicity, one-dimensional diffusion along the z direction in an iso-
tropic material is considered. The steady-state ionic flux per unit area, F, is
given by Fick’s first law, according to:

F = −D(T)
∂C
∂z

, (5.1)

where
D(T) diffusion coefficient

T absolute temperature

C concentration of diffusing ions

z distance measured normal to the interface
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The negative sign in Eq. 5.1 arises because diffusion happens in the opposite
direction to that of increasing concentration. The diffusion coefficient D(T) is
given by the Arrhenius’ equation [78]:

D(T) = D0 exp
(
− Q

RT

)
, (5.2)

where
D0 constant for the diffusion process

Q activation energy for the diffusion process

R universal gas constant

The non-steady-state diffusion process is dependent on the diffusion time t
and is given by Fick’s second law, also known as the diffusion equation, accord-
ing to:

∂C
∂t

= D(T)
∂2C
∂z2 . (5.3)

The solution of Eq. 5.3 depends on the initial conditions and the boundary
conditions of the problem, and an analytical solution can be obtained in the
case of a constant diffusion coefficient. In the context of this thesis, there are
two situations of interest, namely, a line source and an extended-region source
of diffusing ions.

For a line source, the solution of Eq. 5.3 is a Gaussian function, according
to:

C(z, t) =
A√

t
exp

(
−z2

4D(T)t

)
, (5.4)

where the parameter A depends on the initial amount of diffusing ions and
on the symmetry of the problem. From Eq. 5.4 it follows that the 1/e diffusion
depth d is defined as:

d = 2
√

D(T)t . (5.5)

The case of an extended region of diffusing ions can be described by an
infinite sum of line sources. Therefore, the solution of Eq. 5.3 becomes an
error function, which is usually written in the form of a complementary error
function according to [77]:

C(z, t) = C0 erfc

(
z

2
√

D(T)t

)
, (5.6)
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where C0 is the surface concentration. For the diffusion profile in Eq. 5.6, the
diffusion depth remains as defined in Eq. 5.5, which corresponds to erfc (1).

Finally, the situation of one-dimensional diffusion taking place along the y
direction is now considered. The case of an extended region of diffusing ions
corresponds to ions initially confined in a finite region of width b, with an
initial concentration C0. The solution of Eq. 5.3 becomes an error function,
according to:

C(y, t) =
C0

2

[
erf

(
b
2 − y

2
√

D(T)t

)
+ erf

(
b
2 + y

2
√

D(T)t

)]
. (5.7)

5.2 waveguides on lithium niobate

Several techniques to fabricate waveguides on LN have been developed over
the last decades, and the main ones are described in this section.

5.2.1 Ti-indiffused channel waveguides

One of the earliest demonstrations of waveguide fabrication on LN consists
of Ti-indiffused waveguides, dating from the early 70s [79, 80]. Since then,
extensive studies have investigated the diffusion dynamics and the resulting
waveguide properties [81]. In this technique, a Ti strip is deposited onto the
crystal, followed by heat treatment at temperatures T ≈ 1100◦C [82, 83], caus-
ing diffusion of Ti ions into the LN crystal, increasing both the extraordinary
and ordinary refractive indices, ne and no, respectively. If the film is com-
pletely depleted during the diffusion process, the resulting refractive index in
the z direction (normal to the interface) assumes a Gaussian profile. The max-
imum increase at the surface is δne(z = 0) ≈ 0.022 and δno(z = 0) ≈ 0.007.
On z-cut crystals, the diffusion is carried out in the -z face, because in the +z
face it can cause domain inversion [82].1

Ti-indiffused channel waveguides present low propagation losses of αloss ≈
0.15 dB/cm [85] and χ(2) is largely preserved. A negative aspect is that Ti-
indiffused waveguides suffer from severe photorefractive damage, even at
wavelengths as long as 0.85 µm, and on both congruent lithium niobate (CLN)
and magnesium-oxide doped lithium niobate (MgLN) [11, 86]. The largest
normalized conversion efficiency demonstrated in Ti-indiffused channel wave-
guides was ηnorm = 21 %/(Wcm2) [87].

1 In fact, this enabled the first experimental observation of QPM SHG in a LN waveguide. It dates
from 1986 [84], in which a QPM grating was fabricated by Ti-indiffusion.
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5.2.2 Zn-indiffused channel waveguides

Zn-indiffused waveguides are fabricated similarly to Ti-indiffused waveguides,
but the fabrication can be performed at slightly lower temperatures T ≈ 900◦

[88]. When carried out in CLN it results in an increase in both ne and no, which
assume a Gaussian profile when the film is depleted. The maximum increase
at the surface is δne(z = 0) ≈ δno(z = 0) ≈ 0.005 [52]. The propagation losses
can be as low as αloss = 0.3 dB/cm, they exhibit very low photorefractive
damage, as opposed to Ti-indiffused waveguides [89], and χ(2) is largely pre-
served [88]. ηnorm = 59 %/(Wcm2) was the largest efficiency demonstrated
in Zn-indiffused channel waveguides [88]. Diamond-blade diced ridge wave-
guides (see Section 5.2.3.3) have also been demonstrated in Zn-indiffused LN,
in which ηnorm = 9 %/(Wcm2) was achieved. The lower efficiency, when
compared to channel waveguides, was attributed to larger scattering losses
[90].

5.2.3 Annealed proton-exchanged waveguides

Proton exchange [91] is an ion-exchange technique in which the crystal is
immersed in a liquid source of hydrogen ions, typically pyrophosphoric acid
[92], toluic acid or benzoic acid [93], promoting the replacement of lithium
ions (Li+) by hydrogen ions, or protons (H+). This replacement causes an
increase in ne up to δne ≈ 0.14, following a step-like refractive-index profile,
and a decrease in no down to δno ≈ −0.06 [94], resulting in proton exchanged
(PE) waveguides that guide a single polarization.

PE leads to a compositional modification referred to as Li1−xHxNbO3, ad-
ditionally to a structural modification from the original crystalline α phase.
Seven different crystalline phases have been identified on PE layers, and each
phase appears as an individual sub-layer which depends on the local compos-
ition x and strongly depends on the fabrication conditions [95]. The resulting
lattice mismatch between the PE layer and substrate induces strain and leads
to a complex situation. As a result, the PE layer presents high propagation
losses and strongly reduced electro-optic and nonlinear coefficients [96, 97].

Subsequent to PE, an annealing step causes the H+ ions to further diffuse in
the crystal lattice, resulting in annealed proton exchanged (APE) waveguides.
The initial step-like refractive-index profile can then evolve to an exponen-
tial profile, and finally to a Gaussian profile with continued annealing [98].
Annealing under proper conditions (time and temperature) can fully restore
the crystal to the α phase [95] and fully, or partially, restore χ(2) [92, 99–101].
When fully annealed to the α phase, the propagation losses are reduced to less
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than αloss = 0.1 dB/cm [102], the surface refractive-index increase is reduced
to δne(z = 0) ≈ 0.02 and the waveguide depth becomes approximately seven
times larger than the depth just after PE [98].

There is strong evidence in the literature, which is also confirmed in the
research presented in Section 7.1, of a nonlinear character of the diffusion
coefficient, D(T) with annealing time [98].

APE waveguides present advantages such as a low processing temperature
T ≈ 250◦C and a fairly high resistance to photorefractive damage [103], how-
ever, they present the drawback of exhibiting an asymmetric refractive index
profile in the z direction, which leads to a poor overlap between the TM00
modes at the fundamental and SH wavelengths.

Variants of PE have been successfully demonstrated, such as soft proton ex-
change (SPE) [104], high-index soft proton exchange [105], vapour-phase pro-
ton exchange [106], and high-vacuum vapour-phase proton exchange [107].
These techniques are attractive because they maintain χ(2) unaffected, how-
ever, very accurate control of the fabrication conditions is required to obtain
reproducible results.

5.2.3.1 Channel waveguides

In order to fabricate PE channel waveguides, a mask is lithographically defined
on the z face of LN, with a strip opening where PE takes place. Subsequently,
the sample is annealed. The largest normalized conversion efficiency demon-
strated in APE channel waveguides was ηnorm = 65 %/(Wcm2) [108], and us-
ing SPE it was ηnorm = 48 %/(Wcm2) [109].

5.2.3.2 Reverse proton exchange

APE waveguides followed by an additional Li-exchange step in a lithium-rich
melt causes H+ to be replaced by Li+ in the top layer of the waveguide, res-
ulting in a more symmetric refractive-index profile, and consequently, a much
improved overlap between the modes of the fundamental and the SH waves.
The waveguides resulting from this process are referred to as reverse proton
exchanged (RPE) on APE lithium niobate waveguides.

Similarly to APE waveguides, RPE waveguides only guide one polarization,
they present low propagation losses, as low as αloss ≈ 0.1 dB/cm [102, 110],
and χ(2) is restored or partially restored. The largest normalized conver-
sion efficiency demonstrated in RPE on APE channel waveguides was ηnorm =
150 %/(Wcm2) [111].
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5.2.3.3 Ridge waveguides

Waveguides with a ridge geometry are attractive for NLO conversion because it
enables stronger optical confinement than channel waveguides, thus allowing
larger conversion efficiencies.

The first ridge waveguide fabricated in LN dates from 1974 [112], fabric-
ated by ion-etching a planar waveguide. Since then, various techniques have
been successfully employed, such as dry etching [113–115], wet etching [116],
femtosecond-laser structuring [117], precise-cutting using a diamond tool [118]
and high-precision diamond-blade dicing. The latter has become a popu-
lar method, since its first demonstration in 2001 [119]. In this technique,
a rotating diamond blade is slowly translated along the crystal, creating a
groove. Two parallel grooves are fabricated, thereby defining a ridge wave-
guide in between them. This method allows the fabrication of very smooth
side walls, with hardly any chipping, leading to propagation losses as low as
αloss ≈ 0.2 dB/cm [120]. Furthermore, this method is very attractive because
it is fast and does not require the use of clean room facilities. This was the
method chosen to produce ridge waveguides in the research presented in this
thesis (see Section 7.1.3).

Diamond-blade dicing has been successfully demonstrated to fabricate ridge
waveguides on PP APE MgLN [120–122], on APE stoichiometric lithium niobate
(SLN) [123], on carbon-ion implanted MgLN [124], on Ti-indiffused LN [125, 126],
on adhered PP MgLN thin films [119, 127, 128], and more recently in LNOI [129],
in which the films were 1 µm thick.

The largest ηnorm demonstrated in APE diced ridge waveguides was ηnorm =
80 %/(Wcm2), achieved in commercial samples from HC Photonics [130].

5.2.4 Thin films

There are two main techniques employed for the fabrication of thin-film wave-
guides on LN. The first technique is based on crystal ion slicing, resulting in
the so-called lithium niobate on insulator (LNOI) (see Section 4.1.1), in which
submicrometer film thicknesses can be achieved with high homogeneity.

In the second technique LN is first bonded to a substrate using either an
adhesive [119] or by direct bonding [128], thereafter the LN crystal is polished
until the desired thickness is achieved [127], resulting in the so-called adhered
waveguides. This method enables the realization of films with thickness as
low as a few micrometers.

Thin-film waveguides exhibit the major advantages of the material proper-
ties being preserved, a large refractive-index contrast between the film and
substrate, and symmetric optical-mode profiles. Particularities of ridge wave-
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guides on LNOI and on adhered thin films are presented in the following sec-
tions.

5.2.4.1 Lithium niobate on insulator ridge waveguides

The commercial availability of LNOI has boosted the development of new
devices, as discussed in Section 4.1.1.

As the waveguide dimensions decrease, the impact of waveguide imperfec-
tions on the optical modes increases, and consequently, fabrication tolerances
become very strict. In particular, propagation losses are typically large, due to
a large electric-field strength at the waveguide sidewalls, and scattering due to
sidewall roughness becomes detrimental as the mode size is reduced and the
overlap with the sidewalls is increased. There has recently been considerable
efforts to improve the sidewall roughness [131–133], leading to a reduction in
the propagation losses to αloss = 0.027 dB/cm [134].

Coupling light in and out of waveguides on LNOI remains a major challenge.
The conventional end-coupling with an optical fibre leads to a coupling effi-
ciency of only ≈ 3 %. Alternative coupling schemes have been successfully
implemented, such as the use of grating couplers, leading to a coupling effi-
ciency of ≈ 45 % [10], the use of a tapered fibre, leading to a coupling effi-
ciency of ≈ 65 % [8], while an inverse taper in addition to a tapered fibre has
lead to a record coupling efficiency of ≈ 68 % [9].

The first demonstration of an outstanding QPM SHG performance in a LNOI

waveguide was in 2018, when a normalized conversion efficiency ηnorm =
2600 %/(Wcm2) was achieved [135]. In the following year, by monitoring
the SH response during the PP process, ηnorm = 4600 %/(Wcm2) was demon-
strated [136], which is the largest reported ηnorm in LN to date.

5.2.4.2 Lithium niobate adhered ridge waveguides

The technique to fabricate adhered thin films requires extremely accurate con-
trol of the polishing step in order to produce homogeneous waveguides. The
highest efficiency ηnorm = 370 %/(Wcm2) [137] was demonstrated on a mul-
timode adhered ridge waveguide fabricated on a 5 mol % Zn-doped LN.

5.2.5 Laser-written waveguides

It is possible to fabricate laser-written waveguides on LN by using either a
continuous wave or pulsed laser beam [93]. With femtosecond-laser illumin-
ation, two different fabrication mechanisms have been identified, both based
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on laser-induced structural modifications in the crystal. The waveguides res-
ulting from the two mechanisms are termed type-I and type-II waveguides.

Type-I waveguides are fabricated by low laser pulse energies (E< 500 nJ, for
x-cut crystals), causing weak damage which increases ne, but does not alter
no. The propagation losses are very high (αloss = 9 dB/cm at 650 nm) and the
waveguides are erased when heated up to T ≈ 150◦C.

Type-II waveguides are fabricated by laser pulses with energy larger than
500 nJ (in x-cut crystals), which cause the crystal lattice to expand from the
laser beam focal region. In this expanded region, both ne and no decrease,
while the induced stress in the surrounding area causes an increase in the
refractive indices, via the elasto-optic effect. In practice, two lines are written,
and the guiding takes place in the region in between. Type-II waveguides
guide weakly, are stable to temperatures up to T ≈ 300◦C, and present re-
latively low propagation losses of αloss = 0.6 dB/cm [138]. Since the guid-
ing takes place in the undamaged region, the materials properties are main-
tained. Type-II waveguides have been demonstrated on PPLN, leading to
ηnorm = 6.5 %/(Wcm2) [138].

5.3 waveguides on ktp and rktp

In this section, waveguide technologies based on ion-exchange in KTP and
RKTP, and laser writting in KTP are briefly discussed. There has been signific-
antly less research studying waveguides in KTP, compared to LN.

Much of the efforts in the late 1980s and 1990s was towards developing blue
light sources via nonlinear processes [4]. For operation at visible wavelengths,
especially at the blue-green region, KTP is a better suited material than LN,
because it is less susceptible to photorefractive effects [11], as well as less
green- and blue-induced infrared absorption [12]. Moreover, KTP enables the
fabrication of short-period QPM gratings, which are required for interactions
in this spectral region (see Section 4.2). Therefore, in this section, SHG at the
blue wavelength region is sometimes mentioned rather than at at 1.55 µm, for
means of comparing the performance of different waveguides.

5.3.1 Ion-exchanged waveguides

Ion exchange can be carried out in KTP or in RKTP to fabricate waveguides,
with univalent ions such as Cs+ , Tl+ or Rb+ used as dopants [15]. As the
K+ ions close to the surface diffuse out of the crystal they leave a K vacancy
behind. These vacancies are negatively charged and electrostatically attract
the dopant ions in the melt, which enter the crystal to counteract the charge
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unbalance. Moreover, pre-existing vacancies also attract dopant ions from
the melt [139]. Rb+, from a RbNO3 melt, is most commonly used, and the
resulting compositional modification is referred to as RbxK1−xTiOPO4.

The ionic conductivity in flux-grown KTP if often not homogeneous over
the wafer. It can vary by as much as 1 order of magnitude along the y dir-
ection [17], due to spatial variation of the vacancy concentration [140]. Con-
sequently, Rb-exchanged waveguides in KTP are often inhomogeneous [82]
and not reproducible.

RKTP, on the other hand, is a more suitable material to fabricate wave-
guides, due to its spatially homogeneous ionic conductivity. Furthermore,
RbxK1−xTiOPO4 shows a much lower ionic conductivity than KTP, as a res-
ult of Rb+ having a larger ionic radius than that of K+. As Rb-exchange
takes place and the concentration of Rb on the crystal surface increases, the
conduction channels (see Section 4.2) become blocked, suppressing further
ion exchange and limiting the achievable depth [15]. A consequence of this
process is that ion exchange in KTP or RKTP does not obey simple diffusion
kinetics.2 Another consequence of the lower ionic conductivity is the diffi-
culty to perform Rb exchange in RKTP, making it very challenging to fabricate
waveguides in this material. A positive aspect from the larger Rb+ ions being
less mobile in the RKTP lattice is that Rb-exchanged waveguides in RKTP are
much more stable than those made in KTP, in which the Rb+ ions diffuse over
time when the waveguide is operated at high optical powers [140], degrading
its performance.

Divalent ions such as Ba2+ or Sr2+ can be added to the melt in order to
increase the ion-exchange rate. The most common is Ba2+ from Ba(NO3)2,
which initially replaces a monovalent K+ ion, generating a K vacancy due to
charge compensation. The increase in the K-vacancy concentration increases
the ionic conductivity, thus increases the ion-exchange rate for Rb+ [141]. Ap-
proximately a 5 % concentration of Ba+ can be incorporated in the crystal
lattice without changing the crystal’s structure or its optical properties sig-
nificantly [141]. However, a larger Rb concentration enabled by the divalent
ions in the melt increases the strain in the crystal, which can lead to domain
reversal [142, 143], deteriorating the domain grating in PP crystals. To avoid
this effect, K+ ions can be added to the melt to reduce the maximum Rb
concentration in the crystal [139].

Ion diffusion in KTP is highly anisotropic, the diffusion coefficient is several
orders of magnitude larger in the z direction than in the x and y directions [16]
due to the open channels present in the crystal structure in the z direction (see
Section 4.2). Moreover, the diffusion coefficient is larger in the -z direction

2 This issue was noted already in the first publication concerning waveguides in KTP [15].
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than in the +z direction [15]. Ion diffusion causes both ne and no to increase,
which assume an error-function profile. The increase in the surface refractive
index is up to δno(z = 0) ≈ δne(z = 0) ≈ 0.024 in the +z direction [15].

There are no prior studies that have systematically investigated the ion-
exchange dynamics in RKTP. In Paper I, Rb-exchanged waveguides in PPRKTP

were fabricated, in which the effective refractive index at 853 µm was meas-
ured to be approximately 6.8× 10−4 larger than the substrate ne, indicating
that δne(z = 0) is quite small.

In KTP and RKTP, in contrast to LN, ion-exchange does not deteriorate χ(2).
However, the temperature increase during ion exchange can result in ferroelec-
tric domain reversal when the domain walls are initially charged [139, 144].
This is the case when the domain walls are tilted (non-parallel to the polar
axis). Tilted domains are normally a consequence of the domains not having
propagated fully through the crystal, or having broadened during periodic
poling [139].

5.3.1.1 Segmented waveguides

Segmented waveguides in KTP are fabricated by lithographically defining rect-
angular openings along a channel, where ion exchange takes place. It has
been shown that Rb/Ba ion exchange in z-cut KTP can result in domain re-
versal, thus simultaneously fabricating a QPM structure [143]. A normalized
conversion efficiency ηnorm = 84 %/(Wcm2) with the SH wavelength in the
blue region has been demonstrated [145].

5.3.1.2 Channel waveguides

In channel waveguides in KTP, a normalized conversion efficiency as large
as ηnorm = 400 %/(Wcm2) has been reported [46], for blue light generated
via QPM SHG. In RKTP, ηnorm = 115 %/(Wcm2) has been demonstrated for
SHG at 470 nm in channel waveguides [139]. The smaller value results from
the difficulty in performing Rb-exchange in RKTP, which limits the refractive
index increase and results in weakly-confining waveguides.

5.3.1.3 Ridge waveguides

Diamond-blade diced ridge waveguides in both KTP and RKTP have been suc-
cessfully fabricated. In Rb-exchanged PPKTP, type-II QPM SHG at 396 nm was
reported with ηnorm = 6.6 %/(Wcm2) [146], in which an upper limit for the
propagation losses was estimated as αloss = 6 dB cm−1. Birefringent type-II
phase matching has also been reported, in this case on diced ridge waveguides



5.3 waveguides on ktp and rktp 43

on adhered KTP thin films. In this case, an absolute efficiency η = 3.4% and es-
timated propagation losses αloss = 0.6 dB cm−1 were demonstrated [147], with
the fundamental wavelength of ≈ 1 µm. In waveguides fabricated by carbon-
ion implantation followed by dicing, birefringent phase matching for SHG with
the fundamental wavelength of ≈ 1 µm resulted in ηnorm = 1.12 %/(Wcm2)
and αloss ≈ 1.5 dB cm−1 [148].

In RKTP, type-0 SHG with fundamental wavelength 934 nm has been repor-
ted by the Laser Physics group at KTH (Paper I), with ηnorm = 31 %/(Wcm2)
as an upper limit. Since the waveguides fabricated in this work showed non-
negligible scattering losses, the fundamental power at the output of the wave-
guide was used for the calculation of ηnorm, therefore, this result corresponds
to an upper limit.

5.3.2 Laser-written waveguides

The use of a femtosecond laser to fabricate type-II waveguides in KTP has
been reported, similarly to the description in Section 5.2.5. Birefringent phase
matching was then demonstrated with the fundamental wavelength of ≈
1 µm, leading to ηnorm = 9.1 %/(Wcm2) [149].

Laser-written waveguides have also been reported in RKTP, where type-0
QPM SHG with the fundamental wavelength of 940 nm was demonstrated with
ηnorm = 4.6 %/(Wcm2) [150]. This work showed relatively low propagation
losses of αloss = 0.8 dB/cm, measured at 633 nm.





6
WAV E G U I D E S I M U L AT I O N S

Some of the waveguide types presented in Chapter 5 have been modelled,
with the goal of simulating their performance for second-harmonic genera-
tion (SHG). The simulation constraints are presented in Section 6.1 and the
simulation results are presented in Sections ??. Finally, the simulation res-
ults are discussed in Section 6.5, in which a comparison between the different
waveguide technologies is presented, where the advantages and limitations
of each of them are highlighted. This comparison is based on the simulation
results presented in this chapter and on the literature review presented in
Chapter 5.

6.1 simulation constraints

Ion-exchanged waveguides on lithium niobate (LN) and potassium titanyl
phosphate (KTP), and ridge waveguides on lithium niobate on insulator (LNOI)
have been simulated. The simulations were performed using the finite-element
analysis platform COMSOL, and the details for each case are described in each
corresponding sections.

The calculations were performed for type-0 quasi-phase matching (QPM)
with TM polarization on z-cut congruent lithium niobate (CLN) and KTP, thus
exploiting the strongest nonlinear coefficient d33. Furthermore, only single-
mode waveguides at 1.55 µm were considered. The waveguides lateral and
vertical directions are y and z, respectively, and light propagates along the
x direction. Given these considerations, the waveguides cross sections were
modelled, and the resulting transverse mode profiles TM00 at the fundamental
and SH wavelengths of 1.55 µm and 775 nm, respectively, were used to calcu-
late the overlap area Aovl using Eq. 3.20 and Eq. 3.21, with the integral limits
extended to infinity. The effective refractive indices of the fundamental and SH

waveguide modes, Nω and N2ω, respectively, as well as Aovl were then used
to calculate ηnorm.

Additionally, the coupling efficiency between the waveguide TM00 mode at
1.55 µm to a single-mode optical fibre was calculated via the overlap integral.
For this, it was considered that the fibre was end-coupled to the waveguide, i.e,
there was zero distance between the fibre and the waveguide, such that there
was no beam divergence. Moreover, the fibre position on the yz plane was
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such that the maximum intensity of its mode coincided with the maximum
intensity of the waveguide mode.

In all the simulations presented in this chapter, the extraordinary refractive
index, ne, was considered to linearly depend on the ion concentration pro-
file C(y, z). Furthermore, the extraordinary refractive-index increase on the
surface, δne(z = 0) always assumed the maximum values reported in the
literature (see Chapter 6).

6.2 ion-exchanged waveguides on lithium niobate

6.2.1 Ti-indiffused channel waveguides

The simulations were carried out considering diffusion of Ti ions into LN at a
fixed temperature T = 1000◦C, for which the diffusion coefficients are Dy =
0.37 µm h−1 and Dz = 0.29 µm h−1 [82]. Ion indiffusion from a strip results in
a Gaussian ne(z) profile (Eq. 5.4) and an error function ne(y) profile (Eq. 5.7)
(see Section 5.1). Using the refractive-index profiles calculated for different
diffusion times t and strip width b, the dependence of the TM00 modes at the
fundamental (1.55 µm) and SH (750 nm) wavelengths on t and b were obtained.

A fixed value of δne(z = 0) = 0.022 [151] was considered, which can be
experimentally implemented by adjusting the strip thickness as the diffusion
time is varied. An example of a simulated waveguide as well as the simulated
TM00 modes at the fundamental and SH wavelengths are shown in Fig. 6.1a,
and the simulations results are shown in Fig. 6.2a. The results are expressed
in terms of the waveguide’s width w and depth d, which result from the ion-
exchange process.

6.2.2 Zn-indiffused channel waveguides

The simulation of Zn-indiffused waveguides was performed in a simplified
fashion, by directly varying the waveguide width w and depth d. ne(z) is
described by the Gaussian function in Eq. 5.4, and ne(y) by the error function
in Eq. 5.7, and a fixed value for δne(z = 0) = 0.005 was considered. An
example of a simulated waveguide is shown in Fig. 6.1b, and the simulations
results are shown in Fig. 6.2b.

6.2.3 Annealed proton exchanged

For the simulation of APE waveguides, it was considered that δne(z = 0) =
0.02, which corresponds to a fully annealed sample in which its crystal phase
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was restored to the α phase (see Section 5.2.3). Two geometries were con-
sidered in the following sections, namely, a channel and a ridge waveguide.

6.2.3.1 Channel waveguides

An initial PE layer with width b and thickness h was considered, such that b�h,
in a semi-infinite substrate. Upon annealing, the solution of the diffusion
equation is a Gaussian function in the z direction [152], according to Eq. 5.4,
and an error function in the y direction, according to Eq. 5.7. An example of
a simulated waveguide is shown in Fig. 6.1c, and the simulations results are
shown in Fig. 6.2c.

6.2.3.2 Reverse proton exchange

In the simulations, the same ne(z) and ne(y) were considered as for the APE

waveguides, i.e., the Gaussian profile of Eq. 5.4 in the z direction, and the error
function of Eq. 5.7 in the y direction, but buried below the crystal surface at
a depth of a few µm, where δne = 0.02. The waveguide d and w were varied,
and an example of a simulated waveguide is shown in Fig. 6.1d, and the
simulations results are shown in Fig. 6.2d.

6.2.3.3 Ridge waveguides

To simulate ridge waveguide, it was considered that ne(z) is described by the
Gaussian function in Eq. 5.4, with no dependence on the y coordinate, while
the waveguide d and w were varied. An example of a simulated waveguide is
shown in Fig. 6.3a, and the simulations results are shown in Fig. 6.4a.
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(a) Ti-indiffused channel waveguide, with w = 9.5 µm and d = 2.4 µm.
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(c) Annealed proton exchanged channel waveguide, with w = 10 µm and d = 2.5 µm.
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(d) Reverse proton exchange on annealed proton exchanged channel waveguide, with w = 6 µm
and d = 1.5 µm.

Figure 6.1: Illustration of the cross section of different channel waveguides in LN

and the resulting simulated mode profiles at the fundamental and second-
harmonic wavelengths. The width (w) and depth (d) considered in each
example are indicated.
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(c) Annealed proton exchanged channel waveguides.
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Figure 6.2: Calculation of overlap area between TM00 modes at the fundamental
and second-harmonic wavelengths (left), normalized conversion efficiency
(middle), and coupling efficiency between TM00 mode at fundamental
wavelength and a single-mode optical fibre (right). The calculations con-
cern different channel waveguides in LN.
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6.3 lithium niobate on insulator ridge waveguides

A typical LNOI ridge waveguide was considered for the simulations, in which
the substrate is SiO2. An example of a LNOI ridge waveguide is shown in
Fig. 6.3b, and the simulations results are shown in Fig. 6.4b.
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(b) Lithium niobate on insulator ridge waveguide, with w = 0.7 µm and d = 0.7 µm.

Figure 6.3: Illustration of the cross section of ridge waveguides in (a) annealed proton-
exchanged LN and (b) LNOI, and the resulting simulated mode profiles at
the fundamental and second-harmonic wavelengths. The values of width
(w) and depth (d) considered in each example are indicated.
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Figure 6.4: Simulation of overlap area between TM00 modes at fundamental and
second harmonic wavelengths (left), normalized conversion efficiency
(middle), and coupling efficiency between TM00 mode at fundamental
wavelength and a single-mode optical fibre (right), calculated for (a), while
for (b) this is not an appropriate coupling method. The simulations concern
different ridge waveguides on lithium niobate.
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6.4 ion-exchanged waveguides on ktp

6.4.1 Channel waveguides

The simulations made use of a simplified diffusion model with a constant
diffusion coefficient D(T). This simplification allows us to obtain approximate
solutions for the mode profiles. It was considered that ne(z) is described by
the error function of Eq. 5.6, with δne(z = 0) = 0.02 [16]. Diffusion along y is
negligible, as the ionic conductivity in the y direction is orders of magnitude
lower than in the z direction (see Section 4.2). A simulated waveguide is
shown in Fig. 6.5a, and the simulation results are shown in Fig. 6.6a.

6.4.2 Ridge waveguides

The simulation of ridge waveguides on KTP was carried out considering that
ne(z) is described by the error function of Eq. 5.6, with δne(z = 0) = 0.02 [16],
and ne is independent of y. An example of a simulated waveguide is shown
in Fig. 6.5b, and the simulation results are shown in Fig. 6.6b.
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Figure 6.5: Illustration of the cross section of different waveguides in KTP and the res-
ulting simulated mode profiles at the fundamental and second-harmonic
wavelengths. The values of width (w) and depth (d) are indicated.
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Figure 6.6: Calculation of overlap area between TM00 modes at the fundamental
and second-harmonic wavelengths (left), normalized conversion efficiency
(middle), and coupling efficiency between TM00 mode at fundamental
wavelength and a single-mode optical fibre (right). The calculations con-
cern different waveguides in KTP.

6.5 comparison

A summary of the refractive-index profiles and maximum refractive-index in-
crease at the surface, δne(z = 0), used in the simulations is shown in Table 6.1.

In the following, the presented comparison is simplified, in the sense that
it assumed that χ(2) was completely preserved and that propagation losses
were negligible. However, these two assumptions are not always appropriate,
as is discussed in detail in the individual descriptions of each waveguide type
in Sections 5.2 and 5.3. In the simulations, it was also assumed that the elec-
tric field of the guided modes (at the fundamental and SH waves) outside the
waveguide region is negligible. This assumption enables the calculation of
Iovl with the integration limits in Eq. 3.21 extended to infinity. This assump-
tion is a good approximation for the ion-exchanged waveguides considered
in the simulations, however, is less appropriate for LNOI waveguides. In LNOI

waveguides, the optical fields become less confined to the guiding region as
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Table 6.1: Summary of the simulation parameters. ∗A symmetric Gaussian profile,
with the maximum buried rather than on the surface. †Considering the
refractive-index contrast between LN and the substrate, SiO2.

waveguide type profile of profile of δne(z = 0)

ne(z) ne(y)

Ti-indiffused LN, channel Gaussian erfc 0.022

Zn-indiffused LN, channel Gaussian erfc 0.005

APE LN, channel Gaussian erfc 0.02

RPE on APE LN, channel Gaussian∗ erfc 0.02
∗

APE LN, ridge Gaussian uniform 0.02

LNOI, ridge uniform uniform 0.75
†

Rb-indiffused KTP, channel erfc uniform 0.02

Rb-indiffused KTP, ridge erfc uniform 0.02

the waveguides’ dimensions are decreased, leading to an overestimation of
the calculated ηnorm [136].

The results in Fig. 6.2 and Fig. 6.6 illustrate that, under certain conditions
for the waveguide geometry, Aovl decreases as the dimensions increase. This
counter-intuitive behaviour is present for all the channel waveguides based
on ion-diffusion. This effect is due to weak mode confinement of small wave-
guides, such that as their dimensions are increased, the provide a stronger
mode confinement, thereby decreasing the overlap area. This effect is not
present in any of the ridge waveguides, given that the refractive index con-
trast with air is always strong. Nevertheless, for LNOI ridge waveguides, Aovl
is larger for small depths, due to the weaker mode confinement as the dimen-
sions approach the lower limit for confining the mode.

From Eq. 3.19, it is evident that ηnorm increases with decreasing Aovl. This
is indicated by the red line in Fig. 6.7, calculated for QPM SHG in LN wave-
guides, using d33, and with fundamental wavelength of 1.55 µm. In the plot,
the results are only approximate for the smaller values of Aovl, since the ef-
fective refractive index varies significantly in this situation. The values of Aovl
calculated for the different waveguide technologies are also shown in Fig. 6.7,
where the Aovl ranges were extracted from Figs. 6.2, 6.4 and 6.6. Here, the
width of each block correspond to Aovl, while their height was chosen to im-
prove the visualization of Aovl. The lower bound of each range can of course
be decreased, by reducing δne(z = 0). The range of values of Aovl achieve
with each waveguide technology is a result of how strong the mode confine-
ment is, and of how good the overlap between the transverse-mode profiles
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Figure 6.7: Normalized conversion efficiency for quasi-phase-matched SHG with funda-
mental wavelength of 1.55 µm in single-mode LN waveguides, as a function
of Aovl (red line, according to Eq. 3.19). The calculated range of Aovl for
each type of of single-mode LN waveguide is shown.

at the fundamental and SH wavelengths is. The results in Fig. 6.7 evidence
the advantage of ridge waveguides in comparison to channel waveguides, in
terms of mode confinement. They also indicate the improved mode overlap
obtained with RPE on APE channel waveguides, due to a symmetric refractive-
index profile in the z direction.

Figure. 6.8 displays the efficiency values extracted from Figs. 6.1, 6.2 and 6.6.
The calculated values of ηnorm achieved with the different types of waveguides
are shown in Fig. 6.8a (solid fill), and the tremendous enhancement achievable
with LNOI waveguides is clear.

The values of ηnorm multiplied by the coupling efficiencies between the
TM00 mode at 1.55 µm and a single-mode optical fibre are also displayed
in Fig. 6.8a (patterned fill). This multiplication is not done for LNOI ridge
waveguides, for which end-coupling with a fibre is not appropriate. For SHG,
this product corresponds to an input-coupling efficiency, with fundamental
wavelength of 1.55 µm. The overall efficiency of the device consists on a mul-
tiplication of the input-coupling efficiency, ηnorm and an output-coupling ef-
ficiency. In many applications, a low value of ηnorm can be compensated by
increasing the power of the fundamental field.
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For SPDC with generated photons at 1.55 µm, the multiplication displayed
in Fig 6.8a corresponds to an output-coupling efficiency, when an optical fibre
is used to collect the generated photons. For applications in quantum inform-
ation technology, for instance when the device is an entangled-photon-pair
source based on SPDC, then ηnorm and the coupling efficiency should be con-
sidered separately. In this case, the output-coupling efficiencies are a limiting
factor for the technological application of these devices, often preventing them
from reaching the efficiency levels achieved with bulk optics [5].

The record experimental values of ηnorm reported in the literature are in-
cluded in Fig. 6.8b, for waveguides on LN.1 Overall, the results indicate that
the device performances generally remain below the theoretical values, with
the exception of Zn-indiffused channel waveguides in LN. The maximum cal-
culated value for ηnorm in Zn-indiffused channel waveguides in LN is below
the maximum value demonstrated experimentally. This is most likely due
to the fact that in ref. [88] the fabrication conditions lead to a larger δne
than what was considered in the simulations. Regarding the LNOI ridge wave-
guides, the indicated record value was achieved by using a lensed fibre for
coupling [136].

The difference between the theoretically calculated efficiencies and the of-
ten lower experimental results are due to different technological difficulties,
which have not yet been fully solved, such as combining periodic-poling tech-
nology with waveguide fabrication technologies, large propagation losses (in
the case of ridge waveguides), inhomogeneities in the waveguide dimensions
and inhomogeneities in the QPM structure.

The results in Fig. 6.8a indicate that waveguides on KTP present very prom-
ising efficiencies, once the challenges associated with the waveguide fabrica-
tion are overcome. Their excellent performance is mainly due to the negligible
diffusion along the y direction, when compared to the diffusion along the z
direction. The resulting refractive-index profile contributes to a stronger mode
confinement, and also to an improved coupling efficiency with an optical fibre.
When comparing the simulated values of ηnorm on ridge waveguides on APE

LN and on Rb-exchanged KTP, the values are slightly larger for the latter, even
though d33 in LN is almost twice as large than d33 in KTP (see Chapter 4). This
result indicates that ne(z) according to an error function leads to improved
efficiencies, when compared to ne(z) according to a Gaussian function.

The results presented in this chapter call attention to the fact that there
is still space for future technical improvements of waveguides used for NLO

interactions.

1 To my knowledge, waveguides on KTP have not been exploited for SHG with fundamental
wavelength at 1.55 µm.
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Figure 6.8: (a) Normalized conversion efficiency (solid fill) for SHG with fundamental
wavelength of 1.55 µm for different types of single-mode waveguides, on
lithium niobate and on KTP. The patterned fill corresponds to the calculated
normalized conversion efficiency multiplied by the coupling efficiency to a
single-mode optical fibre. (b) The record value of the normalized conver-
sion efficiency reported in the literature is additionally displayed, for each
waveguide type on LN.
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I M P L E M E N TAT I O N O F R I D G E WAV E G U I D E S

The fabrication steps to produce ridge waveguides on lithium niobate (LN)
and on periodically-poled (PP) rubidium-doped potassium titanyl phosphate
(RKTP) are discussed in this chapter. Section 7.1 contains the fabrication de-
tails, refractive index profiling and propagation loss measurements in LN. Sec-
tion 7.2 contains the fabrication details, modal refractive index measurements
and second-harmonic generation (SHG) characterization in PP RKTP (Paper I).

7.1 ridge waveguides on lithium niobate

The fabrication steps on z-cut congruent lithium niobate (CLN) consists of pro-
ton exchange, annealing, and diamond-blade dicing ridge waveguides, as il-
lustrated in Fig. 7.1. Each step is described in detail in the following sections.

Li+H+

proton exchange

LiNbO3

z

n(z)

annealing dicing 

z

n(z)

z

n(z)

Figure 7.1: Illustration of the fabrication steps resulting in ridge waveguides on lithium
niobate. The refractive-index profile n(z) after each step is illustrated.

7.1.1 Fabrication of planar waveguides

Proton exchange in LN increases its extraordinary refractive index, ne, thereby
creating a planar waveguide with a step-like refractive index profile, as dis-
cussed in detail in Chapter 5. This process is very well documented in the
literature, and the fabrication parameters used here are based on [153].

Firstly, a 3-inch, z-cut, 0.5 mm thick congruent lithium niobate (CLN) wafer
from Crystal Technology was cut into samples with dimensions 15 mm×10 mm
(x, y), and their end faces were subsequently polished. The samples were then
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PE in molten benzoic acid at a fixed temperature T = 220◦C. The duration of
the proton-exchange step was varied for different samples.

The depth of the resulting PE layer, for each ion-exchange duration, was
characterized by the standard prism-coupling technique [154]. This method
was implemented by in-coupling light at 633 nm to each planar waveguide
using a ×10 microscope objective lens, and out-coupling by use of a rutile
prism. Each waveguide supports m optical modes, each mode with a distinct
effective refractive index Neff, thus each mode is out-coupled at a different
angle. By measuring the outcoupling angle, the corresponding Neff is calcu-
lated using basic geometry and ray-optics. The result of this measurement
is a set of m values of Neff for each waveguide. By analysing each set using
the dispersion equation (Eq. 2.1), the depth d and refractive index nf of each
waveguide was determined [154]. The linear dependence of d on the square
root of the diffusion time is displayed in Fig 7.2a, this is well described by the
model in [153]. All the data sets of Neff are displayed in Fig. 7.2b, as function
of the calculated d for each waveguide. The solid lines show the dispersion
curves for each mode m (calculated using Eq. 2.1).

The resulting average extraordinary refractive-index increase was δne ≈
0.12, which is in good agreement with the literature value [94]. The displayed
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Figure 7.2: (a) Linear dependence of the measured PE waveguide depth d on the square
root of the diffusion time, is consistent with the literature (solid line) [153].
(b) Measured effective refractive indices as a function of the calculated val-
ues of waveguide depth, and calculated dispersion curves for several mth-
order modes.
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data in Fig. 7.1.1 corresponds to measurements on the +z face, and no signi-
ficant difference was observed for diffusion in the −z face.

Subsequently, the annealing step was characterized. Upon annealing, ne(z)
evolves to a Gaussian function, given in Eq. 5.4, as explained in detail in
Chapter 5. A sample that had been PE for 45 min was annealed at a fixed
temperature T = 330◦C in subsequent steps of varying duration. The prism-
coupling technique was again used to measure Neff of the different modes
after each annealing step, and the measured values were used to reconstruct
the refractive-index profile using the inverse Wentzel-Kramer-Brillouin (WKB)
method [155]. The numerical implementation of the method followed the
description in [156], and the results are displayed in Fig 7.3.

Knowledge of ne(z) is of crucial importance for the design of fully annealed,
single-mode waveguides. The inverse-WKB method enables the estimation of
the refractive index increase at the surface, δne(z = 0), which is δne(z = 0) ≈
0.02 for an optimally annealed sample [96], i.e, restored to α-phase. The results
shown in Fig. 7.3 indicate that a linear diffusion model [152] is not suitable to
describe the diffusion process in CLN, because such a model predicts that an
annealing time of 11 h is enough to fully restore this sample to α-phase. The
diffusion process is better described by the empirical concentration-dependent
diffusion model proposed in [98]. According to this model, an annealing time
of 35.7 h is required, which is consistent with the data shown in Fig. 7.3.

δ
n
e

total annealing 
time (hours)

Figure 7.3: Refractive index profile of an annealed-proton-exchanged planar wave-
guide in lithium niobate, after several annealing steps. The profile was
measured with the prism-coupling technique and calculated with the
inverse-WKB method. The displayed data is the extraordinary refractive
index increase as a function of the vertical position in the crystal, where
z = 0 is its surface.
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7.1.2 Fabrication of ridge waveguides

Ridge waveguides were defined on the APE LN planar waveguides, by precise
diamond-blade dicing. The optimal dicing parameters depend on a variety of
factors, such as blade composition, rotation and translation speed, the cooling
system while dicing and on the crystal itself. Furthermore, the dicing results
also depend on the dicing saw model, blade dimensions, cut height, and how
the sample is mounted.

The best results were achieved using dicing saw DISCO Corp. DFD 640

with blade type P1A863SD6000N100BR50. After a systematic investigation it
was found that the most appropriate parameters for LN were rotation speed
30 000 rpm and translation speed 0.1 mm s−1. The samples were mounted in
two steps: first onto a microscope slide using wax (Aremco Crystalbond 509)
and dummy samples were added on the edges of the crystals. They were
levelled to match the height of the sample, in order to avoid tapering of the
waveguides’ widths. The second step was to mount the microscope slide to
a dicing tape (Nitto ELP UE-2091J), which was attached to a standard metal
ring for the dicing saw.

A cut height in the range ≈ 20 µm to ≈ 50 µm resulted in smooth cuts with
hardly any chipping, and a negligible width variation along the waveguide’s
lengths. Waveguides with widths as small as w ≈ 2 µm were fabricated. Typ-
ical waveguides are shown in Fig. 7.4, where top and side views are displayed.

The cleaning step after dicing is crucial, due to contamination most likely
from the water in the cooling system, during the dicing step. The ridge wave-
guides are very fragile and do not withstand an ultrasonic bath, instead, it was
found that that leaving the sample in a stirring bath of acetone for ≈ 3 hours

(a) (b)

Figure 7.4: Top (a) and side (b) views of typical diced ridge waveguides on ion-
exchanged lithium niobate, imaged using an optical microscope.
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followed by a a stirring bath of a surface-active cleaning agent (Decon) for ≈ 3
hours cleaned the sample to a satisfactory level. At this stage, the inspection
of the waveguides was carried out visually using an optical microscope.

7.1.3 Characterization of propagation losses

The propagation losses at 1.55 µm were measured using the Fabry-Pérot in-
terferometric method [157], which is a non-destructive method appropriate
for low-loss waveguides. This method relies on the waveguides behaving as
Fabry-Pérot resonators, which is the case due to Fresnel reflection at their end
faces.

The transmitted intensity, Itrans, through a Fabry-Pérot resonator with losses
is given by the Airy distribution [157]:

Itrans =
T2e−αloss`

(1− R̃)2 + 4R̃sin2(φ)
I0η, (7.1)

where
T end-face transmissivity

αloss propagation losses

` crystal length

I0 intensity of incident light

η coupling efficiency to the waveguide mode

φ single-pass phase shift between the waveguide’s end faces

R̃ combined loss-reflection factor

The single-pass phase shift is calculated as φ = 2πNeff`/λ, where λ is the
wavelength in free space. The combined loss-reflection factor is the parameter
determined experimentally, and is defined as R̃ = Re−αloss`, where R is the
reflectivity, i.e, the square root of the product of the Fresnel reflectivities at the
two end faces of the waveguide. R̃ is determined by measuring the contrast K
of the interference pattern, and is given by:

K =
Imax − Imin

Imax + Imin
, (7.2)

where Imax and Imin are the maximum and minimum values of the measured
Itrans, respectively. The contrast is a function of R̃ alone, such that:

R̃ =
1
K
(1−

√
1− K2). (7.3)
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Considering that the Fresnel reflectivities of the end faces are known (which
is granted by the knowledge of Neff), the calculation of αloss is thus straight-
forward when the method is employed in single-mode waveguides.

Laser light from a tunable narrow-linewidth semiconductor laser (Santec
TSL-220) was coupled to each waveguide using an optical fibre, and Itrans was
measured while the laser wavelength was scanned. The transmitted light was
collected using a ×20 microscope objective lens and an aperture was used
to eliminate background light, and measured by a Germanium photodiode
(Thorlabs S122C).

If the fibre is positioned perpendicularly to the sample, a parasitic air cavity
is formed, which perturbs the contrast measurement and leads to an incorrect
assessment of αloss [158]. In order to avoid it, the fibre was positioned at a
large angle of ≈ 10◦, as shown in Fig. 7.5a. A typical measurement is shown
in Fig. 7.5b, here the method was employed to investigate a waveguide with
width 4.8 µm after PE for 45 min and annealing for 17.7 h.

Several ridge waveguides were prepared with different width values on a
sample that had been PE for 45 min and annealed for 11 h. If the linear diffu-
sion model was correct, this would be the required annealing time to restore
the crystal to the α phase. The measurement of αloss was carried out in each
waveguide, and repeated five times with a slightly different alignment each
time, from which the standard error of the mean was calculated. Subsequently,
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Figure 7.5: (a) Top view of fibre-coupling to a waveguide, viewed using a stereo micro-
scope. (b) Typical transmission curve measured for assessing the propaga-
tion losses using the Fabry-Pérot interferometric method.
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the sample was further annealed to achieve a total annealing time of 17.7 h,
and the measurements were repeated. A final annealing step was carried out,
resulting in a total annealing time of 35.7 h, which is the required annealing
time according to the concentration-dependent diffusion model in [98] and
also according to the data shown in Fig. 7.3. New ridge waveguides were
then prepared in this sample, with larger width values, and αloss was meas-
ured. The measured dependence of αloss on the waveguide width is displayed
in Fig. 7.6a, for all three different annealing times.

Two interesting features can be observed in Fig. 7.6a. Firstly, for each of the
three annealing times, the value of αloss is larger for smaller widths, due to a
larger overlap of the optical mode with the waveguide side walls, which are
a source of scattering due to their surface roughness. As the width increases,
αloss reaches a minimum value and then increases again. This increase is a
result of higher-order modes which are supported by waveguides with larger
widths, and higher-order modes are intrinsically more lossy. Additionally, the
Fabry-Pérot technique leads to an overestimation of the propagation losses
when employed in multimode waveguides [159]. Secondly, comparing the
minimum value of αloss measured for each annealing time, it is lowest for

total annealing time
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Figure 7.6: (a) Measured propagation losses in diced ridge waveguides, as a function
of their widths. The displayed data corresponds to three distinct annealing
times. (b) Mode imaging of waveguides with different widths measured
after three different annealing times.
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the largest annealing time, again validating the diffusion model in [98]. The
lowest measured value was αloss = (0.27± 0.07)dB/cm, which is comparable
to the state of the art value (αloss = 0.2 dB/cm) for diced ridge waveguides in
LN reported in the literature [123, 125].

After each annealing step, the evolution of the mode profile was verified
by imaging it by coupling light at 1.55 µm with the use of a ×25 microscope
objective lens and an IR camera (Ikegami Tsushinki ITC-510). Figure 7.6b
shows mode profiles for three waveguides with different widths. It illustrates
that the profile elongates in the z direction as the annealing time is increased,
and that, for the largest annealing time, the waveguide with width w = 3.5 µm
does not guide light at 1.55 µm any longer. It is not possible to determine if
the waveguide is single mode or multimode by mode imaging, given that the
image is a superposition of the stronger TM00 and higher order modes.

Having optimized the design of low-loss, α-phase, single-mode waveguides
at 1.55 µm, future research involves the implementation of these fabrication
steps on periodically poled LN, for high-efficiency SHG via QPM.

7.2 ridge waveguides on rktp

The fabrication steps to produce ridge waveguides on z-cut rubidium-doped
potassium titanyl phosphate (RKTP) consist of periodic poling, ion exchange
and precise diamond-blade dicing, as illustrated in Fig. 7.7. Each step is de-
scribed in the following sections, and further details can be found in Paper 1.

Rb+

K+

periodic poling  

RKTP

ion exchange

planar waveguide

dicing 

Figure 7.7: Illustration of the fabrication steps to produce ridge waveguides on
periodically-poled RKTP.

7.2.1 Periodic poling

A flux grown, z-cut, 0.3 % Rb-doped RKTP sample of dimensions 10 mm×5 mm
×1 mm (x, y, z) was periodically poled with period Λ = 5.82 mm over an
8 mm×4 mm area by the standard electric-field periodic poling technique [160]
(see Section 4.3). This period corresponds to a first order (m = 1) QPM grating.
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Afterwards, the sample was selectively etched in a KOH-KNO3 solution to
reveal the domain structure.

The sample was tested for QPM SHG using a continuous-wave (CW) Ti-Sap-
phire laser, focused in the crystal with optimum focusing parameters [47]. The
sample was found to be well-poled with a normalized conversion efficiency
of ηnorm = 1.8 %/(Wcm) at a fundamental wavelength of 933.8 nm, at room
temperature. The value is in close agreement with what is expected from a
first-order QPM grating with 50 % duty-cycle.1

7.2.2 Fabrication of planar waveguides

Ion-exchange was carried out by immersing the sample in a RbNO3 melt
for 2.5 h at 345◦C. This resulted in a planar waveguide that guides a single
mode at 930 µm. Rb+ ions diffuse into the crystal through the z-faces, thereby
replacing out-diffusing K+ ions during the ion-exchange, resulting in a Rb-
concentration and refractive index profile following an error function (see Sec-
tion 5.3.1).

Subsequently, the planar waveguide was characterized by the prism coup-
ling technique (see Section 7.1.1) at blue (457 nm), red (633 nm) and near-IR
(853 nm) wavelengths. Two modes was observed in the blue, while the wave-
guide guided only one mode in the red and near-IR. The measurement results
are shown in Fig 7.8, together with the substrate refractive indices, calculated
using the Sellmeier equations [161].

The inverse-WKB method could not be employed in a meaningful way,
given that only a maximum of two modes was supported by this waveguide.
Nevertheless, from the measurements shown in Fig. 7.8, the difference between
Neff of the fundamental-transverse mode TM0 and the refractive index of the
substrate was calculated to be ≈ 6.8 × 10−4 in the near-IR, and this is an
indicative of the order of magnitude of δne(z = 0) due to ion-exchange.

The ion-exchange in RKTP was slower and δne(z = 0) was considerably
lower than what is obtained for regular flux-grown, undoped KTP using the
same exchange conditions. This is attributed to the fact that the crystal already
contains a small amount of Rb in the relatively open channels which are along
the z-direction of these crystals (see Section 4.2). These ions partly block
additional diffusion, as discussed in detail in Section 5.3.1.

Finally, the crystal was selectively etched again, and it was confirmed that
no alteration happened in the domain structure due to the ion-exchange pro-
cess.

1 The periodic-poling step and bulk characterization were performed by my colleagues in the Laser
Physics group at KTH.
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Figure 7.8: Measurement of the effective refractive index Neff in a planar waveguide in
RKTP, at three different wavelengths (circles). The substrate refractive index
at each wavelength is indicated (crosses), illustrating that the difference
between Neff and the substrate values is small. The difference is larger at
shorter wavelengths.

7.2.3 Fabrication of ridge waveguides

Several ridge waveguides with widths from 8 µm to 12 µm were fabricated on
the z-face of the PP RKTP sample by diamond-blade dicing using a dicing saw
(DISCO Corp. DFD 640), and blade model P1A863 SD6000N100BR50, with
dicing parameters 30 000 rpm and 0.25 mm s−1.

An example of a diced waveguide is shown in Fig. 7.9, where Fig. 7.9a
shows one of the end faces and Fig. 7.9b shows the corresponding top view.
Note that the domain structure can be clearly seen in Fig. 7.9b with a duty-
cycle close to 50 %. Compared to LN, RKTP was found to be more sensitive
to chipping and cracking of the sample during dicing, which is likely related
to its crystal structure and the stress induced by ion exchange. While Rb-
exchanged channel waveguides [15] and diamond-diced waveguides [162] can
have very low loss, the waveguides reported in this chapter typically transmit-
ted from 5 % to 20 % of the incident light. Indeed, when light was launched
in the waveguide substantial scattering could be seen when looking from atop
with a microscope. Furthermore, one can see chipping on the polar face along
the waveguide (Fig. 7.9b), which should be the main reason for scattering.

The steps for mounting the samples prior to dicing and for cleaning them
after dicing were the same as for LN, as described in Section 7.1.2.
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Figure 7.9: (a) Side and (b) top views of a diced ridge waveguide on ion-exchanged
periodically-poled RKTP, imaged using an optical microscope.

7.2.4 Characterization of second-harmonic generation

The ridge waveguides were evaluated for SHG by in-coupling light from a CW

Ti-sapphire laser using an objective lens with ×10 magnification and 0.25 nu-
merical aperture. Three distinct SH modes were generated in a waveguide
with width 10.8 µm, namely, TM00, TM10 and TM02, when tuning the funda-
mental wavelength from 933 nm to 938 nm, as shown in Fig. 7.10.

The highest blue power, P2ω = 6.7 µW, was obtained for the TM00 mode
with fundamental power Pω = 5.8 mW at 937.3 nm. This corresponds to an
upper limit of the normalized conversion efficiency of ηnorm = 31 %/(Wcm2),
calculated using Eq. 3.18. Since the fabricated waveguides exhibited non-
negligible scattering along their lengths, the fundamental power at the output
of the waveguides was considered for the efficiency calculation, consequently,
ηnorm = 31 %/(Wcm2) corresponds to an upper limit. The theoretical value
was calculated using Eq. 3.19, resulting in ηnorm = 102 %/(Wcm2).

Future research in improving the ion-exchange step in RKTP could result
in waveguides with stronger optical confinement and a larger conversion ef-
ficiency. Furthermore, further improvement of the dicing process should be
possible.



70 implementation of ridge waveguides

467.04 nm

468.80 nm

467.35 nm

(A
.U
.)

Figure 7.10: Phase-matching tuning curve for SHG in a Rb-exchanged ridge waveguide
on RKTP. The near field images of the generated blue modes are shown
together with their respective peaks.
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G R AT I N G C O U P L E R S O N L I T H I U M N I O B AT E T H I N F I L M S

In this chapter, the design and fabrication of grating couplers on diamond-
blade diced ridge waveguides on thin-film lithium niobate on insulator (LNOI)
is presented (Paper II).

8.1 design

The design parameters are the grating-coupler profile, period Λ, depth and
length L. The fabrication method generally places constraints on the grating’s
profile, which assumed a sinusoidal surface-corrugation profile for the UV-
laser interferometric method that was employed here (see Section 8.2).

The target application is to efficiently couple light to thin-film-based wave-
guides, which usually have a submicrometer thickness. In this section, a de-
tailed design of a grating coupler on a 0.5 µm LNOI thin film for coupling light
at λ = 1.55 µm is presented. The implementation, however, was carried out
on a 20 µm LNOI thin film, which was the material available to me for demon-
strating the grating fabrication method.

Given that a grating coupler is a reciprocal system, it is often more conveni-
ent to address the problem of an output grating coupler [38, 163, 164]. The
design method described here closely follows the description in [38].

8.1.1 Grating period

The diffraction equation (see Eq. 2.6) for an output coupler is:

Neff = nt sin θt + q
λ

Λ
, (8.1)

where Neff is the effective refractive index of an optical mode, θt is the angle
of the out-coupled beam to the surface normal, q is the diffraction order and
nt is the refractive index of the transmitting medium, i.e., either the substrate
(ns) or the cover (nc).

The grating period Λ is determined analytically by use of Eq. 8.1. It is
chosen such that only diffraction order q = 1 occurs, while higher diffraction
orders are suppressed. The minimum value of Λ is when q = 1 is at the cut-
off. Conversely, the maximum value of Λ is calculated considering that higher
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order modes, q ≥ 2, should be cut off in both the cover and the substrate.
Substituting these conditions in Eq. 8.1 leads to the following inequality:

λ

Neff + nt
< Λ <

2λ

Neff + ns
. (8.2)

A typical ridge waveguide on z-cut LNOI was considered, as shown in
Fig. 8.1a. The cover material is air (nc = 1) and the substrate is BK7 with
a 5 µm thick buffer layer of SiO2 (ns = 1.46). Even though this waveguide sup-
ports both TE and TM polarizations, the analysis presented in this chapter was
carried out for the more efficiently-coupled TE polarization. Grating couplers
are usually fabricated on an expanded region of the waveguide in order to
improve the size matching in the lateral direction between the waveguide and
optical fibre or focused beam. Therefore, for the calculation of Neff, the approx-
imation of a planar waveguide was considered. Using the software COMSOL,
the calculated value for the transverse fundamental mode was Neff = 1.9834.
Figure 8.1b shows a grating coupler that outputs only diffraction order q = 1,
where the beams were constructed based on the corresponding k-space dia-
gram (see Section 2.2).

Considering the cover as the transmitting medium, the absolute values of
nc sin θc and θc were calculated as a function of Λ, using Eq. 8.1. The results
are shown in Fig. 8.2a and Fig. 8.2b, respectively.

There are four identified regions in Fig. 8.2, and in each region the diffracted
mode q = 1 behaves as follows: in Region (1), it is cut off both in the air cover
and in the substrate; in Region (2), it is cut-off in the air cover, but propagates
to the substrate; in Region (3), it propagates to the air cover and substrate,
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Figure 8.1: (a) Illustration of the ridge waveguide on LNOI considered in this work, in
which light propagation is along the x direction. (b) Corresponding side
view, showing an output grating coupler with Λ = 719 nm, resulting in
only one diffraction order for a waveguide mode with Neff = 1.9834.
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(1) (2) (3) (4)

(a)

(b)

Figure 8.2: (a) Plot of the absolute value of nc sin θc as a function of the grating period
Λ for diffraction order q = 1 (black line). The pink and green horizontal
lines indicate the refractive index of the cover and the substrate, respectively.
The positions where these lines cross nc sin θc are indicated by dashed ver-
tical lines with the same colors. A black dashed vertical line indicated the
largest grating period above which higher diffraction orders exist as well.
The vertical lines delimit four different regions on the graph. (b) Angle of
output coupling through the cover, as a function of the grating period Λ.

and the correspondent period range is 520 nm< Λ < 900 nm; and in Region
(4), higher diffraction orders exist as well. Figure 8.2b shows the out-coupling
angle through the air cover, as a function of Λ. In Region (1), with Λ <
452 nm, θc is flat at θc = 90◦, since the diffracted mode is cut-off and the
waveguide mode continues to propagate unperturbed. Nevertheless, there is
an exception, when the period fulfils the condition for a Bragg grating (see
Section 2.2). This is the case when nc sin θc = Neff = 1.9834, corresponding
to a first-order Bragg grating with period of Λ = 0.3907 µm. For integrated
optics, it is convenient for θc to be in the range −10◦ < θc < 10◦ . Applying
this condition to Region (3), Λ should be in the range 719 nm< Λ < 854 nm.
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8.1.2 Grating depth and length

From the position at which the grating starts, the amount of light propagating
in the waveguide exponentially decays with decay parameter αr. The grating
depth and profile influence the value of αr, as well as the waveguide paramet-
ers, which influence how strongly the optical mode interacts with the grating.

The total outcoupled power is split between diffractive order q = 1 through
the substrate, with power Ps, and through the cover, with power Pc. The
power ratios Ps/P0 and Pc/P0 correspond to the grating diffraction efficiencies
through the substrate and cover, respectively, where P0 is the total power in the
waveguide. For practical purposes, it is desirable for the diffraction efficiency
through the cover to be the largest.

Rigorous-coupled-wave analysis (RCWA), following the formulation in [38,
163], was employed to calculate αr, Ps/P0 and Pc/P0. Their dependencies on
the grating depth were investigated for different values of Λ , set in the range
719 nm< Λ < 854 nm, corresponding to −10◦ < θc < 10◦. The results of αr
for different negative values of θc, as an example, are shown in Fig. 8.3a, while
the results of the power ratios are shown for both negative and positive values
of θc in Fig. 8.3b.

θc

(a)

solid lines: Pc/P0

dotted lines: Ps/P0

θc

(b)

Figure 8.3: Simulation results of an output grating coupler on a LNOI waveguide. (a)
Radiation decay parameter αr as a function of grating depth, shown for
−10◦ < θc < 0◦. (b) Power ratios through the cover (solid lines, Pc/P0) and
substrate (dotted lines, Ps/P0), as a function of grating depth, shown for
−10◦ < θc < 10◦
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According to Fig. 8.3, the diffraction efficiency through the cover can be as
large as Pc/P0 = 0.75, by adjusting the grating depth between 0.3 µm-0.45 µm.
The fabrication method employed in this work (see Section 8.2), however, lim-
ited the grating depth to 0.13 µm, thereby resulting in a maximum power ratio
Pc/P0 = 0.26.

For designing an efficient grating coupler, not only the diffracted power ra-
tio should be considered, but also the spatial overlap between the transverse
mode profiles of the input and output beams. When employing gratings for
input coupling, for instance, the input beam usually assumes a Gaussian pro-
file from a laser or an optical fibre, while the output beam assumes a decay-
ing exponential profile with radiation decay parameter αr, as illustrated in
Fig. 8.4. Therefore, in order to optimize the coupling between the waveguide
and a given Gaussian mode, the optimal value of αr should be determined.
For instance, considering a grating with Λ = 719 nm and depth 0.5 µm (i.e.,
the thickness of the film itself), the radiation decay parameter is quite large,
assuming αr = 0.13 µm−1. In this case, optimal overlap can be achieved with
a Gaussian beam of radius 5.2 µm, corresponding to a standard single-mode
fibre at 1.55 µm (Corning SMF-28). In another instance, if the grating Λ and
depth are such that αr is smaller, assuming αr = 0.02 µm−1, then the optimal
overlap can be achieved with a larger Gaussian beam of radius 50 µm. For the
calculations, it was considered that the grating length assumed the value of
the beam radius, leading to a maximum overlap of 0.7.

The grating coupling efficiency through the cover is calculated by multiply-
ing Pc/P0 with the spatial overlap of the input and output transverse pro-
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Figure 8.4: (a) Light with a Gaussian profile incident onto a grating coupler. (b) Light
output from a grating coupler, with an exponential profile. Figure based
on [165].
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files. The maximum achievable coupling efficiency with a sinusoidal grating
is ≈ 53 %, this is achieved by choosing the appropriate grating Λ and depth
(see Fig 8.3) and employing a Gaussian beam with the appropriate radius.
Moreover, adding a bottom reflector [166] could further improve the coupling
efficiency. The fabrication method employed in this work (see Section 8.2) res-
ulted in a maximum grating depth of 0.13 µm, limiting the maximum coupling
efficiency to ≈ 18 %.

8.2 experimental implementation

A free standing, z-cut, 3-inch wafer LN thin-film (NanoLN) of 20 µm thickness
was initially cut into samples of approximately 1 cm×1 cm size. An optical
adhesive (Norland NOA 81) was spin coated on a BK7 substrate. In this
fabrication method, the adhesive replaces the SiO2 conventionally used as a
buffer layer on LNOI, matching its refractive index. A thin-film sample ori-
ented with +z facing up was then placed onto the adhesive-coated substrate,
and exposed to UV light until fully cured. The bonded sample was diced
through the end faces and subsequently polished. Finally, a precision dicing
saw (DISCO Corp. DAD-2H/6M) was used to dice grooves on the bonded
thin film, thereby producing ridge waveguides.

A UV-laser in an interferometric setup was used to fabricate grating couplers
on the ridge waveguides on LNOI. A schematic of the setup is shown in
Fig. 8.5a. The source consisted of a Q-switched laser emitting at 213 nm (Xiton
Photonics IMPRESS 213), with 12.5 kHz repetition rate, 7 ns pulse duration,
and average power 23.3 mW measured at the sample. The laser beam was
initially reflected by mirror M1 and was then incident on the cylindrical lens
L1, which focused the beam in the x direction at the location of the sample.
After L1, the beam was incident on a phase mask. The zero diffraction order
was blocked, while the first-order diffracted beams were reflected by planar
dielectric mirrors (M2 and M3) onto the cylindrical lens L2, which focused the
beam in the y direction at the location of the sample. The focused spot of
the overlapping beams measured 245 µm×72 µm (x, y). The maximum energy
density per pulse was 54 mJ cm−2, in the region with constructive interference
between the overlaping beams. By changing the angle of mirrors M2 and M3,
the period of the interference pattern can be controlled.

The sinusoidal laser-interference pattern resulted in a quasi-sinusoidal sur-
face corrugation on the crystal, formed by ablation. In this process, the ma-
terial is ejected from the irradiated areas and sprayed to the non-irradiated
areas, forming clusters [167]. At 248 nm, the absorption coefficient of LN is
≈ 1014 cm−1, and the ablation mechanism is through single-photon absorp-
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Figure 8.5: (a) UV laser interferometric setup used to fabricate grating couplers. (b)
Topography of a typical grating fabricated after 1 min exposure time. (c)
Measured grating depth as a function of UV laser irradiation time.

tion, with a threshold of 50 mJ cm−2 [168], while at the shorter wavelength of
213 nm (the wavelength used here) a smaller ablation threshold is expected.

The fabricated gratings exhibited an elliptical shape measuring approxim-
ately 70 µm×15 µm (x, y), with Λ = 685 nm. Atomic force microscopy (AFM)
measurements revealed the gratings’ topography, and a typical grating formed
after 1 min irradiation time is shown in Fig. 8.5b. Gratings with increasing cor-
rugation depth were fabricated, by increasing the irradiation time. The max-
imum corrugation depth was 130 nm, after 300 s irradiation time, as shown in
Fig. 8.5c.

AFM measurements of the gratings’ profiles for exposure times of 8 s, 15 s,
30 s and 300 s are shown in Fig. 8.6. The grating profile initially formed with
double peaks for exposure times < 30 s. For the shortest exposure time, the
double peaks have a central region at level z = 0, i.e, the original crystal sur-
face, which corresponds to non-illuminated areas. The doubled-peak struc-
ture arises because material was deposited along the boundaries between the
illuminated and the non-illuminated areas. The hypothesized reason for this
is as follows: The UV laser is expected to cause a temperature increase on
the illuminated areas, and due to the large pyroelectric coefficient of LN, a
space-charge field arises along the boundary between illuminated and non-
illuminated areas [169], corresponding to heated and non-heated areas. The
deposition of material is expected to occur preferentially along charged lines
[170]. As the exposure time increases, the temperature becomes more uni-
form and the charged lines drift towards the centre of the non-illuminated
areas, causing the double peaks to merge and form single peaks. Moreover,
nanoparticles are clearly visible when short exposure times are used, while
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Figure 8.6: AFM measurements of the gratings’ profiles, fabricated with different irra-
diation times. Plots of the corresponding profiles are shown, illustrating
how they evolve as the irradiation time increases.

the surface becomes smoother for longer exposure times, suggesting that the
material underwent a process of melting and resolidification [171].

The fabricated grating couplers on 20 µm thin-film ridge waveguides have
been successfully employed as input couplers. A laser emitting at 1.55 µm
(Santec TSL-220) was connected to a fibre (Corning SMF-28), which was moun-
ted on a 3-axis translation stage and positioned above the waveguide at an
angle of θc ≈ 3◦. This is the value calculated for a grating coupler with
Λ = 685 nm on a 20 µm thin film. When aligning the fibre precisely where
the grating was fabricated, light was coupled to the waveguide. A ×25 mi-
croscope objective lens was used to image the end face of the waveguide onto
an IR camera (Ikegami Tsushinki ITC-510), as a qualitative method to verify
successful coupling. Figure 8.7a shows the coupling setup, in which the fibre
at the top was employed for coupling and the fibre at the samples’s end face
was employed for alignment purposes. The multimode behavior of the fabric-
ated waveguides makes it possible to image essentially the entire cross section
of the waveguide, as shown in the saturated picture in Fig 8.7b. For compar-
ison, a microscope picture of the end face of this same waveguide is shown in
Fig. 8.7c.
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Figure 8.7: (a) Photograph of the setup for coupling light to the waveguide using the
grating coupler. (b) Image of a ridge waveguide’s end face, where light
at 1.55 µm was launched into the waveguide using the fabricated grating
coupler. (c) Microscope image of the end face of this same waveguide.
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9
D I S T R I B U T E D - F E E D B A C K L A S E R R E S O N AT O R S

In this chapter, first the spectral response of Bragg gratings is discussed. Sub-
sequently, distributed-feedback (DFB) laser resonators are introduced and their
spectral response is discussed. Finally, a simple and intuitive picture for inter-
preting the linewidth of the resonance produced by DFB resonators is presen-
ted.

9.1 the spectral response of bragg gratings

A Bragg grating (see Section 2.2) is a structure with a periodic perturbation of
its refractive index. In the context of integrated optics, a Bragg grating causes
an equivalent periodic perturbation of the effective refractive index, Neff, of
the guided modes.

In this thesis, first-order integrated Bragg gratings are considered, with
a grating period Λ given by Bragg’s law (see Eq. 2.7). A surface corruga-
tion with a rectangular profile on the waveguide cladding is considered, such
that each grating period can be divided into an etched region (with a smaller
height) and a non-etched region (with a larger height), as illustrated in Fig. 9.1,
in which light propagation is along the z direction.

The grating coupling coefficient, κ, can be interpreted as the grating re-
flectivity per unit length [172–174] and is expressed in units of cm−1. It is
the result of the effective-refractive-index modulation caused by the grating.
One method to determine κ is based on calculating the reflection coefficients,

air

y

x
zsubstrate ns

film nf

cladding nc

Λ

etched
non-etched

Figure 9.1: Schematic of a Bragg grating as a result of a periodic surface corrugation
on the waveguide cladding.
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considering that the wave undergoes Fresnel reflection at each interface. For
a Bragg grating with a rectangular profile and 50 % duty cycle, it is given
by [174]:

κ =
2 ∆Neff

λB
(9.1)

where ∆Neff is the effective refractive index difference between the etched and
non-etched regions in Fig. 9.1 and λB is the Bragg wavelength.

Figure 9.2 illustrates constructive interference of light reflected by a Bragg
grating. A typical spectral response of a Bragg grating is shown in Fig. 9.3, cal-
culated for a grating with length ` = 0.5 cm, κ = 700 m−1, λB = 1028.5 nm and
Λ = 320 nm. The calculation was based on the characteristic-matrix approach,
which is explained in detail in Chapter 10.

n-                  n+

(...)

Λ=λB/2Neff=π

π/2

0
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3π/24π/2
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0
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5π/26π/27π/2 6π/27π/28π/2

n-                  n+ n-                 n+

Figure 9.2: Schematic of light reflected by a Bragg grating, which is formed by layers
with lower (n−) and higher (n+) refractive indices. The phase of the light is
indicated at each interface, illustrating that there is constructive interference
of the reflected light.

9.2 distributed-feedback laser resonators

9.2.1 Structure

Distributed-feedback (DFB) laser resonators are one of the many devices which
are enabled by Bragg gratings [19]. They utilize Fabry-Pérot-type resonators
[20] with longitudinally distributed optical feedback, granted by Bragg grat-
ings. The introduction of a phase shift in the resonator is required to produce
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Figure 9.3: Typical (a) reflection and (b) transmission of a Bragg grating.

a single longitudinal mode in the resonator, thereby creating a resonance. A
phase shift with value δφ = π/2 produces a single transmission peak at the
centre of the reflection band of the DFB resonator. There are two commonly
employed methods to implement such a phase shift.

The first method consists of implementing a single, abrupt elongation of
λB/4 in the grating period, as illustrated in Fig. 9.4a. However, the required
fabrication accuracy is not easily achieved, and this often demands rather com-
plicated fabrication techniques [175]. Furthermore, depending on the tech-
nique used to fabricate the Bragg gratings, it might not even be possible to
implement such a discrete phase shift, as is the case for Bragg gratings pro-
duced by laser-interference lithography [176]. Another issue associated with
a discrete phase shift is that it results in a highly localized intracavity power
distribution, which may lead to spatial hole burning, which is detrimental for
laser operation.

The second method consists of distributing the phase shift along a given
length, `ps. This can be implemented, for instance, by introducing a chirp in
the grating period [177], by varying the grating strength along the propagation
direction, or by varying the waveguide width along the propagation direction
while maintaining a uniform grating [178–180]. These approaches lead to a
spatial variation of the effective refractive index of the guided mode in the
phase-shift region, δnps(z). This method results in the desired phase shift
being accumulated over `ps. The approach of varying the waveguide width is
illustrated in Fig. 9.4b, and it is the approach adopted in our investigations,
as discussed in detail in Chapter 11.
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Figure 9.4: Illustration of a distributed-feedback resonator, with a (a) discrete phase
shift and a (b) distributed phase shift.

9.2.2 Spectral response

The simulated spectral response of a typical DFB resonator is shown in Fig. 9.5,
designed with length ` = 1 cm, κ = 650 m−1, λB = 1591.07 nm, Λ = 495 nm,
and a discrete phase shift located at the centre of the resonator. In this ex-
ample, δφ assumes five different values in order to illustrate how its value
affects the spectral position of the resonance. Namely, when the phase-shift
value is δφ = π/2, the resonance is located at the centre of the reflection band,
where its wavelength, λres, coincides with the Bragg wavelength, λB. Con-
versely, if δφ < π/2, then λres < λB, while if δφ > π/2, then λres > λB. The
calculation was based on the characteristic-matrix approach (see Chapter 10).
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Figure 9.5: Transmission spectra of a distributed-feedback laser resonator, calculated
for five different phase-shift values, δφ, as indicated.
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9.2.3 Resonator losses and the linewidth of the resonance

In a DFB resonator, gratings 1 and 2 are defined here as the parts of the Bragg
grating at either the left- or right-hand side of the phase-shift centre, and they
provide the reflectivity values R1 and R2, respectively. If light circulating in
the resonator penetrates into gratings 1 and 2 by penetration lengths `p1

and
`p2

, respectively, to result in the single-path resonator length `res = `p1
+ `p2

,
then its round-trip time becomes tRT = 2`res/c, where c is the average speed
of light in the waveguide medium.

Considering a DFB resonator designed for laser operation, dopant ions are
incorporated in the waveguide in order to enable stimulated emission and
thus laser action. Given these consideration, the losses in such resonator com-
prise [181]:

• Propagation losses, αloss, which are due to scattering of light in the wave-
guide. They are quantified by a photon decay-rate constant 1

τloss
given

by:

1
τloss

=
−ln(1− LRT)

tRT
= cαloss , (9.2)

where LRT is the intrinsic round-trip loss given by LRT = 1− e−αloss2`res .

• Absorption losses, αabs, which are due to absorption of light by the
dopant ions. They are quantified by a photon decay-rate constant 1

τabs
according to:

1
τabs

= cαabs . (9.3)

• Outcoupling losses, which are due to transmission through the Bragg
gratings. They are quantified by a photon decay-rate constant 1

τout
ac-

cording to:

1
τout

=
−ln(R1R2)

tRT
. (9.4)

Consequently, the intracavity photons decay exponentially with a lifetime τL,
and the total decay-rate constant 1

τL
is given by:

1
τL

=
1

τloss
+

1
τabs

+
1

τout
. (9.5)
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Fourier transformation of such an exponential decay in the time domain
results in a Lorentzian-shaped spectral profile in the frequency domain, as
illustrated in Fig. 9.6.

The linewidth of the resonance characterizes the degree of spectral coher-
ence of light from the resonator [181], and is given by:

∆νL =
1

2πτL
=

1
2π

(
1

τloss
+

1
τabs

+
1

τout

)
. (9.6)

A direct consequence is that in order to decrease the linewidth of the reson-
ance it is necessary to decrease the resonator losses.

Many applications of DFB resonators benefit from a long photon decay time
τL, such as narrow-linewidth lasers or sensing of particles in the vicinity of
the resonator [182]. In order to maximize τL, the wavelength of the reson-
ance, λres, should be located at the centre of the reflection band, to benefit
from the highest reflectivity, i.e, where the outcoupling losses are lowest. In
the research reported in this thesis, two scenarios in which the spectral po-
sition of λres deviates from optimal were investigated: a DFB resonator with
a distributed phase shift, and a DFB resonator whose grating has a temperat-
ure gradient. These scenarios are described in detail in Chapters 11 and 12,
respectively.
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Figure 9.6: (a) Exponential decay of light in a resonator, with decay time τL. (b) Cor-
responding transmission spectra, showing Lorentzian line shapes with full
width at half maximum (FWHM) ∆νL.
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L I G H T P R O PA G AT I O N I N D I S T R I B U T E D - F E E D B A C K
R E S O N AT O R S

The method employed in this thesis to theoretically describe light propa-
gation in DFB resonators is the characteristic-matrix approach from Born and
Wolf [183]. This method is described in detail in this chapter.

10.1 the characteristic-matrix approach

Propagation of light in periodic stratified structures, i.e, a pile of thin layers
each perpendicular to a fixed direction, can be analysed using a variety of
methods, such as Floquet-Bloch theory [184], coupled-mode theory [185], or
the characteristic-matrix approach [183] (which is also known as the transfer-
matrix method [186] or as the index-matching method [187]).

The characteristic-matrix approach is completely based on Maxwell’s equa-
tions, and it is a method suitable for analysing the propagation of electromag-
netic waves through a stratified dielectric medium. It has many advantages
over the popular coupled-mode theory: It can be applied to perturbations
with arbitrary strengths, thus including deep corrugations; it can be applied
to non-periodic gratings, for which the solutions can be found for single layers;
this approach allows the calculation of the output of light from the structure,
as well as the electromagnetic-field distribution inside the structure.

The description presented here in based on the derivations in [183].

10.1.1 The basic equations

Considering a TE-polarized plane wave propagating along the z direction,
given that the electric field E = Ex x̂ + 0ŷ + 0ẑ, the components Ex, Hy and
Hz depend on y and z only. By manipulating Maxwell’s equations, a second-
order differential equation is obtained:

∂2Ex

∂y2 +
∂2Ex

∂z2 + n2k2
0Ex =

d (ln µ)

dz
∂Ex

∂z
, (10.1)

where the refractive index is n =
√

εµ, and ε and µ are the relative permittivity
and permeability of the medium, respectively, and k0 = 2π/λ0, where λ0 is
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the wavelength of light in vacuum. The solutions of Eq. 10.1 can be found
using separation of variables, resulting in:

Ex(y, z) = ei(k0αy−ωt)U(z) . (10.2)

The same calculations are done for Hy and Hz, leading to:

Hy(y, z) = ei(k0αy−ωt)V(z)

Hz(y, z) = ei(k0αy−ωt)W(z) ,
(10.3)

where U(z), V(z) and W(z) are complex functions of z and are related to each
other via Maxwell’s equations, α = n sin θ for a homogeneous plane wave,
θ is the angle between the propagation vector (i.e., the z direction) and the
direction of stratification, and ω = 2πc/λ0, where c is the speed of light in
vacuum.

In order to find solutions for U(z) and V(z), they can be expressed as a
linear combination of two other functions, U1(z) and U2(z), and of V1(z) and
V2(z), respectively. These functions are related to the amplitudes of forward
and backward propagating fields. The boundary conditions at z = 0 are
chosen to be:

U1(0) = V2(0) = 0

V1(0) = U2(0) = 1 ,
(10.4)

then the solutions with U(0) = U0 and V(0) = V0 can be expressed in matrix
notation, according to:[

U(z)

V(z)

]
= N

[
U0

V0

]
. (10.5)

Conversely, U0 and V0 can be expressed in terms of U(z) and V(z) according
to: [

U0

V0

]
=M

[
U(z)

V(z)

]
, (10.6)

whereM = N−1 andM is given by:

M =

[
V1(z) −U1(z)

−V2(z) U2(z)

]
. (10.7)

M is a unimodular matrix, and it is called the characteristic matrix of the
stratified medium. It relates the x and y components of E or H from the z = 0
plane to any other xy plane.
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10.1.2 The characteristic matrix of a medium

In order to analyse light propagating in a given stratified medium, the matrix
M for the medium needs to be written. For a single dielectric film, the par-
ticular solutions of U1, U2, V1 and V2 that satisfy the boundary conditions of
Eq. 10.4 are:

U1(z) =
i

cos θ

√
µ

ε
sin (k0nz cos θ)

V1(z) = cos (k0nz cos θ)

U2(z) = cos (k0nz cos θ)

V2(z) = i
√

ε

µ
cos θ sin (k0nz cos θ) .

(10.8)

Defining p =
√

ε
µ cos θ, the solutions given in Eq. 10.8 can be re-written in a

matrix form:

M =

[
cos (k0nz cos θ) − i

p sin (k0nz cos θ)

−ip sin (k0nz cos θ) cos (k0nz cos θ)

]
. (10.9)

Equation 10.9 is the characteristic matrix for a single dielectric film, for a TE-

polarized wave. For a TM wave, p is replaced by q, given by q =
√

µ
ε cos θ.

A stratified dielectric medium can be considered as a pile of dielectric films,
each described by a characteristic matrix M (Eq. 10.9). For the case of a
periodically stratified medium, the characteristic matrix for a single period
can be written. It is convenient to define the parameter γm = k0nmWm cos θm,
where Wm is the length of the mth layer. Assuming a nonmagnetic medium,
µ = 1, so that p of the mth layer can be written as pm = nm cos θm. The matrix
for a single periodMPc is given as:

MPc =MmMm+1 (10.10)

=

[
cos γm − i

pm
sin γm

−ipm sin γm cos γm

] [
cos γm+1 − i

pm+1
sin γm+1

−ipm+1 sin γm+1 cos γm+1

]

=

[
a11 a12

a21 a22

]
(10.11)
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where the matrix elements are given by:

a11 = cos γm cos γm+1 −
pm+1

pm
sin γm sin γm+1

a12 = − i
pm+1

cos γm sin γm+1 −
i

pm
sin γm cos γm+1

a21 = −ipm+1 cos γm sin γm+1 − ipm sin γm cos γm+1

a22 = cos γm cos γm+1 −
pm

pm+1
sin γm sin γm+1 .

(10.12)

In order to obtain the characteristic matrix of the entire structure, Mstru,
one needs to multiply the matrices corresponding to each period. When all
the periods are identical,MPc is multiplied by itself N − 1 times, in which N
is the number of periods in the structure. Since MPc is a unimodular matrix,
Chebyshev polynomials may be employed to write the analytical result of this
multiplication.

Figure 10.1 illustrates a DFB structure formed by a Bragg grating, which is
a periodic stratified medium with layers of refractive index n1 and n2, and a
phase-shift region with an arbitrary arrangement of layers.

n-    n+ n-    n+ n-    n+ nps n-    n+ n-    n+ n-    n+

(...) (...)

z0 z1 z2 z(N-1)
2
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MP2
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MPS MP(N+3)
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MPN
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shi�
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Figure 10.1: Schematic of the construction of the characteristic matrix of a distributed
feedback resonator. The matrix for each period, MPc is used to calculate
the matrix for the entire structure,Mstru.

According to Eqs. 10.5 and 10.6, the initial electromagnetic field, Q0, is
related to the electromagnetic field at the evaluation position ze, Q(ze), via
the relations:

Q0 =MQ and Q =M−1 Q0 (10.13)
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where

Q =

[
U(ze)

V(ze)

]
, Q0 =

[
U0

V0

]
, M =

[
m11 m12

m21 m22

]
. (10.14)

Therefore,[
U(ze)

V(ze)

]
=

[
m22 −m21

−m12 m11

] [
U0

V0

]
. (10.15)

In order to calculate Ex at position ze and thus obtain the electric field inside
the resonator, Eq. 10.15 is employed. This involves calculating the character-
istic matrix that comprises the periods from z = 0 to z = ze. As an example,
this method has been employed to analyse light propagation in a DFB res-
onator with length ` = 1 cm, with a discrete π/2 phase shift at its centre,
κ = 700 m−1, λB = 1028.5 nm and Λ = 320 nm. U(ze) was calculated for ze
assuming values from z = 0 to z = `, in steps of Λ. U(ze) is a complex para-
meter with magnitude corresponding to the amplitude of Ex, which is shown
in Fig. 10.2a. Its complex argument corresponds to the phase of the electric
field after each period, and is shown in Fig. 10.2b. Figure. 10.2b illustrates
that the phase oscillates between −π/2 and π/2 between each period, and a
phase shift of π/2 appears at the centre of the DFB structure.

In summary, the characteristic-matrix approach presents the advantages of
allowing the description of single periods; it can be applied to a grating with
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Figure 10.2: (a) Magnitude and (b) phase of the electric field in a distribute-feedback
resonator with a discrete phase shift at its centre, calculated using the
characteristic-matrix approach.
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an arbitrary corrugation depth; it can be applied also to non-periodic struc-
tures; and it provides the solutions for the propagation of the electric and
magnetic fields also inside the waveguide. It is straightforward to employ this
method to simulate the spectral response of DFB resonators with a distributed
phase shift (see Chapter 11).

10.1.3 Reflection and transmission from a stratified medium

The amplitudes of the electric field of the incident, reflected and transmitted
waves are denoted as A, R and T, respectively, as illustrated in Fig. 10.3.

From Eq. 10.15 and the property thatM is unimodular, it is obtained:

U(ze) = m22U0 −m12V0 . (10.16)

The four quantities U0, V0, U and V are connected by the relation in Eq. 10.6
and 10.7. Moreover, the condition of continuity of the tangential components
of E and H across each boundary of the stratified medium leads to:

U0 = A + R = (m11 + m12 pl)T , U(ze) = T ,

V0 = p1(A− R) = (m21 + m22 pl)T , V(ze) = plT , (10.17)

where the subscript indices 1 and l refer to the first layer and to the final
layer, respectively. Consequently, the reflection and transmission coefficients
are given by:

r =
R
A

=
(m11 + m12 pl)p1 − (m21 + m22 pl)

(m11 + m12 pl)p1 + (m21 + m22 pl)

t =
T
A

=
2p1

(m11 + m12 pl)p1 + (m21 + m22 pl)
. (10.18)

Equations 10.18 are employed for calculating the reflection and transmission
of DFB resonators, presented in Chapters 11 and 12.

(...) (...)

A

R

T
phase-
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region

Figure 10.3: Representation of the incident (A), reflected (R) and transmitted (T)
electric-field amplitudes on a stratified medium.
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D I S T R I B U T E D P H A S E S H I F T

This chapter concerns distributed-feedback (DFB) resonators with a distributed
phase shift. It summarises the investigations carried out in Paper III. The con-
sequences of distributing the phase shift are discussed in terms of the reson-
ator’s spectral response in Section 11.1. The investigated device is described
in Section 11.2. The effect of an incomplete accumulation of the design phase
shift δφdesign is illustrated in Section 11.3 using simulation results. Finally, a
comparison between experimental results and simulation results is presented
in Section 11.4.

11.1 accumulated phase shift

A distributed phase shift (see Section 9.2) leads to a homogenization of the
intracavity light profile, I(z), which peaks at the phase-shift centre and gradu-
ally decays into both gratings. A direct consequence is that this approach
circumvents spatial hole burning. Another consequence, however, is that light
does not fully experience the phase shift region, but rather the accumulated
phase shift depends on the intensity distribution of the light’s electric field.
This often leads to an incomplete accumulation of the design phase shift,
δφdesign, thus resulting in the actual wavelength of the resonance, λres, be-
ing shorter than the design value, λdesign [177]. The design phase shift is often
calculated as [180]:

δφdesign =
2π

λB

zps+`ps/2∫
zps−`ps/2

δnps(z)dz , (11.1)

where λB is the Bragg wavelength, `ps is the length of the phase phase-shift
region, which is centred at zps. The actual accumulated phase shift should in
fact be calculated as:

δφres =
1

Imax

2π

λB

zps+`ps/2∫
zps−`ps/2

δnps(z)I(z)dz , (11.2)

where δφres determines the position of the resonance wavelength within the
reflection band.
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The incomplete accumulation of δφdesign is of a fundamental nature and the
discrepancy can be of significant magnitude. It occurs in all DFB resonators
with a distributed phase shift, albeit often going unnoticed, because it is gen-
erally overshadowed by fabrication inaccuracies or thermal effects, which also
cause λres to deviate from λdesign.

11.2 investigated device

The waveguides used in this work were designed to support only funda-
mental-transverse-mode propagation at 1.55 µm. They consist of amorphous
Al2O3 rib waveguides, deposited by RF reactive sputtering from a metallic
Al target onto a thermally oxidized silicon wafer [188, 189] and subsequently
micro-structured by chlorine-based reactive ion etching. A SiO2 top cladding
was added, onto which a corrugated homogeneous Bragg grating was defined
by laser interference lithography and subsequent reactive ion etching.1

A distributed phase shift was implemented by tapering the waveguide struc-
ture. The waveguide width first increases and then decreases gradually ac-
cording to a sin2 function over a total length of `ps = 2 mm, whereas the
total waveguide length was ` = 1 cm. This is a very convenient fabrication
method, because the phase shift region and the waveguide are both defined
in the same lithographic step. Illustrations of the waveguide cross section and
of the phase-shift region are shown in Fig. 11.1a and 11.1b, respectively. The
fabricated waveguides had the dimensions displayed in Fig. 11.1a, in which
the grating strength was κ = 650 m−1.

0.55 μm
0.90 μm

8 μm

 Al2O3

2.5 μm

SiO2

0.12 μm
0.1 μm SiO2

(a)

ℓps

zps
(b)

Figure 11.1: (a) Illustration of the cross section of the waveguides implemented exper-
imentally. (b) Illustration of the top view, showing the width increase in
the phase shift region, which allows implementation of a distributed phase
shift.

1 The sample was designed and fabricated by collaborators at the University of Twente, in the
Netherlands.
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Four waveguides were employed in the experiments, each of them with a
different maximum width increase at zps, and as a result each had a different
value for δnps(zps). Consequently, each waveguide had a different design-
phase-shift value, namely δφdesign = 0.17π, δφdesign = 0.33π, δφdesign = 0.57π
and δφdesign = 0.79π (calculated according to Eq. 11.1).

11.3 incomplete accumulation of the design phase shift

The DFB resonator described in Section 11.2 was simulated using the char-
acteristic-matrix approach (see Chapter 10), in order to calculate its spectral
response and I(z). The impact of κ and δφdesign on the spectral response were
assessed separately. For the sake of simplicity, the phase-shift position was
considered to be at the centre of the resonator, at zps = 5 mm.

Figure 11.2a illustrates how I(z) (blue curve) becomes more sharply peaked
as κ is increased. Here, δnps(z) (red curve) was kept the same in all three situ-
ations, and consequently δφdesign was also kept constant (using the definition
of Eq. 11.1) and assumed the value δφdesign = π/2. It can be observed that as κ
is increased, I(z) becomes more confined at zps and experiences less of δnps(z).
The green area corresponds to the integral in Eq. 11.2, which decreases with
increasing κ (insets were added to aid visualization of the green area). Fig-
ure 11.2b shows the resonances corresponding to each distinct value of κ, and
the Bragg wavelength λB is indicated. It illustrates that λres < λB, and that
this deviation is larger for gratings with stronger κ, as a consequence of light
being more confined at zps, thus accumulating less of δφdesign. The change in
linewidth observed in Fig. 11.2b is largely due to the different values that κ
assumed, since stronger gratings result in larger reflectivities.

Similarly, the value of δφdesign also affects I(z). This is because δφdesign
results from δnps(z), and a larger δnps(zps) leads to a larger light confinement
at zps. Figure 11.3a shows how I(z) (blue curve) is affected by δφdesign, while κ
was kept constant. The calculation was done for three distinct values δφdesign,
each achieved using a different value of δnps(zps), as indicated in the figure.
The figure illustrates that a larger value of δφdesign leads to a stronger mode
confinement at zps, which causes a decrease of the accumulated phase shift.

Figure 11.3b shows the resonances corresponding to each value of δφdesign,
and the Bragg wavelength λB. It illustrates that when δφdesign = π/2 , λres <
λB. Nevertheless, the value of δφdesign can be chosen to achieve λres = λB.
Moreover, Fig. 11.3b shows that a larger deviation of λres from λB leads to
a larger linewidth of the resonance. This is because λres experiences larger
outcoupling losses, the more it deviates from λB.
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Figure 11.2: (a) Intracavity light intensity profile I(z) (blue curve) calculated for three
distinct values of the grating strength κ, while keeping the design phase
shift δφdesign the same, and refractive-index-increase profile δnps(z) (red
curve). The green area corresponds to the integral of δnps(z)I(z)Imax
(Eq. 11.2). As κ increases, I(z) becomes more confined at zps, and, con-
sequently the green area is reduced. Insets display the reduction, for bet-
ter visualization. (b) Transmission spectra resulting from the three cases
in (a), where the resonance curves are shown, and the Bragg wavelength
λB is indicated, illustrating that the wavelength of the resonance is always
shorter than λB.
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Figure 11.3: (a) Intracavity light intensity profile I(z) (blue curve) calculated for three
distinct values of the design phase shift δφdesign, while keeping the grat-
ing strength κ constant, and refractive-index-increase profile δnps(z) (red
curve). The green area corresponds to the integral of δnps(z)I(z)Imax
(Eq. 11.2). As δnps(z) increases, I(z) becomes more confined at zps, and,
consequently the green area is reduced. Insets display the reduction,
for better visualization. (b) Transmission spectrum resulting from the
three cases in (a), where the resonance curves are shown, and the Bragg
wavelength λB is indicated.



100 distributed phase shift

11.4 comparison between simulations and experiments

The transmission spectra of the four DFB resonators described in Section 11.2
were measured by end-coupling light from a TE-polarized tunable-laser source
with a wavelength range of 1456 nm−1640 nm and 1 pm resolution to each
waveguide via a polarization-maintaining fibre. The position of the phase-
shift centre was zps = 6 mm, and the coupling was performed at the end face
further away from the phase-shift region.2 Light transmitted through each
waveguide was collected by a fibre and sent to a power meter. Index-matching
fluid was used to eliminate Fresnel reflections at the fibre-chip interfaces. The
measurement results are displayed in Fig. 11.4.3 The Bragg wavelength is
indicated by the vertical dashed lines in the figure.
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Figure 11.4: Measured normalized grating transmission versus wavelength, showing
the reflection band and the resonance, for four waveguides each with a
distinct δφdesign. The Bragg wavelength is indicated by a vertical line.

Simulations were carried out, for which the values of δφdesign that were
used matched the values of the experimental devices. The simulated grating
strength κ, however, assumed values in the range 450 m−1−1250 m−1, thereby
including and extending the experimental situation (κ = 650 m−1).

The results, both from simulations and experiments, are expressed in terms
of the total wavelength deviation from the Bragg wavelength, i.e., due to the
combination of δφdesign 6= π/2 and the incomplete accumulation of δφdesign
due to the intensity profile I(z). The results are shown in Fig. 11.5. The simula-
tions were also carried our considering a discrete phase shift, for comparison,
in which case the deviation is solely attributed to the design deviation.

Solely based on the design phase shifts δφdesign, one would expect the four
waveguides to exhibit a resonance at the wavelength differences from λB dis-
played as circles in Fig. 11.5. In contrast, the measured and simulated values

2 The phase-shift region is usually placed off centre in each resonator in order to yield higher
output powers in one direction [190].

3 These measurements were performed by collaborators at the University of Twente, the Nether-
lands, and are published in [191], while the data presented here was analysed by me.
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are systematically shifted to shorter wavelengths. In conclusion, the effect of
an incomplete accumulation of the phase shift should be taken into consid-
eration for a correct design of DFB resonators with a distributed phase shift.
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Figure 11.5: Difference between the resonance wavelength and the Bragg wavelength.
The simulation was carried out considering a distributed phase shift (tri-
angles) and a discrete phase shift (circles) for comparison. The experi-
mental data is also displayed (squares).
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T H E R M A L LY- C H I R P E D B R A G G G R AT I N G S

In this chapter, a distributed-feedback (DFB) resonator with thermally-chirped
Bragg gratings is introduced in Section 12.1. In Section 12.2 the effect of tem-
perature changes on the Bragg gratings are considered, when the temperature
across the entire DFB resonator is uniform. In Section 12.3 a thermally-induced
chirp in the grating period is considered, and its consequences for the DFB res-
onator spectral profile are presented (Paper IV).

12.1 laser resonator under investigation

Asymmetric heating of distributed-feedback (DFB) laser resonators due to non-
uniform absorption of pump power in optically pumped lasers, and the par-
tial conversion of this absorbed pump power into heat, may cause an un-
desired temperature gradient in the Bragg gratings. The resulting changes in
refractive index as well as material expansion influence the spectral response
of the resonator, in terms of central wavelength and linewidth of the reson-
ance.

The DFB resonator under investigation is illustrated in Fig 12.1a.1 The phase
shift was distributed over a length `ps = 2 mm, as a result of tapering the
waveguide width according to a sin2 function centred at position zps = 7 mm,
with a design phase shift δφdesign = π/2. Three situations are illustrated in
Fig. 12.1: A homogeneous Bragg grating at room temperature; a homogen-
eous Bragg grating at an elevated temperature; and a Bragg grating with a
linear temperature gradient, i.e., a thermally-induced chirp profile. The grat-
ing strength was κ = 833 m−1. The portions of the grating to the left- and
right-hand sides of zps are referred to as grating 1 and grating 2, respectively.

A temperature increase results in a change of the Bragg-grating period due
to an increase in refractive index as well as thermal expansion of the device.
Each of these effects result in an increase in the optical path length that the
light travels in each grating period. In this work, it was assumed that the
increase in refractive index is the dominating effect, and a first-order temper-
ature dependence (dn/dT = constant) was assumed. In the case of a temper-

1 See Section 11.2 for fabrication details.
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Figure 12.1: (a) Illustration of the cross section of the DFB waveguide resonator em-
ployed in the experiments. Top view of the resonator, showing a grating
profile with the underlying rib waveguide, in the case of a (b) homogen-
eous grating at room temperature; (c) homogeneous grating at an elevated
temperature; and (d) chirped grating with a linear profile.

ature increase with a linear profile along the waveguide, the resulting grating
period, in terms of optical path length, is given by:

Λ(z) = Λ0 [1 + δlin(z− z0)] (12.1)

where Λ0 is the grating period at position z = z0 and δlin is the linear-chirp
coefficient, with dimension m−1.

12.1.1 Experimental setup

An experimental setup was designed in order to produce a thermally-induced
linear chirp on the Bragg gratings and to measure the DFB resonator’s spectral
response. Figure 12.2a illustrates the setup, in which the sample was mounted
on a holder consisting of a water-cooled metal block, an aluminium block
and a heated metal block. The heated metal block was attached to a power
resistor which had its temperature controlled using a feedback loop. A layer of
thermally conductive material (thermal paste) was added to the holder, onto
which the sample was mounted to ensure adequate heat transfer between the
holder and the sample. The cold block was kept at room temperature using
water cooling, while the temperature of the heated block was increased to the
desired values. The temperature on the top surface of the sample holder was
measured using a thermocouple sensor with a temperature accuracy of 0.5 K,
in several positions on the surface where the waveguide was later placed. The
measured temperature profiles are shown in Fig. 12.2b, in which the data was
fitted by linear functions beginning with the data points at z0 = 3.5 mm. The
inear fits enabled the temperature estimation at the centre of the phase shift
region.

Light from a tunable narrow-linewidth laser (Toptica DLC DL pro) centred
at 1028.25 nm was fibre-coupled to the waveguide by use of refractive-index-
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scanning 
narrow-linewidth 
laser at 1028.25 nm
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gra�ng fixed 
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Figure 12.2: (a) Schematic of experimental setup for producing a temperature gradi-
ent and measuring the transmission spectrum of the DFB resonator. The
sample holder consists of: (1) Water-cooled metal block; (2) aluminium
block; (3) heated metal block; (4) thermally conductive layer; (5) sample,
where the DFB resonator is indicated by a yellow line. (b) Measured tem-
perature (squares) along the waveguide and linear fit (lines). The phase-
shift region is indicated by a gray rectangle, and the estimated temperature
at its centre is written in the figure.

matching oil to avoid Fresnel reflection. The laser wavelength was scanned
over a range of ≈ 0.5 nm. The transmitted light was collected by an optical
fibre and discriminated from background room light by a monochromator,
which was set to 1028.5 nm with a bandwidth wide enough to ensure detec-
tion of the resonance peak for all experimental situations, and detected by a
photomultiplier tube (PMT). The measured signal is a spectral convolution
between the signal and resonance profiles. The FWHM linewidth of 40 MHz of
the scanning narrow-linewidth laser was considered in order to de-convolute
the measurement results and obtain the correct FWHM linewidth of the reson-
ance.

12.2 uniform temperature increase

The change in refractive index in the waveguide as a consequence of a temper-
ature increase was experimentally investigated. In this experiment, a homo-
geneous temperature increase in the sample was produced (no chirp), and the
transmission spectrum was measured using the setup in Fig. 12.2a. To imple-
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ment such a homogeneous temperature increase, the sample was repositioned
onto the heated block, while the water-cooled metal block was kept inactive.

The measured spectra at different temperatures is shown in Fig. 12.3a, and
the linear increase of resonance wavelength with temperature is shown in
Fig. 12.3b.

The wavelength shift of the resonance peak with temperature amounted to
12 pm K−1 near 1028.5 nm, i.e., a relative wavelength shift of ≈ 1.2× 10−5 K−1.
The linewidth remained constant, with value ∆νL = (5.26± 0.10) GHz. When
the temperature increase along the waveguide is uniform, the reflectivity spec-
tra of grating 1 and grating 2, as well as the resonance, all shift towards longer
wavelengths by the same amounts. Therefore, the outcoupling losses remain
unchanged and consequently the linewidth of the resonance remains constant.

Simulations using the characteristic-matrix approach (see Chapter 10) were
carried out in order to calculate the change of the spectral response of the DFB

resonator, when the effective refractive index in the waveguide is increased.
By comparing the simulated dependence of the resonance shift on refractive
index with the experimentally measured dependence of the resonance shift
on temperature (shown in Fig. 12.3b), the change in refractive index with
temperature was estimated to be dn/dT = 1.86 × 10−5 K−1. This value is
used to create the second (top) x-axis in Fig. 12.3b. Since part of the shift is
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Figure 12.3: (a) Measured spectral response of the DFB resonator, as its temperat-
ure increased homogeneously. (b) Measured (dots) and simulated (line)
wavelength shift of the resonance peak as a function of temperature and
corresponding increase in refractive index.
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due to sample expansion, this value represents an upper limit to the refractive
index change with temperature.

12.3 thermal chirp

Knowledge of dn/dT in the waveguide (Fig. 12.3b) together with knowledge
of the temperature gradient (Fig. 12.2b) allows the linear-chirp coefficient δlin
to be estimated, assuming values in the range (0 − 6.5 × 10−2)m−1. Fig-
ure 12.4 depicts the effective refractive index along the waveguide of the
etched and non-etched layers, when a linear chirp profile is considered. The
Bragg grating was implemented by periodically etching the top cladding, res-
ulting in "etched" and "non-etched" half-periods (see Section 9.1). The con-
stant value at positions z ≤ z0 = 2.5 mm was calculated by use of a mode
solver (software COMSOL), for both the etched and non-etched regions. For
z > z0, the calculated initial value increases linearly with z according to δlin.
The additional increase in effective refractive index in the phase-shift region
as a result of tapering of the waveguide width is also displayed in Fig. 12.4.
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Figure 12.4: The effective refractive index along the waveguide varies due to the change
in waveguide width in the phase-shift region and as well due to a temper-
ature gradient. The upper set of curves are for the non-etched half-periods
while the lower set of curves are for the etched half-periods. The different
curves within each set have different chirp coefficients δlin.
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Simulations were carried out in order to calculate the spectral response of
DFB resonators with the chirp profiles shown in Fig. 12.4. It is helpful to
look at the reflection spectra from grating 1 and from grating 2, as well as
at the transmission spectra. The simulation results are displayed in Fig. 12.5,
in which the reflection spectra of grating 1 and of grating 2 are displayed on
the top and bottom graphs, respectively, for each value of δlin. The maximum
reflectivity values are indicated by triangles. The DFB resonance at each δlin
value is indicated by a vertical line.

The wavelength of maximum reflectivity of the gratings was extracted from
Fig. 12.5 and is displayed in Fig. 12.6a as a function of δlin. Additionally,
the dependence of the DFB resonance wavelength on δlin is also displayed in
Fig. 12.6a, illustrating that, as the chirp increases, the three spectra all shift
towards longer wavelengths, however, they shift by different amounts. Con-
sequently, the reflectivity provided by gratings 1 and 2 at the wavelength of
the resonance, R1 and R2 respectively, decrease, as shown in Fig. 12.6b. The
range over which the spectral response of grating 1 shifts is smaller than the
range over which the resonance shifts. This is because the fractional change
of the grating periods in grating 1 is smaller than the fractional change of
the grating periods in grating 2 (see Fig. 12.4). Consequently, at around
δlin = 0.05 m−1, the DFB resonance corresponds to a wavelength at which grat-
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Figure 12.5: Simulated reflectivity spectra of grating 1 (top) and grating 2 (bot-
tom), showing spectra with different chirp coefficients. Vertical lines:
wavelength of resonance peak for each temperature profile; green and
red triangles: maximum reflectivities of each spectrum for grating 1 and 2

respectivity.
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Figure 12.6: Dependence of the wavelengths of resonance (blue circles) and reflectivity
peaks of grating 1 (green triangles) and of grating 2 (red triangles) on
the chirp coefficient. (b) Reflectivities R1 and R2 at the DFB resonance, and
their product R1R2 as a function of the shift of the resonance (lower x-axis)
resulting from the linear chirp coefficient (upper x-axis).

ing 1 has a reflectivity dip. Figure 12.5 shows the dip in reflectivity of grating
1 (R1) at this point. As a result, R1R2 also shows a dip, as can be observed in
Fig. 12.6b.

DFB transmission spectra were measured using the setup shown in Fig. 12.2a,
with the temperature profiles shown in Fig. 12.2b imposed along the wave-
guide. The measured spectra are shown in Fig. 12.7a.

The linear dependence of the resonance on the the temperature increase at
the phase-shift centre is displayed in Fig. 12.7b. This linear behaviour was
expected from the simulations (see Fig. 12.6a). Moreover, the experimental
results and simulation results also agree on the gradient of this linear de-
pendence. The FWHM linewidth was extracted from the transmission measure-
ments, and it is plotted in Fig. 12.7c, as a function of the wavelength shift. The
linewidth was also simulated, considering constant propagation and absorp-
tion losses, while the outcoupling losses changed according to the reflectivity
values shown in Fig. 12.6b. The simulation results of FWHM linewidth are
displayed in Fig. 12.7c (blue curve, left y axis). There is excellent agreement
between the experimental data and the simulation results. The two peaks at
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Figure 12.7: Experimental results probing the response of a DFB resonator when a
thermal gradient is applied, and comparison with simulations. (a) Ex-
perimental results, showing that the DFB resonance is shifted when a
temperature gradient is applied. (b) Wavelength shift of the resonance
peak: experimental results (dots) as a function of estimated temperature
at phase-shift centre (bottom x-axis); simulation results (line) as a func-
tion of linear chirp coefficient (top x-axis). (c) The resonance linewidth
increases with the temperature gradient, and with the amount which the
resonance shifts. Experimental data (dots) and simulation results (solid
lines) are shown. Blue curve: simulated values of the resonance linewidth;
red curve: calculated values of − ln(R1R2).
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a resonance shift of around 150 pm are a consequence of the resonance peak
crossing the dip in the reflectivity spectrum of grating 1 (Fig. 12.6b). The
simulated parameter −ln(R1R2) is also displayed (red curve, right y axis). It
follows the same general trend as the increase in linewidth, illustrating that
the outcoupling losses are the factor responsible for the linewidth increase of
the resonance, when there is a chirp in the grating profile. The parameter
−ln(R1R2) is directly proportional to the resonance linewidth increase that
results from outcoupling losses (see Eq. 9.4).

In conclusion, the investigations presented in this chapter demonstrate that
a temperature gradient in the grating profile of DFB resonators affects their
spectral response. In particular, the wavelength of the resonance shifts to-
wards larger wavelengths due to an increase in the optical path in the phase-
shift region. Moreover, a temperature gradient increases the outcoupling
losses, which consequently increases the linewidth of the resonance.
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C O N C L U S I O N S A N D O U T L O O K

The research presented in this thesis was focused on two main goals: de-
veloping waveguides for efficient nonlinear optical conversion, and investig-
ating distributed-feedback (DFB) resonators for single-frequency lasers. The
achieved results consist of significant progress within these goals.

The nonlinear materials employed for the research in this thesis were ru-
bidium-doped potassium titanyl phosphate (RKTP) and lithium niobate (LN),
including the emerging material platform lithium niobate on insulator (LNOI).

In this thesis, ridge waveguides were fabricated by diamond-blade dicing
a Rb-exchanged periodically-poled (PP) RKTP sample. Blue second-harmonic
(SH) light was generated through first-order type I quasi-phase matching (QPM),
by exploiting the large d33 coefficient of the crystal. The measured normalized
conversion efficiency was ηnorm = 31 %/(Wcm2). The fabricated waveguides
showed non-negligible scattering along their length, due to a non-optimized
dicing process. As a result, the calculated efficiency corresponds to an upper
limit. Waveguides on RKTP exhibit several important advantages over wave-
guides on LN: high-resistance to photorefractive effects and they are less sens-
itive to green- and blue-light induced infrared absorption. Circular mode pro-
files are easier to achieve on RKTP waveguides than in LN waveguides, which
leads to excellent coupling efficiencies to fibres and, as simulation results
presented in this thesis indicate, enable very efficient nonlinear optical conver-
sion. Moreover, RKTP enables the fabrication of dense domain gratings which
can be exploited for QPM processes at shorter wavelengths. The waveguides
presented in this thesis would be an excellent source of entangled photon
pairs pumped in the blue-green wavelength range. Moreover, they have the
potential to be used for first-order counter-propagating nonlinear interactions
in a waveguide format, which has not yet been demonstrated.

Future work in optimizing the dicing process would allow a significant re-
duction of the propagation losses in the ridge waveguides. Furthermore, the
ion-exchange was carried out in a pure Rb melt, which lead to a slow exchange
rate and small refractive-index contrast. An improved ion-exchange process
in a melt with added Ba2+ could result in deeper and strongly-confining wave-
guides.

The other nonlinear material investigated in this thesis is LN, which is a well-
established material. A comparison between various waveguide technologies
in LN was presented, based on extended simulations and a literature review.
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The most important parameters for comparison were the degree of optical
confinement, the mode overlap between the transverse mode profiles at the
wavelengths involved in the process, propagation losses and the second-order
nonlinearity. The nonlinear conversion efficiencies that have been experiment-
ally achieved are often below the theoretical values, due to different techno-
logical diffuculties, such as combining periodic-poling technology with wave-
guide fabrication technologies, large propagation losses (in the case of ridge
waveguides), inhomogeneities in the waveguide dimensions and inhomogen-
eities in the QPM structure. The main conclusion that can be drawn from
this comparison is that there is still potential for improving the performances
of the various waveguide technologies through device optimization. A par-
ticularly interesting direction for future studies would be the development
of ridge waveguides on soft proton exchange (SPE) LN. Channel waveguides
have been successfully implemented, exploiting the preserved second-order
nonlinearity granted by SPE, however, ridge waveguides on SPE have not yet
been demonstrated. Moreover, the simulation results show the outstanding
potential for efficient NLO conversion in waveguides on LNOI, therefore device
optimization in this material platform would be a very interesting direction
for future research.

Another contribution presented in this thesis concerning LN was the minim-
ization of propagation losses in ridge waveguides on APE LN. The best results
were αloss = (0.27± 0.07)dB/cm, which is comparable to the current state of
the art value for diced ridge waveguides in LN. The next steps is the imple-
mentation of ridge waveguides in PPLN, to enable high-efficiency nonlinear
conversion.

On the exciting emerging material platform LNOI, the research in this thesis
contributed with the development of relatively efficient grating couplers. The
fabrication method was based on surface ablation using a UV interference
pattern, resulting in a surface corrugation with a sinusoidal profile and depth
as large as 130 nm. Although the fabrication method was demonstrated on
a 20 µm thin film, in a typical 0.5 µm thin film it is expected that the grating
couplers would result in a 18 % coupling efficiency with a Gaussian beam. The
next step is the implementation of the developed grating couplers on 0.5 µm
thin-film waveguides on LNOI. Moreover, the fabrication method presented in
this thesis has the potential to be implemented on both sides of a thin film,
provided the grating fabrication is carried out prior to the bonding step. This
would allow the bottom grating to be employed as a bottom reflector, which
would further improve the coupling efficiency.

The other main topic of research in this thesis concerned DFB laser reson-
ators, with the aim of investigating their spectral response. DFB resonators
below lasing threshold are very insightful for investigating the behaviour of
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light inside the resonator, which allows the resonator to be optimized for its
target applications. The research in this thesis was concerned with optimiz-
ing the resonator design in order to minimize the photon decay rate from
the resonator, and thus minimize the linewidth of the resonance. In order to
minimize the photon decay rate, the resonance should be spectrally located
at the centre of the reflection band, where the reflectivity is highest and the
outcoupling losses are lowest. Two scenarios in which the spectral response of
the resonator is not ideal were presented in this thesis: A DFB resonator with a
distributed phase shift and a DFB resonator whose grating has a temperature
gradient.

To my knowledge, there were no prior studies that investigated the underly-
ing mechanisms for the spectral response of DFB resonators with a distributed
phase shift, even though distributing the phase shift over a length is rather
common, due to the benefits it offers. Through simulations and experiments
presented in this thesis, it was identified that when the light intensity in the
resonator extends over a length comparable with the length of the distributed-
phase-shift region, the wavelength of the resonance deviates from the design
value. This deviation is largely the result of an incomplete accumulation of the
design distributed phase shift by the light intensity that decays into the Bragg
grating on either side of the phase-shift center. This is an important finding
in the understanding of DFB resonators with a distributed phase-shift, and
accounting for this fundamental effect allows one to better position the res-
onance wavelength at the centre of the reflection band. This effect should be
carefully considered when designing devices in which a precise control over
the linewidth or wavelength of the laser light is required. This includes, for
instance, laser-based sensors which rely on the interaction of the intra-cavity
laser light with the environment or with particles sitting on top of the res-
onator. Devices that aim to to circumvent spatial-hole-burning effects would
also benefit from a design that takes this effect into consideration.

A DFB resonator with a thermally-chirped grating was another focus of
the research presented in this thesis. Again, to my knowledge, a satisfact-
ory explanation of the relationship between a chirped grating profile and the
linewidth produced by the resonator was lacking. A linear chirp in a DFB

resonator was experimentally produced and the resonator’s spectral response
was measured. The measurement results indicate that an increase in the out-
coupling losses are responsible for the measured increase in linewidth when
a chirp is imposed in the grating period. This is corroborated by simulation
results. A chirp profile causes the reflectivity spectrum of the gratings to
shift towards longer wavelengths, and also the DFB resonance to shift towards
longer wavelengths. However, they shift by different amounts. Consequently,
the reflectivity provided by the gratings at the wavelength of the resonance
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decreases, thereby increasing the outcoupling losses. This work is especially
valuable within the scope of the design and control of DFB resonators subject
to thermal effects. If the chirp profile on the Bragg gratings during laser op-
eration is known, this profile can be accounted for when designing the DFB

resonator, such that under operating conditions, the spectral response of the
resonator would be optimal.
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