Efficient frequency doubling
of near-infrared diode lasers
using quasi phase-matched waveguides

vorgelegt von

Diplom-Physiker
Daniel Jedrzejczyk

geb. in Bielsko-Biata, Polen

von der Fakultiat IV - Elektrotechnik und Informatik -
der Technischen Universitat Berlin

zur Erlangung des akademischen Grades
Doktor der Naturwissenschaften
- Dr. rer. nat. -

genehmigte Dissertation

Promotionsausschuss:

Vorsitzender: Prof. Dr.-Ing. Wolfgang Heinrich, TU Berlin
Gutachter: Prof. Dr. Giinther Trankle, TU Berlin
Prof. Dr. Giinter Huber, Universitat Hamburg
Prof. Dr. Michael Kneissl, TU Berlin

Tag der wissenschaftlichen Aussprache: 19. Dezember 2014

Berlin 2015



i



Abstract

Single-pass frequency doubling of near-infrared (NIR) diode lasers in quasi
phase-matched nonlinear bulk crystals represents a straightforward approach
to realize efficient and compact green emitting lasers in continuous-wave (CW)
operation with a high output power and a nearly diffraction-limited beam
quality [19, 20]. In this thesis, the application of waveguide structures, in-
stead of bulk crystals, is investigated theoretically and experimentally with
the objective of increasing the efficiency of such laser systems. In particular,
a complemented study of second-harmonic generation (SHG) in periodically
poled MgO-doped lithium niobate (MgO:LN) ridge and planar waveguides is
conducted in order to identify all benefits and limitations for both geometries
with respect to maximum conversion efficiency and accessible power in the
green spectral region.

In the first part of this work frequency doubling of a DBR ridge waveguide diode
laser in a periodically poled MgO:LN ridge waveguide is studied. In particular,
the influence of structural imperfection, optical absorption and subsequent
heat generation on the conversion efficiency of the nonlinear interaction is
investigated in-depth by means of experiments and numerical simulations.

In the second part of this work frequency doubling of a DBR tapered diode
laser in a periodically poled MgO:LN planar waveguide is investigated. Prior to
high-power experiments, a comprehensive experimental study of the normalized
SHG conversion efficiency in planar waveguides as a function of spatial diode
laser beam parameters is carried out in order to provide optimum values with
corresponding tolerances for subsequent experiments.

The application of periodically poled MgO:LN waveguide structures for fre-
quency doubling of NIR diode lasers results in this thesis in a distinct improve-
ment of the opto-optical conversion efficiency. An increase from approx. 20 %
in a bulk crystal to almost 30 % in a planar waveguide and approx. 40 % in a
ridge waveguide is achieved. However, unlike in a bulk crystal, the maximum
generated power is limited in both waveguide geometries. In a ridge-waveguide
the maximum second-harmonic (SH) power of nearly 0.4 W is limited due to
its gradual saturation with increasing NIR pump power accompanied by an in-
crease in the propagation loss, which is attributed to nonlinear absorption. The
nonlinear absorption affects the SHG process starting from an SH wave intensity
of approx. 1.7 MW/ cm®. Above an SH wave intensity of approx. 3.1 MW/ cm?
a saturation of the SH output power can be observed. In a planar waveguide the
maximum generated SH power of approx. 1.2 W is limited due to its gradual
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saturation with increasing NIR pump power. However, unlike in case of the
ridge waveguide, no distinct increase of loss in the investigated power range can
be determined. In addition, the maximum SH wave power density is determined
here to 0.3 MW/ cmz, which is one order of magnitude lower compared to the
maximum SH wave intensity in the ridge waveguide structure. Therefore, the
experimentally observed power limitation in a planar waveguide is attributed
to thermally induced quasi phase-matching distortion, caused by waveguide
cladding material not suitable for high power operation. Higher maximum
output power is expected for improved planar waveguide structures.

The generated laser radiation in the green spectral range is characterized by a
single-frequency spectrum and nearly diffraction-limited beam quality and is
therefore well suited for applications in the fields of bio-medicine, bio-technology
and spectroscopy.
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Kurzfassung

Frequenzverdopplung von nah-infraroten (NIR) Diodenlasern im einfachen
Durchgang durch nichtlineare, periodisch gepolte Volumenkristalle stellt ei-
ne einfache Anordnung dar, um effiziente und kompakte, griin emittierende
Laserstrahlquellen mit hoher Ausgangsleistung im Dauerstrichbetrieb und an-
nihernd beugungsbegrenzter Strahlqualitdt zu realisieren [19, 20]. Im Rahmen
dieser Arbeit wird die Verwendung von Wellenleiterstrukturen anstelle von
Volumenkristallen theoretisch und experimentell mit dem Ziel betrachtet, die
Konversionseffizienz solcher Lasersysteme zu steigern. Insbesondere wird die
Erzeugung der zweiten Harmonischen in periodisch gepolten Rippen- und
Planarwellenleitern aus MgO-dotierten Lithiumniobat (MgO:LN) ausfiihrlich
untersucht, um die Vorteile und Grenzen beider Strukturen beziiglich der maxi-
malen Konversionseffizienz und der maximal erreichbaren Ausgangsleistung im
griinen Spektralbereich zu finden.

Im ersten Teil dieser Arbeit wird die Frequenzverdopplung der Strahlung
eines DBR-Rippenwellenleiterlasers in einem periodisch gepolten MgO:LN-
Rippenwellenleiter betrachtet. Insbesondere wird dabei der Einfluss der Struk-
turinhomogenitit, der optischen Absorption und der daraus resultierenden
Wirmeentwicklung auf die Konversionseffizienz dieser nichtlinearen Wechselwir-
kung sowohl experimentell als auch durch numerische Simulationen ausfiihrlich
untersucht.

Im zweiten Teil dieser Arbeit wird die Frequenzverdopplung der Strahlung
eines DBR-Trapezlasers in periodisch gepolten MgO:LN-Planarwellenleitern
dargelegt. Zur Vorbereitung auf die Hochleistungsexperimente wird zunéchst
die normierte Konversionseffizienz in planaren Wellenleitern als Funktion von
rdumlichen Strahlparametern ausfiihrlich untersucht, um die optimalen Werte
und die dazugehorigen Toleranzen zu finden.

Die Verwendung von periodisch gepolten MgO:LN-Wellenleiterstrukturen fiir
die Frequenzverdopplung von NIR-Diodenlasern fiihrt in dieser Arbeit zu einer
verbesserten opto-optischen Konversionseffizienz. Deren Erhohung von ca. 20 %
in Volumenkristallen [9, 10] auf hier nahezu 30 % in einem planaren Wellenleiter
und auf ca. 40 % in einem Rippenwellenleiter wird beobachtet. Im Gegensatz
zu Volumenkristallen ist die maximal erreichbare Ausgangsleistung in beiden
Wellenleiterstrukturen jedoch begrenzt. In einem Rippenwellenleiter ist die
maximale Leistung der zweiten Harmonischen auf nahezu 0,4 W begrenzt, und
zwar durch die mit steigender NIR-Pumpleistung graduell auftretende Satti-
gung. Gleichzeitig wird eine Erhohung der Ausbreitungsverluste beobachtet, die




auf die nichtlineare Absorption zuriickzufiihren ist. Die nichtlineare Absorption
beeinflusst den nichtlinearen Prozess der Frequenzverdopplung ab einer Intensi-
tét der zweiten Harmonischen von ca. 1,7 MW /cm?®. Oberhalb einer Intensitét
der zweiten Harmonischen von ca. 3,1 MW/ cm” ist eine Séttigung der Leistung
der zweiten Harmonischen zu beobachten. Fiir den Planarwellenleiter ergibt
sich eine Leistungsgrenze fiir die zweite Harmonische von ca. 1,2 W, wiederum
verursacht durch die mit steigender NIR-Pumpleistung graduell auftretende
Sattigung. Jedoch kann im Gegensatz zum Rippenwellenleiter in den planaren
Wellenleitern keine deutliche Erhéhung der Ausbreitungsverluste festgestellt
werden. Des Weiteren wird hier die maximale Intensitit der zweiten Harmoni-
schen zu einem Wert von 0,3 MW/ cm? bestimmt, welcher im Vergleich zu der
maximalen Intensitit im Rippenwellenleiter um eine Gréfsenordnung kleiner ist.
Folglich ist die im Planarwellenleiter experimentell beobachtete Leistungsbe-
grenzung auf eine thermisch verursachte Stérung der Quasi-Phasenanpassung
zuriickzufiihren, die durch das fiir hohe Leistungen nicht geeignete Mantelma-
terial des Wellenleiters verursacht wird. Hohere Ausgangsleistungen sind fiir
optimierte planare Wellenleiterstrukturen zu erwarten.

Die erzeugte Strahlung im griinen Spektralbereich ist durch ein einmodiges
Emissionsspektrum und durch eine nahezu beugungsbegrenzte Strahlqualitat ge-
kennzeichnet. Sie ist deswegen fiir die Anwendungen im Bereich der Biomedizin,
Biotechnologie und Spektroskopie gut geeignet.
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Chapter 1

Introduction

In over five decades since its invention [1], not only has the laser found
widespread applications in science and industry, but it has also become an
irreplaceable tool in our everyday life. Due to a permanent improvement in
its performance, flexibility and diversity, the number of applications has been
growing rapidly over the years. However, in spite of a high demand, the avail-
ability of efficient and compact laser systems in the green spectral range has
been limited until recently.

Such lasers, that are additionally characterized by an output power of several
hundred milliwatt in continuous-wave operation and a nearly diffraction limited
beam quality, are required in a variety of application fields. The green spectral
region, characterized by a very low absorption in water, is particularly interest-
ing for bio-medical and bio-technical applications, such as, for example, flow
cytometry [2]. In addition, such laser systems are also required in the fields of
spectroscopy, in which case single-frequency emission is often indispensable [3].
Furthermore, efficient and compact lasers in the green spectral region with
moderate power have already found wide application in the rapidly growing
field of laser display technology [4]. Finally, in the high-power range, a laser
with the aforementioned characteristics can be utilized as a pump source for a
Ti:Sapphire laser [5].

In recent years, a few approaches to realize miniaturized and efficient green
emitting lasers have been introduced, among which frequency doubling of near-
infrared diode lasers in quasi phase-matched nonlinear bulk crystals provides
a number of advantages. In comparison to direct diode lasers based on In-
GaN [6, 7, 8|, the aforementioned concept enables a higher output power [9, 10].
In addition, it provides single-frequency emission and is also suitable for gen-
eration of laser radiation in the yellow spectral range [11, 12]. As opposed to
frequency doubled solid-state lasers [13, 14, 15] and blue diode laser pumped
Pr:YLF lasers [16, 17, 18], frequency doubling of near-infrared diode lasers is not
limited to strict atomic transitions and, therefore, enables generation of arbitrary
wavelengths. Furthermore, wavelength tuning over a range of several hundred
picometer can be achieved by adjusting the temperature and the injection
current. An important additional argument in favor of direct second-harmonic
generation with diode lasers is also the already demonstrated miniaturization




of this concept in a straightforward single-pass configuration [19, 20].

Apart from the advantages of direct diode laser frequency doubling in a single-
pass configuration, the low conversion efficiency of the nonlinear interaction in a
bulk crystal represents the main disadvantage of this concept. This impediment,
which is induced by a relatively low fundamental radiation intensity resulting
from crystal length dependent laser beam focusing [21], is additionally rein-
forced in case of diode lasers by laser beam quality degradation with increasing
output power. The improvement of the conversion efficiency during frequency
doubling of near-infrared diode lasers is therefore a key factor to ensure high
wall-plug efficiency of miniaturized green emitting laser modules, based on this
approach [19, 20]. The target of this thesis is to investigate the potential of
quasi phase-matched waveguide structures for this purpose. In this context, an
extensive study of second-harmonic generation in ridge and planar waveguides
is conducted in order to identify all benefits and limitations for both geometries
with respect to maximum conversion efficiency and accessible second-harmonic
power range.

This thesis is organized as follows: in Chapter 2 fundamentals of diode lasers
are discussed, followed by the presentation of requirements for single emitters
suitable for frequency doubling, and the description of near-infrared diode lasers
applied in this work. Chapter 3 covers the fundamentals of integrated optics
and nonlinear optics. In case of the latter field the focus is laid on the concepts
of second-harmonic generation and quasi phase-matching. Subsequently, the
waveguide structures applied in this work for second-harmonic generation into
the green spectral region are discussed.

In Chapter 4, efficient frequency doubling of a diode laser in a ridge waveguide
structure is demonstrated. In particular, the influence of structural imperfection,
optical absorption and subsequent heat generation on the conversion efficiency
of the nonlinear interaction is investigated in-depth by means of experiments
and numerical simulations.

In Chapter 5, efficient high-power frequency doubling of a diode laser in a
planar waveguide is demonstrated. Prior to high-power experiments, the
second-harmonic generation process is investigated extensively with respect to
near-infrared pump beam parameters, resulting in a definition of their optimum
values with corresponding tolerances. Summary, conclusions and perspectives
are presented in Chapter 6.




Chapter 2

Design and selection of NIR diode
lasers for frequency doubling

2.1 Fundamentals of diode lasers

Laser operation from a semiconductor material was demonstrated for the first
time in 1962 (22, 23, 24, 25, 26]. In the following years a room-temperature
continuous-wave (CW) operation |27, 28| and significant reliability improve-
ment [29, 30, 31] were achieved. The robustness and small footprint of diode
lasers, as well as the feasibility of mass-production at low cost resulted in two
early commercial applications in the field of data storage and optical com-
munication [32, p. 3]. Over the years, diode laser technology evolved further
enclosing diverse new applications in different spectral and power ranges.

At the present day, diode lasers are the most efficient lasers reaching maximum
electro-optical conversion efficiency in extent of 70 % [33, 34, 35|. They find
application in a wide scope of fields, ranging from pumping of solid state and
fiber lasers 36, 37|, through material processing [38], spectroscopy [39, 40] and
metrology [41] to free space communication [42, 43].

In this section, the fundamentals of diode lasers are discussed. The population
inversion and optical gain are described in Sect. 2.1.1, followed by the concept
of optical cavity and laser threshold in Sect. 2.1.2. In Sect. 2.1.3 and 2.1.4 the
resonator concepts for longitudinal single-mode operation and the methods
for lateral confinement are presented, respectively. Finally, in Sect. 2.1.5 the
spatial characteristics of a diode laser beam are discussed.

2.1.1 Inversion and optical gain

Selective doping with donors and acceptors as well as concentration variation
of semiconductor layers during growth enables the fabrication of a double
heterostructure, a fundamental component of a diode laser. This is basically
a pin-junction complemented by a joint confinement region for both charge
carriers and photons. The charge carriers are confined due to lower band gap
energy, the photons due to higher refractive index, as presented in Fig. 2.1 (a)
and (b), respectively. Under forward bias this structure provides a local




2.1. Fundamentals of diode lasers

inversion in the population of energy states, a condition which needs to be
fulfilled in order for laser operation to take place. The dominant optical
transition between the conduction and valence band in the confinement region
determines the wavelength of the emitted electro-magnetic radiation. This
generated optical field propagating through the junction is amplified further by
means of stimulated emission due to the presence of population inversion. The
amplification is described by the relation

J(x)=7J(0)e"" (2.1)

in accordance with [44, Eq. 9.28, p. 225], where 7 is the intensity of light, =
is the propagation direction and ~ is the material gain. Since gain is directly
proportional to the difference between the electron populations in the conduction
and valence band [44, Eq. 9.29, p. 225, negative gain and therefore attenuation
of radiation is present in case of thermal equilibrium, i.e. no forward bias.
However, as mentioned above, under forward bias the population inversion

(@) p-doped undoped n-doped AE
E.

. EfL ’F.'. L AL X ) 'lr Ef
Figure 2.1: i E, !

Schematic depic- E, e . o

tion of a double het- \l \

erostructure under E
forward bias with z

regard to energy lev-  (b) AN

els (a) [45, Fig. 3, |—| --------------------- An

p. 7] and refractive
index (b) z

A

A

results in a positive value of v and a corresponding amplification. In general,
photon energy and carrier density have a significant influence on the optical
gain profile |44, p. 225|, calculation of which is however beyond the scope of
this work. Positive gain is expected in the photon energy region given by

Eg < hv < By, — Ey, (22)

in accordance with [44, Eq. 9.33, p. 226], where Ej, is the band gap energy, hv
is the photon energy and Ej. and Ef, are the conduction and valence quasi
Fermi levels, respectively, as depicted in Fig. 2.1 (a).

Modern diode lasers consist of a separate confinement double heterostructure [44,
p. 242| with separate confinement regions for charge carriers and photons, as
presented schematically in Fig. 2.2 (a). The latter are confined in a thicker
optical waveguide, preferably in the waveguide lowest-order mode, the former
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Figure 2.2: Schematic depiction of a separate confinement double
heterostructure (a), depiction of a Fabry-Pérot laser (b), a DFB laser (c)
and a DBR laser (d)

are confined in a much thinner active zone. The confinement factor [45, Eq. 21,

p. 11]
/G(W)(z)dz
Y 23
/ 3 (2) dz

—00

defines the overlap between the intensity distribution 3™ (z) of the optical
waveguide mode m = 0,1,2,... and the active zone (AZ). The gain of the
corresponding optical mode V0qa1 amounts to

“Ymodal = FV? (24)

as described in detail in [45, p. 10]. During design of diode laser structures care
needs to be taken for the modal gain of waveguide higher-order modes to be
lower than of the fundamental mode.

Primarily, quantum-well structures [46] utilizing quantum effects [44, p. 49| are
applied as active region, since they assure lower threshold current density and a
lower linewidth enhancement factor [44, p. 243]. Furthermore, the polarization
or emission wavelength in a quantum-well can be adjusted due to strain effects.
In addition, multiple quantum-wells [47] provide a higher overall gain and a
superior performance at high currents [44, p. 243|.

2.1.2 Optical cavity and laser threshold

For laser operation to begin, optical feedback into the active medium is required.
A resonant cavity providing optical oscillation is well suited for this purpose.
In case of edge-emitting diode lasers, a Fabry-Pérot resonator, consisting of
two parallel mirrors as depicted in Fig. 2.2 (b), is created through proper facet
cleaving.

The consideration of gain and loss during single resonator roundtrip allows to
define the threshold gain value [45, Eq. 24, p 13]

F’Yth = o5+ am (25)
LI N (2.6)
= o — 1n s .

2Lr  R¢R,
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at which the internal loss a; and the mirror loss oy are compensated and the
laser operation begins. Here, Ly is the resonator length and R and R, is the
reflectivity of the front and rear facet, respectively. The radiation coupled
out from the resonator through the facet forms the laser beam which is then
available for the desired application.

The threshold gain ~, is reached at a threshold current density Z;y,, which, for
a given injection area, corresponds to a threshold current Ii;,. Below this value
the output power P, driven by spontaneous emission, increases insignificantly
with increasing current I, as shown schematically in Fig. 2.3. The transition to

A
P

spontaneous laser

emission operation
Figure 2.3:
Schematic depiction
of power-current de-
pendency for a diode -
laser L, I

stimulated emission at the threshold current [i;, induces a linear dependency
between the output power and the injection current. The output power is then
given in accordance to [45, Eq. 93, p. 44] by

P=nq (%) (I — Ip) (2.7)

with differential conversion efficiency 74, photon energy hr and electron charge q.

An optical resonator provides oscillation for its resonance frequencies defined as
Co

= mm (2.8)

v
in accordance to [44, Eq. 9.44, p. 234] with velocity of light in vacuum ¢y,
resonator length Lg, refractive index n and an integer m. All resonance
frequencies, for which the threshold gain defined in Eq. (2.5) is reached, can
contribute to the laser operation. In general, this results in a broadband laser
emission.

The resonance frequencies from Eq. (2.8) correspond to longitudinal modes in
the wavelength distribution. The permitted wavelength values are defined as

m

A (2.9)

according to [45, Eq. 19, p. 10] with the corresponding mode spacing [45, Eq. 54,
p. 33

)\2
B 2LR’I’Lgr7

where ny, is the group index of refraction [48, p. 298|.

AN (2.10)
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2.1.3 Longitudinal single-mode operation

Laser operation in a longitudinal single-mode can be obtained through a targeted
control of the mirror loss ayy from Eq. (2.5) by an application of a wavelength
selective mirror. A grating is well suited for this purpose, since the periodic
modulation of a refractive index induced in this manner leads to a wavelength
dependent Bragg reflection.

Two sorts of diode lasers with distributed-feedback can be distinguished. A
distributed feedback (DFB) laser, in case of which the grating is integrated in
the active region over its entire length, is presented schematically in Fig. 2.2 (c).
A distributed Bragg reflector (DBR) laser makes use of a biased active region
and a passive grating region operating as a cavity mirror, as depicted in
Fig. 2.2 (d). In both cases the effective refractive index is modulated, either
by longitudinal refractive index variation in the waveguide core [49, 36] or
by surface etching of the cladding layer [50, 51]. For a grating period Apgg,
effective refractive index N and integer grating mirror order m, a targeted DBR

emission wavelength
2N
ApBR = — ApBR (2.11)
m

is expected [44, Eq. 9.69, p. 260]. According to the coupled-wave theory [52, 53|
for wavelengths around this value the forward and backward traveling waves
are coupled. The strength and the spectral range of this interaction is defined
by grating properties, such as its order and shape, corrugation duty cycle and
depth and residual distance to the active region [54]. The proper choice of
these parameters results therefore in a longitudinal single-mode operation.

2.1.4 Lateral confinement

Gain-guided lasers make use exclusively of current confinement in the lateral
direction, based on current injection through a defined conductive area on the
surface of a diode laser, as shown schematically in Fig. 2.4 (a). In such devices

conductive

area
s insulator \ Figure 2.4:

||| | || Schematic depic-
[ ] I .
JTTLN I tion of lateral con-
v 4 .
finement concepts:

’ gain-guiding (a) and
@) (b) Ly index-guiding (b)

the inversion and therefore the positive material gain v can only be generated
below the conductive stripe area. Outside of it the laser operation is not possible
due to optical loss. Furthermore, during laser operation a thermally induced
refractive index increase due to resistive heating in the current injection area
can lead to a lateral wave-guiding.

Geometrical index-guiding resulting from a difference in the effective refractive

7



2.1. Fundamentals of diode lasers

index is presented schematically in Fig. 2.4 (b). This method is used, addition-
ally to current confinement, in ridge-waveguide (RW) lasers in order to induce
injection current independent optical wave-guiding in the lateral direction.
Proper choice of the index step and the ridge width leads to laser operation
in the lateral lowest-order waveguide mode, which is of major significance for
good lateral beam quality.

2.1.5 Spatial properties of a diode laser beam

During propagation in free space the laser beam diameter alters with increasing
distance due to diffraction. In the consequent laser beam caustic a beam waist
diameter dy and a divergence full angle 64, can be specified, as presented in
Fig. 2.5. These two parameters define the beam propagation ratio M? through
the relation

do - Oaiy o A

— w22 2.12
1 - (2.12)

in accordance with [55, Eq. 5.29 and 5.30, p. 226], where A is the wavelength of
radiation. The value of M? describes the beam quality of a laser beam. Please
note that the beam quality decreases with increasing M? value. A Gaussian

Figure 2.5:
Schematic depic-
tion of a laser beam
caustic

beam [56, p. 52| represents a diffraction-limited 3-dimensional eigensolution
of the wave equation for a laser beam propagating in free space under slowly
varying envelope approximation and is characterized by an M? = 1. Real laser
beams possess beam propagation ratio M? equal to 1 or larger. In this work,
the laser beam quality is determined by means of a caustic measurement, which
is described in detail in Appendix A.1.

In general, a diode laser beam is simple astigmatic, which means that two
principal directions can be distinguished, as shown schematically in Fig. 2.6.
A caustic measurement in these two directions, the fast- and the slow-axis to
be specific, enables a complemented spatial laser beam characterization. The
fast-axis denotes the vertical direction, which is characterized by a large beam
divergence due to tight confinement in the waveguide structure defined during
epitaxial growth. Hence, optics with high NA values needs to be applied in
front of a diode laser in order to collimate its radiation in the fast-axis. In
addition, this principal direction is characterized by a nearly diffraction-limited
beam quality.

The lateral direction is referred to as the slow-axis. It exhibits smaller beam
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, Figure 2.6:
Zas Y . 0 .
4 Schematic depiction
, ° of a diode laser and
near field Bz . L.
%, _ its emission charac-
© | Slow-axis . . .
T teristics. The prin-
far field z

cipal directions are
fast- and slow-axis

divergence compared to the fast-axis, which, in addition, depends significantly
on the lateral resonator design. Narrow emitters, such as for example RW
lasers, are characterized by a larger far field distribution than their wide
counterparts [45, Sect. 3.3, p. 29|. In addition, due to lateral wave-guiding in
the spatial fundamental mode, RW lasers exhibit a nearly diffraction-limited
beam quality in the slow-axis. Their maximum output power is limited due to
small light emitting area and the consequent catastrophic optical damage [57]
or catastrophic optical mirror damage [58, 59| caused by a too high power
density. An increase in the maximum output power can be achieved with wider
resonator geometries, characteristic for broad area emitters, which, however, is
accompanied by a significant degradation of the lateral beam quality.

2.2 Requirements for diode lasers intended for
frequency doubling

Laser beam available for frequency doubling must possess specific characteris-
tics, in order for the nonlinear process to be efficient. It has been recognized
shortly after the first demonstration of second-harmonic generation (SHG) [60],
that the efficiency of the frequency conversion process increases with increasing
pump intensity [61, 62|. Higher power density in a nonlinear bulk crystal can
be reached by a stronger focusing of the pump laser beam, which, however,
leads to a shorter effective interaction length due to larger divergence. As
has been investigated for a Gaussian pump beam in [21, 63, 64|, the optimum
focusing changes with the nonlinear crystal length. Later on, it has been also
shown theoretically and experimentally, that longitudinal modes in the spectral
distribution closely spaced within the acceptance bandwidth of the nonlinear
crystal can additionally enhance the frequency doubling efficiency by a factor
of two [65, 66]. Furthermore, other experiments have demonstrated, that too
wide spectral emission leads to a decrease in conversion efficiency [67, 68].
Finally, the beam quality influence has also been investigated theoretically
and experimentally in nonlinear bulk crystals, indicating that increasing beam
quality parameter M? leads to a less efficient SHG [69, 70, 71, 72, 73].

For efficient frequency conversion process in quasi phase-matched waveguide
structures diode lasers emitting nearly diffraction-limited radiation are required.




2.3. Single emitters design and selection

Good beam quality is of great relevance for high coupling efficiency into waveg-
uide lowest-order mode in addition to its beneficial influence on the normalized
SHG conversion efficiency during free beam propagation.

Spectrally narrow-band emission matching the acceptance bandwidth of the
nonlinear crystal is crucial for an efficient SHG process. In case of diode lasers
this condition can be fulfilled by longitudinal single-mode operation.

The diode laser output power does not influence the normalized SHG conversion
efficiency. However, due to the nonlinear character of the interaction, increasing
pump power results in an increasing opto-optical conversion efficiency. Addition-
ally, the power level has to be chosen properly to the geometrical configuration
of the SHG device applied for frequency doubling, as will be shown in successive
chapters of this work.

2.3 Single emitters design and selection

In recent years diode lasers suitable for direct continuous-wave (CW) frequency
doubling have been reported. In the power range of 1 W wavelength stabilized
ridge waveguide diode lasers [49, 74, 75, 76, 77, 78] providing laser radiation
in spectral and spatial single mode have been demonstrated. For high-power
operation, DBR tapered diode lasers [79, 80, 81| and monolithic DFB tapered
master-oscillator power-amplifiers (MOPA) 82, 83, 84, 85] have been introduced,
which emit nearly diffraction-limited radiation in a longitudinal single-mode
at power levels up to 12 W. These lasers are well suited for direct frequency
doubling in a single-pass configuration both in bulk crystals and waveguide
structures.

In this work, DBR ridge waveguide and DBR tapered diode lasers are applied
for frequency doubling in a ridge and a planar waveguide nonlinear crystal,
respectively. Below, in Sect. 2.3.1 and 2.3.2, their vertical structure design and
resonator concepts are discussed in-depth, respectively.

2.3.1 Vertical design

DBR diode lasers applied in this work consist of an asymmetric super large
optical cavity grown by metal-organic vapor phase epitaxy (MOVPE) on a (100)
GaAs wafer. This vertical structure, introduced already in [81] and depicted

p-contact
p-Al(0.35)Ga(0.65)As 1090 nm
AV T p-AI0.25)Ga(0.75)As 800 nm
InGaAs TQW
| TT——n-AI(0.25)Ga(0.75)As 4000 nm
= ————n-Al(0.35)Ga(0.65)As 500 nm
| GaAs buffer

n-contact

Figure 2.7: Asym-
metric super large
optical cavity with
InGaAs TQW and
surface grating

xR
8 1690 nm
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Chapter 2. Design and selection of NIR diode lasers for frequency doubling

schematically in Fig. 2.7, contains a 4.8 um thick asymmetric AlGaAs waveguide
core, which results in a reduced 1/e?-level far field angle in the fast-axis of
approx. 25°. An InGaAs triple-quantum-well (TQW) is applied to ensure a high
confinement factor I' despite the high asymmetry of the waveguide core, which
is incorporated in the structure in order to provide lower absorption, higher
conversion efficiency and reduced leakage current. The excellent material quality
of the applied epitaxial structure has been confirmed by pulsed measurements
on broad area emitters with a variable cavity length, described in detail in [81].
In Tab. 2.1 the most relevant electro-optical parameters resulting from these
measurements are presented. Additional information regarding this vertical
structure can be found in [81].

’ Tiw. | AJem® ‘ na /1 ‘ 'y / em™? ‘ o / em™ ‘ Table 2.1: Electro-
’ 191 ‘ 0.85 ‘ 97 ‘ 11 ‘ optical characteristics
: : of the applied epitaxial

structure [81]

2.3.2 Resonator layout
Distributed Bragg reflector

In order to ensure longitudinal single-mode operation, a 1 mm-long 6" order
distributed Bragg reflector is utilized as rear resonator mirror. The surface
grating is realized by i-line photolithography and reactive ion etching [50] to a
depth of 1690 nm, as presented in Fig. 2.7. A measurement of the output power
from the front and the rear facet of a DBR ridge waveguide laser indicates a
DBR grating reflectivity of about 60 % [81].

DBR ridge waveguide diode laser

For SHG experiments in a ridge waveguide nonlinear crystal a 4 mm-long DBR
ridge waveguide diode laser (DBR-RWL) is applied. It consists of a 3 mm-long
index-guided gain section and a 1 mm-long passive DBR section, as presented
in Fig. 2.8 (a). I-line photolithography and reactive ion etching [50] to a depth

(a) (b)
DBR secti s .
sec. on > Figure 2.8: Top
RW section 5 view of a DBR-RWL
beam waist £ .
50 position y 7 pm % (a), exemplary inten-
3 sity distributions (b)
; 2 in the lateral beam
z o fold 5 waist and far field at
ar e £
0 angie 1° 20 P=1W

of 1690 nm is applied to fabricate the 5 um-wide ridge waveguide (RW). The
facets of the device are passivated and coated [86], resulting in a front and rear
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facet reflectivity of R =1 % and R, = 0 %, respectively.

The lateral intensity distributions measured behind a telescope system of two
lenses with a moving slit method at an output power of 1 W are depicted
exemplarily in Fig. 2.8 (b). Both beam waist and far field are characterized by
a Gaussian-like intensity distribution due to lateral wave-guiding, which results
in a good beam quality. In addition, the intensity patterns alter insignificantly
with increasing output power. With lasers of this kind a maximum output
power in the range of 1 W can be reached [77], which makes them well suited
for SHG experiments in nonlinear crystals with ridge waveguide structures.

DBR tapered diode laser

For high-power SHG experiments in planar waveguides a DBR tapered diode
laser (DBR-TPL) schematically depicted in Fig. 2.9 (a) is applied. It consists of
a 1 mm-long passive DBR section and two separately contacted active sections:
a 1 mm-long index-guided RW section and a 4 mm-long gain-guided tapered
(TP) section.

(a) (b) 3
@
DBR section z JL
. ) 2
Elgure 2.9: Top RW section beam waist &
view of a DBR-TPL 50 position y 7 pm 20
(a), exemplary inten-
TP section

sity distributions (b)
in the lateral beam astigmatism

. . relatively to air
waist after ampli-
fication in the TP
section, in the near ;
field and far field at .
P=5W

i

00 position y / pm 400

MM

angle / ° 20

near field

far field

,_iintensity /a.u. j !intensity /a.u.

N
o

The RW section is 4 wm wide, and the taper full angle is 6 °. Analog treatment
of the facets as in case of the DBR-RWL results in a front and rear facet
reflectivity of Ry = 0.5 % and R, = 0 %, respectively.

The TP section induces a shift of the lateral beam waist into the diode laser, as
depicted in Fig. 2.9 (a), resulting in an output power dependent astigmatism
between the slow- and fast-axis. For a 4 mm-long TP section, an astigmatism
in the range of 1.4 mm relatively to air needs to be compensated by the optical
system. On the other hand however, the TP section leads to a wider front facet
and enables, therefore, much higher output powers compared to a DBR-RWL,
as will be presented below in Sect. 5.2.2.

The lateral intensity distributions characteristic for a DBR-TPL, which were
measured behind a telescope system of two lenses with a moving slit method at
an output power of 5 W, are depicted exemplarily in Fig. 2.9 (b). The beam
waist of a DBR-TPL laser beam is characterized by a distinct Gaussian-like
central lobe and additional considerably lower side lobes. With increasing output

12
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power the power content in the central lobe decreases and the lateral beam
diameter determined according to second order moments method (Appendix A.1)
increases, whereas the 1/e-diameter remains unchanged [79, 81]. The near field
distribution represents the lateral intensity pattern on the device facet, which
becomes less homogeneous with increasing output power due to increasing
filamentation and local spatial hole burning effects [87, 88|. These effects have
also similar influence on the lateral far field distribution. In addition, the lateral
far field angle decreases and the astigmatism relatively to air increases with
increasing output power due to the self-focusing effect [89].
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Chapter 3

Waveguide structures for SHG into
the green spectral region

Application of optical waveguides in nonlinear crystals during second-harmonic
generation (SHG) leads to an increase in the conversion efficiency compared
to bulk crystals due to light confinement. This confinement, which can be
maintained in one or in two directions over the total length of a nonlinear
crystal, induces a high intensity inside of the waveguide and, therefore, enables
an enhancement of the conversion efficiency.

SHG in optical waveguides has been introduced for the first time around forty
years ago (90, 91, 92|. Since than, both channel waveguides [93, 94, 95| as well
as planar waveguides [96, 97, 98, 99| have been progressively applied to generate
visible laser radiation. Due to intensive research in the fields of doping and phase-
matching in nonlinear crystals as well as due to application of ridge waveguides,
output powers and opto-optical conversion efficiencies during SHG in excess
of 100 mW and 50 %, respectively, were achieved several years ago [100, 101].
Over the last years, output powers have increased beyond 300 mW and 1 W
in ridge waveguides [102, 103] and planar waveguides [104, 105], respectively.
Recently, state-of-the-art results on SHG in ridge and planar waveguides with
maximum output powers in the green spectral region of 466 mW [106] and
1.6 W [107], respectively, have been presented.

In this chapter the concepts of integrated optics and nonlinear optics are
introduced in Sect. 3.1 and Sect. 3.2, respectively. In the former section the
mode discretization, the mode field distributions and propagation loss, in
the latter the SHG process, quasi phase-matching (QPM) and corresponding
conversion efficiency and power dependency are discussed. Finally, in Sect. 3.3
the waveguide structures, applied in this work for frequency doubling of diode
lasers, are described.

3.1 Introduction to integrated optics

Dielectric waveguides confine light by means of multiple total internal reflexions
at the interface between waveguide core and cladding [48, p. 193|. For this
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purpose the refractive index of core ng, needs to be larger than the refractive
index of cladding n.. A planar waveguide is composed of a core layer enclosed
by two cladding layers as presented in Fig. 3.1 (b). Hence, the light is confined

Figure 3.1:
Schematic depiction
of a bulk crystal (a),
a planar waveguide

(b) and a channel (@) b) © .

waveguide (c) "

in one direction and can propagate freely in other two directions. In a channel
waveguide cladding interfaces in an additional direction are present, as can be
observed in Fig. 3.1 (c) and the light is confined in two directions. Thus, a
kind of an optical wire is created.

The propagation of radiation in an optical waveguide can be described by
a ray optic model, which provides a simplified approach to the understand-
ing of waveguide modes discretization based on the constructive interference
principle [44, Fig. 7.2, p. 148|. The electro-magnetic model, which requires
the solution of wave equation in the core and cladding region while taking
boundary conditions into consideration, provides, additionally to propagation
constants, the electric field distributions. These are relevant, for example, for
the calculation of coupling efficiency into a particular waveguide mode.

3.1.1 Propagation constant and effective refractive index

A discrete planar waveguide mode m is characterized by a discrete propagation
constant 3™, which is defined as

gom — ym & (3.1)
Co
with accordance to [108, Egs. 2.4 and 2.9, p. 10 and 11|, where m =0, 1, 2, ...
denotes the corresponding mode order, N is the corresponding effective
refractive index, w is the radiation frequency and ¢ is the light velocity in
vacuum.

Conform to the electro-magnetic model the following eigenvalue equations
corresponding to [44, Egs. 7.59 and 7.60, p. 167] have to be solved in order to
calculate the effective refractive index N™ in a symmetric planar waveguide
structure with a height h:

—hY Inz — (N2 — o — (N)? —ng
0=h n2 — (Nm)2 —mm — 2arctan 2~ (NO)2 (3.2)

for transverse electric (TE) modes and

2
w - Ng (Nm)2 — p2
0= hc—o ng - (N( ))2 — mm — 2arctan ((n—c) m (33>
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Chapter 3. Waveguide structures for SHG into the green spectral region

for transverse magnetic (TM) modes. Solutions in the range n, > N™ > n,
correspond to modes propagating in the waveguide structure [108, Fig. 2.5,
p. 15].

In channel waveguides, in which the radiation is confined in two directions, a

discrete waveguide mode mn is characterized by a propagation constant 3™
defined as

glmn) — ppmn) & (3.4)

Co
where m =0,1,2,... and n = 0,1, 2, ... denote the corresponding mode order in
the vertical and lateral direction, respectively, and N is the corresponding

effective refractive index.

The analytical calculation of the effective refractive index in channel waveguides
is, in general, possible only by means of approximate techniques. In this work,
an effective index approximation described in detail in [44, p. 183] is used for
this purpose.

3.1.2 Electric field distributions

In case of planar waveguides, solving of the wave equation in the core and
cladding region while taking boundary conditions into consideration, enables
an analytical calculation of the electric field distribution €™ () for a given
waveguide mode m, as has been presented for instance in [44, p. 165].

The characterization of a channel waveguide with regard to its discrete modes
requires a solution of a 2-dimensional problem, which cannot be accomplished
analytically [108, p. 15]. It is for this reason, that real channel waveguide
structures, such as for example ridge waveguides, are analyzed by numerical
simulations. For the purpose of this work, a commercial mode solver software
FiMMWAVE from Photon Design is applied in order to determine the electric
field distributions of the channel waveguide modes &™) (y, 2). Mode distri-
butions &™) (z) for planar waveguide structures are also calculated with this
software tool. Please note, that in the coordinate system chosen, x represents
the propagation direction (Fig. 3.1).

3.1.3 Loss
Input coupling loss

The coupling efficiency into the mn mode of a channel waveguide can be
calculated mathematically by the overlap integral

‘ // E(y, 2)&€" (y, 2)* dydz
i) = (3.5)

o //\S(y, Z)|2dydz//|qf(mn)(y7 [ dyd=

in accordance with [109, Eq. (5.4.6), p. 242|, where &(y, 2) is the electric field
distribution of the incident laser beam on the waveguide facet and &™) (y, 2) is

’2
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the electric field distribution of the mn waveguide mode. For a planar waveguide
a 1-dimensional coupling efficiency can be defined analog to Eq. (3.5)

2

. ‘ /5(z)es<m>(z)*dz
" /}5(z)|2dz/’(’f(m)(z)‘2dz

with electric field distribution of the laser radiation on the input facet £(z) and
the electric field distribution ™ (2) of the waveguide mode m.

(3.6)

Propagation loss

Power of an optical mode propagating in a waveguide structure experiences
attenuation due to waveguide optical loss. In dielectric waveguides, additionally
to the intrinsic material absorption «, which is present in bulk crystals as well,
scattering of the electro-magnetic radiation resulting from roughness of the
waveguide structure accounts for the propagation loss. The decrease in the
intensity J along the propagation direction x can be described by Lambert-Beer
law defined as

J(z) = J(0)e* (3.7)

with accordance to e.g. [110, Eq. 7.16, p. 195], where ¢ [1/cm] is the propagation
loss coefficient, [J(0) is the intensity present at the beginning of the waveguide,
J () is the intensity at the distance x. The optical loss in waveguide structures
can be also described by 045 [dB/cm] [100, 111], which is defined as

dap x = —10log % (3.8)

A following relation between § and d4p can be determined according to [44,
p. 197, Eq. 8.29]:
~ In(10)

§ ="
10

Sup. (3.9)

Fresnel loss

Fresnel reflexion at each facet in an absence of an anti-reflexion (AR) coating
accounts for additional loss during radiation transition through a dielectric
waveguide. The corresponding reflexion Rt at a waveguide facet can be
described by the Fresnel equations [48, p. 114, 115, 120]

2
6,) — ni cos(
Rfacet,” = (nt COS( ) n COS( t)> (310)

ng cos(6;) + n; cos(6y)

and

2
n; cos(6;) — ny cos(6;)
- _ 11
Reacet, 1 (ni COS(@i) + ny COS(Qt) (3 )
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for electric field oscillating parallel and perpendicular to the incidence plane,
respectively, where n; and n; are the refractive indices of the medium on
each side of the interface, 6; is the incidence angle and 6; is the angle of the
transmitted (and refracted) wave, which can be calculated according to Snell’s
law [48, p. 101]

n; - sin(6;) = ny - sin(6y). (3.12)

The corresponding Fresnel transmission is given by the relation:

Tfacet =1~ Rfacet- (313)

3.2 Nonlinear optics

Nonlinear optics comprises phenomena which occur as a consequence of an
optical properties modification in matter, induced by the presence of light.
It describes interactions between light and matter, which occur when the
material reaction depends nonlinearly upon the optical field strength. In
general, only laser light provides intensities high enough to effect nonlinear
response. Consequently, the observation of SHG in crystalline quartz by Franken
et al. in 1961 [60], which is considered as the beginning of the field of nonlinear
optics [112, p. 1], occurred shortly after the demonstration of laser emission by
Maiman in 1960 [1].

In this section the principles of nonlinear optics are presented and the main
focus is laid on the SHG process. In Sect. 3.2.1 the general aspects of nonlinear
polarization are discussed. Subsequently, the theoretical description of SHG for
plane waves is presented in Sect. 3.2.2, including the system of coupled equations,
first derived by Armstrong et al. [61] and Achmanov and Chochlov [62]. In
Sect. 3.2.3 the principle of quasi phase-matching (QPM) for SHG process in
comparison to birefringent phase-matching (BPM) is discussed. Finally, the SH
power dependency on the fundamental power including the normalized SHG
conversion efficiency in planar and channel waveguides is provided in Sect. 3.2.4.

3.2.1 Dielectric polarization and nonlinear coefficient

The reaction of matter to incident light is described by polarization 73(t), which
represents electric dipole moment per unit volume. In case of linear optics,
the induced polarization depends linearly on the electric field strength & (t)
according to [112, p. 591, Eq. (A.6a)| and is given for an instantaneously

responding medium by the relation
P(t) = eoxVE(®). (3.14)

The constant of proportionality consists of the vacuum permittivity ¢y and
the first-order relative electric susceptibility XS-) in form of a second-rank
tensor. For large electric fields in order to describe the nonlinear response
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3.2. Nonlinear optics

the polarization 75(25) needs to be expressed as a power series in electric field
strength £(t), which results in a relation

P(t) = eoxME) +eaxPEDED) + ... (3.15)

—

- I (3.16)

where XS,)C is the second-order electric susceptibility in form of a third-rank

tensor. In further course the second-order polarization of the form

—

73(2) (t) = €

— —

@EME() (3.17)

>

will be considered. An extensive discussion of nonlinear optical phenomena
including the third-order susceptibility can be found for instance in [113].

In general, due to loss and dispersion, the second-order susceptibility compo-
(2) : . . .
nents x;;; are complex functions depending on the optical frequencies of the
electric fields participating in the interaction. However, if optical frequencies
lying far below the resonance frequency of the nonlinear material are consid-
ered, the second-order susceptibility is practically independent of frequency,
the medium responds essentially instantaneously to applied field and can be
regarded as lossless [112, Sect. 1.5, p. 33]. Under these circumstances, the

relation from Eq. (3.17) with a constant value of XEJQ; is justified.

For the contracted notation, known from the literature, the nonlinear coefficient
d;jr, is defined:
1 @

Due to intrinsic permutation symmetry [112, p. 34] the nonlinear coefficient
d;ji is symmetrical in two last indices, which enables a contracted notation
based on the principle of consolidation of the indices 7 and k to an index [
according to the schema

gk: 11 22 33 23,32 31,13 12,21
L1 2 3 4 5 6

which results in a matrix

di diz diz dig dis die
d= | da doy doz day das das (3.19)
dsi dso dss d3q dss dse

with 18 independent elements. In addition, Kleinman’s symmetry condition
requires that the indices ijk permute freely [112, p. 38|, which leads to 10
independent components of the nonlinear coefficient. Further reduction of
independent components is possible for diverse crystal classes due to structural
symmetry [114, p. 26|, as will be presented on the example of MgO doped
lithium niobate in Sect. 3.3.1.
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By reason of the contracted notation Eq. 3.17 can be written down as a matrix
equation in the form:

& (t)
EX(t
P(1) di diy dyy iy dis dig g%gtg
7):52)@) :260 d16 d22 d23 d24 d14 d12 25 (;)g (t) . (320)
(2) d15 d24 d33 d23 d13 d14 Y g
Pz (1) 28, (t)E.(t)

If the polarization and propagation directions of participating waves are known,
an effective nonlinear coefficient d.gz can be calculated, e.g. according to
Midwinter and Warner [115] for a birefringent phase-matching (Sect. 3.2.3),
and the Eq. (3.17) can be denoted with scalar values:

PE(t) = 2 deg EX(2). (3.21)

3.2.2 Second-harmonic generation

In general, the electric field from Eq. (3.21) can comprise components at diverse
frequencies leading to multiple nonlinear interactions, such as for example
sum-frequency generation [112, Eq. 1.2.7, p. 7|. For efficient energy transfer,
every of these interactions requires a certain phase-matching, which, in general,
can be fulfilled only for one of them at a time. The focus of this work lies on
the second-harmonic generation.

In further course a monochromatic plane wave
E(x,t) = Ay -cos(kyx —wit+ 1) (3.22)

propagating along the x axis with the electric field amplitude A;, propagation
constant &y, frequency wy and phase ¢, is considered according to [61, Eq. (4.4),
p. 1927]. With & (z,t) from Eq. (3.22) the nonlinear polarization from Eq. (3.21)
reads

PA(x,t) = 2egdeg[Arcos(kyz —wit+ ) (3.23)

in accordance to [116, Eq. (2.3), p. 23] and can be rewritten to

2
PA(z,t) = 2epdeg % [1 4 cos (2ky & — 2wy t + 2¢1)] (3.24)

through a simple trigonometrical transformation. This formulation shows
clearly the presence of an optical rectification term and of a second-harmonic
term. The latter can become a source of a new monochromatic wave

Ex(x,t) = Ay - cos (ke x — wat + ¢o) (3.25)

according to a corresponding inhomogeneous wave equation [112, Eq. 1.1.5,

b 0? 2 92 0?
ns 1 @)

_ 27 = _ . 2
axz&(z,t) 2 at2€2(:c,t) e 8t2p (z,t) (3.26)
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In other words, the second-order polarization P (z,t) effected by the electric
field & (z,t) oscillating at a frequency w; drives another electric field E(z,t)
at a frequency wy = 2w;. Throughout this work, & (z,t) and &E(x,t) will be
referred to as fundamental and second-harmonic (SH) wave, respectively. The
interaction of both waves during SHG process can be described by a system of
coupled equations for electric field amplitudes, originally derived in [61, p. 1930]
and [62, p. 160],

dA Ar®

d_xo = Ak — (2U1A2 — UQA_12> cos Ay (3-27)
A = —o01 A1 Aysin Ay (3.28)
dx

dA .

d—; = 0.4, sin Ay (3:29)

with Ay = 2¢1 — ¢ + Ak x, 01 = wideg/coni, 02 = wideg/cong, where Ak is
the phase mismatch parameter defined as

according to [61, p. 1930]. In order to calculate the intensity of each wave the

relation
Nnco€p

2
in accordance to [112, p. 12] is applied.

J =

A? (3.31)

3.2.3 Quasi phase-matching

In order to efficiently transfer energy between waves participating in a nonlinear
interaction their relative phase needs to be maintained constant over the
propagation length in the nonlinear medium [117]. It means that in case of
plane waves the phase mismatch parameter Ak from Eq. (3.30) needs to be
minimized:

Ak =0, (3.32)

which can be achieved, when the refractive indices of the fundamental and SH
wave are equal to each other:
No = MNq. (333)

By nature, this condition is not fulfilled due to material dispersion [48,
Sect. 3.5.1, p. 67|, which induces the phase velocity difference and the conse-
quent phase shift. Multiple methods to compensate phase mismatch have been
proposed in the past, among which the birefringent phase-matching (BPM) and
the quasi phase-matching (QPM) have found the most widespread application.

Although QPM was proposed by Armstrong et al. [61, Fig. 10 a, p. 1937] and
Franken and Ward [113, Sect. II1.2, p. 29| at the same time as the BPM (de-
scribed e.g. in [116, p. 57|), it did not find widespread application until the end
of 1980s due to technological difficulties in lithography controlled patterning of
nonlinear media [118, 119, 120]. Since then it has been investigated theoretically
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Chapter 3. Waveguide structures for SHG into the green spectral region

in-depth [121, 122, 123, 124| and it has become the phase-matching method of
choice due to its numerous advantages.

In comparison to BPM, QPM enables phase-matching for arbitrary wavelength
combinations at an arbitrary temperature in the transparency range of the
nonlinear medium. Furthermore, through the free choice of wave polarization
and propagation direction, it allows to activate the largest nonlinear coefficient
tensor component d;; and it provides a walk-off free interaction. In addition,
QPM opens further possibilities regarding the shaping of SHG tuning curves
and broadening of spectral and thermal acceptance bandwidths, as has been
presented, for instance, in [125, 126, 127|. The main disadvantage of QPM, on
the other hand, is its limitation to provide phase-matching for arbitrarily small
wavelengths due to technological issues [128, 129].

QPM principle

In a medium where the phase-matching is not provided the energy flow between
the fundamental and the second-harmonic wave depends on their continuously
and periodically changing relative phase difference. The energy transfer from
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one wave to another occurs along a coherence length [., after which the sign
of the phase difference and therefore also the energy flow direction changes
(Fig. 3.2 - solid curve). The coherence length is defined e.g. in [117] as

™

lo= ——
| Ak|

with the phase mismatch parameter Ak from Eq. (3.30). QPM is based on a
periodical modification in the nonlinear medium, which corrects the relative
phase at fixed intervals and does not provide full matching of phase velocities
along the propagation direction [117]. Very effective for this purpose is the
modulation of the sign or magnitude of the nonlinear coefficient deg [123],
which can be achieved through alternating periodically oriented ferroelectric
domains [118, 119, 120] with a period A, where

A=2-1. (3.35)

(3.34)
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3.2. Nonlinear optics

The inversion of the polarization direction at every coherence length [, leads
to a m phase shift in the generated second-harmonic wave [116, Fig. 2.41,
p. 76|, which results in continuous but not constant energy transfer from the
fundamental to second-harmonic wave over the whole crystal length (Fig. 3.2 -
dashed curve). Since the energy flow is not constant, QPM is characterized by
a reduced conversion efficiency compared to persistent phase-matching (Fig. 3.2
- dotted curve). The corresponding effective nonlinear coefficient for a first
order QPM grating can be calculated according to |56, p. 415] with

2
desr,QpM = = e, (3.36)

where d.g is the material specific nonlinear coefficient for given radiation
polarization and propagation direction. That being so, the resulting phase
mismatch parameter for plane waves, defined as

2
Algpy = Ak + KW (3.37)

needs to be minimized in order to maximize the SHG conversion efficiency.

QPM tolerances

A deviation from the QPM condition presented in Eq. (3.32) leads to a distorted
energy flow between the fundamental and the SH wave and therefore to a lower
SH intensity J, accumulated over the entire interaction length Lqpy in the
given QPM structure. The corresponding SH intensity 7, distribution can
be determined by solving the system of coupled equations from Egs. (3.27 -
3.29) for an alternating parameter Akqpy. The resulting normed SH intensity
T2/ LéPM in dependence on the AkqpymLqgpm, which is thereby independent
of the QPM region length Lqpwm, is depicted in Fig. 3.3. This distribution
corresponds to the sinc? function introduced e.g. in [116, Eq. 2.21, p. 34| and
is valid for nonlinear interactions characterized by a low conversion efficiency
below 10 % (compare Sect. 3.2.4). The presented dependency shows clearly,
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that for plane-waves the generated SH intensity J> increases quadratically
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Chapter 3. Waveguide structures for SHG into the green spectral region

with the interaction length Lgpy. However, additionally to the increase in
the conversion efficiency, also the sensitivity to detuning from the optimum
phase mismatch parameter Akqgpy = 0 increases due to the constant product
AkqgpvLgpy depicted on the abscissa of Fig. 3.3. This means that in case of
longer nonlinear crystals, the phase mismatch parameter Akgpy needs to be
adjusted and maintained with a higher accuracy.

The refractive index n; and therefore also the propagation constant k; for the
fundamental and SH wave depend on the crystal temperature 7" and fundamental
wavelength A;. In addition, the QPM period A is affected by the temperature
of the nonlinear crystal. Hence, the phase mismatch parameter Akqpy alters
also with the crystal temperature T and the fundamental radiation wavelength
A1 and the corresponding relation from Eq. (3.37) can be rewritten to

27

AkQPM()‘la T) - 2]{;1(A17 T) — kQ(}\l, T) + A(T) .

(3.38)

Please note, that here a homogeneous distribution of temperature 7" in the
nonlinear crystal is preconditioned. Both parameters, the crystal temperature
and the fundamental wavelength, need to be adjusted and controlled during the
SHG process in order to ensure a maximum conversion efficiency. In general,
the detuning ratio from the optimal phase mismatch parameter Akqgpy due to
refractive index change with temperature is one order of magnitude larger than
due to thermal expansion of the QPM period A [127].

QPM condition in waveguide structures
For interactions in optical waveguides the phase mismatch parameter reads

27
Akqpm = 261 — B2 + N (3.39)
where 3; = N;w;/cy is the waveguide lowest-order mode propagation constant,
N; is the effective refractive index, A is the QPM period with j = 1 for
fundamental, 7 = 2 for SH wave.

For channel waveguides the SHG conversion efficiency is maximized, when the
phase mismatch parameter from Eq. (3.39) is minimized:

Akgpy = 0. (3.40)

In planar waveguides the optimum phase mismatch parameter depends upon
focusing strength of a Gaussian beam. The maximum SHG conversion efficiency
is reached, when the condition

2.¢

_— 3.41
Lo (3.41)

AkQPM = Omax

is fulfilled, with £ and oyax e defined below in Eq. (3.52) and Eq. (3.54), respec-
tively.
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3.2. Nonlinear optics

QPM errors

The effective nonlinear coefficient deg qpn for an ideal first order QPM structure
is defined according to Eq. (3.36). However, in real QPM devices deviations
of the domain length from the coherence length . may occur [130, 131]. Such
irregularity induces phase errors and leads to a decrease in the effective nonlinear
coefficient deg gpv and therefore also limits the conversion efficiency for a given
nonlinear interaction. In [123] the quantitative influence of QPM grating errors
on the conversion efficiency was studied in detail. As a result of theoretical
evaluation a number of possible cases was addressed, for which the corresponding
results are presented here.

Missing reversals after a poling process are one of the fabrication problems. The
nominal conversion efficiency 7401 Of @ nonlinear process in a QPM structure
is reduced due to missing domains as

7} = T)ideal * (1 - 2f)2, (342)

where f denotes the fraction of domains with an opposite polarization than
intended. In order to reach a conversion efficiency n > 95 %, a fraction
f < 1.3 % must be ensured.

In case of random domain border errors it can be distinguished between period
errors and duty cycle errors. For QPM structures defined e.g. by lithography,
only the latter case is relevant, since the average position of boundaries is
maintained with uniform accuracy across the entire device. However, local
boundary errors may still occur and the nominal conversion efficiency 7iqea is
reduced according to

2 .2
o
1 = Tideal * €XP < -5 ;), (3.43)
2 2
where [. is the coherence length and o;_ is its standard deviation. In this case
in order to achieve a conversion efficiency n > 95 %, the ratio o, /l. < 0.10
must be ensured.

3.2.4 SH power dependency on the fundamental power

The system of coupled equations describing the energy flow between fundamental
and SH plane waves during frequency doubling (Egs. (3.27-3.29)) has been solved
in the past, resulting in a direct SH power dependence on the fundamental power
given by the SHG conversion efficiency [21, 114]. A corresponding dependence
has also been derived for Gaussian beams [21, 132], enabling to calculate the
normalized SHG conversion efficiency in dependence on the fundamental laser
beam parameters and geometric properties of the nonlinear crystal.

In this section the theoretical considerations required to determine the SH
power dependency on the fundamental power during frequency doubling of a
Gaussian beam in a planar and a channel waveguide are presented.
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Chapter 3. Waveguide structures for SHG into the green spectral region

Theoretical relation between SH and fundamental power

The SH power dependence on the fundamental power is defined as
P2 = nSHG(Pl) Pl (344)

similarly to [116, Eq. 2.25, p. 38|, where P is the SH power at the end of
the nonlinear crystal, nspg is the SHG conversion efficiency and P, is the
fundamental power coupled into the nonlinear crystal. Due to the nonlinear
character of the interaction, the SHG conversion efficiency nsug is not constant
and increases with increasing fundamental power P;. The scope of this work
lies on a high conversion efficiency during the SHG process, which involves
a strong depletion of the fundamental wave. Therefore, the SHG conversion
efficiency

nsuc (1) = Tsug P1, (3.45)

derived theoretically for plane waves as well as for Gaussian beams in the
undepleted case [21], will not be applied. Instead, an empiric relation

msua(P1) = tanh? (V/snc 7L ). (3.46)

which has until now been only proven analytically for plane waves [114, p. 87|
(channel waveguides), but has been experimentally observed in bulk crystals [9]
and planar waveguides [104, 133] as well, will be applied in order to calculate
the SH power dependence on the fundamental power. The normalized SHG
conversion efficiency 7gyy represents a constant parameter characteristic for
a given SHG device, which is independent of fundamental power P;. The
definition of this parameter for a channel and planar waveguide is presented in
the following section.

Both functions from Eq. 3.45 and 3.46 are presented in Fig. 3.4 in dependence
on the product fgygPy. In contrast to the tanh? relation from Eq. (3.46), the
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linear relation from Eq. (3.45) does not take the fundamental power depletion
into account, which results in a good agreement with the tanh? function only
for low SHG conversion efficiencies nspg in the range of 10 %. Furthermore, for
TisueP1 > 1 the SHG conversion efficiency would excess 100 %, which violates
the law of conservation of energy [116, p. 39].
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3.2. Nonlinear optics

Normalized SHG conversion efficiency

The frequency doubling of a Gaussian beam in a nonlinear crystal with a
planar waveguide structure was investigated theoretically by Fluck [132]|. The
corresponding normalized SHG conversions efficiency 7jgy is defined as

872 digqem 1 2Ny 30
n = — — L —atLer 3.47
Nsua o2 NoN2 S,V A QPM€ g1 ( )
with
7T2 uAaL
gl:g(‘%ﬁa’%f?ﬂ) = £_§€ CrF(O’,B,KZ,f,M), (348>

+oo
F(o,8,k,Ep) = % / ds|H(o + 485, 5, &, p) 2™, (3.49)

1 +&(14p) efm"eio"‘r’

H(o k& p) = — dr' —— 3.50
e N v == (3.50)

Please note, that in general, the QPM region length Lqpy and the waveguide
length L, can differ. In Eq. (3.47), N; and Ny are the effective refractive indices
in the planar waveguide structure for fundamental and SH wave, respectively,
S, is the effective cross-section [108, Eq. 3.32, p. 42| between the fundamental
and the SH electric field distributions &; and &, defined as

e [ \&(z)ﬁdzr
/ OO

Furthermore, a;, = a3 + as/2, where a; and «ay are the material absorption
values for the fundamental and the SH wave, respectively. The function
g(o,58,k,& p) defined in Eq. (3.48) depends on the parameters o, & and u,
representing the phase mismatch, the strength of focusing and the focal position,
respectively. They are defined as

S, =

(3.51)

1 L 2z,
g = §bAkQPM> f = QbPM, n = 1 T

Tor’ (3.52)
where b = kjw? is the confocal parameter, Akqpy is the phase mismatch,
Lqpu is the length of the periodically poled region and xy/Lqpy is the position
of beam waist relative to the periodically poled region. The two additional
parameters [ and k introduce the double refraction and the absorption influence,
respectively. They are defined as follows

B

\/E )
where B = py/Lqpmki/2 is the double refraction parameter with walk-off
angle p and Aa = oy — /2. In this work, SHG in periodically poled nonlinear

g = K= %Aab, (3.53)
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Chapter 3. Waveguide structures for SHG into the green spectral region

crystals is considered, where the propagation direction of both fundamental and
SH waves is chosen perpendicular to the optical axis Z, therefore no walk-off
is present and § = B = p = 0. Furthermore, the optimum phase mismatch
parameter o during SHG in a planar waveguide structure changes with the
alternating focusing strength. Optimum parameter 0,4, ¢ for a given focusing
parameter £ is defined according to [132, Eq. 19|

Cmane = 0(€) = 5% arctan (%) (3.54)

Fluck [132] investigated also the normalized SHG conversion efficiency in channel
waveguides, which reads

2 2
87° dagaqrm 1 0 _,ir.

_ _ I
Nlsuc 60 Co)\% N, ng S, QpPMF€ 92

(3.55)

i b2 (k€) + sin? (0€)
Sin K sSin- (o
go = f(aa /{ag) = (K§)2 + (0_5)2 :

Eq. (3.56) can be rewritten according to Eq. (3.52) and Eq. (3.53) into

(3.56)

1 1
sinh2 (5AO&LQPM) + Sin2 <§AkLQPM)

1 21 ?
<§AO_/LQPM> + (iAkLQPM>

In case of a channel waveguide the effective cross-section is defined as

{ // |Q‘32(y7z)|2dydz} [ // &1 (y, Z”Qdydzr

S,. = - (3.58)

'// [€(y, 2)] [€1(y, 2)] dyd=

according to [108], similarly to Eq. (3.51), and is related to the effective mode
overlap Iy [132] as S,. = T', .

92 = [(Ak, Aa) = (3.57)

Relation between SH and NIR pump power in the experiment

During an SHG experiment only the NIR pump power P,ump in front of the
nonlinear crystal, the transmitted NIR power Pyir and the generated SH power
Psy behind the crystal can be measured. Hence, the coupling efficiency, Fresnel
loss and optical loss in the waveguide structure need to be considered, in order
to determine the normalized conversion efficiency 7gyq experimentally. For the
end-user of a SHG waveguide structure, it is often not possible to estimate every
loss factor separately, due to lack of equipment and sufficient number of SHG
devices to conduct measurements facilitating e.g, the cut-back technique. It is
however possible to measure the overall transmission through the waveguide,
which reads

T =, e e (3.59)

29



3.3. Design and selection of waveguide SHG devices

with the coupling efficiency 7., loss coefficient § and crystal length L., provided
that the crystal facets possess AR coating. The transmission can be determined
experimentally according to

Pir

= (3.60)

pump

by measuring the values of Pyr and Fpymp, when the phase-matching condition
is not fulfilled (Sect. 3.2.3, p. 22). This can be achieved by detuning the crystal
temperature or laser wavelength from the optimum value.

Consequently, in this work the relation between SH power Psy behind and NIR
pump power Py in front of the nonlinear crystal resulting from Eq. (3.44) and
Eq. (3.46) is supplemented by the measured transmission value 7 in accordance

with
Payt = 7Py tanh? (« /T TPpump). (3.61)

Hence, the normalized conversion efficiency 7gyq can be calculated from the
measured values of Pyymp, 7 and FPsy according to the relation

P
arctanh® < il > (3.62)

T Poump

Nsue =
pump

resulting from a transformation of Eq. (3.61).

The opto-optical conversion efficiency is defined as

_ P
nopt. P

pump

(3.63)

with the SH power Psy behind and NIR pump power P,y in front of the
nonlinear crystal. Due to nonlinear character of the interaction the opto-optical
conversion efficiency is expected to increase with increasing NIR pump power

P

bump- Lhe electro-optical conversion efficiency is defined as

Psp
Pel.

Tlel. = (364)

with the SH power Psy behind the crystal and the electrical power P, applied
to bias the active section or sections of the diode laser. Please note that the
power applied for cooling of the laser and for the adjustment of the nonlinear
crystal temperature is not taken into consideration in this expression.

3.3 Design and selection of waveguide SHG de-
vices

In this work, frequency doubling of diode lasers in pure crystal waveguides
of MgO doped lithium niobate is investigated. Optical lenses are applied in
order to couple the diode laser radiation into the waveguide SHG devices due
to high efficiency and required flexibility of this method. The collimated laser
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Chapter 3. Waveguide structures for SHG into the green spectral region

beam is focused onto the waveguide facet in a manner which maximizes the
overlap integral (Eq. 3.5 and 3.6) with the waveguide lowest-order mode of the
fundamental wave.

Since the phase-matching condition of a nonlinear process in a waveguide
structure can only be fulfilled between one discrete waveguide mode of the
fundamental and of the SH wave at a time, it is important to couple the
incidence radiation into only one mode to the highest possible extent. Nonlinear
interactions between waveguide lowest-order modes are preferable, since they
not only provide a high mode overlap between the fundamental and SH wave,
which increases the normalized SHG conversion efficiency (Eq. (3.47) and
(3.55)), but also enable a high input coupling efficiency of nearly diffraction
limited diode laser radiation [44, p. 195].

Lithium niobate is used as nonlinear medium due to its highest nonlinear
coefficient among ferroelectric crystals available [134]. Furthermore, pure crystal
waveguides are applied in the experiments, since, in contrast to annealed proton
exchanged waveguides [135, 136], they are characterized by a non-degraded
nonlinear coefficient [137, 138, 139] and provide large mode overlap between
the fundamental and the SH wave [140, 141, 100|. In addition, compared to
Ti diffused waveguides [93, 94|, pure crystal waveguides are less susceptible to
photorefraction [96, 142].

Below, in Sect. 3.3.2 and 3.3.3, the manufacturing process and the properties of
the ridge waveguide and planar waveguide structures, respectively, applied in
the experiments, are described. In advance, the characteristics of MgO doped
lithium niobate are discussed in detail in Sect. 3.3.1.

3.3.1 MgO doped lithium niobate

MgO doped lithium niobate (MgO:LN) is commonly applied for SHG into
the visible spectral range due to its large nonlinear coefficient component
ds3 = 25 pm/V [143] and its increased resistance to the photorefractive [144,
145, 146, 147] and the photochromic [145, 148, 149] effects.

The photorefractive effect in lithium niobate (LN) [150] becomes noticeable
through a distortion of a laser beam propagating through a crystal sample.
This phenomenon, which occurs and dissolves not instantaneously with the
begin and cease of the laser illumination, respectively, originates from optical
ionization of undesired donor impurities present in the crystal, e.g. Fet?/Fet3
ions. The released charges move from the illuminated region to the surrounding
dark parts of the crystal, where they are trapped by acceptor impurities. The
electrooptic effect, induced by the arisen electric field between the donors and
acceptors, leads to a refractive index change and a consequent beam distortion.

The photochromic effects, which are also induced by laser light illumination,
lead to absorption changes [117]. The most significant photochromic effect in
LN is the green-induced infrared absorption [151], whose origin has not been
defined unambiguously until now. Furthermore, the linear absorption [152]
as well as the two-photon absorption [153, 154, 155] need to be taken into
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3.3. Design and selection of waveguide SHG devices

consideration during high-power SHG experiments into the visible spectral
region.

The photorefractive effect can be significantly reduced by heating the crystal
above the annealing temperature (T ~ 180°C) [116, p. 102| or doping with
specific impurities, such as for instance Mg*? [156, 157], both of which enable
high-power SHG into the green spectral region [158, 159]. The influence of Mg™?
doping in LN has been studied quantitatively in the past, showing that unlike
undoped LN, 5 mol% doped MgO:LN is less prone to photorefraction [146, 147|
and green-induced infrared absorption [148, 149]. In addition, it has been shown
that stoichiometrically grown crystals require smaller doping concentrations to
suppress the photorefractive and photochromic effects [144, 145].

MgO:LN is an uniaxial crystal with a distinguished optical axis Z, which
is characterized by an ordinary and extraordinary refractive index. For the
purpose of this work, temperature dependent Sellmeier equations determined
experimentally in [160, 161, 162| are applied. Furthermore, MgO:LN belongs
to the symmetry class 3m, which leads to three independent components in
the matrix representing the nonlinear coefficient [112, p. 46]

0 0 0 0 d3; —do
d= 1| —dyy dyy 0 d3; 0 0 . (3.65)

The largest component ds3 can be efficiently utilized by means of QPM for
electric fields oscillating along the optical axis Z (Sect. 3.2.3) leading to an
effective nonlinear coefficient

defﬁQPM =16 pm/V (366)

in accordance with Eq. (3.36). Furthermore, QPM enables the nonlinear
interactions in the whole transparency range of MgO:LN;, i.e. from 400 nm to
approx. 5 wm [134, p. 159].

Further information regarding MgO:LN properties and its versatile applications
can be found in [134, p. 159] and [163].

3.3.2 Ridge waveguide

The ridge waveguide applied in this work is a pure crystal waveguide from
Panasonic [111]. The QPM structure for SHG from 1061 to 530.5 nm was
obtained from a 500 pwm-thick 5° off-axis Y-cut 5 mol% MgO:LN wafer through
a 2-dimensional application method with multiple high-voltage pulses [164].
In the bottom surface of the wafer 0.3 pm deep groves were dry-etched along
the X axis forming an air gap after direct bonding of the wafer to a LN
substrate [165, 166]. Subsequently to grinding and polishing of the wafer
upper surface to a thickness of approx. 4 um, 5 um wide ridge waveguide
structures were formed over the air-gaps by inductively coupled plasma etching.
A schematic of this novel ridge waveguide structure is presented in Fig. 3.5, an
SEM image can be found in [111].

32



Chapter 3. Waveguide structures for SHG into the green spectral region

domain
inversion

ridge
waveguide

MgO:LN

Figure 3.5:
P - LN substrate g hematic of the
. air gap ridge waveguide
> structure applied
in the experiments

The 11.5 mm-long ridge waveguide applied in the experiments contains facets
laterally angled under 10° and coated with SiO,, which results in a reflectivity
of < 0.001 and 0.143 for the fundamental and the SH wave, respectively.

In Fig. 3.6 the distributions of the amplitude A% (y, 2) and the corresponding
phase ¢ (y, 2) for the waveguide lowest-order mode of the fundamental and
SH wave simulated with FIMMWAVE are presented. The real electric field
distribution &0 (y, 2) is defined through the relation:

e (y, 2) = Ay, 2) - cos (5 (y, 2) ). (3.67)

Calculation of the corresponding effective mode overlap according to Eq. (3.58)
results in a value S,, = 13.7 um?, which leads to an expected maximum
normalized SHG conversion efficiency of gy = 630 % W ™! calculated according
to Eq. (3.55) for a neglected absorption (a; = 0 cm™!). Due to this high
value, fundamental power under one Watt is required to reach an opto-optical
conversion efficiency of more than 50 % in a ridge waveguide SHG device [101,
102|. Therefore, a DBR-RWL described in Sect. 2.3.2 (p. 11) is well suited for
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Figure 3.6: Simulated ridge waveguide lowest-order mode amplitude
A0 (. 2) and phase ©(°)(y, 2) for the fundamental (a) and SH (b)
wave
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3.3. Design and selection of waveguide SHG devices

efficient frequency doubling in this geometry.

Due to laterally angled front and rear facet, the ridge waveguide crystal sample
is mounted in the experimental setup under an lateral angle of 11.8° in order
to obtain maximum coupling efficiency into the waveguide lowest-order mode.

3.3.3 Planar waveguides

The planar waveguide-integrated QPM structures for SHG from 1064 to 532 nm
were manufactured by Commax Co., Ltd and Korea Electronics Technology
Institute (KETI). The samples were obtained from a 500 pm-thick Z-cut 5 mol%
MgO:LN wafer. The wafer had one side polished down to 150 um and was
prepared for periodical poling, as described in [167]. The periodical poling was
performed in a poling jig with electrolyte electrodes [168] at room temperature
by applying an external electric field generated by a voltage of 0.7 kV over
120 ms. Sample examination with a polarization microscope and chemical
etching of identical samples made it possible to determine the structure duty
cycle to be very close to 50 %. Subsequently, the polished surface was bonded
to an LN substrate using an epoxy, which was the bottom cladding layer in the
final waveguide structure. The other side of the bonded wafer was secondarily

planar

waveguide
Figure 3.7: MgO:LN domain
Schematic of the inversion
. z
planar waveguide & | [ LN substrates
structure applied in - epoxy

the experiments

polished to have a thickness of 7 um, with a thickness uniformity better than
0.1 wm. Subsequently, the wafer was 5 um deep dry-etched by a modified
reactive ion etching technique, forming ridge waveguides with different widths
and a thickness of 7 wm. The residual slab thickness of 2 um on both waveguide
sides results in a better sample reliability and a lower propagation loss for
channel waveguides [169, 170]. Finally, another LN substrate was bonded to
the waveguide core top surface with an epoxy, which formed the upper cladding
layer. A schematic of the planar waveguide structure is presented in Fig. 3.7.

The SHG experiments are conducted in 13 and 15 mm-long samples, all of which
consist of a 12 mm-long periodically poled region and a vertical waveguide
structure described above. In Fig. 3.8 the electric field distribution &™) (z) of
three first modes for the fundamental and SH wave simulated with FIMMWAVE
are presented. The large number of supported modes as well as their strong
confinement within the waveguide core result from high refractive index step
between the cladding and the core region. For the SHG process only the
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Figure 3.8: Simulated planar waveguide mode distributions &(™)(z)
of three first modes (m = 0, 1,2) for the fundamental (a) and SH (b)
wave

waveguide lowest-order modes of both waves are of relevance, for which the
corresponding effective mode overlap S, = 4.9 um is determined according to
Eq. (3.51). With this value, with neglected absorption (ay = 0 cm™!) and with
optimally focused Gaussian beam, a maximum normalized SHG conversion
efficiency of Tgyg = 36 % W™ calculated according to Eq. (3.47) is expected
for the planar waveguide structures manufactured for the purpose of this work.
For this value a fundamental power of more than 2 W is required to achieve
an opto-optical conversion efficiency of 50 % [107]. Therefore, a DBR-TPL
(Sect. 2.3.2, p. 12), providing higher output power than a DBR-RWL, is better
suited for efficient frequency doubling in a planar waveguide structure.

The 13 mm-long waveguides with a width of 160 and 190 pum, denoted as
L13-W160 and L13-W190, respectively, have facets angled laterally under 5.4 °
and AR coated for the fundamental and SH radiation. 15 mm-long samples
with a width of 300 pm (L15-W300-WG1 and L15-W300-WG2) and with a
width of 500 pm (L15-W500-WG1 and L15-WG5H500-WG2) possess a lateral
facet wedge angle of 2.5° and a broadband AR coating for the fundamental
and SH wave.

Due to the lateral wedge angle of the facets, the 13 mm and 15 mm-long planar
waveguide samples are placed in the experimental setup at a lateral angle of 6.3
and 2.9°, respectively, in order to obtain beam propagation direction inside of
the waveguide perpendicular to the QPM grating and parallel to the waveguide
axis.
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Chapter 4

Diode laser frequency doubling in
a ridge waveguide

Frequency doubling of NIR diode lasers in periodically poled MgO doped
LiNbOj3 (ppMgO:LN) channel waveguides is well suited to realize highly ef-
ficient and compact green laser modules with moderate output power and
good beam quality [4, 103, 171, 172]. Channel waveguides are superior to bulk
crystals during SHG with NIR diode lasers in terms of conversion efficiency and
beam quality of the SH radiation [19, 20, 136, 172|. High conversion efficiency
allows to apply shorter crystals and to enlarge the spectral and the temperature
acceptance bandwidths (Sect. 3.2.3). However, SHG in channel waveguides
requires higher adjustment accuracy in order to maximize the coupling effi-
ciency [4, 103|, which are not required in bulk crystals [19, 20]. Furthermore, the
highest SH output power until now reported with a ridge waveguide was limited
to 350 mW [103], while in bulk crystals green powers in excess of 1.5 W and
almost 4 W were reached through second-harmonic [9, 10| and sum-frequency
generation [173], respectively.

In a number of works on SHG in channel waveguides a saturation of the con-
version efficiency at high output powers has been observed [100, 174, 175, 176],
resulting from optical absorption, heat generation and a temperature gradient
along the waveguide axis. In addition, it has been shown, that inhomogeneities
in the crystal composition, QPM period or waveguide structure along the
light propagation direction lead to a decrease in the SHG conversion effi-
ciency [94, 125, 126, 167, 175, 176, 177, 178]. Therefore, the influence of these
effects needs to be studied extensively, in order to understand the limitations
of the SHG process in channel waveguides in terms of maximum accessible
conversion efficiency and SH power.

In this chapter, highly efficient, high-power single-pass frequency doubling of a
DBR ridge waveguide diode laser (DBR-RWL) is demonstrated. In particular,
the limitations of the SHG process in a ppMgO:LN ridge waveguide due to
nonlinear device imperfections, optical absorption and subsequently induced
thermal load are investigated in-depth. Additionally to an extensive experi-
mental study, a theoretical model for SHG in a ridge waveguide combining a
system of coupled equations and a 1-dimensional, steady-state heat diffusion
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4.1. Experimental setup

equation is applied to describe qualitatively and quantitatively the influence of
the geometrical inhomogeneities on the SHG conversion efficiency, as well as
the influence of the optical absorption on the observed saturation of the SH
power.

This chapter is organized as follows: in Sect. 4.1 the experimental setup for
frequency doubling in a ridge waveguide is described. The experimental results
including the characteristics of NIR radiation and the SHG process are presented
in Sect. 4.2 and 4.3, respectively. In Sect. 4.4 the extended theoretical model
applied to simulate the SHG process is described. The results of simulations
are analyzed and compared with experiments in Sect. 4.6. Finally, in Sect. 4.7
a brief summary of the chapter is presented.

4.1 Experimental setup

The schematic diagram of the experimental setup for frequency doubling in
a ridge waveguide is presented in Fig. 4.1. The DBR-RWL applied in this
experiment as a pump laser is described in detail in Sect. 2.3. The laser chip
is mounted p-side up on a c-mount holder and operated at T'= 27°C. Setup

slow-axis a ] | a
\_/ \/ 2
| | 8
T N e
1 2 3 4 5 6 7 8 9
\/ vy \/ Vo \/ \/ \
Al A
. \_/ \_/
fast-axis

Figure 4.1: Schematic diagram of the frequency doubling setup: 1,
DBR diode laser; 2, aspheric lens L1; 3, half-wave plate H1; 4, optical
isolator; 5, half-wave plate H2; 6, aspheric lens L2; 7, nonlinear crystal
with a ridge waveguide; 8, aspheric lens L3; 9, dichroic mirror system

lens combination applied in this experiment is chosen accordingly to optical
simulations in order to maximize the coupling efficiency into the waveguide
lowest-order mode of the fundamental wave. For this purpose the beam propa-
gation is simulated with WINABCD, a ray transfer matrix analysis software
from Ferdinand-Braun-Institut, based on the measured spatial emission charac-
teristics of the diode laser. An aspheric lens with a numerical aperture value
NA = 0.55 is chosen for collimation in order to minimize aberration errors and
in order to set the diameter of the collimated beam to approx. one half of the
smallest aperture diameter in the setup. An aspheric lens is chosen for focussing
in order to generate a beam waist diameter on the crystal facet conform to the
waveguide lowest-order mode of the fundamental wave.

As presented in Fig. 4.1, the divergent beam is collimated with an aspheric lens,
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Chapter 4. Diode laser frequency doubling in a ridge waveguide

L1 (C230TME-B from Thorlabs, f = 4.5 mm). The half-wave plate (HWP), H1,
in front of the 60 dB optical isolator allows to adjust the NIR power without
changing the properties of the laser beam. The HWP behind the isolator, H2,
is used to adjust the polarization of the NIR radiation. The laser beam is
focused into the waveguide with another aspheric lens, L2 (C110TME-B from
Thorlabs, f = 6.2 mm). All optical elements applied in front of the crystal have
a broadband anti-reflective (AR) coating around 1064 nm.

The radiation behind the crystal is collimated with an aspheric lens L3
(C240TME-A from Thorlabs, f = 8.0 mm) AR coated for the SH radiation. The
dichroic mirror set (F73-767 from AHF analysentechnik AG) used to separate
the SH and NIR wave is characterized by a total transmission of 0.87 and
107 for the SH and NIR radiation, respectively, linearly polarized along the
slow-axis. All experimental results in this chapter are presented without the
losses originating from the collimating lens L3 and the dichroic mirror set.

4.2 Diode laser characteristics

The power-voltage-current (PUI) characteristics of the diode laser applied in
the experiment is presented in Fig. 4.2. Laser operation begins at a threshold
current of Igw, ¢n = 0.11 A and the optical power increases linearly with
increasing current at a slope of 0.77 W/A. The undulations visible in the

1.5 T

I Ll I Ll I Ll 3

power P/ W
voltage U/ V

Figure 4.2: PUI-
characteristics of the
DBR-RWL applied
in the experiment
(T = 27°C, Alrw =
0.002 A)

) 0
0.0 0.5 1.0 1.5 2.0
current lva /A

power distribution above a power level of 0.7 W originate from mode-hops
characteristic for DBR lasers. The measured voltage-current distribution is
typical for a p-n junction.

The spectral mapping presented in Fig. 4.3 was measured with optical spectrum
analyzer Q8384 from Advantest in 0.01 A steps. The central wavelength lies at
1060.25 nm at the threshold and increases with the increasing RW current at a
rate of 0.40 nm/A.

During the frequency doubling experiment, the DBR-RWL is biased with
Igw = 2.0 A. The transmission of the optical isolator in the range of 90 %
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4.2. Diode laser characteristics
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and the residual reflections of optical surfaces result in a maximal NIR pump
power of Pyymp = (1.01 £ 0.03) W in front of the nonlinear crystal. The laser
emits at a central wavelength of 1061.0 nm in a longitudinal single-mode, as
can be seen in Fig. 4.4 (a). The measured side mode suppression ratio of
approx. 40 dB and a spectral bandwidth of 10 pm (FWHM) correspond to the
maximum signal-to-noise ratio and minimum resolution of the applied DEMON
spectrometer (Appendix A.1). The beam quality of the NIR beam is determined
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Figure 4.4: Spectrum (a) and caustic (b) of the DBR-RWL beam at
T =27°C, Irw = 2.0 A

through a caustic measurement (Appendix A.1) behind the half-wave plate H2.
The corresponding caustic measured according to second order moments is
presented in Fig. 4.4 (b). A beam propagation ratio M3, of 1.5 and 1.2 for the
fast- and slow-axis, respectively, are determined. When 1/e%-level method is
applied to determine the beam diameters, beam propagation ratio M? Jez 0f 1.0
and 1.1 result in the fast- and slow-axis, respectively.

The ridge waveguide crystal applied in the experiment is described in detail in
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Chapter 4. Diode laser frequency doubling in a ridge waveguide

Sect. 3.3.2. The waveguide lowest-order mode intensity profile resulting from
FIMMWAVE simulations is presented in Fig. 4.5 (a) on linear and logarithmic
scale. Tt is characterized by a 1/e? threshold diameter of 3.0 and 5.6 um in the
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Figure 4.5: Simulated lowest-order mode intensity of the ridge waveg-
. . ~(00) . e

uide J;~ (a) and measured pump intensity distribution in the beam

waist Joump (b)

vertical and lateral direction, respectively. The intensity distribution of the
pump beam measured with a microscope objective (Appendix A.1) in the beam
waist behind the aspheric lens 1.2 is presented in Fig. 4.5 (b). The vertical and
lateral 1/e? threshold beam waist diameters of (3.2 + 1.1) and (6.0 4 1.1) pm,
respectively, agree well with the diameters of the simulated waveguide lowest-
order mode. The measured distribution contains finite intensity values lying far
beyond the beam diameter, as can be seen on the logarithmic scale. Based on
these two distributions the coupling efficiency into the waveguide lowest-order
mode can be approximated theoretically. Calculation of the overlap integral
from Eq. (3.5) results in a coupling efficiency of 85 %.

4.3 Experimental results

In advance to SHG experiments the transmission through the waveguide struc-
ture is determined by measuring the NIR power behind and in front of the
crystal. For this purpose the crystal mount temperature is set to 20°C, at
which the QPM condition for the SHG process is not fulfilled. The measured
transmission at the extraordinary polarization in dependence of the NIR pump
power is presented in Fig. 4.7 (a). In the investigated power range the trans-
mission remains constant and results in an average value of 7 = (69 £ 1) %.
With the optical loss of 0.8 dB/cm from [111] the coupling efficiency at the
extraordinary polarization can be determined to 7. = (86 £+ 1) %. This value
agrees well with the prediction from Sect. 4.1 on page 41.

Subsequently, the frequency doubling experiments are performed. Firstly, the
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4.3. Experimental results

SH power and the NIR power behind the crystal are studied in dependence
on the NIR pump power in front of the nonlinear crystal. The corresponding
results are presented in Fig. 4.6. Theoretically, the SH power follows the
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tanh? distribution, derived for example in [114]. The following extended tanh?
function (solid curve) is fitted to the SH power values (open squares) below
I SH — 50 mW:

Pgi = (1— Ren) - 7Ppump - tanh? (,/ﬁSHG-TPpump), (4.1)

where Ps is the SH power behind the crystal, Rgyy = 14 % is the crystal back
facet reflectivity for the SH wave, 7 = 69 % is the transmission through the
ridge waveguide, P,ump is the NIR pump power in front of the nonlinear crystal.

The normalized SHG conversion efficiency 7jgy is the fitting parameter, which
results in a value of (496 & 15) % W'

As can be seen in Fig. 4.6, the measured SH power shows a good agreement
with the tanh? distribution until Psy ~ 200 mW (corresponding to an SH and
fundamental wave power density of 7, ~ 1.7 MW /em” and 7; ~ 3.0 MW /cm”,
respectively). Above this value the measured SH power departs from the
theoretical distribution with increasing NIR pump power until a saturation
of the SHG process can be observed above Psy &~ 360 mW (corresponding
to an SH and fundamental wave power density of Jo ~ 3.1 MW/ cm® and
Ji~54 MW/ cm®, respectively). In the experiment a maximum SH power of
Psp = (386 + 15) mW is reached at a corresponding opto-optical and electro-
optical conversion efficiency of nopr. = (38 £2) % and na. = (9.6 £ 0.4) %,
respectively. A maximum conversion efficiency of 7y, = (44 £ 2) % is reached
at an NIR pump power of Pyymp = (611 £ 18) mW.

The residual NIR power behind the nonlinear crystal (open circles) increases
initially with increasing NIR pump power until it reaches its local maximum
value of Pyir =~ 73 mW at P,ump = (275 £8) mW. It decreases subsequently to
a level of Pyir ~ 50 mW and remains constant until the saturation of the SHG
process begins, when it increases for a second time and reaches its maximum
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Chapter 4. Diode laser frequency doubling in a ridge waveguide

value of Pyig ~ 100 mW at P,ymp, = (1.01 £0.03) W.

The SH and NIR power measured behind the crystal enable the calculation of
the corresponding overall transmission. Fig. 4.7 (a) shows measured overall
transmission through the ridge waveguide during SHG process (open circles),

defined as

1 — Rsn) LP P
TSHG _ ( SHl)D SH + NIR7 (4.2>

pump

in dependence on the increasing NIR pump power. Please note, that in this
definition the influence of the SH facet reflectivity Rsy is taken into account.
Unlike the transmission of the NIR radiation (filled circle) the overall trans-
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Figure 4.7: Experimentally determined transmission through the ridge
waveguide with and without quasi phase-matching (a) and the crystal
mount temperature Tyount (b) during SHG process vs. NIR pump power

Poump in front of the nonlinear crystal corresponding to results presented
in Fig. 4.6

mission during SHG decreases linearly with the increasing NIR pump power in
front of the nonlinear crystal from around 70 % to 54 % in the investigated
range. Hence, the loss in the ridge waveguide during SHG increases nearly
linearly with the increasing NIR pump power in front of the nonlinear crystal.
The crystal mount temperature is adjusted at each NIR pump power value in
order to optimally satisfy the QPM condition from Eq. (3.40) and maximize
the SH output power. As can be seen in Fig. 4.7 (b), initially, the maximum SH
power is reached at a crystal mount temperature of 34.0°C. With increasing
NIR pump power, the crystal mount temperature (open circles) has to be
gradually reduced by 8.5 K over the investigated power range and reaches its
minimum value of 25.5°C at Pyymp = (1.01 £0.03) W. This behavior indicates
that the temperature inside of the ridge waveguide increases due to optical
absorption with increasing NIR and SH power.

Subsequently, the influence of crystal mount temperature on the SH power
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is investigated. Two tuning curves for crystal mount being cooled down and
heated up at Poump = (162 £ 5) mW are presented in Fig. 4.8. Both curves
(open and filled triangles) match very well each other, deviate however from the
theoretical sinc? distribution. The maximum SH power of 37.7 mW is reached at
a crystal mount temperature of 33.6 °C. The measured acceptance bandwidth
of AT = 2.4 K (FWHM) independent of the temperature modification direction
corresponds well to the waveguide length. The measured curves are asymmetric
and exhibit a distinctive side-peak at 30.0 °C, which indicates an inhomogeneity
in the SHG waveguide device structure discussed below in Sect. 4.6.

Analog measurements are carried out at an NIR pump power of Pyymp =
(747 + 22) mW and the corresponding results are presented in Fig. 4.9. The
maximum SH power of Psg = (325 + 10) mW is reached at a crystal mount
temperature of 28.2°C while the crystal mount is being cooled down (open
triangles). The corresponding acceptance bandwidth lies at 1.1 K (FWHM)
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and is more than two times smaller than in case of the low NIR pump power
(Fig. 4.8). The main peak and the side peak cannot be clearly separated, since
both peaks are located closer together. A distinct hysteresis in data distribu-
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Chapter 4. Diode laser frequency doubling in a ridge waveguide

tions can be observed between cooling down and heating up. This phenomenon
has been previously reported and discussed by Dmitriev et al. in [179]. When
the crystal mount temperature is being increased (filled triangles), a maximum
SH power of Psy = (296 £+ 8) mW at a crystal mount temperature of 28.6°C
is reached. The side-peak at 27.0°C is separated from the main peak by a
distinct minimum at 28.0 °C. Furthermore, the width (FWHM) of the main
peak can be determined to 1.3 K. Both curves exhibit a plateau over a range of
4.0 K on the right hand side of the main peak, which is not visible at a lower
NIR pump power (Fig. 4.8).

The SH spectrum at Psg = (325 £ 10) mW measured with ELIAS spectrome-
ter (Appendix A.1) in double pass is presented in Fig. 4.10 (a). The determined
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Figure 4.10: Spectrum (a) and caustic (b) of the SH beam at Psyy =
(325 £ 10) mW

spectral bandwidth of 0.3 pm (FWHM) as well as a noise level of —40 dB are
limited by the spectral resolution and the maximum signal-to-noise ratio of the
applied spectrometer, respectively.

The SH beam quality is predetermined by the ridge waveguide structure. Re-
sults of a SH caustic measurement according to second order moments method
at an SH power level of Py = (325 + 10) mW are presented in Fig. 4.10 (b). A
beam propagation ratio M3, of 1.3 in both fast- and slow-axis is determined.
For 1/e?-level diameters a beam propagation ratio M? Je2 0f 1.0 is determined.

4.4 Development of a tailored theoretical model

The coordinate system chosen in the theoretical model differs from the crystallo-
graphic axes of the ridge waveguide nonlinear crystal. Here and throughout this
work, x corresponds to light propagation direction parallel to the waveguide
axis, y to lateral direction and z to vertical direction. Physical quantities
holding a subscript index j are assigned either to the NIR wave for j =1 or to
the SH wave for j = 2.
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4.4. Development of a tailored theoretical model

4.4.1 System of coupled equations

The simulated electric field distributions &;(y, z) of the waveguide lowest-order
mode for the fundamental (j=1) and SH (j=2) wave presented in Fig. 3.6 allow
to determine the effective cross-section S, according to Eq. (3.58). A relation
between the optical power P; and a scalar value of electric field amplitude A;
can then be determined according to [180]:

2

: )
Syz N j€pCo

A = (4.3)
provided that the definition of intensity J; from Eq. (3.31) is applied. The

scalar value of the electric field amplitude A; from Eq. (4.3) is then applied in
the system of coupled equations (Egs. (3.27-3.29)) in Sect. 3.2.2:

% = Akgpm — (201A2 — ag%f)cos/lo (4.4)
% = —oAiAysinAy — % (61 + daruraAz) A (4.5)
% = 0y A %sinAg — % (02 + 02 pr.A2) As, (4.6)
which is additionally supplemented by absorption coefficients: 0; is the
linear loss coefficient [111], dgrira = acriRa (n2€0C0 /2)2 where acaima

is the green induced infrared absorption (GRIIRA) coefficient [151, 148],
do ph. = [ pn.N2€oCo/2 where (s py. is the two-photon absorption coefficient
for the SH wave [154]. Please note, that in case of GRIIRA the loss increases
quadratically and in case of the two-photon absorption the loss increases linearly
with increasing SH intensity, as described in [151] and [154], respectively.

4.4.2 Quasi phase-matching condition

The phase mismatch parameter from Eq. (3.39) has to be supplemented by
further dependencies. The deviation from the sinc? function in Fig. 4.8 results
from an inhomogeneity in the waveguide height h, as has been indicated by the
crystal manufacturer. Therefore, a variation of this parameter at a homogeneous
temperature 1" along the = coordinate is assumed in the theoretical model.
Its distribution is discussed below in Sect. 4.6. The resulting phase mismatch

parameter is presented in Eq. (4.7):
2m

In the experiment the fundamental wavelength does not change and it can be
considered as a constant in the above formula.

4.4.3 Heat and temperature distribution

The temperature Trw inside of the waveguide structure may change along the
crystal length due to heat generation resulting from the optical absorption.
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Chapter 4. Diode laser frequency doubling in a ridge waveguide

Since waveguide height h, QPM period A as well as the effective refractive
index N; depend on the temperature, the Tgw distribution can influence the
QPM condition from Eq. (4.7). In order to estimate the influence of the optical
absorption on the temperature distribution along the propagation direction, a
1-dimensional steady-state heat transfer model is introduced in the theoretical
model.

For this purpose, a 1-dimensional structure presented in Fig. 4.11 (a) is consid-
ered, which represents in a simplified manner the ridge waveguide and the slab
of the SHG waveguide device (please compare Fig. 3.5). Due to the air gap
present below the slab, a 1-dimensional consideration of the thermal problem
is justified. The parameters wgw and wg,, denote the ridge waveguide width
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Tinount tive distribution of

Y the temperature (c)

and the slab width, respectively. For this model a 1-dimensional, steady-state
heat diffusion equation [181] of the form:

82
_kcr_T = q 4.8
oy ) = ) (4.8)
is defined, with the Dirichlet boundary conditions
T(y = 0) = T(y - wslab) - Tmount7 (49)

where k., is the crystal heat conductivity, T is the crystal temperature, y is the
lateral coordinate. The heat source density is defined as a boxcar function for
simplicity:

iy for Wslab — WRW <y Wslab + WRW
i(y) = 2 2 (4.10)
0  otherwise

and is restricted to the ridge waveguide interval, as can be seen in Fig. 4.11 (b).

Eq. (4.8) can be solved by applying the Green’s function ansatz [182] and the
qualitative solution is presented in Fig. 4.11 (c). The temperature in the middle
of the slab, defined as

2

Wglab grRW Wiw
T ( ) = g sla - Tmoun 5 4.11
5 ik, [w lab WRW 9 + t ( )
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is applied in the system of coupled equations (Egs. (4.4-4.6)) as the temperature
of the ridge waveguide Trw for simplification. A substitution of the boxcar
function from Eq. (4.10) with a Gaussian distribution leads to a marginally
small deviation from this value.

The temperature of the ridge waveguide can be calculated independently for
every x position along the propagation direction:

2

Grw (7 w
Trw (z) = IZVIZ() Wslab WRW — ;W + Trount- (4.12)

Please note, that the heat diffusion along the propagation direction z is not
included in the introduced model. The heat source density depends on the NIR
and SH intensity and is defined according to [154] by:

d
frw(z) = ———(Ji(2) + Ja(z)) (4.13)
= (o1 + agruraJy) Ji + (a2 + Bopn.Jo) Jo, (4.14)

where «; is the linear optical absorption coefficient [152], agrira and Sop.
are the GRIIRA coefficient and the two photon absorption coefficient, respec-
tively, introduced in Sect. 4.4.1. Please note that the linear optical absorption
coefficient «; is, in general, not equal to the linear loss coefficient ¢; from
Eq. (4.5) and Eq. (4.6), since optical loss in ridge waveguides originates also
from scattering [44].

4.5 Exemplary simulation models

In this section exemplary simulation models for the present ridge waveguide
structure are considered. In particular, the influence of the geometrical inho-
mogeneity and of the nonlinear absorption on the SHG process is investigated.

Results of simulations reflecting the influence of the geometrical inhomogeneity
on the SH power distribution in dependence on the crystal mount temperature
are presented in Fig. 4.12 and 4.13. A linear slope in the distribution of the
waveguide height h along the propagation direction z (Fig. 4.12 (a)) leads to a
modification of the SH power distribution in dependence on the crystal mount
temperature (Fig. 4.12 (b)). With increasing difference between the waveguide
height on both ends of the waveguide, the maximum SH power decreases and
multiple side lobes arise symmetrically on both sides of the central peak. In
addition, due to an increase of the average waveguide height, the SH power
distribution shifts to a higher crystal mount temperature.

A parabolic variation of the waveguide height h along the propagation direc-
tion = (Fig. 4.13 (a)) also leads to a modification of the corresponding SH
power distribution characterized by a decrease in the maximum SH power and
a shift to a higher crystal mount temperature (Fig. 4.13 (b)). However, in
this case the initially symmetric curve resembling a sinc? distribution becomes
asymmetric. With increasing waveguide height inhomogeneity, the maximum
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Figure 4.12: Simulated waveguide height distribution presented at
Tount = 25°C and Ppymp = 0 W (a) and corresponding SH power
dependence on the crystal mount temperature Tiount at an NIR pump
power Py,mp = 162 mW (b); further parameters set according to
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Figure 4.13: Simulated waveguide height distribution presented at
Trount = 25°C and Pyymp = 0 W (a) and corresponding SH power
dependence on the crystal mount temperature Tinount at an NIR pump
power Pymp = 162 mW (b); further parameters set according to
Tab. 4.1

SH power decreases and multiple side lobes on one side of the main peak arise.
These simulation results show clearly, that an experimental investigation of the
SH power distribution as a function of the crystal mount temperature provides
information about the homogeneity of a given waveguide SHG device.

Results of simulations incorporating increased values of nonlinear absorption
coefficients are presented in Fig. 4.14. The SH power in dependence on the
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NIR pump power in front of the ridge waveguide for different values of the
two-photon absorption coefficient and of the GRIIRA coefficient is shown in
Fig. 4.14 (a) and (b), respectively. For every NIR power value an optimum
crystal mount temperature is considered in the simulation in order to ensure a
maximum corresponding SH power. The increase in the two-photon absorption
affects the SHG process in the ridge waveguide at lower SH and NIR pump
powers compared to the variation of GRIIRA. However, elevated values of the
GRIIRA coefficient lead to a saturation of the SH power with increasing NIR
pump power in the investigated range. The adjustment of these two coefficients
must be undertaken in order to reproduce the results of measurements, as will
be shown in the following section.
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Figure 4.14: Simulated maximum SH power vs. NIR pump power for
different values of the two-photon absorption coefficient (a) and the
GRIIRA coefficient (b); further parameters set according to Tab. 4.1
and Fig. 4.15

4.6 Comparison between results of experiment
and simulation

Initially, the inhomogeneity distribution, which leads to the SH power depen-
dency on crystal mount temperature (open and filled triangles) at an NIR
pump power of 162 mW presented in Fig. 4.8, is detected. At this power level,
corresponding to a fundamental and SH power density of J; =~ 1.0 MW/ cm®
and J> ~ 0.4 MW/ ch, the optical absorption and resulting heat load are
expected to be marginally small and not to influence the temperature curve
distribution. As a result, for an asymmetric, quadratic distribution of the
waveguide thickness h(x) along the waveguide axis, presented in Fig. 4.15,
the temperature curve dependency determined experimentally can be exactly
reproduced, as can be seen in Fig. 4.16 (a) and (b) in linear and logarithmic
scale, respectively. Similar inhomogeneity influence has already been observed
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Figure 4.16: Measured and simulated SH power dependence on the

crystal mount temperature Tount @t an NIR pump power Ppymp =
162 mW

in [94, 126].

In the following step, the SH and NIR power behind the crystal for increasing
NIR pump power in front of the crystal and optimum crystal mount tempera-
ture are calculated and compared with the measurements presented in Fig. 4.6.
In order to reproduce the experimentally determined dependency, in particular
the deviation from the tanh? fit above Psy ~ 200 mW, higher absorption
coefficients, than those known from the literature, have to be considered. The
two-photon absorption coefficient has to be increased from 5-107 [134, 154] to
6010~ m/W. Additionally, the intensity dependent GRIIRA coefficient [151]
of 450 - 10722 m?’/VV2 has to be applied. Higher nonlinear absorption coeffi-
cients lead to a consistency between the simulation and experiment in terms of
SH and NIR power (Fig. 4.17; dashed and dotted curve, respectively), of the
opto-optical conversion efficiency (Fig. 4.18; dashed curve) and of the overall
transmitted power during the SHG process (Fig. 4.19 (a); solid curve).
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The presence of intensity dependent GRIIRA [151] can be attributed to very
high intensities inside of the ridge waveguide in excess of 1 MW/ cm?® compared
to the intensities, at which GRIIRA has been investigated in ppMgO:LN in the
past [144, 148|. The increase in the two-photon absorption coefficient cannot
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be explained in the same way, since this coefficient has been determined exper-
imentally in LN at even higher intensities [153]. However, in the introduced
theoretical model it is not possible to provide such a good agreement between
simulation and experiment by adjusting only one of the nonlinear absorption
coefficients. The necessity to increase the two-photon absorption coefficient in
the simulation might therefore originate from the simplifications undertaken
in the model itself. On the other hand, effects such as newly reported multi-
photon absorption [183] or pyroelectrically induced photorefractive damage
in MgO:LN [184] could influence the nonlinear absorption in ridge waveguide
structures. A systematic investigation of nonlinear absorption in ppMgO:LN is
necessary to experimentally confirm the increase in the corresponding coeffi-
cients, it is however not the scope of this work.

In addition, the linear absorption coefficients are adjusted in the simulation
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based on the experimentally determined optimum crystal mount tempera-
ture dependency (open circles) on increasing NIR pump power presented in
Fig. 4.7 (b). The linear optical absorption coefficients a; and s have to be
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Figure 4.19: Transmission through the ridge waveguide with and
without quasi phase-matching (a) and the crystal mount temperature
Tmount during SHG process (b) vs. NIR pump power Py, in front of
the nonlinear crystal

increased from 0.2 1/m [134, p. 159 to 5.2 1/m and from 1.0 1/m [152] to
6.0 1/m, respectively. These elevated values amount to approximately one
third part of the linear loss coefficient d; of 18 1/m determined in [111] for the
applied ridge waveguide structure. For these changes the simulated optimum
mount temperature (Fig. 4.19 (b); solid curve) shows a good agreement with
the experiment.

Consequently, for adjusted absorption coefficients the simulated SH power depen-
dency on crystal mount temperature at an NIR pump power of Pyym, = 747 mW
(Fig 4.20; solid curve) shows a relatively good agreement with the experimen-
tally determined distributions (open and filled triangles). In particular, the
simulated distribution contains similar side peaks at lower temperatures, a
plateau at higher temperatures and an acceptance bandwidth (FWHM) of
1.2 K, which lies between the experimentally determined values for heating up
and cooling down of the crystal mount (open and filled triangles). However, the
introduced theoretical model does not allow to reproduce the experimentally
observed hysteresis behavior, which most likely results from the fact, that it
does not comprise the heat propagation along the waveguide axis (Sect. 4.4.3).

For parameters listed in Tab. 4.1 and for the inhomogeneity distributions from
Fig. 4.15, the simulation is consistent with the experiment in the conservation
of optical and thermal energy in the nonlinear crystal. Hence, both in the
simulation and in the experiment the temperature of the crystal mount has to
be reduced with the increasing SH output power in order to satisfy the QPM
condition.
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4.6. Comparison between results of experiment and simulation

Table 4.1: Parameters applied in the simulation. Underlined are the
values, which were increased or introduced in the simulation in order to
match the experimental results

Symbol  Description Unit Value

co light velocity in vacuum  m/s 3-10%

€0 free space permittivity F/m 8.85 10712

Le; crystal length mm 11.5

hrw RW thickness pwm 3.70

Welab slab width pwm 25.0

K heat conductivity W/Km 4.60 [134]

QCTE lin. thermal expan. coeff. 1/K 15.4-1076

A QPM period pm 6.54

ds3 nonlinear coeff. pm/V 25.2 [143]

A1 NIR wavelength pwm 1.061

Ne coupling efficiency 1 0.857

Rsn SH facet reflectivity 1 0.143

Sef eff. cross-section pm? 13.7

aq lin. NIR abs. coeff. 1/m 52 <+ 0.2 [134]
01 lin. NIR loss coeft. 1/m 18.4 [111]
agrira  GRIIRA abs. coeff. 10722 m?/W? 450

am lin. SH abs. coeff. 1/m 6.0 <« 1.0 [152]
P lin. SH loss coeff. 1/m 18.4 [111]

Baph. two-photon abs. coeff. 107" m/W 60 <+ 5 [154]
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Figure 4.20: Measured and simulated SH power dependence on the
crystal mount temperature Tioune at an NIR pump power Poymp =
747 mW

The solution of the system of coupled equations (Egs. (4.4 - 4.6)) for an NIR
pump power Puum, = 162 mW and an optimum crystal mount temperature
Tmount = 33.5°C is presented in Fig. 4.21 (a). The SH power Psy (solid curve)
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Figure 4.21: Simulated power distribution vs. propagation direction x
for a parameter set Thount = 33.5°C, Poump = 162 mW (a) and
Trnount = 28.5°C, Prump = 747 mW (b)

increases with the propagation direction x at a cost of the fundamental power
(dashed curve). The sum of both powers (dotted curve) decreases with the
propagation distance x due to linear and nonlinear loss described in Sect. 4.4.1.
A corresponding solution for Pyymp = 747 mW and Ti,oune = 28.5°C is presented
in Fig. 4.21 (b). Due to higher fundamental intensity in the ridge waveguide
the energy flow rate from the fundamental (dashed curve) to SH wave (solid
curve) is larger than in the example described above. Hence, an increase in
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4.6. Comparison between results of experiment and simulation

the internal conversion efficiency from 35 to 62 % can be observed. Due to
nonlinear loss increasing with the increasing SH power the propagation loss
through the waveguide increases from 19 to 30 % (dotted curve).

In Fig. 4.22 (a) the corresponding ridge waveguide temperature distribution
along the waveguide axis is presented for NIR pump power value of 162 and
747 mW at a crystal mount temperature of 33.5 and 28.5°C, respectively, at
which the corresponding maximum SH power values are reached (Fig. 4.16
and 4.20). At Pyymp = 162 mW the ridge waveguide temperature distribution
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Figure 4.22: Simulated ridge waveguide temperature Trw (a) and
phase mismatch parameter Akqpm (b) vs. propagation direction x

(solid curve) is constant around 33.8 °C and the corresponding phase mismatch
parameter distribution, presented in Fig. 4.22 (b) as a solid curve, results only
from the structural inhomogeneity shown in Fig. 4.15. At Pyymp = 747 mW
the ridge waveguide temperature is very inhomogeneous (Fig. 4.22 (a), dashed
curve) ranging from 30.2 to 35.7°C, which is induced by the generated SH
radiation. This leads to the phase mismatch parameter distribution presented
in Fig. 4.22 (b) as a dashed curve and shows clearly that both the geometrical
inhomogeneity as well as the temperature distribution inside of the waveguide
influence its value at high power levels.

As can be seen in Fig. 4.23, for fopp. = 5107 m/W [154, 134] and no GRIIRA
present, the simulated SH power distribution in dependency on the NIR pump
power agrees very well with the tanh? fit from Fig. 4.6. Additionally, in this
case, a homogeneous waveguide SHG device with h(x) = const. (dash-dotted
curve) exhibits slightly higher conversion efficiency over the whole NIR pump
power range than an inhomogeneous device with h(z) from Fig. 4.15 (solid
curve) . However, if increased nonlinear absorption coefficients, determined in
this work, are taken into consideration, higher SH power is reached with the
device characterized by an inhomogeneity (dashed curve) than with a perfect
device (dotted curve). This results from the interaction between the inhomo-
geneity distribution and the ridge waveguide temperature distribution along the
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propagation direction x, both of which have influence on the phase mismatch
parameter distribution, as is exemplarily presented above in Fig. 4.22.

The inhomogeneous distribution of the temperature 7" and of the phase mis-
match parameter Akqpy along the waveguide axis due to changing absorption
can be partly compensated by proper means. Specially tailored QPM grat-
ings [122, 123] or segmented crystal heating [126, 185] might be applied to
compensate the disadvantageous distribution. Embedding the ridge waveguides
in materials characterized by high thermal conductivity might also enable higher
SH powers, as the example of the experiments presented in [106] and [186] shows.
Nonetheless, since the absorption limiting the maximum SH power increases
with increasing SH intensity inside of the ridge waveguide, the intensity itself
needs to be reduced at a cost of the conversion efficiency in order to provide
considerably higher SH powers in the green spectral region. Planar waveguide
structures are well suited for this purpose, as will be shown in the following
chapter.

4.7 Summary

In this chapter, single-pass frequency doubling of a DBR-RWL emitting at
1061.0 nm in a ppMgO:LN ridge waveguide was investigated experimentally
and theoretically.

In the experiment a coupling efficiency of . = (86 £ 1) % into the ridge
waveguide was realized. A maximum second-harmonic power of Psy = (386
15) mW at an opto-optical and electro-optical conversion efficiency of nop., =
(38 £ 2) % and 71y, = (9.6 £ 0.4) % was reached, respectively. An influence
of a structural inhomogeneity on the SHG conversion efficiency as well as its
gradual saturation at high output powers were observed experimentally.

A theoretical model for SHG in a ridge waveguide incorporating a system of
coupled equations and a 1-dimensional, steady-state heat diffusion equation was
introduced to describe qualitatively and quantitatively the effects mentioned
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4.7. Summary

above. In this way, the structural inhomogeneity, increased values of absorption
coefficients in ppMgO:LN, than reported in the literature up to date, and
consequent heat generation and temperature increase in the ridge waveguide
structure were considered in the simulation, whose results matched exactly the
results obtained experimentally.

Nonlinear absorption increasing with increasing SH intensity is considered the
main reason for the SH power saturation during experiments described in this
chapter. The two-photon absorption and GRIIRA affect the SHG process
starting from an SH wave intensity J» of approx. 1.7 MW/ cm®, which is
reached at a fundamental wave intensity J; of approx. 3.0 MW/ cm” present
at the beginning of the ridge waveguide. Above an SH wave intensity 7, of
approx. 3.1 MW/ cm2, reached at a fundamental wave intensity 7; of approx.
5.4 MW/ cm?, a gradual saturation of the SH output power can be observed.
This shows clearly, that for higher output powers in the green spectral region,
the effective cross-section between the fundamental and SH wave needs to
be enlarged in order to reduce the involved power density. Planar waveguide
structures are well suited for this purpose, as will be presented in the following
chapter.
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Chapter 5

Diode laser frequency doubling in
planar waveguides

The concept of SHG in a periodically poled MgO doped lithium niobate
(ppMgO:LN) planar waveguide combines a free beam propagation in the lateral
direction with a wave-guiding in the vertical direction. Planar waveguides
enable higher output power compared to channel waveguides due to larger
effective cross-section available for the nonlinear interaction and therefore a
reduced power density. Opposite to bulk crystals, they provide higher conversion
efficiency during the SHG process. Hence, they offer a compromise between a
high output power and a high conversion efficiency.

Efficient single-pass SHG in planar waveguide structures has already been
demonstrated experimentally [99, 104, 105, 107, 174]. Up to date a maximum
SH power of 1.6 W at 532 nm with an opto-optical conversion efficiency of 40 %
was reached during frequency doubling of a near-Gaussian pump beam from a
solid state laser and a fiber amplifier in a ppMgO:LN planar waveguide [107]. In
the same experiment a maximum conversion efficiency of 60 % at a maximum
SH power of 1.2 W was achieved when a longer planar waveguide was applied.
Though, with diode lasers as NIR pump sources comparable results could
not be reached until now. Due to limited coupling efficiency a maximum SH
output power of 0.35 W with an opto-optical conversion efficiency of 7.6 %
was reported up to date [174]. Therefore, frequency doubling of diode lasers in
quasi phase-matched planar waveguides needs to be investigated systematically
in terms of optimum non-diffraction limited beam parameters for maximum
coupling efficiency and maximum normalized SHG conversion efficiency as well
as in terms of maximum accessible output power.

In this chapter, efficient high-power frequency doubling of a DBR tapered diode
laser (DBR-TPL) in a ppMgO:LN planar waveguide is demonstrated. Prior
to high-power experiments, a comprehensive experimental study of the SHG
process subject to NIR pump beam parameters in the slow-axis is carried out.
In particular, a consistent quantitative explanation of the inferior normalized
SHG conversion efficiency for a DBR-TPL beam compared to a Gaussian beam
is provided. In addition, a good agreement with theory for the experimental
variation of lateral laser beam parameters is observed for both a near-Gaussian
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5.1. Frequency doubling of a near-Gaussian beam

beam and a DBR-TPL beam. These investigations allow to determine optimum
NIR pump beam parameters with corresponding tolerances, which are adopted
in subsequent efficient high-power frequency doubling of a DBR-TPL beam in
planar waveguide structures.

This chapter is organized as follows: in Sect. 5.1 the frequency doubling of
a near-Gaussian NIR pump beam is investigated. The frequency doubling of
a DBR-TPL beam is presented in Sect. 5.2, including the description of the
experimental setup (Sect. 5.2.1), the characteristics of the DBR-TPL beam
(Sect. 5.2.2) and SHG experiments. Subsequent to investigation of SHG process
as a function of NIR pump beam parameters in Sect. 5.2.3, the results of high-
power frequency doubling of a DBR-TPL beam in planar waveguide structures
and the generated SH beam properties are discussed in Sect. 5.2.4 and 5.2.5,
respectively. Finally, in Sect. 5.3 a brief summary of this chapter is presented.

5.1 Frequency doubling of a near-Gaussian
beam

Prior to frequency doubling of a DBR-TPL, SHG in a planar waveguide structure
with a near-Gaussian beam is investigated. The experimental setup configured
for this purpose and the characteristics of the employed NIR laser light source
are presented below in Sect. 5.1.1 and 5.1.2, respectively. The results of
frequency doubling of a near-Gaussian beam in planar waveguide structure and
the properties of the generated SH beam are discussed in Sect. 5.1.3 and 5.1.4,
respectively.

5.1.1 Experimental setup

The schematic of the experimental setup for SHG with a near-Gaussian beam in
a planar waveguide is presented in Fig. 5.1. The 1 mm long and 5 um wide DFB
ridge waveguide laser applied in this experiment as a pump source makes use of
an epitaxial structure grown in two steps by MOVPE. It consists of an InGaAs
double-quantum-well (DQW) embedded in a 4.8 um thick asymmetric AlGaAs
waveguide core. The second order Bragg grating with coupling coefficient
k ~ 2.5 cm~! is realized by holographic photolithography and wet-chemical
etching. The front and back facet are passivated and coated with a resulting
reflectivity of 0 and 95 %, respectively. Further particulars on the device can
be found in [49]. The laser chip is mounted p-side up on a c-mount holder and
operated at T" = 22.6 °C. Its divergent beam is collimated with an aspheric lens,
L1 (C230TME-B from Thorlabs, f = 4.5 mm) followed by a HWP H1, the 60 dB
optical isolator and a second HWP H2. In this experiment the NIR pump power
is maintained constant whilst the transmission through the optical isolator
is set to a maximum value. The laser radiation is coupled into a 2.0 m long
polarization maintaining single-mode fiber PM-SMF (P1-980PM-FC-2 from
Thorlabs) with an aspheric lens L2 (C240TME-B from Thorlabs, f = 8 mm).
The PM-SMF enables a spatial mode filtration at a maintained polarization
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Figure 5.1: Schematic diagram of the frequency doubling setup: 1,
DFB diode laser; 2, aspheric lens L1; 3, half-wave plate H1; 4, optical
isolator; 5, half-wave plate H2; 6, aspheric lens L2; 7, PM-SMF; 8,
aspheric lens L3; 9, cylindric lens L4; 10, acylindric lens L5; 11, nonlinear
crystal with a planar waveguide; 12, aspheric lens L6

direction. The optics L1 and L2 are chosen according to simulation with
WINABCD in order to maximize the coupling efficiency into the PM-SMF. An
aspheric lens, L3 (A397TM-B from Thorlabs, f = 11 mm) is used to collimate
the laser radiation, which appears at the fiber output. The near-Gaussian beam
is then focused into the planar waveguide with a cylindric lens, L4 (LJ1430L1-B
from Thorlabs,f = 60 mm), and an acylindric lens, L5 (cylindric lens with
corrected surface profile for minimal cylindrical aberration, C10-08HPX from
asphericon, f = 8 mm), in the slow- and fast-axis, respectively. All optics
applied in front of the crystal make use of a broadband anti-reflective (AR)
coating in the range of 1064 nm.

The lenses L3 and L5 behind the PM-SMF are chosen according to simulations
in order to maximize the coupling efficiency into the waveguide lowest-order
mode. The cylindric lens 1.4 is chosen to focus the beam laterally in the planar
waveguide according to simulations presented in Sect. 3.2.4 in order to reach a
maximum SHG conversion efficiency. Additionally, the cylindric lens L4 can
be moved along the optical axis or exchanged in order to relocate the lateral
beam waist or in order to generate a different lateral beam waist diameter in
the planar waveguide, respectively. During all experiments in this section the
lateral beam waist is located in the middle of the nonlinear crystal in order to
maximize the SHG conversion efficiency.

The planar waveguide sample L15-W500-WG1 applied in the experiment is
described in detail in Sect. 3.3.3 (p. 34). A 500 pm-wide waveguide sample is
chosen for the experiment in order to ensure an undisturbed propagation in the
lateral direction. The radiation behind the crystal is collimated in the fast-axis
with an aspheric lens L6 (C240TME-A from Thorlabs, f = 8.0 mm) AR coated
for the SH radiation. In the slow-axis a small divergence remains behind this
lens, but it does not influence the characterization of the generated SH laser
beam. The dichroic mirror set (F73-767 from AHF analysentechnik AG) used
to separate the SH and NIR wave is characterized by a total transmission of
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5.1. Frequency doubling of a near-Gaussian beam

0.88 and 107 for the SH and NIR radiation, respectively, linearly polarized
along the fast-axis. All results in this chapter concerning experiments on SHG
with a near-Gaussian beam are presented without the losses originating from
the collimating lens L6 and the dichroic mirror set.

5.1.2 Near-Gaussian beam characteristics

The power-voltage-current (PUI) characteristics of the DFB ridge waveguide
diode laser applied in the experiment is presented in Fig. 5.2. Laser operation
begins at a DFB threshold current of Ippg tn = 0.020 A and the optical power
increases linearly with increasing current at a slope of 0.89 W/A. At a DFB
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current Ippg = 240 mA a kink in the power curve is visible, which results from
a spectral instability:.

The spectral mapping measured with an optical spectrum analyzer Q8384 from
Advantest in 0.0025 A steps is presented in Fig. 5.3. The central wavelength
lies at 1063.19 nm at the threshold and increases initially with the increasing
DFB current at a rate of approx. 3.4 nm/A. At a DFB current Ippg = 240 mA
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Chapter 5. Diode laser frequency doubling in planar waveguides

a spectral mode jump of 0.26 nm to a higher wavelength is visible, which
correlates with the stop band width [49] and is consistent with the kink in the
power curve from Fig. 5.2. This spectral instability results most likely from the
thermally induced gain shift, which is approx. one order of magnitude higher
than the thermal shift of DFB modes [49]. At higher output power a thermally
induced wavelength drift of approx. 7.0 nm/A can be observed.

During the frequency doubling experiment, the DFB ridge waveguide diode
laser is biased with Ippg = 0.500 A. The laser emits at a central wavelength of
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Figure 5.4: Spectrum (a) and caustic (b) of the DFB ridge waveguide
diode laser beam at T' = 22.6°C, Iprpg = 0.5 A

1066.0 nm in a longitudinal single-mode, as can be seen in Fig. 5.4 (a), where the
result of a spectrum measurement with a DEMON spectrometer (Appendix A.1)
is presented. The spectral bandwidth of 10 pm (FWHM) as well as a noise
level of —40 dB, determined in the measurement, originate from the spectral
resolution and the maximum signal-to-noise ratio of the applied spectrometer,
respectively. The beam quality of the NIR beam is determined behind the half-
wave plate H2. The beam propagation ratio M3 of 1.3 and 1.9 for the fast and
slow-axis, respectively, results from a caustic measured according to the second
order moments method, which is presented in Fig. 5.4 (b). When 1/e2-level
method is applied to determine the beam diameters, beam propagation ratio
M2 sz 0f 1.1 and 1.0 results in the fast and slow-axis, respectively.

The overall transmission through PM-SMF and the lenses used for coupling and
collimating is determined to approx. 70 % and it remains constant throughout
the experiment. The spectrum of the NIR radiation behind the single-mode fiber
PM-SMF remains unchanged, as can be seen in Fig. 5.5 (a). The results of the
caustic measurement according to second order moments behind the collimating
lens L3 are presented in Fig. 5.5 (b). The beam propagation ratio M3  improves
to a value of 1.1 in both fast- and slow-axis, compared to the corresponding
values in front of the PM-SMF. Beam quality parameter M?2 Je2 Temains the

same with values of 1.1 and 1.0 in the fast- and slow-axis, respectively.
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5.1. Frequency doubling of a near-Gaussian beam
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Figure 5.5: Spectrum (a) and caustic (b) of the near-Gaussian beam
coupled from the single-mode fiber PM-SMF

The transmission through the optical isolator and the single-mode fiber PM-
SMF of approx. 90 % and 70 %, respectively, and the residual reflections of
optical surfaces result in a NIR pump power in front of the nonlinear crystal
of Poump (0.20 £ 0.01) W. This fundamental power value corresponds
to a maximum power density J; inside of the planar waveguide of approx.
0.1 MW/ cm® for the optimum lateral focusing, and lies, therefore, in the
intensity range, in which the SHG process is not affected by increased nonlinear
absorption (compare Sect. 4.6).

The intensity distribution of the pump beam measured through a microscope

linear

B — R S 21— —TT T 7
1.00 0.75 0.50 0.25 0.00 - -
£ 50 ¥ N
=1 o ]
N i :
0 14E 3
0 a0 180 270 £ ]
y/um =z ]
N -
logarithmic A
N g o]
g 50 K —3 ]
3’25 : T T T Toump PMsvE :
N 0 O i 1 1 | 1 | 1 | 1 [
0 9 180 270 0.0 0.2 04 06 08 1.0
(a) y/um (b) g/l a.u.

Figure 5.6: Measured 2-dimensional intensity distribution of the near-
Gaussian beam in the the beam waist in front of the nonlinear crystal
on linear and logarithmic scale (a). Projection of the measured intensity
in the fast-axis Jpump,pm-smr and the simulated waveguide lowest-order

mode intensity
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Chapter 5. Diode laser frequency doubling in planar waveguides

objective (Appendix A.1) in the focal points of the cylindric lens L4 and of the
acylindric lens L5 is presented in Fig. 5.6 (a) on linear and logarithmic scale.
The vertical and lateral 1/e* threshold beam waist diameters of (5.3 £ 1.1)
and (39 £+ 4) um, respectively, agree well with the diameters resulting from
beam propagation simulation conducted with WINABCD between the PM-
SMF output and the nonlinear crystal front facet. The measured distribution
contains no intensity values beyond the beam diameter, as can be seen on the
logarithmic scale.

The projection of the intensity distribution in the fast-axis measured in the
beam waist is presented in Fig. 5.6 (b) as a dashed curve. It agrees well with
the 1-dimensional waveguide lowest-order mode intensity profile (solid curve),
simulated with FIMMWAVE for the applied waveguide structure. The simulated
waveguide lowest-order mode is characterized by a 1/e? threshold diameter
of 5.4 um. Based on these two distributions the coupling efficiency into the
waveguide lowest-order mode can be predicted theoretically. Calculation of the
overlap integral from Eq. (3.6) results in a coupling efficiency of 92 %.

Prior to SHG experiments, the transmission through the planar waveguide
sample L15-W500-WG1 is determined experimentally by measuring the NIR
pump power behind and in front of the nonlinear crystal. For this purpose the
crystal mount temperature is set to 20°C, at which the QPM condition for
SHG is not fulfilled. The lateral beam waist is located in the middle of the
nonlinear crystal, which leads to maximum conversion efficiency during SHG.
As a result a transmission of Tgauss = (85£6) % at an extraordinary polarization
is determined. The deviation from the calculated coupling efficiency presented
above originates most likely from the propagation loss in the planar waveguide
structure.

5.1.3 SHG with a near-Gaussian beam

The measurement of the generated SH power at the crystal mount temperature
providing quasi phase-matching allows to determine the maximum normalized
SHG conversion efficiency of fisgq = (26 +4) % W' calculated according
to Eq. (3.62). This result corresponds to an effective nonlinear coefficient of
deigpv = 13.5 pm/V, which is in good agreement with values of deg qpm for
QPM SHG devices determined experimentally in other works [73, 158, 159].
The deviation from an expected value of 16 pm/V (Sect. 3.3.1) could originate
from imperfections in the QPM structure such as inhomogeneity, missing rever-
sals or boundary position errors (Sect. 3.2.3). An inhomogeneity in waveguide
thickness h or in the crystal composition along the propagation direction could
also lead to a decrease in the normalized SHG conversion efficiency.

In order to investigate the homogeneity of the waveguide SHG device L15-
W500-WGT1, the dependency of the generated SH power on the crystal mount
temperature is measured. The resulting dependency of the normalized SHG
conversion efficiency Tjgy is presented as open squares in Fig. 5.7 (a) and (b) on
linear and logarithmic scale, respectively. The measured distribution agrees rela-
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Figure 5.7: Simulated and measured normalized SHG conversion effi-

ciency vs. the crystal mount temperature on linear (a) and logarithmic
(b) scale

tively well with the results of simulation according to Eq. (3.47) (dashed curve),
in which an effective nonlinear coefficient degqrm = 13.5 pm/V is applied.
The experimentally determined temperature bandwidth of ATpwam = 2.1 K
complies with the theoretical value of 2.2 K and is consistent with the QPM
region length. Increased side-peaks in the measured distribution, present at
higher crystal mount temperature relative to main peak, indicate a small inho-
mogeneity in the QPM waveguide structure.

Unlike in bulk crystals, in planar waveguides only the NIR pump beam prop-
erties in the slow-axis influence the SHG conversion efficiency directly. The
fast-axis beam characteristics determine the coupling efficiency into the waveg-
uide lowest-order mode. The initially set lateral beam waist diameter is chosen
according to simulations based on Fluck’s theory for maximum SHG conversion
efficiency. In order to validate the influence of the lateral focusing on the
normalized SHG conversion efficiency in a planar waveguide experimentally,
the cylindric lens L4 is exchanged with lenses characterized by different focal
lengths. Analog experiments have already been conducted by McGeoch and
Smith [64] for the theory of Boyd and Kleinman [21] in bulk crystals. During
the experiment the lateral beam waist is placed in the middle of the nonlinear
crystal for every successive lens. In Fig. 5.8 the resulting distribution of the
normalized SHG conversion efficiency g subject to 1/e? lateral beam waist
diameter is presented as open squares. The measured values are consistent with
the theoretical distribution (dashed curve), calculated according to Eq. (3.47)
for an effective nonlinear coefficient degqpv = 13.5 pm/V. The maximum value
of Tgng = (26 £4) % W' is reached at the dy/.29 = (39 & 4) pm. Hence,
the experiment confirms the theoretical predictions of Fluck’s theory [132] and
shows that the initially chosen beam waist diameter results in the maximum
SHG conversion efficiency.
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The discrepancy between experimentally determined effective nonlinear coef-
ficient des ey and the theoretical value is therefore attributed mainly to the
QPM grating errors, which do not influence the shape of the temperature curve
(Sect. 3.2.3, p. 26). Quantitatively, the measured discrepancy could originate
from a fraction f = 7.9 % of domains with wrong orientation (Eq. (3.42)) or a
duty cycle error ratio of o /l. = 26 % (Eq. (3.43)).

5.1.4 SH beam characteristics

At an SH power Py = (7.0 £ 0.4) mW, obtained at the maximum normalized
SHG conversion efficiency of figgq = (26 +4) % W™, the generated SH beam
is additionally characterized with respect to spectral and spatial properties.

The optical spectrum of the generated SH radiation measured with an ELIAS
spectrometer (Appendix A.1) in double pass is presented in Fig. 5.9 (a). The
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Figure 5.9: Spectrum (a) and caustic (b) of the SH beam generated
by a near-Gaussian NIR pump beam

determined spectral bandwidth of 0.3 pm (FWHM) as well as a noise level of
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5.2. Frequency doubling of a DBR-TPL beam

—40 dB are limited by the spectral resolution and the maximum signal-to-noise
ratio of the applied spectrometer, respectively.

Results of a caustic measurement in the slow-axis according to second order
moments method are presented in Fig. 5.9 (b). The corresponding SH beam
propagation ratio M3, of 1.1 shows that the beam quality upon SHG of a near-
Gaussian beam in a planar waveguide structure remains unchanged. For 1/e?
intensity level diameters a beam propagation ratio M? Je2 of 1.0 is determined.

The SH beam quality in the fast-axis is predetermined by the planar waveguide
structure and results in a beam propagation ratio M3, and M3 Je2 of 1.3 and
1.0, respectively.

5.2 Frequency doubling of a DBR-TPL beam

Frequency doubling of a DBR-TPL beam in a planar waveguide is carried out
in an experimental setup presented in Sect. 5.2.1. Prior to SHG experiments,
in Sect. 5.2.2 the characteristics of the applied diode lasers and the NIR pump
beams are described. In Sect. 5.2.3 the SHG process subject to NIR pump beam
parameters is discussed based on experimental and theoretical results. Efficient
high-power frequency doubling of a DBR-TPL radiation is demonstrated in
Sect. 5.2.4. In Sect. 5.2.5 the spatial and spectral properties of the generated
SH beam are described.

5.2.1 Experimental setup

The schematic of the experimental setup for frequency doubling of a DBR-
TPL beam in a planar waveguide is presented in Fig. 5.10. The 6-mm-long
DBR-TPLs applied in the experiment are described in detail in Sect. 2.3. The
laser chip is mounted p-side up on a CuW heat spreader and assembled on
a conduction-cooled packaging (CCP). The laser beam is collimated in the
fast-axis with an aspheric lens, L1 (C230TME-B from Thorlabs, f = 4.5 mm).
An additional cylindric lens, L2 (LJ1402L2-B from Thorlabs, f = 40 mm), is
used to compensate the astigmatism induced by the tapered section while colli-
mating the laser radiation in the slow-axis. The first HWP, H1, and the 60 dB
optical isolator allow to adjust the NIR pump power in front of the nonlinear
crystal without changing the properties of the laser beam. The second HWP,
H2, is used to adjust the polarization of the NIR radiation. The laser beam is
focused with a cylindric lens, L3 (LJ1567L1-B from Thorlabs, f = 100 mm),
and an acylindric lens, L4 (C10-08HPX from asphericon, f = 8 mm), in the
slow- and fast-axis, respectively. All optics applied in front of the nonlinear
crystal make use of a broadband AR coating for the NIR range.

For the fast-axis the setup lens combination is chosen accordingly to simulations
in order to maximize the coupling efficiency into the waveguide lowest-order
mode of the fundamental wave. Taking measured spatial emission characteris-
tics of the diode laser in the fast-axis into consideration, the beam propagation
is simulated with WINABCD. An aspheric lens L1 with a numerical aperture
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slow-axis

fast-axis

Figure 5.10: Schematic diagram of the frequency doubling setup: 1,
DBR-TPL; 2, aspheric lens L1; 3, cylindric lens L2; 4, half-wave plate
H1; 5, optical isolator; 6, half-wave plate H2; 7, cylindric lens L3; 8,
acylindric lens L4; 9, nonlinear crystal with a planar waveguide; 10,
aspheric lens L5

value NA = 0.55 is chosen for collimation in order to minimize diffraction effects
and in order to set the vertical diameter of the collimated beam to approx. one
half of the smallest aperture diameter in the setup. The acylindric lens 1.4 is
chosen in order to generate a beam waist intensity profile on the crystal facet
conform to the waveguide lowest-order mode of the fundamental wave.

For the slow-axis the cylindric lens L2 is chosen according to simulations in order
to generate a collimated beam with the lateral diameter of approx. one half of
the smallest aperture diameter in the setup. The cylindric lens L3 is chosen
to focus the beam laterally in the planar waveguide according to calculations
discussed in Sect. 3.2.4 in order to reach a maximum SHG conversion efficiency.
Additionally, the cylindric lens L3 can be moved along the optical axis in order
to relocate the lateral beam waist in the planar waveguide. Furthermore, the
cylindric lens L3 can be exchanged to generate a different lateral beam waist
diameter in the planar waveguide.

The experiments regarding frequency doubling of a DBR-TPL beam are con-
ducted in the planar waveguide samples described in detail in Sect. 3.3.3. The
part of experimental setup behind the crystal resembles the experimental setup
for frequency doubling of a near-Gaussian beam presented above in Sect. 5.1.1.
All experimental results in this chapter concerning the frequency doubling of
a DBR-TPL beam in a planar waveguide are presented without the losses
originating from the collimating lens L5 and the dichroic mirror set.

5.2.2 Diode laser characteristics

Two 6 mm long DBR-TPLs are applied during SHG experiments in planar
waveguide samples. Both devices consist of the same epitaxial structure as
well as the same lateral resonator design, which are described in Sect. 2.3.
They differ however in the DBR grating period Apggr, which amounts either
to 958 or 956 nm. Therefore, the devices are denoted and referred to below as
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5.2. Frequency doubling of a DBR-TPL beam

DBR-TPL-A-958 and DBR-TPL-A-956, respectively, and differ, consequently,
in the emission wavelength \.

The lasers DBR-TPL-A-958 and DBR-TPL-A-956 are operated at T' = 22.6°C
and T' = 25.0°C, respectively, and their ridge waveguide sections are biased
with Igw = 0.400 and 0.300 A, respectively. The power-voltage-current (PUT)
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characteristics of both lasers applied in the experiment is presented in Fig. 5.11.
Laser operation begins at a taper threshold current of Itp ¢, = 2.07 and 2.20 A
for laser DBR-TPL-A-958 and DBR-TPL-A-956, respectively. The optical
power increases linearly with increasing current at a slope of approx. 0.78 W/A
for both lasers.

The spectral mapping measured with DEMON spectrometer (Appendix A.1)
in 0.06 A steps is presented in Fig. 5.12. The central wavelength lies at 1065.7
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and 1062.5 nm at the threshold current Itp ¢, for laser DBR-TPL-A-958 and
DBR-TPL-A-956, respectively, and increases with the increasing taper current
at a rate of approx. 0.019 nm/A for both lasers. In case of both lasers, spectral
longitudinal single-mode operation is given between mode-hops specific for
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Chapter 5. Diode laser frequency doubling in planar waveguides

DBR lasers.

During frequency doubling experiments, the laser DBR-TPL-A-958 is biased
with Irw = 0.400 A and Itp = 12.0 A. The transmission of the optical isolator
of approx. 90 % and the residual reflections of optical surfaces result in a
maximum NIR pump power of Pyymp = (5.9 £0.2) W in front of the nonlinear
crystal. The laser emits at a central wavelength of 1066.0 nm in a longitudinal
single-mode, as can be seen in Fig. 5.13 (a). The determined spectral emission
bandwidth of 10 pm (FWHM) as well as a noise level of —40 dB are limited by
the spectral resolution and the maximum signal-to-noise ratio of the applied
DEMON spectrometer (Appendix A.1), respectively.

The beam quality of the NIR beam is measured behind the half-wave plate H2
(see setup schematics in Fig. 5.10). The caustic determined according to second
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Figure 5.13: Spectrum (a) and caustic (b) of the DBR-TPL-A-958
beam at T' = 22.6°C, Irw = 0.400 A, ITp = 12.0 A

order moments method, presented in Fig. 5.13 (b), results in a corresponding
beam propagation ratio MZU of 1.8 and 6.4 for the fast- and slow-axis, respec-
tively. When 1/e%-level method is applied to determine the beam diameters,
beam propagation ratio M? sz of 1.1 and 1.0 result in the fast- and slow-axis,
respectively. The central lobe power content in the lateral beam waist of 81 %
is determined.

Planar waveguide samples with a shorter QPM period are characterized
with the DBR-TPL-A-956. For this purpose the diode laser is biased with
Irw = 0.300 A and Itp = 9.0 A, which leads to a maximum NIR pump power
of Ppump = (4.1 +£0.2) W in front of the nonlinear crystal. The laser emits in a
longitudinal single-mode at a central wavelength of 1062.7 nm, as can be seen
in Fig. 5.14 (a).

The caustic presented in Fig. 5.14 (b) is based on second order moments method.
A corresponding beam propagation ratio M3, of 1.7 and 6.0 for the fast- and
slow-axis, respectively, can be determined. When 1/e? threshold beam diame-
ters are considered, beam propagation ratio M% ez 0f 1.2 and 1.1 results in the
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Figure 5.14: Spectrum (a) and caustic (b) of the DBR-TPL-A-956
beam at 7' = 25.0°C, Irw = 0.300 A, I+p = 9.0 A

fast- and slow-axis, respectively. The central lobe power content in the lateral
beam waist is determined to 83 %.

In advance to SHG experiments in planar waveguide samples, the intensity
distribution of the focused NIR pump beam in front of the nonlinear crystal
is investigated for each laser. Since both lasers possess almost identical beam
properties, only the results of measurements and calculations for the diode
laser DBR-TPL-A-958 are presented below. The corresponding results of an
intensity distribution measurement with a microscope objective (Appendix A.1)
in the focal points of the cylindric lens L3 and the acylindric lens L4 is pre-
sented in Fig. 5.15 (a) on a linear and logarithmic scale. The vertical and
lateral 1/e? threshold beam waist diameters of (5.5 & 1.1) and (38 & 4) pm,
respectively, agree well with the diameters simulated with WINABCD. The
measured distribution contains finite intensity values beyond the 1/¢? beam
diameter, especially in the slow-axis, as can be seen on the logarithmic scale.
This is a typical feature of tapered diode lasers, which influences profoundly the
lateral beam quality determined accordingly to second order moments method
(Sect. 2.3.2, p. 11).

The vertical projection of the measured intensity distribution in the beam waist
is presented in Fig. 5.15 (b) as a dotted curve. It agrees relatively well with
the 1-dimensional waveguide lowest-order mode intensity profile (solid curve)
simulated with FIMMWAVE, which leads to a coupling efficiency of 88 % deter-
mined through a calculation of the corresponding overlap integral (Eq. (3.6)).
The calculated coupling efficiency is lower than in case of a Gaussian beam
due to intensity lobes visible in the measured distribution above and below
the main peak, which are connected with inferior vertical beam quality with
M3, = 1.8 compared to M3, = 1.1 determined for the near-Gaussian beam.
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Figure 5.15: Measured 2-dimensional intensity distribution of the
DBR-TPL-A-958 beam in the beam waist in front of the nonlinear
crystal on linear and logarithmic scale (a). Projection of the measured
intensity distribution in the fast-axis Joump,per-TPL and the simulated

waveguide lowest-order mode intensity distribution 350) (b)

5.2.3 SHG process subject to pump beam parameters

The investigation of NIR beam parameter influence on the SHG process is
conducted with the laser DBR-TPL-A-958 and the planar waveguide sample
L15-W500-WG1. This 500 pm-wide waveguide has already been applied for
frequency doubling of a near-Gaussian beam described in Sect. 5.1.3. The
NIR pump power in front of the nonlinear crystal is set to a value Pyym, =
(0.67 £ 0.02) W through the adjustment of HWP H1 in experimental setup,
which is schematically presented in Fig. 5.10. This fundamental power value
corresponds to a maximum power density J; inside of the planar waveguide
of approx. 0.3 MW/ cm” for the optimum lateral focusing, and lies, therefore,
in the intensity range, in which the SHG process is not affected by increased
nonlinear absorption (compare Sect. 4.6). The lateral beam waist is located
in the middle of the nonlinear crystal, which leads to a maximum conversion
efficiency during SHG. The transmission through the planar waveguide for the
DBR-TPL is determined analog to a corresponding measurement conducted with
a near-Gaussian beam (Sect. 5.1.3), resulting in a value g tpr, = (83 £5) %
at an extraordinary polarization. The deviation from the coupling efficiency
calculated in Sect. 5.2.2 (p. 72) originates most likely from the propagation loss
in the planar waveguide structure, as has already been stated in Sect. 5.1.3.

Beam quality

The measurement of the SH power at the crystal mount temperature T ,ount =
44.0°C allows to determine the maximum normalized SHG conversion efficiency
for a DBR-TPL pump beam, calculated according to Eq. (3.62). The resulting
value of Tgge = (1843) % W™ corresponds to an effective nonlinear coefficient
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5.2. Frequency doubling of a DBR-TPL beam

of dipgpn -~ = 11.3 pm/V, which amounts to 84 % of the waveguide SHG device
specific coefficient determined with a near-Gaussian beam (Sect. 5.1.3). This
discrepancy originates from an inferior lateral beam quality of the DBR-TPL
beam compared to a near-Gaussian beam (compare Figs. 5.5 (b) and 5.13 (b)).
Hence, the ratio of 84 % correlates well with the central lobe power content in
the lateral beam waist distribution of the DBR-TPL beam, which is calculated
to approx. 81 %. Please note, that for a Gaussian beam this power content is
theoretically equal to 100 %. For this reason, if the central lobe power instead
of the entire NIR pump power is inserted in Eq. (3.62), a normalized SHG
conversion efficiency of Tisyq = (27 £ 5) % W™ results, which agrees well
with the value determined experimentally for a near-Gaussian pump beam in
Sect. 5.1.3.

Crystal mount temperature

The measured normalized SHG conversion efficiency as a function of the crystal
mount temperature for a DBR-TPL is presented in Fig. 5.16 as open circles
on linear (a) and logarithmic (b) scale. The measured distribution shows a
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Figure 5.16: Simulated and measured normalized SHG conversion ef-
ficiency vs. the crystal mount temperature on linear (a) and logarithmic

(b) scale

relatively good agreement with results of simulation according to Eq. (3.47) for
dipgpn - = 11.3 pm/V (dotted curve). Additionally to increased side-peaks at
higher temperatures relative to main peak, which have already been observed
in Fig. 5.7, a slower decrease from the maximum value with decreasing crystal
mount temperature can be noticed in case of frequency doubling of DBR-
TPL beam (Fig. 5.16 (b)). Consequently, the corresponding experimentally
determined acceptance bandwidth of ATpwam = 2.4 K is larger than its
counterpart during frequency doubling of a near-Gaussian beam (Fig. 5.16). It
is assumed, that this phenomenon originates from different intensity distribution

in the far field of a DBR-TPL beam, which is similar to top-hat rather than
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Chapter 5. Diode laser frequency doubling in planar waveguides

Gaussian distribution (compare Fig. 2.8 and 2.9). The intensity parts at large
divergence angles experience QPM at a lower temperature than the paraxial
rays, which leads to a higher SH power and, consequently, to a higher normalized
SHG conversion efficiency in this temperature region. In addition, according
to the simulation the crystal mount temperature needs to be set to a an
optimum value with an accuracy of +0.3 K in order to ensure a normalized
SHG conversion efficiency higher than 95 % of the maximum reachable value.

Focusing strength

In order to determine the influence of the lateral focusing of the DBR-TPL
beam on the normalized SHG conversion efficiency in a planar waveguide exper-
imentally, the cylindric lens L3 in optical setup (Fig. 5.10) is exchanged with
lenses characterized by different focal lengths. The lateral beam waist is placed
in the middle of the nonlinear crystal for every successive lens. In Fig. 5.17 the
resulting normalized SHG conversion efficiency gy as a function of the 1/¢?
lateral beam waist diameter is presented as open circles. The measured values
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are consistent with the theoretical distribution (dotted curve), calculated accord-
ing to Eq. (3.47) for an effective nonlinear coefficient dgpgpy ™ = 11.3 pm/V.
Although, in case of a DBR-TPL pump beam the absolute normalized SHG
conversion efficiency is lower than for a near-Gaussian beam, the relative change
for a variation of the 1/e? beam waist diameter is still conform to Fluck’s theory
(Sect. 3.2.4). This good agreement is however conditional upon the DBR-TPL
beam characteristics in the slow-axis with a distinctive central lobe in the beam
waist distribution characterized by a superior beam quality than the entire
beam.

For a beam waist diameter of dy /.2 = (38 & 4) um, closest to the theoretical
optimum, a normalized SHG conversion efficiency of fgyg = (18 +3) % W
is reached. In addition, according to the simulation the lateral beam waist
diameter needs to be set to a value of 39 pum with an accuracy of T§% pum in
order to ensure a normalized SHG conversion efficiency higher than 95 % of

the maximum reachable value.
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5.2. Frequency doubling of a DBR-TPL beam

Focus position

Kleinman and Miller [63] investigated experimentally the influence of the beam
waist position along the propagation direction on the SHG conversion efficiency
in a bulk crystal. In their experiment they confirmed the theory of Boyd and
Kleinman [21], which stated, that the maximum conversion efficiency for an
optimally focused Gaussian beam is reached, when the beam waist is placed in
the middle of the nonlinear crystal.

Here, an analog experiment for frequency doubling of a DBR-TPL beam in a
planar waveguide structure is carried out. The results for an optimum lateral
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beam waist diameter dy/29 = (38 £4) um are presented in Fig. 5.18. The
experimentally determined values (open circles) agree well with the results of
simulation according to Eq. (3.47) for dgpgpn ™~ = 11.3 pm/V (dotted curve)
and therefore confirm the theory of Fluck (Sect. 3.2.4). The normalized SHG
conversion efficiency as a function of the effective lateral beam waist position
with regard to the QPM region length (z/Lqpwm) is characterized by a symmet-
ric distribution. The maximum value is reached when the lateral beam waist xg
is placed in the middle of the QPM region length (z/Lqpm = 0.5). Dislocation
of the lateral beam waist from the optimum position leads to a decrease in
conversion efficiency. In order to assure a normalized SHG conversion efficiency
greater than 95 % of the maximum value the position of the lateral beam waist
needs to be set in the middle of the nonlinear crystal with a relative accuracy
of £0.175, which for a QPM region length Lgpy = 12 mm results in a required
absolute accuracy of 2.1 mm. When the lateral beam waist is placed on the
ends of the periodically poled region (zo/Lgpm = 0.0 or 1.0), the normalized
conversion efficiency reaches approx. 60 % of its maximum value.

Angle of incidence in the fast-axis

NIR laser beam characteristics in the vertical direction also influence the
SHG conversion efficiency in the planar waveguide structure. In general, both
planar and ridge waveguide structures in nonlinear crystals support a large
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Chapter 5. Diode laser frequency doubling in planar waveguides

number of transversal modes. Due to modal dispersion, the QPM condition in
waveguide SHG devices can be fulfilled only for one waveguide mode pair at a
time. Nonlinear interactions between fundamental and SH waveguide lowest-
order modes are being preferred, since they are most efficient due to large
effective mode overlap. Hence, the content of NIR pump power coupled into
the waveguide lowest-order mode needs to be optimized in order to maximize
the SHG conversion efficiency (compare Sect. 3.2.4). It is self-evident that for
efficient coupling the beam waist diameter needs to be adjusted. However, the
vertical incidence angle adjustment is also of great importance for the coupling
efficiency into the lowest-order mode of a planar waveguide structure, as will
be shown below.

In Fig. 5.19 the transmission 7 through the planar waveguide subject to vertical
incidence angle 6; is presented. The measured overall transmission during
SHG process 7H¢ (closed circles) remains constant over the variation of the
angle and is consistent with the value of Tppr.rpr, = (83 £5) % determined
above for perpendicular crystal facet irradiation. Additionally to experimental
results, calculated transmission distributions obtained through simulations with
FiIMMWAVE for a Gaussian beam with an optimum beam diameter in the
vertical beam waist are presented in the graph. The transmission of light
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coupled into all vertical modes guided in the waveguide structure T modes
(dotted curve) is consistent with the experiment and remains constant over the
variation of the vertical incidence angle. In contrast, the simulated transmission
of the light coupled into the waveguide lowest-order mode 7y mode (dashed curve)
decreases with increasing incidence angle 6; due to decreasing coupling efficiency
at the waveguide front facet. Hence, with increasing incidence angle the power
coupled into the waveguide structure is distributed among the different vertical
modes but its sum remains constant. Please note, that the vertical beam
waist diameter, optimized for maximum coupling efficiency into the given
waveguide structure, is not being altered deliberately over the investigated
vertical incidence angle range both in the simulation and in the experiment.

The fact, that the power content coupled into the lowest-order mode of the
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5.2. Frequency doubling of a DBR-TPL beam
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fundamental wave decreases with increasing vertical incidence angle, affects
the SHG process, as can be observed in Fig. 5.20. Here, the measured (open
circles) and simulated (solid line) SH power dependence on the vertical incidence
angle is presented. The experimental data shows a very good qualitative and
quantitative agreement with the results of calculations conducted according to
Eq. (3.61) and incorporating the transmission distribution from Fig. 5.19 for the
waveguide lowest-order mode (dashed curve). Consequently, as can be observed
in Fig. 5.20, the maximum SH power is reached at an incidence angle 6; = 0°
and it decreases with increasing incidence angle, although the overall measured
transmission through the waveguide structure remains constant (Fig. 5.19, filled
circles).

As a result of this investigation, a tolerance for the vertical incidence angle can
be defined. In order to assure a normalized SHG conversion efficiency greater
than 95 % of the maximum value, the vertical incidence angle needs to be set
to an optimum value with an accuracy of £1.2°.

5.2.4 High-power generation

Subsequently to investigations of SHG process in a planar waveguide as a
function of NIR beam parameters, frequency doubling of DBR-TPL radiation
at high-power is studied. The experiments are conducted at optimum NIR
laser beam parameters determined in Sect. 5.2.3 in planar waveguide samples
described in detail in Sect. 3.3. Depending on the QPM grating period length
of the nonlinear crystal either the laser DBR-TPL-A-958 or DBR-TPL-A-956
is applied.

The results for 13 mm-long planar waveguide samples are presented in Figs. 5.21
and 5.22. The difference in the maximum NIR pump power for each sample
results from an adjusted operating current of the applied laser DBR-TPL-A-
956, which was in this case necessary in order to ensure a stable longitudinal
single-mode emission. Both 13 mm-long waveguides are characterized by a
transmission mppgr.Tpr, in the range of 70 %, which is lower compared to the
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Chapter 5. Diode laser frequency doubling in planar waveguides

15 mm-long samples due to smaller waveguide width and inferior facet AR
coating quality. A measurement of the SH power dependency on the crystal
mount temperature for both samples confirms a good structural homogeneity.

The generated SH power as a function of the NIR pump power in front of the
crystal is presented in Fig. 5.21. The experimental results for both samples
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(open and filled triangles) agree relatively well with calculations (solid curve)
according to Eq. (3.61) for mppr.tpr, = 72 % and Tisyq = 18 % W' in the entire
investigated range. Only in case of the sample L13-W160, the experimental
values depart slightly from the theoretical curve above an NIR pump power
of approx. 3 W. With the planar waveguide L13-W190 a maximum SH power
of Psg = (1.07 £ 0.03) W with an opto-optical and electro-optical conversion
efficiency of nopt. = (27 £ 1) % and ne. = (8.5 £ 0.3) % is reached, respectively.
Due to a lower transmission 7 the opto-optical conversion efficiency (Fig. 5.22)
increases at a lower rate with increasing NIR pump power compared to the
15 mm-long samples (Fig. 5.24). Nevertheless, a relatively good agreement for
both waveguides between measured (open and filled triangles) and calculated
(solid curve) values can be observed in the entire investigated range. The minor
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5.2. Frequency doubling of a DBR-TPL beam

difference between measured and calculated SH power for the sample L13-W160
observed in Fig. 5.21 leads to a similar deviation in the distribution of the
opto-optical conversion efficiency in Fig. 5.22. The overall transmission through
the waveguides during the SHG process as well as the optimum crystal mount
temperature are presented and discussed below.

The results accomplished with 15 mm-long samples are presented in Figs. 5.23
and 5.24. All waveguides are characterized by a transmission 7 greater than
80 % which is in good agreement with the transmission value determined above
in Sect. 5.2.3 for the sample L15-W500-WG1. In addition, a measurement of
the SH power dependency on the crystal mount temperature for each sample
confirms a good structural homogeneity.

The generated SH power and the corresponding opto-optical conversion effi-
ciency as a function of the NIR pump power in front of the crystal is presented
in Fig. 5.23 and 5.24, respectively. At low NIR pump power the experimental
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results (circles for 500 pm and squares for 300 pm-wide waveguides) agree well
with calculations (solid curve) according to Eq. (3.61) for mppr.tpr, = 83 %
and Tgue = 18 % W', With increasing NIR pump power the experimental
data departs from the theoretical distribution. For three samples this deviation
occurs between 1 and 2 W, for the fourth sample not before an NIR pump
power of approx. 3 W is reached.

With the less susceptible sample, L15-W300-WG2, a maximum SH power of
Psy = (1.17 £ 0.05) W at an opto-optical and electro-optical conversion effi-
ciency of nopt. = (29 £2) % and 1. = (9.2 £ 0.4) % is reached, respectively. A
maximum opto-optical conversion efficiency of 7y, = (30 £ 1) % is reached at
an NIR pump power of Pyymp = (3.5£0.1) W. Above this value the opto-optical
conversion efficiency decreases with increasing NIR pump power, as can be
observed in Fig. 5.24.

For the sample L15-W500-WG1 the NIR pump power in front of the nonlinear
crystal is increased beyond the value of P,ymp = (4.1 +£0.2) W. In case of this
sample, the maximum opto-optical conversion efficiency of 7y, = (26 £1) % is
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reached at an NIR pump power of Py, = (4.3 £0.2) W, the maximum SH
power of Pgy = (1.1940.05) W at an NIR pump power of Py, = (4.7£0.2) W.
Above the latter pump power value, both opto-optical conversion efficiency and
SH power decrease with increasing NIR pump power. The possible reasons
for this limitation of the maximum SH power to approx. 1.2 W are discussed
below.

The overall transmission through the planar waveguide structure during SHG
process in dependence on the NIR pump power is presented for all investigated
samples in Fig. 5.25. The 13 mm-long samples are characterized by a trans-
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mission 751 in the range of 65 — 70 %. For these samples no decrease with

increasing NIR pump power in the investigated power range is observed. The
15 mm-long samples are characterized by an overall transmission during SHG
in the range of 80 — 83 % at a low NIR pump power in front of the nonlinear
crystal. With increasing NIR pump power the transmission for the sample
L15-W500-WG2 decreases strongly, which is most likely caused by an impurity
on the waveguide front facet noticed before the experiments. This sample is
investigated only to an NIR pump power value of Pyymp = (2.7£0.1) W and
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5.2. Frequency doubling of a DBR-TPL beam

shows the poorest results (Figs. 5.23 and 5.24). For the samples L15-W500-WG1
and L15-W300-WG2 the overall transmission decreases slightly with increasing
NIR pump power. The transmission of the sample L15-W300-WG2 remains
unchanged in the investigated NIR pump power range.

For all samples the crystal mount temperature needs to be reduced with increas-
ing NIR pump power in order to maximize the SH power, as can be observed
in Fig. 5.26, where the relative mount temperature change is presented. In
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case of the 13 mm-long crystal mount temperature needs to be decreased by
approx. 5 K in the investigated NIR pump power range, which most likely
originates from waveguide structure heating due to propagation loss and ab-
sorption. Similar behavior has already been observed in [107|. In the same
power range the crystal mount temperature for 15 mm-long samples needs to be
reduced by approx. 8 K. The greater change in the crystal mount temperature
compared to 13 mm-long waveguides could be explained by higher transmission
through the 15 mm-long samples, higher opto-optical conversion efficiency and,
therefore, higher SH power. In addition, higher propagation loss is expected in
longer waveguides, which however cannot be verified due to different waveguide
width and AR coating quality.

Highest SH power and highest opto-optical and electro-optical conversion effi-
ciency are achieved with 15 mm-long planar waveguides. Although, the best
results are obtained with a 300 pm-wide waveguide (L15-W300-WG2), the
differences between 300 and 500 pum-wide samples regarding the SHG process
are believed to originate from statistical variation of devices quality. Wider
waveguides, however, could provide greater tolerances for waveguide position
adjustment in the slow-axis.

The normalized SHG conversion efficiency in 13 mm-long samples is less suscep-
tible to high-power operation. However, these samples provide lower maximum
SH power and lower opto-optical conversion efficiency due to lower transmission
through the waveguide structure. Investigation of the most susceptible sample,
L13-W190, at higher NIR pump powers is not possible, since it was damaged
due to misalignment of the waveguide position during the experiment. As
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Chapter 5. Diode laser frequency doubling in planar waveguides

a consequence the crystal facet was damaged to an extent of 50 % and the
waveguide structure was impaired over the whole crystal length including the
rear facet. This critical incident illustrates clearly, that during high-power
SHG no change in the waveguide position can be tolerated. In addition, the
adjustment of the waveguide structure position needs be undertaken at low
NIR pump power before the power level can be increased.

Theoretically, in the investigated planar waveguide samples an SH power of
2.6 W and an opto-optical conversion efficiency of 7opt. = 44 % could be achieved
at the available maximum NIR pump power. In the experiment, however, both
the SH power and the opto-optical conversion efficiency are saturated. Since
the maximum SH intensity J> present in the planar waveguide is estimated to
less than 0.3 W/ cm?® and no distinct transmission reduction with increasing
power can be observed in Fig. 5.25, the measured saturation is most likely
not caused directly by increasing nonlinear absorption in the waveguide core
composed of the periodically poled nonlinear crystal material. Instead, the
results presented indicate that the epoxy applied as a cladding layer in the
waveguide structure could be the reason for the saturation of the SH power
observed in the experiment. Due to relatively high fundamental wave power
density J; in the range of 2.0 MW/ cm?® estimated for the lateral beam waist
range, the properties of the epoxy in this region, in particular the refractive
index, could change, as a result of absorption and consequent heating, to such
an extent, that the overall SHG process becomes less efficient due to locally
distorted quasi phase-matching. This assumption appears plausible given that
a destructive effect during epoxy illumination with the high-power laser beam
could be observed, as described above. In order to reach higher SH powers,
further improvements of the waveguide structure including cladding layers less
prone to high-power operation are needed. With optimized SHG devices, SH
power level in the range of 3 W could be realized by applying already available
DBR-TPLs. Nevertheless, results on SHG in planar waveguides accomplished
in this chapter with diode lasers are already comparable with the results re-
ported in the literature for frequency doubling of solid state lasers in similar
structures [107].

5.2.5 SH beam characterstics

The generated SH beam is characterized with regard to its spectral and spatial
characteristics. The results obtained during frequency doubling of the diode
laser DBR-TPL-A-958 in the planar waveguide sample L15-W500-WG1 are
presented in Fig. 5.27. The measurements are conducted at an SH power
Psy = (0.52 £ 0.02) W reached at optimum NIR laser beam parameters
determined in Sect. 5.2.3.

The SH spectrum measured with ELIAS 