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Abstract

The development of compact and low-cost coherent sources in visible and infrared
wavelength range can provide indispensible tools for a variety of scientific,
technological and industrial applications. Great progress over the last years in material
science, crystal growth and semiconductor material processing in combination with
recent advances in some of the more traditional technologies, in particular nonlinear
frequency conversion and parametric sources, have led to the realisation of a new
generation of laser sources. Furthermore, the advent of a new generation of quasi-phase-
matched, waveguided and semiconductor nonlinear materials together with novel
semiconductor lasers have led to the development of new frequency conversion and

parametric sources with previously unattainable performance capabilities.

The research described in this thesis relates to the development and
characterisation of novel semiconductor based laser sources tunable in the broad
spectral ranges which are unattainable for conventional lasers due to a lack of suitable

laser gain materials.

In the first part of the thesis the subject matter is concerned with the direct
emission from laser devices. In particular, a broadly tunable InGaAs/InP strained multi-
quantum well external cavity diode laser, operating in the spectral range of 1494 nm —

1667 nm with a maximum CW output power in excess of 81 mW and side-mode
suppression ratio higher than 50 dB is demonstrated. This represents the highest output

power and side-mode suppression ratio ever to be generated in this spectral region.

A record broadly tunable high-power external cavity InAs/GaAs quantum-dot

diode laser with a tuning range of 202 nm (1122 nm - 1324 nm), a maximum output
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power of 480 mW and a side-mode suppression ratio greater than 45 dB, is also
demonstrated. This represents a promising achievement for the development of a high-
power fast swept tunable laser and compact nonlinear frequency generation schemes for
the green-yellow-orange-red spectral range.

The second part of the thesis relates to induced nonlinear processes, focusing on
frequency doubling and optical parametric oscillation. In particular, an all-room-
temperature CW second harmonic generation at 612.9 nm and 591.5 nm in periodically
poled potassium titanyl phosphate waveguides pumped by a broadly-tunable quantum-
dot external cavity diode laser with a conversion efficiency of 10.5% and 7.9%,

respectively, is demonstrated.

For the first time, a green-to-red tunable laser source with tunability of over
60 nm (567.7 nm —629.1 nm) based on frequency doubling in a single periodically
poled potassium titanyl phosphate waveguide pumped by a single broadly-tunable
quantum dot laser is demonstrated. These results are an important step towards a

compact tunable coherent visible light source, operating at room temperature.

The possibility of nonlinear frequency conversion in orientation-patterned GaAs
waveguides is also investigated. The technology of low-loss periodically poled GaAs
waveguided crystals is developed and such crystals are fabricated. Second harmonic
generation at 1621 nm in low-loss periodically poled GaAs waveguide is demonstrated.
An optical parametric oscillator system used as the pump source for GaAs devices and
based on the periodically poled 5 mol% MgO-doped Congruent Lithium Niobate
crystal, generating light in the wavelength range between 1430 nm and 4157 nm, is
presented. The obtained results show a great promise for realisation of efficient quasi-
phase-matched optical parametric oscillator devices based on orientation-patterned

GaAs waveguides, which enables the extending generated wavelength up to 16 pm.
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1. Tunable External-Cavity Diode
Lasers — Review

This Chapter presents a review of tunable diode lasers and describes the need for
compact tunable external-cavity diode lasers and the brief history of their development.
The growth techniques, possible semiconductor diode laser structures and commonly

used external-cavity configurations are also discussed.



1.1. Need for Tunable External-Cavity Diode Lasers

Tunable compact laser sources emitting in the 1.1 - 1.3 pm and 1.55 pm spectral regions
are of considerable interest for a wide range of applications, such as spectroscopy [1.1],
interferometry [1.2] and telecommunication systems [1.3]. Longer distances and higher
speeds of information transmission dictate the move toward these wavelengths, which
correspond to the minimum dispersion and minimum loss in the standard glass fibre at
1.3 um and 1.55 um, respectively. Tunable diode lasers utilising an external-cavity
diode laser (ECDL) design can provide many attractive features needed for wavelength-
division-multiplexing (WDM) applications such as a very narrow linewidth, wide
continuous tuning range, high output power, and considerable inventory reduction [1.4].
In recent years, there has also been a growing interest in the development of broadly-
swept tunable laser sources, which are of interest for optical coherence tomography due
to their high spectral bandwidth and output power [1.5-1.7]. Furthermore, the spectral
region encompassing 1.1 - 1.3 um is particularly useful for biomedical imaging due to
the minimal absorption and scattering in human tissue, which can significantly enhance
the penetration depth [1.8]. Other important applications for this spectral range include
the generation of coherent radiation in the visible spectral region via second harmonic
generation or sum frequency generation, particularly into the yellow-orange spectral
region [1.9,1.10], for which compact and efficient sources are relatively scarce. Tunable
compact laser sources emitting in the visible spectral region at around 550 nm - 650 nm
are of considerable interest for various applications, such as biophotonic [1.11] and
medical [1.12] applications, photodynamic therapy [1.13], laser projection displays
[1.14] and optical atomic clock in ytterbium [1.15]. Commercially available lasers of

this spectral range are in practice bulky and inconvenient in use. In this respect, the



ECDL is very promising for the realisation of a compact laser source in the visible

spectral region by frequency doubling of infrared light in a nonlinear crystal.

1.2. Brief History of Semiconductor Diode Lasers

Development

Since their first demonstration by Basov et al. in 1961 [1.16] and following
experimental realisations by other scientific groups [1.17-1.20], semiconductor diode
lasers were of great interest for many applications such as optical data storage, fibre
optics and free space communication. However, the simple p-n junction semiconductor
lasers fabricated at that time suffered from high threshold current density (~10°A/cm?)

and were able to operate only at cryogenic temperature.

In 1963, a double heterostructure laser, consisting of a lower bandgap layer
surrounded by a higher bandgap semiconductor material, was suggested by Alferov
[1.21] and Kroemer [1.22]. The development of the double heterostructure in 1968
[1.23] made possible to fabricate reliable diode lasers, which operate at room

temperature with sufficiently low current [1.24,1.25].

A new hope appeared in the middle 1970s, when it had been predicted that
reducing the dimensionality of the active region can significantly improve the
performance of semiconductor lasers [1.26]. The development of new growth
techniques: metal organic chemical vapour deposition (MOCVD) [1.27] and molecular
beam epitaxy (MBE) [1.28], enabled the crystal deposition to be controlled on an
atomic scale and led to growth of quantum well (QW) [1.29-33] and quantum dot (QD)

[1.35-1.39] laser structures. The utilisation of these lower dimensional semiconductor



structures made it possible to operate QW [1.33,1.39] and QD [1.38] diode lasers at
very low threshold current with higher efficiencies. The evolution of semiconductor

diode lasers from their invention until the turn of the century is shown in Fig. 1.1 [1.40].

Up until now, QD and QW lasers were of great interest for research, because the
flexibility in choice of semiconductor material compounds allowed a wide spectral
range, from visible to infrared, to be covered [1.41]. Nowadays, diode lasers are widely
used as compact and cheap coherent light sources in broad range of applications
including biophotonic and medical applications, spectroscopy, interferometry,

telecommunications, optical storage, laser printing, laser projection displays etc.
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Fig. 1.1. Evolution of the threshold current density of semiconductor diode
lasers since their invention till the turn of the century. The image is adapted
from [1.40].




1.3. Semiconductor Lasers

1.3.1. Semiconductor Diode Laser Structures

Semiconductor lasers are compact low-cost sources for generating light in a broad
wavelength range. Owing to the flexibility in choice of semiconductor material
compounds, the emission wavelength can be engineered over a wide spectral range from
visible to infrared [1.41]. Semiconductor diode laser characteristics are strongly
connected with the band structure of their active region and can be optimized by the use
of artificial structures. The family of possible dimensionalities of the laser active region
involves bulk semiconductor epilayer (three-dimensional), thin epitaxial layer of
quantum well (two-dimensional), elongated tube of quantum wire (one-dimensional)
and isolated island of quantum dot (zero-dimensional) [1.42]. All these four cases are

shown schematically in Fig. 1.2.

Bulk Quantum Well Quantum Wire Quantum Dot
3-D 0-D
Schematic ﬁ O
morphology i_ —al
D(E) D(E) D(E) D(E)
Density
of states F[\
Ec £ "3 E B £ B E

Fig. 1.2. Schematic morphology and density of states in bulk (3-D), quantum
well (2-D), quantum wire (1-D) and quantum dot (0-D) material. The quantum
dot case is for real dots which are not identical in size and exhibit size
fluctuations leading to a broadening in energy level structure.




When the freedom of electron motion is restricted by reducing the dimensionality
of the active region from bulk to QW, quantum wire and QD array, the density of states
(DOS) is strongly modified, and as dimensionality decreases, the DOS is no longer
continuous or quasi-continuous but become quantised (Fig. 1.2). In the ultimate case of
a QD ensemble (confinement on the order of the de Broglie wavelength in all 3
dimensions), DOS represents a set of delta-function peaks centred at the atomic-like

energy level.

In contrast to QW lasers which offer only 1-D carrier confinement and exhibit
strain limits, semiconductor lasers based on self-assembled QDs provide valuable laser
performance advantages. Increasing carrier confinement results in less temperature
sensitivity and reduction of threshold current density. The inhomogeneous broadening
associated with the strain and size dispersion of the QDs (inherent to the Stranski-
Krastanow growth techniques) results in a distribution of energies which, to some
extent, parallels the distribution of QD sizes. This feature, together with the
manipulation of the chemistry and strain of the capping layers and barriers, can be
flexibly engineered to widen the emission spectral bandwidth. By exploiting such broad
gain bandwidths, QD based laser have demonstrated widely tunable high power output

[1.43].



1.3.2. Growth Techniques and Materials

There are two main epitaxial growth techniques used for fabrication of epitaxially
grown layers. These are Metal Organic Chemical Vapour Deposition (MOCVD), also
known as Metal Organic Vapour Phase Epitaxy (MOVPE), and Molecular Beam
Epitaxy (MBE). These techniques differ considerably in the sources used and surface
growth kinetics. MOCVD is particularly complex with many factors, such as precursor
chemistry, growth kinetics, hydrodynamics, mass transport and surface chemistry
influencing growth [1.44]. In contrast to MBE, MOCVD uses chemical reactions and
not physical deposition, Also, while MBE growth is conducted at very low pressures
(10® to 10® Pa), MOCVD takes place at pressures that are much more comparable to
atmospheric pressure (10° to 10* Pa for low-pressure MOCVD and 107 to 10™ Pa for
so-called vacuum MOCVD [1.45]). MOCVD technique is widely used in the

manufacture of laser diodes.

For a long time, MBE [1.46] or MOCVD [1.47] techniques are used for growth of
Single Quantum Well (SQW) or Multiple Quantum Well (MQW) structures, which
required thin layers with typically thickness of 10nm or less [1.48]. In this respect,

MOCVD technique can offer precise control of film thickness and alloy composition.

In the growth of MQW laser structures, the usual practice is to control the
compositions of adjacent layers appropriately so as to produce lattice matching and
eliminate internal strain. However, recent work has shown that in case of high power
lasers, it may be desirable to introduce an amount of controlled strain [1.48]. Strain in
the active region of QW semiconductor lasers has improved several important laser
parameters as compared with lattice matched-well lasers [1.49]. InGaAsP/InP strained

MQW structures are widely used in semiconductor lasers operating in the wavelength



region of 1.5 um, and they are currently of considerable interest for telecommunication
applications as transmitters (digital and analogue systems) and also WDM pump

sources for C- and L-band Raman amplifiers [1.50].

The recent achievements in quantum dot (QD) epitaxial growth have enabled the
fabrication of QD lasers. The most effective method for the fabrication of three-
dimensional islands (or QDs) is the strained-layer epitaxial growth in the Stranski-
Krastanow mode [1.51-1.53]. In this growth mode, when a film is epitaxially grown
over a substrate, the initial growth occurs layer by layer, but beyond a certain critical
thickness, QDs start to form on top of a continuous film called the wetting layer. A
crucial requirement of this technique is that the lattice constant of the deposited material
is larger than that of the substrate, so that the additional strain leads to the formation of
dots [1.54]. This is the case in an InAs film with the lattice constant of 6.06A deposited
on a GaAs substrate (lattice constant of 5.64A). An advantage of this technique is that
films can be grown using MBE and MOCVD. Fabrication of QDs by applying Stranski-
Krastanow growth is accompanied by a distribution in dot size, height, shape and
composition, due to the statistical fluctuations occurring during growth, but, at the
moment, epitaxy techniques have evolved to such an extent that the amount of
fluctuations can be reasonably controlled, and can be as small as a few percentage
points.

Lateral positions of QDs grown in a plane surface are random, as shown in
Fig. 1.3(a). In the self-assembly process, there is not a standard way of arranging the
dots in a planar ordered way. The typical sizes of quantum dots are 15-20 nm in
diameter and ~5 nm in height. The dot size, the shape and the surface density depend on
the growth temperature and other growth conditions. The size of the quantum dots can

be varied by changing the thickness of the capping layer. The average size of the QDs



capped with thicker layer is larger. By changing the thickness of the capping layers for
different groups of QD layers, a broad spectral emission can be achieved.

At present, the densities of quantum dots lie typically between 10° cm™ and 10"
cm™ [1.55]. Typically a single layer of quantum dots provides insufficient gain for
lasing so that stacked quantum dot layers are needed [1.56,1.57]. Growth of QDs in
stacks allows an increase in the modal gain without increasing the internal optical mode

loss [1.58]. A cross-section of a multi-stacked structure is shown in Fig. 1.3(b).

Fig. 1.3. (a), A transmission electron microscopy (TEM) image of single plain of
InAs quantum dots grown on GaAs substrate [1.59]; (b), A TEM image of a
cross-section of 25-layer thick stack of InGaAs quantum dots grown on GaAs
[1.60].

In this figure, InGaAs quantum dots are shown as thicker dark regions, which are
connected within the layers by the wetting layers (thin dark regions). The various layers
are separated by GaAs (lighter regions). The GaAs separators are responsible for
transmitting the tensile strain from layer to layer, inducing the formation of ordered

arrays of quantum dots aligned on the top of each other.
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1.4. Review of Tunable Diode Lasers

1.4.1. Tunable Monolithic Semiconductor Lasers

There are several types of diode lasers which operate in single mode and can be
continuously tuned. Distributed feedback (DFB) lasers and distributed Bragg reflector
(DBR) lasers use integrated grating to achieve single mode operation [1.61]. They are
very compact and easy to operate, but their wavelengths are usually limited to 1.3 pm
and 1.55 pum, which correspond to the minimum dispersion and minimum loss in the
standard glass fibre at 1.3 pm and 1.55 pm, respectively. DFB and DBR lasers at other
wavelengths are rarely available and expensive. The design of these lasers is very
specialised and their fabrication requires sophisticated equipment. Broadband tuning of
DFB and DBR lasers has been obtained [1.62,1.63]. However, the linewidth of these
lasers is 2 to 3 orders of magnitude broader [1.64] than that obtained with external
cavity diode lasers (ECDL). Another type is a vertical-cavity surface emitting laser
(VCSEL) [1.65,1.66]. These lasers well suited to low-cost, high-density uses in
computer network and can be widely tunable [1.67], but their tuning range is relatively

smaller than that offered by ECDLs [1.43,1.68].

Monolithic semiconductor diode lasers are compact and robust, but they have
some limitations for certain applications. Ordinary solitary diode lasers usually operate
in multi-mode and exhibit broad spectral linewidth. Moreover, such lasers can be tuned
over only a limited spectral range by varying temperature or current of the diode, but the

small tuning range cannot meet many applications.

The ECDL is an alternative to monolithic semiconductor diode laser for the

development of widely tunable laser source. The ECDLs offer very attractive linewidth
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as narrow as a few kilohertz, wide continuous tuning range of hundreds of nanometres,

good single mode and high stability [1.69].

1.4.2. Tunable External-Cavity Diode Lasers

1.4.2.1. Brief Introduction

The first demonstration of laser diode coupled to external cavity was realised in 1964 by
Crowe and Craig [1.70]. In the early and late 1970s, several papers on external cavity
diode lasers were published by two Soviet research groups [1.71-1.74]. In 1972 Ludeke
and Harris [1.75] reported the tunability of CW radiation from GaAs injection laser in
an external dispersive cavity over a range of 15 nm about the centre wavelength of
825.5 nm at a temperature of 77K. Single mode operation with CW output power as
large as 17 mW with a linewidth of 350 MHz was observed. In 1981 Fleming and
Mooradian [1.76] were the first to study the spectral properties of ECDLs in detail. In
the early to mid-1980s, the prospect of applying external cavity diode lasers as a
transmitter and local oscillator in coherent optical telecommunications [1.68,1.77]
motivated British Telecom Research Laboratories for study of ECDL. In the same time,
a lot of research was done at AT&T Bell Laboratories and Centre National d’Etudes des
Telecommunications (CNET) [1.78]. At the end of the 1980°s and the beginning of the
1990’s, there was a growing interest in ECDLs as coherent radiation sources for
spectroscopic research and in commercial fibre optic test and measurement equipment
[1.79]. Nowadays, broadly tunable, compact and low-cost ECDLs are being developed
for the applications in telecommunications and wavelength division multiplexing

(WDM) systems [1.3]. In recent years, there has also been a growing interest in the
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development of broadly-swept tunable laser sources, which are of interest for optical

coherence tomography due to their high spectral bandwidth and output power [1.5-1.7].

The classic ECDL consists of a semiconductor diode laser with or without the
antireflection coatings on one or two facets, beam collimators and an external
wavelength-selective optical element. One of the commonly used optical elements
placed within an external cavity is a diffraction grating, which can accomplish the
tuning of laser wavelength in the broad wavelength range and the narrowing of laser
linewidth [1.80]. A diffraction grating reflects different wavelengths at slightly different
angles, similar to a prism, spatially separating the light by wavelength. The Littman-
Metcalf [1.81,1.82] and the Littrow [1.80] cavity configurations are typically used for
implementation of tunable ECDLs. In both configurations a diffraction grating is used
to control the emission wavelength and the selection of a single longitudinal mode of

laser oscillation.

The lasing wavelength of ECDL in configuration containing a diffraction grating
is determined by the centre of the grating dispersion curve, which is governed by the

grating equation:

ml = d(sino+sinp), (1.1)

where A is the wavelength of incident light, m is the diffraction order, d is the grating

groove spacing, o and B are the incident and diffracted angles, respectively.
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1.4.2.2. Littrow Configuration

In the Littrow configuration, the diffraction grating is used as the end mirror, which
reflects the first order diffraction beam back to the laser diode to provide optical

feedback, and the zeroth order diffraction beam is coupled out of the laser (Fig. 1.4).

Diffraction
Grating

Laser Collimating
Diode Lens

Fig. 1.4. Schematic diagram of External-Cavity Diode Laser in Littrow
configuration.

The emission wavelength can be tuned by changing the incidence angle of the
diffraction grating. For this configuration, the incident and diffracted angled are equal:

a = f = 0, and the grating Equation (1.1) reduces then to the following:

ml = 2d(sina,). (1.2)

One of the advantages of the Littrow configuration is that it is possible to achieve much
higher output power than that for the Littman-Metcalf configuration. The major
disadvantage, however, is a shift in the position of the beam as wavelength tuning is

achieved via changing the incidence angle of the diffraction grating.
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1.4.2.3. Littman-Metcalf Configuration

In the Littman-Metcalf configuration, the diffraction grating reflects the first order
diffraction beam towards the tuning mirror, which reflects it back to the laser diode
(Fig. 1.5). The emission wavelength can be tuned by rotating this mirror. The zeroth

order diffraction beam is coupled out of the laser.

Tuning
Mirror

Laser Collimating
Diode Lens

Diffraction
Grating

Fig. 1.5. Schematic diagram of External-Cavity Diode Laser in Littman-Metcalf
configuration.

The benefit of the Littman-Metcalf configuration is that the position of the output
beam remains fixed whilst rotation of the tuning mirror, and also the linewidth is
smaller, as the wavelength selectivity is stronger. The main disadvantage is that the
zeroth order reflection of the beam reflected by the tuning mirror is lost, so that the
output power is lower than that for the Littrow configuration. As a consequence of the

higher losses in the Littman-Metcalf configuration, the tuning range is also reduced.
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1.4.2.4. Quasi-Littrow Configuration

In the quasi-Littrow configuration, the radiation emitted from the back facet of the laser
diode is directed to a diffraction grating, which reflects the first order diffraction beam
back to the laser diode, and the output of the front facet is collimated with an aspheric
lens, as schematically represented in Fig. 1.6. Coarse wavelength tuning is made

possible by changing the incidence angle of the grating.

Diffraction
Grating Lens Laser Lens

Diode

Fig. 1.6. Schematic diagram of External-Cavity Diode Laser in quasi-Littrow
configuration.

The quasi-Littrow configuration offers a fixed position of the output beam, higher
output power and tuning range, when compared to the alternative Littman-Metcalf
configuration. Moreover, the quasi-Littrow configuration is simpler and more compact
in comparison with the Littman-Metcalf configuration.

Therefore, as one of the aims of my work was to demonstrate high-power broadly-
tunable ECDLs, a quasi-Littrow configuration was implemented in the experiments.

Tuning of the ECDLs in these configurations is realised via wavelength selective
properties of the grating feedback. As the grating rotates, the laser tunes by hopping
from one longitudinal mode to the next one. To avoid mode-hops and obtain wide
continuous tuning, the external-cavity length and the diffraction angle should be

changed simultaneously. A continuous tuning range can be realised by adjusting the
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tuning element around a carefully chosen pivot point, located at the intersection of the

grating plane and the diode laser back facet plane.

1.5. Summary

This Chapter has described the brief history of semiconductor diode lasers development,
provided a review of tunable diode lasers and presented their potential applications. It
also provided a summary of the main growth techniques and commonly used external-

cavity diode laser configurations and their comparisons.
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2. Tunable InGaAsP/InP Strained
Multi-Quantum-Well External-Cavity
Diode Laser

In this Chapter, a broadly tunable InGaAsP/InP strained multi-quantum well external-
cavity diode laser, which operates in the spectral range of 1494 nm — 1667 nm is
demonstrated. A maximum CW output power in excess of 81 mW and a side-mode
suppression ratio higher than 50 dB were achieved in the central part of the tuning

range. Different pump current and temperature regimes are investigated.
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2.1. Introduction

Semiconductor lasers emitting within the 1.3 pm and 1.55 um spectral regions are
extremely relevant for applications in telecommunication systems [2.1]. Longer
distances and higher speeds of information transmission dictate the move toward these
wavelengths, which correspond to the minimum dispersion and minimum loss in the
standard glass fibre at 1.3 pym and 1.55 pum, respectively. Tunable diode lasers utilising
an external diode cavity laser (ECDL) design can provide many attractive features
needed for wavelength division multiplexing (WDM) applications such as a very
narrow linewidth, wide continuous tuning range, high output power and considerable
inventory reduction [2.2]. Laser sources based on quantum well (QW) or quantum dot

structures grown on InP substrates are very useful in this respect.

In the last 20 years several groups presented their results [2.3-2.11] on broadly
tunable lasers in the wavelength region of 1.5 um, as shown in Fig.2.1. Most
frequently, broadly tunable QW lasers have been mainly focused on materials which
contain multiple quantum wells (MQW). MQW lasers have demonstrated wide tuning
ranges up to 242 nm, for the spectral range between 1320 nm and 1562 nm with the
maximum output power of 45 mW [2.3] or operating from 1390 nm to 1630 nm with
the output power up to SmW [2.4]. High-power MQW laser operating at high current
and tunable in the wavelength range between 1400nm and 1480nm has also been
reported [2.5]. Very recently, external cavity lasers with tuning ranges shifted towards
the longer wavelength of the telecommunication window have been demonstrated [2.6-
2.9]. However, the power emitted from these lasers was extremely low (typically of the

order of 10’s of uW).
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Fig. 2.1. Tunable External-Cavity Diode Lasers in the wavelength region of
1.5 pm.

2.2. Design of InGaAsP/InP MQW Diode Laser

In this work InGaAsP/InP strained MQW structures similar to those described in [2.12]
were used for bent ridge waveguide gain chip fabrication. Because the laser chip
provided by Princeton Lightwave, Inc. (Cranbury, USA) commercially available, the
disclosed information about this device was very limited. The InGaAsP/InP laser
structures were grown by low-pressure metal-organic chemical vapor deposition (LP-
MOCVD) on n-InP substrates. Quaternary InGaAsP compounds of different
compositions were used as the material for the confinement, barrier (with
photoluminescence at ~1250 nm) and compressively strained three QW layers of 9 nm
width. Single mode operation was maintained for ridge widths from 3 to 5 um by

accurate control of channel etch depth. The channel depth control was aided by the use
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of a grown-in etch-stop layer. Waveguide thickness design provided the fast axis
divergence lower than 30 degrees for effective coupling into single mode fibre. Lateral
mode confinement was provided by a dual-channel ridge waveguide structure prepared

by conventional photolithography in conjunction with chemical etching [2.12].

The rear and front facets of the gain chip had conventional anti-reflective (AR)
coating (R<2%) and reflective coatings (10%), respectively. The use of bent or tilted
waveguide gain chips [2.13-2.15] for ECDL fabrication eliminates the need for very
accurate thickness and refractive index material deposition on one or more of the
emitting facets. The elimination of this very low-reflective coating (R<10*) deposition
procedure makes possible mass production of low-cost gain chips. Bent ridge
waveguide gain chips even with an as-cleaved facet can have effective reflective
coefficient as low as 6:10°* if the waveguide axis is tilted only by 6° relative to the chip

facet [2.10,2.11] (Fig. 2.2).
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Fig. 2.2. The portion of the ridge waveguide mode reflected
back from the as-cleaved facet into waveguide as a function of
the incident angle.
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Effective reflective coefficient in Fig. 2.2 was estimated as an overlap of the ridge
waveguide mode with the mode reflected from the bent chip facet. The ridge mode
near-field used for this calculation (similar to those described in [2.16,2.17]) was

derived in Gauss approximation from experimental data on the chip far field.

The design of InGaAsP/InP strained MQW gain chip is presented in Fig. 2.3.

Fig. 2.3. InGaAs/InP strained MQW gain chip.

2.3. Experimental Setup

The experimental setup is shown in Fig. 2.4. A gain chip with a cavity length of 1 mm
and a ridge width of 3 um (Fig. 2.3) was mounted on a copper heat sink and its
temperature was controlled by a thermo-electric cooler. The ECDL cavity consisted of a
standard 600 grooves/mm (1.6 um blaze) diffraction grating in a quasi-Littrow
configuration and 40x (NA~0.55) AR-coated aspheric lenses. The distance between the

gain chip and the diffraction grating was 10 cm. Tuning was achieved by rotating the



29

grating to select a certain wavelength emission to be reflected back to the laser. The

output of the front facet was collimated with an aspheric lens, as represented in Fig. 2.4.

Diffraction’
Grating

(b)

Diffraction
Grating

40X 40x
Lens Lens

Fig. 2.4. (a), Optical scheme of the experimental setup; (b), Simplified schematics
of the ECDL configuration.
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2.4. Results

First investigations into the performance of this laser began by obtaining the
electroluminescence (EL) spectra of the MQW gain chip. The EL spectra of the gain
chip for various temperature conditions are shown in Fig. 2.5. For a fixed injected
current (I =450 mA), the measured EL spectra broaden with decreasing temperature

(from 20°C to 10°C), predominantly on the short wavelength side of the spectrum.

Intensity, dBm

'55 ¥ T T T T T T
1300 1400 1500 1600 1700
Wavelength, nm

Fig. 2.5. Electroluminescence spectra of the MQW gain chip at
450mA.

The light-current characteristics shown in Fig. 2.6 were taken with the grating
positions providing single frequency output with wavelength of 1550 nm and 1617 nm.
A maximum optical output power of 81 mW for a CW-pump current of 500 mA, at a
heat sink temperature of 10°C (when tuned to A=1617 nm) was observed.

The tuning range for different pump currents (450 mA and 500 mA) and
temperature conditions (10°C - 20°C) were investigated, as depicted in Fig.2.7. In
agreement with the EL spectra depicted in Fig. 2.5, an enhancement of the tuning range

was observed mostly on the blue side of the spectrum for low temperature (Fig. 2.7).
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It can be explained by increasing the gain at a fixed current with temperature decreasing
(Fig. 2.8). Optical gain spectra for InGaAsP/InP MQW structure (Fig. 2.8) was

calculated using equations given in [2.18,2.19].
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Fig. 2.6. CW light-current characteristics for InGaAsP/InP MQW
ECDL at grating positions providing wavelengths of 1550 nm and
1617 nm at 10°C and 20°C.
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Fig. 2.7. Tuning range limits for different temperatures and pump
currents.
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Fig. 2.8. Calculated gain spectra for InGaAsP/InP MQW structure
for concentration ~5%*10'® ¢cm™. Dashed line shows the sum of the
output losses and the internal losses.

The observed saturation of the light-current characteristics for short-wavelength
side of the spectrum with the increase of the pump current above 450 mA (Fig. 2.6)
affected the reduction of tuning range on the blue side of the spectrum for the pump
current above 450 mA. A maximum tuning range of 173 nm with side-mode
suppression ratio higher than 45 dB in the spectral range from 1494 nm to 1667 nm was
possible for a CW-current of 450 mA, and at an operating temperature of 10°C.

Fig. 2.9 depicts the CW power dependence on the wavelength at 10°C and 20°C
achieved in the experiment by rotating the grating for a pump current of 450 mA. The
actual tuning range at 10°C is shown in Fig.2.10. At each step the spectrum was
measured by an optical spectrum analyser (OSA Advantest Q8383). The side-mode
suppression ratio was higher than 50 dB in the central part of the tuning range. The
resulting optical spectrum exhibited a bandwidth around 0.4 nm (Fig. 2.11), limited

only by the spectrometer’s resolution.
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Fig. 2.9. Dependence of output power on wavelength measured in
CW regime, at 450 mA drive current.
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Fig. 2.10. Spectra of the InGaAsP/InP MQW ECDL with the gain
chip, tuned across the 1494 nm - 1667 nm wavelength range, under
an applied constant current of 450 mA.




34

-
(5}

0.4nm

o
4
[}

15 _

Intensity, dBm

-45 - _

1585 1586 1587 1588 1589 1590
Wavelength, nm

Fig. 2.11. The resulting optical spectrum exhibited a bandwidth
around 0.4 nm.

2.5. Summary

In this Chapter, an external cavity laser based on an InGaAsP/InP strained MQW
structure, which is tunable between 1494 nm and 1667 nm was demonstrated. This
represents an extremely versatile source which can encompass the four
telecommunication windows S, C, L and U (1460 - 1530 nm, 1530 - 1565 nm, 1565 -
1625 nm, 1625-1675nm, respectively), as defined by the International

Telecommunication Union (ITU-T) (Fig. 2.12).

A maximum CW output power in excess of 81 mW was demonstrated and a
maximum side-mode suppression ratio in excess of 50 dB was achieved, with more than
45 dB attained in most of the tuning range of the ECDL. This represents the highest
output power and side-mode suppression ratio ever to be generated by a diode laser in

this spectral region - which due to its extended coverage, could prove extremely useful
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for the deployment of these sources in dense wavelength division multiplexing

applications, and also for high-speed swept sources.

Wavelength, nm
1450 1500 1550 1600 1650 1700

L28 InGaAsP/InP MQW ECDL iy

C L-band U-band

Fig. 2.12. Telecommunication windows and tuning range of InGaAsP/InP MQW
laser.

Future work which could yield improved performance of this MQW ECDL relates to
the re-design of gain chip and its modification for higher current operation and the use
of optimised lens AR-coatings and optimally blazed diffraction grating. There is also

the option to incorporate a slit in the cavity to improve a laser linewidth.
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3. Tunable InAs/GaAs Quantum Dot
External-Cavity Diode Lasers

In this Chapter, a range of diode lasers with two waveguide designs (gain chip and
semiconductor optical amplifier), processed from two different structures with chirped
OD layers, are characterised. A comparison of their performance is undertaken.

A record broadly tunable high-power external-cavity InAs/GaAs quantum-dot
diode laser, with a tuning range of 202 nm (1122 nm-1324 nm) is demonstrated. A
maximum output power of 480 mW and a side-mode suppression ratio greater than 45
dB are achieved in the central part of the tuning range. A number of strategies for
enhancing the tuning range of external cavity quantum-dot lasers are exploited.
Different waveguide designs, output facet reflectivities, laser configurations and
operation conditions (pump current and temperature) are investigated for optimization

of output power and tunability.
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3.1. Introduction

The development of high-power, broadly tunable, compact and low-cost external-cavity
diode lasers (ECDLs) is an important research area for a wide range of applications,
such as spectroscopy [3.1], interferometry [3.2] and testing of telecommunication and
wavelength division multiplexing (WDM) systems [3.3]. In recent years, there has also
been a growing interest in the development of broadly-swept tunable laser sources,
which are of interest for optical coherence tomography due to their high spectral
bandwidth and output power [3.4-3.6]. Furthermore, the spectral region encompassing
1.1 - 1.3 um is particularly useful for biomedical imaging due to the minimal absorption
and scattering in human tissue, which can significantly enhance the penetration depth
[3.7]. Other important applications for this spectral range include the generation of
coherent radiation in the visible spectral region via second harmonic generation or sum
frequency generation, particularly into the yellow-orange spectral region [3.8,3.9], for
which compact and efficient sources are relatively scarce.

However, the spectral range between 1.1 - 1.3 um has been difficult to access with
semiconductor lasers based on quantum well (QW) technology. In this respect, quantum
dot (QD) materials have shown great promise for a new generation of optoelectronic
devices and ultrafast technology [3.10]. Recently developed growth techniques have
been able to control the fabrication of InAs/GaAs QDs with different transition
energies, allowing the coverage of a broad spectral range between 1.0 um and 1.3 pym
[3.11]. For instance, the inhomogeneous broadening associated with the strain and size
dispersion of the QDs (inherent to the Stranski-Krastanow growth techniques) results in
a distribution of energies which, to some extent, parallels the distribution of QD sizes.
This feature, together with the manipulation of the chemistry and strain of the capping

layers and barriers, can be flexibly engineered to widen the emission spectral
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bandwidth. By exploiting such broad gain bandwidths, QD external cavity diode lasers
(QD-ECDLs) have demonstrated impressive tuning ranges up to 200 nm, for the
spectral range between 1095 and 1245 nm [3.12] or between 1033 and 1234 nm [3.13].
However, the power emitted from these previously reported lasers was reasonably low
(of the order of a few tens of mW). Nevsky et al. have demonstrated output power
higher than 200 mW from a QD-ECDL, within a tuning range of 155 nm (between
1125 nm and 1280 nm) [3.14]. However, this tuning range was not realised at the same
injection current. Very recently, a low-threshold tunable QD-ECDL in the spectral
range 1141.6 — 1251.7 nm, with a maximum output power of 53 mW has been reported
[3.15]. Significant results on QD-ECDLs published during the last 10 years [3.12-3.20]

are presented in Fig. 3.1.
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Fig. 3.1. Tunable Quantum Dot External Cavity Diode Lasers.
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3.2. Semiconductor Optical Amplifier (Structure DO1866)

3.2.1. Structure and Device Design of InAs/GaAs Quantum Dot Diode

Laser

The semiconductor optical amplifier (SOA) was fabricated by Innolume GmbH
(Dortmund, Germany) from the QD wafer structure (DO1866), with an active region
which contained 10 non-identical InAs QD layers, incorporated into Alg3sGagesAs
cladding layers and grown on a GaAs substrate by MBE. These 10 layers were made up
of 3 groups of QDs: Group 1 consisted of 4 QD layers while Groups 2 and 3 consisted
of 3 QD layers each with different photoluminescence (PL) peak positions (1285 nm,
1243 nm and 1211 nm, respectively). The PL spectrum of QD structure DO1866 is
presented in Fig. 3.2. On this PL spectrum, one can clearly see that there is no dip
between ground and excited states as these energies are filled with QDs having different

position of ground and excited states.
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Fig. 3.2. PL spectrum of QD structure DO1866.
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A broad spectral emission was achieved by changing the thickness of the
Ing 15Gag gsAs capping layers for different groups of QD layers. This approach results in
increased indium segregation into the quantum dots that have thicker capping layers and
as such, the average size of the quantum dots capped with thicker layers becomes larger.
Furthermore, the level of confinement in these quantum dots allows for the existence of
not only a ground-state energy level but also of a first excited-state transition, which in
combination with the distribution of different QD sizes, results in a structure specifically
designed for continuous tuning between the ground and excited-state optical transitions
of the different QD groups.

In an ECDL setup, it is crucial to minimise as much as possible the effective facet
reflectivity of the gain element. This can be attained with the fabrication of devices
where the waveguide is at a particular angle with the facet. In this work, the SOA ridge
waveguide has a width of 5 um and length of 4mm (Fig. 3.3) and was angled at 6.5°
relative to the normal of the facets, in order to significantly reduce its reflectivity.
Additionally, both facets also had conventional anti-reflective (AR) coatings, resulting

in total estimated reflectivities of 107 for each.

Fig. 3.3. InAs/GaAs QD SOA (DO1866) chip design.
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3.2.2. Experimental Setup

The SOA operated under continuous wave (CW) forward bias and was mounted on a
copper heat sink, with its temperature controlled by a thermo-electric cooler. As the aim
of this work was to demonstrate a high-power broadly-tunable quantum-dot external
cavity diode laser, a quasi-Littrow configuration was implemented due to its superiority
in terms of output power and tuning range, when compared to the alternative Littman-
Metcalf configuration. Moreover, the quasi-Littrow configuration is simpler and more
compact in comparison with the Littman-Metcalf configuration. Therefore, the QD-
ECDL was set-up in a quasi-Littrow configuration (Fig. 3.4), which consisted of a
diffraction grating with 1200 grooves/mm, 40x (numerical aperture of 0.55) AR-coated
aspheric lenses and an output coupler (OC). Coarse wavelength tuning was made

possible by changing the incidence angle of the grating.

Diffraction Grating

(b)

Diffraction
Grating

40x 40x
Lens Lens

Fig. 3.4. (a), Optical scheme of the experimental setup; (b), Simplified schematics
of the ECDL configuration.
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The output of the front facet was collimated with an aspheric lens, as represented
in Fig. 3.4, and then coupled via an optical fibre into an optical spectrum analyser (OSA
Advantest Q8383) and a broadband thermopile power meter. The QD-ECDL with the
SOA was examined in two configurations by utilising a 20% OC and a 96% OC. The
96% OC had the same reflectivity across all of the tuning range. The reflectivity of the
20% OC unfortunately differed over the tuning range, becoming slightly lower with

decreasing wavelength, from approximately 1190 nm to 1120 nm, as can be seen in

Fig. 3.5.
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Fig. 3.5. Transmittance of the 20% OC.
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3.2.3. Results

The broad electroluminescence (EL) spectra obtained from the SOA for various bias

and temperature conditions are shown in Fig. 3.6.
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Fig. 3.6. Electroluminescence spectra of the QD SOA for different bias and
temperature conditions.

The measured EL spectra broaden with decreasing temperature, predominantly on
the blue side of the spectrum. Similar behaviour was observed for increasing current, for
a fixed temperature. These results imply that QD filling in the excited state transitions is
stronger for higher pump currents, therefore boosting the emission on the blue side.
Furthermore, the interplay between homogeneous and inhomogeneous broadening
cannot be neglected in QD materials [3.21]. Due to the increase of the QD

homogeneous broadening with increasing temperature, the emission spectrum becomes
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narrower, thus being detrimental to the tuning range of QD-ECDL. This result is
perhaps counter intuitive when comparing with other QW and bulk ECDLs, where

temperature is routinely used to further tune the emission wavelength.

The light-current characteristics of the external cavity laser - as shown in Fig. 3.7
were taken with the QD-ECDL tuned at the wavelengths providing a maximum output
power. This corresponded to 1220 nm with the 96% OC and to 1160 nm, with the
20% OC. For a CW-pump current of 1500 mA, a maximum optical output power of

322 mW for the 20% OC, at a heat sink temperature of 10°C was observed.
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Fig. 3.7. Light-current characteristics for InAs/GaAs QD-ECDL at grating
positions providing wavelengths of 1160 nm and 1220 nm at 10°C.




47

The dependences of output power on wavelength for the SOA QD-ECDL are
represented in Fig. 3.8 and Fig. 3.9, for the configurations with 20% OC and 96% OC,
for two distinct temperatures of 10°C and 20°C, under applied constant current of 1 A
and 1.5 A. Notably, for the QD-ECDL configuration with the 96% OC, a maximum
optical output power of 322 mW was achieved for a CW-pump current of 1.5 A, at 10°C
(when tuned to A=1220 nm, as previously shown in Fig. 3.7). In comparison, only
91 mW was achieved (when tuned to A=1160 nm), when a 20% OC was included in the
cavity (Figures 3.7 and 3.9). The slightly different shape of the output power vs.
wavelength curve (Fig. 3.8 and Fig.3.9) for the configuration with the 20% OC
compared to the 96% OC was obtained as a result of the reflectivity of the 20% OC,
which becomes slightly lower with decreasing wavelength from approximately 1190 nm

to 1120 nm (Fig. 3.5).

The various optical spectra obtained while tuning this laser across the 1132 nm —
1310 nm wavelength range, are presented in Fig. 3.10. The emission spectrum
exhibited a side-mode suppression ratio in excess of 40 dB in the central part of the
tuning range. The resulting optical spectrum exhibited a full-width half-maximum
spectral bandwidth around 0.12 nm (Fig.3.11), limited only by the instrumental

resolution of the spectrometer.

Using a CW-pump current of 1.2 A, a tuning range of 147 nm was achieved in the
configuration with the 96% OC at 10°C. The tuning range can be extended by changing
the configuration of the cavity by the addition of the 20% OC instead of the 96% OC. It
should be noted that the same laser demonstrated a 178 nm continuous tuning (1132nm
— 1310nm) in the configuration with the 20% OC (Fig. 3.10). Using a CW-pump current
of 1 A, a tuning range of 172 nm has been achieved for InAs/GaAs QD-ECDL in the

SOA configuration with the 20% OC at 10°C.
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Tuning range limits for the SOA (DO1866) for different configurations at 10°C

and 20°C, under an applied constant current of 1 A and 1.5 A, are shown in Table 3.1.
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Table 3.1. Tuning range limits for the SOA (DO1866) for different configurations
at 10°C and 20°C, under an applied constant current of 1 A and 1.5 A.

oC Temperature | Current | nm nm | Tunability, nm
20% 10°C 15A [1132 | 1295 163

20% 20°C 15A ]1136.6 | 1280 143.4
96% 10°C 15A [1132.4 1275 142.6
96% 20°C 15A |[1138.4 1273 134.6
20% 10°C 1A 1138 | 1310 172

20% 20°C 1A 1143 1288 145

96% 10°C 1A 1139.6 | 1281 141.4
96% 20°C 1A 1146 | 1279 133

The tuning range for different bias (300 mA - 1500 mA), temperature conditions
(10°C - 20°C) and configuration of the QD-ECDL incorporating the SOA (DO1866)
was investigated. The obtained results, as depicted in Fig. 3.12 and Fig. 3.13, show that

the tuning range is enhanced for lower temperatures and higher pump currents.

For the 96% OC, in agreement with the EL spectra depicted in Fig. 3.6, this
enhancement is asymmetric and occurs predominantly on the shorter wavelength side of
the tuning range, whereas the longer wavelength side remains practically unaltered,

particularly for high current bias.

For the 20% OC, an enhancement of the tuning range occured predominantly on
the longer wavelength side, as the lower cavity losses favoured laser emission via the
ground-state levels of the QD gain material, as had been previously proposed by Li et
al. [3.12]. An increase of the cavity feedback by the addition of the 20% OC has been
shown to extend the tuning range, particularly at the red side of the spectrum. However,
a trade-off exists, as the presence of an OC in the cavity reduces its maximum output

power.
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Fig. 3.12. Tuning range limits for the SOA (DO1866) for different temperatures
and pump currents with the 96% OC.
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3.3. Semiconductor Optical Amplifier (Structure DO1868)

3.3.1. Structure and Device Design of InAs/GaAs Quantum Dot Diode

Laser

The SOA used in this work was fabricated from the QD wafer structure (DO1868), with
active medium different from that described in the previous Section 3.2. An active
region containing 10 non-identical InAs QD layers was incorporated into Aly3sGagesAs
cladding layers and grown on a GaAs substrate by MBE. These 10 layers contained 3
groups of QDs: Group 1 consisted of 4 QD layers while Groups 2 and 3 consisted of 3
QD layers each with different photoluminescence (PL) peak positions (1270 nm,
1243 nm and 1211 nm, respectively). This structure was fabricated with 3 different PL
peak positions for continuous tuning between the ground and excited-state optical
transitions of the different QD groups. The PL spectrum of QD structure DO1868 is

presented in Fig. 3.14.
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Fig. 3.14. PL spectrum of QD structure DO1868.
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The SOA ridge waveguide fabricated from this structure had a width of 5 um and
length of 4 mm (Fig. 3.15), and was angled at 5° relative to the normal of the facets, in
order to significantly reduce its reflectivity. Additionally, both facets also had

conventional AR coatings, resulting in total estimated reflectivities of 10 for each.

Fig. 3.15. InAs/GaAs QD SOA (DO1868) chip design.

3.3.2. Experimental Setup

The experimental setup (Fig. 3.4) was similar to that which was already described in the
previous Section 3.2.2. The QD-ECDL with the SOA (DO1868) was examined for two
configurations by utilising a 20% OC and a 96% OC (output couplers are similar to

those used in the previous Section 3.2).
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3.3.3. Results

The EL spectra obtained from the SOA (DO1868) for various bias and temperature
conditions are shown in Fig. 3.16. At a fixed temperature, the measured EL spectra
broaden with increasing current, with greater emphasis at the blue side of the spectrum.
Such behaviour can be attributed to the saturation of the ground states and increasingly
high carrier filling of the higher-energy excited states, which also have higher
degeneracy, as is widely known in literature [3.22]. For a given injected current, the
peak of the EL spectrum red-shifts with increasing temperature, as has also been
previously observed [3.23]. The spectra also become broader when the temperature is
increased, particularly towards the longer wavelengths. This effect can be understood by
taking into account the thermal excitation of the carriers out of the QDs into the wetting
layer. This escape process will be stronger for the carriers in the higher energy states (in
smaller dots), which then become less populated than the lower energy states (in larger

dots) [3.24].
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Fig. 3.16. Electroluminescence spectra of the QD SOA chip (DO1868) for
different bias and temperature conditions.

The light-current characteristics of the external cavity laser, as shown in Fig. 3.17,
were taken with the QD-ECDL tuned at the wavelengths providing a maximum output

power. This corresponded to 1220 nm with the 96% OC, and to 1180 nm with the
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20% OC. A maximum optical output power of 387 mW for the 96% OC for a CW-

o

pump current of 1.7 A, at 10°C was observed for the SOA (DO1868).
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Fig. 3.17. Light-current characteristics for InAs/GaAs QD-ECDL at grating
positions providing wavelengths of 1180 nm and 1220 nm at 10°C.

For the different configurations, the threshold current density (Fig. 3.18) was
consistently lower than 2 kA/cm® in most of the central part of the tuning range
(between 120-130 nm), with a steep increase close to the extremes of the tuning region.
For the SOA at 10°C and with the 96% OC, the minimum threshold current density was
0.49 kA/cmZ, while the maximum was 7.5 kA/cm®. At this point, it should be stressed
that in general, broadly tunable QD-based lasers present a much lower threshold and
operation current than their counterpart QW lasers. Indeed, in QW-based lasers, an
injection current typically greater than a few tens of kA/cm” needs to be injected in
order to reach broad tuning ranges by accessing not only the first but also the second

quantized states (n=1 and n=2) that corresponds to shorter wavelengths [3.25]. On the
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other hand, it is well known that in QD-based lasers the ground state can saturate at a
fairly low current, thus enabling a transition to the ES at much lower values of bias
current [3.12], which is extremely relevant not only to achieve a tunable laser with

higher efficiency but also to enable a longer device lifetime.
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Fig. 3.18. Threshold current density of the SOA (DO1868) for different
configurations.

The dependence of the output power with the different wavelengths for the SOA
QD-ECDL is represented in Fig. 3.19, for the configurations with 20% OC and 96% OC
and for two distinct temperatures of 10°C and 30°C. For the QD-ECDL configuration
with the 96% OC, a maximum optical output power of 387 mW was achieved for a
CW-pump current of 1.7 A, at 10°C (when tuned to A=1220 nm, as previously shown in
Fig. 3.17). In comparison, only 111 mW was achieved (when tuned to A=1180 nm),

when the 20% OC was included in the cavity (Figures 3.17 and 3.19).
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Fig. 3.19. Dependence of output power on wavelength for different temperatures
and configurations of the QD-ECDL with the SOA, under an applied constant
current of 1.7 A.

The various optical spectra obtained while tuning this laser across the
1125.5 nm — 1320 nm wavelength range, are presented in Fig. 3.20. The emission
spectrum exhibited a side-mode suppression ratio in excess of 45 dB in the central part
of the tuning range. The resulting optical spectrum exhibited a full-width half-maximum
spectral bandwidth around 0.13 nm (Fig. 3.21), limited only by the instrumental
resolution of the spectrometer. Using a CW-pump current of 1.7 A, a tuning range
exceeding 186 nm was achieved for InAs/GaAs QD-ECDL in the SOA chip
configuration with the 96% OC. By changing the configuration of the cavity by the
addition of the 20% OC instead of the 96% OC, the tuning range could be extended,
with the same laser demonstrating 194.5 nm continuous tuning between 1125.5 nm and

1320 nm (Fig. 3.20). An average output power in excess of 200 mW was achieved for a

tuning range of 160 nm.
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Fig. 3.20. Spectra of the QD-ECDL with the SOA (DO1868), tuned across the
1125.5 nm — 1320 nm wavelength range, under an applied constant current of
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Fig. 3.21. The resulting optical spectrum exhibited a bandwidth around 0.13 nm.
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The tuning range for different bias (300 mA - 1700 mA), temperature conditions
(10°C - 30°C) and configuration of the QD-ECDL incorporating the SOA was also
investigated. The obtained results, as depicted in Fig. 3.22, show that the tuning range is
enhanced for higher pump currents. In agreement with the EL spectra depicted in
Fig. 3.16, this enhancement is asymmetric and occurs predominantly on the shorter
wavelength side of the tuning range, whereas the longer wavelength side remains
practically unaltered, particularly for high current bias. Moreover, a shift of the tuning
range to the longer wavelength side of the spectra was observed, when the temperature

was increased from 10°C to 30°C (Fig. 3.22).
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Fig. 3.22. Tuning range limits for the SOA (DO1868) for different temperatures
and pump currents with the 96% OC (a) and the 20% OC (b).

For the 20% OC, an enhancement of the tuning range occured predominantly on
the longer wavelength side, as the lower cavity losses favoured laser emission via the
ground-state levels of the QD gain material. Furthermore, due to the fact that the
temperature red-shift was more accentuated on the longer wavelength side of the spectra
than on the shorter side, the tuning range was actually slightly extended with increasing
temperature, which is related to the thermalisation effect previously described and also

observed in the EL spectra (Fig. 3.16).
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Using the results presented in this Section, the prototype of the QD-ECDL has
been realised by Toptica Photonics AG (Graefelfing, Germany), as depicted in Figure

3.23.

Fig. 3.23. The prototype of the QD-ECDL.
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3.4. Gain Chip (Structure DO1868)

3.4.1. Structure and Device Design of InAs/GaAs Quantum Dot Diode

Laser

The gain chips investigated in this Section were fabricated from the QD wafer structure

(DO 1868) described in Section 3.3.

The gain chip ridge waveguide had a width of 5 um and length of 4 mm
(Fig. 3.24), and was angled at 5° relative to the normal of the back facet, in order to
significantly reduce its reflectivity. Additionally, both facets also had conventional AR
coatings, resulting in total estimated reflectivities of 210 for the front facet and less

than 107 for the angled facet.

Fig. 3.24. InAs/GaAs QD gain chip (DO1868) design.
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3.4.2. Experimental Setup

The gain chip operated under CW forward bias was mounted on a copper heat sink and
its temperature was controlled by a thermo-electric cooler. The QD-ECDL was set-up in
a quasi-Littrow configuration (Fig. 3.25), which consisted of a diffraction grating with
1200 grooves/mm, 40x (numerical aperture of 0.55) AR-coated aspheric lenses and
output coupler. Coarse wavelength tuning was made possible by changing the incidence
angle of the grating. The performance of the QD-ECDL with the gain chip was
investigated for two configurations by utilising a 20% OC and without an output

coupler. The 20% OC is similar to that used in the previous Sections.
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Fig. 3.25. (a) Optical scheme of the experimental setup; (b) Simplified schematics
of the ECDL configuration.
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3.4.3. Results

The EL spectra of the QD gain chip for various bias and temperature conditions are
shown in Fig. 3.26. The EL spectra for the gain chip exhibit similar behaviour as the EL
for the SOA (Fig. 3.16) fabricated from the same structure (DO1868). Under a fixed
temperature, the measured EL spectra broaden with increasing current and with greater
emphasis at the blue side of the spectrum. For a given injected current, the peak of the
EL spectrum red-shifts with increasing temperature. The spectra also become broader

when the temperature is increased, particularly towards the longer wavelengths.
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Fig. 3.26. Electroluminescence spectra of the QD gain chip (DO1868) for
different bias and temperature conditions.

The light-current characteristics of the external cavity laser, as shown in Fig. 3.27,
were taken with the QD-ECDL tuned at the wavelengths providing a maximum output
power. In the gain chip configuration, this corresponded to 1220 nm without an OC, and
to 1150 nm, with the 20% OC. A maximum optical output power of 480 mW for a CW-
pump current of 1.7 A, at 10°C was observed for the gain chip (DO1868). For the
different configurations, the threshold current density (Fig. 3.28) was consistently lower
than 2 kA/cm? for most of the central part of the tuning range (between 130 - 140 nm),
with a steep increase close to the extremes of the tuning region. For the gain chip at

10°C and without an OC, the minimum threshold current density was 0.34 kA/cmz,
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while the maximum was 7.85 kA/cm?. Comparison of the threshold current densities for
the SOA and gain chip (fabricated from the same structure DOI1868) in the

configuration with the 20% OC at 10°C is shown in Fig. 3.29.
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Fig. 3.27. Light-current characteristics for InAs/GaAs QD-ECDL at grating
positions providing wavelengths of 1150 nm and 1220 nm at 10°C.
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Fig. 3.29. Comparison of threshold current densities of the gain chip
(DO1868) and the SOA (DO1868) in the configuration with 20% OC at
10°C.

The dependence of the output power on wavelength for the gain chip QD-ECDL
is presented in Fig. 3.30, for the configurations with 20% OC and without an OC, for
two distinct temperatures of 10°C and 30°C. Notably, for the QD-ECDL configuration
without the OC, a maximum optical output power of 480 mW was achieved for a CW-
pump current of 1.7 A, at 10°C (when tuned to A=1220 nm, and as previously shown in
Fig. 3.27). In comparison, only 138 mW was achieved (when tuned to A=1150 nm),
when the 20% OC was included in the cavity (Fig. 3.27 and Fig. 3.30). The various
optical spectra obtained while tuning this laser across the 1122.5 nm — 1324.5 nm
wavelength range, are presented in Fig. 3.31. The emission spectrum exhibited a side-
mode suppression ratio in excess of 45 dB in the central part of the tuning range. The
resulting optical spectrum exhibited a full-width half-maximum spectral bandwidth
around 0.13 nm (Fig. 3.32), limited only by the instrumental resolution of the

spectrometer. Using a cw-pump current of 1.7 A, a tuning range exceeding 187 nm was
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achieved for InAs/GaAs QD-ECDL in the gain chip configuration without the OC. It
should be stressed that an output power in excess of 400 mW was achieved for a tuning
range of 110 nm, as depicted in Fig. 3.30. Furthermore, it can be seen that the output
power only varies by ~ 10% in the central part of the tuning range under a constant
forward bias of 1.7 A, which is an extremely desirable feature for the development of a
fast swept tunable laser source with high output power. Likewise, the threshold current
is also relatively constant across this spectral range. The tuning range can be extended
by changing the configuration of the cavity by the addition of the OC. The same laser
demonstrated 202 nm continuous tuning in the configuration with the 20% OC
(Fig. 3.31). Moreover, it should be emphasised that the lasing wavelength of 1324 nm is

the longest GaAs-based QD lasing wavelength reported until now from a tunable GaAs-

based QD laser.
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Fig. 3.30. Dependence of output power on wavelength for different temperatures
and configurations of the QD-ECDL with the gain chip, under an applied constant
current of 1.7 A.
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Fig. 3.31. Spectra of the QD-ECDL with the gain chip (DO1868), tuned across
the 1122.5 nm — 1324.5 nm wavelength range, under an applied constant current
of 1.7 A.
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Fig. 3.32. The resulting optical spectrum exhibited a bandwidth around 0.13 nm.
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Similarly to the SOA described in the previous Section 3.3, the QD-ECDL with
the gain chip (DO 1868) was tested in configurations that included the 20% OC and
without an OC, and exhibited the same trend in the dependence of the tuning range on
bias (300 mA - 1700 mA) and temperature (10°C - 30°C) conditions as the SOA QD-
ECDL. The obtained results, as depicted in Fig. 3.33, show that the tuning range is
enhanced for higher pump currents. In agreement with the EL spectra depicted in
Fig. 3.26, this enhancement is asymmetric and occurs predominantly on the shorter
wavelength side of the tuning range, whereas the longer wavelength side remains
practically unaltered, particularly for high current bias. Moreover, a shift of the tuning
range to the longer wavelength side of the spectra was observed, when the temperature

was increased from 10°C to 30°C.
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Fig. 3.33. Tuning range limits for the gain chip (DO1868) for different pump
currents and temperatures without an output coupler (a) and with the 20% output
coupler (b).

For the 20% OC, an enhancement of the tuning range occurs predominantly on the
longer wavelength side. Furthermore, due to the fact that the temperature red-shift was
more accentuated on the longer wavelength side of the spectra than on the shorter
wavelength side, the tuning range was actually slightly extended with increasing
temperature, which is related to the thermalisation effect previously described and also

observed in the EL spectra.
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3.4.4. Comparison of Different Configurations (SOA and Gain Chip)

For both gain chip and SOA configurations, an increase of the cavity feedback by the
addition of an OC has been shown to extend the tuning range, particularly at the red side
of the spectrum. However, a trade-off exists, as the presence of an OC in the cavity

reduces its maximum output power.

The primary advantage of the gain chip over the SOA is the fact that there is no
need to use an OC in conjunction with the gain chip, because the front facet of the gain
chip together with the diffraction grating can create a cavity, whereas the presence of an
OC is always necessary for the SOA, owing to the lower reflectivities of the facets.
Moreover, the waveguide tilt at an angle with respect to the emission facet results not
only in a reduction in the effective facet reflectivity but also strongly affects the shape
of the emitted beam, which becomes slightly asymmetric [3.26]. For this reason, the
coupling of light feedback from the OC and diffraction grating is more inefficient for
the SOA than for the gain chip, where only the back facet is angled. These higher
coupling losses are therefore one of the main factors that determine the lower
performance of the SOA as opposed to the gain chip, which exhibits higher output

power and tuning range.

3.5. Gain Chips with Different Output Facet Reflectivities

Gain chips with 3 different values of the output facet reflectivity (fabricated from the
structure DO1868) were also examined for the same laser configurations and operation
conditions (pump current and temperature). The gain chips were similar to those

described in the Section 3.4. The ridge waveguides had a width of 5 pm and length of
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4 mm (Fig. 3.23), and were angled at 5° relative to the normal of the back facet.
Additionally, both facets also had conventional AR coatings, resulting in total estimated
reflectivities of less than 107 for the angled facet and 2:107, 107 or 3-107 for the front

facet.

The dependence of the output power on wavelength for the 3 gain chips with
different output facet reflectivities is presented in Fig.3.33, for the configurations with
20% OC and without an OC at 10°C. An increase of the value of the output facet

reflectivity has been shown to reduce the output power (Fig. 3.34).
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Fig. 3.34. Dependence of output power on wavelength for different
configurations of the QD-ECDL with the gain chips with 3 different
values of the output facet reflectivity (2:10°, 10 and 3-10%), under
an applied constant current of 1.5 A at 10°C.

Similarly to the work in the previous Section 3.4, the QD-ECDLs with these 3
gain chips were tested in configurations that included the 20% OC and without an OC,
and exhibited the same trend in the dependence of the tuning range on bias (300 mA -

1500 mA) and temperature (10°C - 20°C) conditions as the SOA and the gain chip

described in Sections 3.3 and 3.4.
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The obtained results, as depicted in Fig. 3.35, show that an increase of the value

of the output facet reflectivity leads to reduction of the tuning range of the QD-ECDL.
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Fig. 3.35. Tuning range limits for the gain chips (DO1868) with 3 different values
of the output facet reflectivity (2:107, 10 and 3-10?) for different pump currents
and temperatures without an output coupler and with the 20% output coupler.
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3.6. Summary

In this Chapter, a range of diode lasers fabricated from two different QD structures were
examined. The influence of extrinsic conditions on the tuning range of QD-ECDLs was
systematically investigated. It is shown that the tuning range can be mostly enhanced on
the blue side of the spectrum via bias conditions, whereas reducing the cavity losses
assists in the enhancement of the tuning range on the red side of the spectrum. Different
waveguide structure designs were investigated, and the improved performance of the
QD-ECDL with the gain chip configuration in comparison with the SOA has been
demonstrated. The influence of the output facet reflectivity of the gain chips on the

tuning range were also carried out.

A record broadly tunable high-power InAs/GaAs QD-ECDL with tuning range of
202 nm, between 1122.5 nm and 1324.5 nm was demonstrated. A maximum CW output
power of 480 mW and a side-mode suppression ratio greater than 45 dB were achieved
in the central part of the tuning range. An average output power in excess of 400 mW
was achieved for a tuning range of 110 nm. This represents a promising achievement for
the development of a high-power fast swept tunable laser and compact nonlinear
frequency generation schemes for the green-yellow-orange-red spectral range

(Fig. 3.36).

1100nm 1150nm 1200nm 1250nm 1300nm 1350nm

561nm 662nm 1122nm 1324nm

InAs/GaAs QD-ECDL

Fig. 3.36. Tuning range of the demonstrated InAs/GaAs QD ECDL.
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Future work which could yield improved performance of these QD ECDLs relates
to the modification of QD structures for broader wavelength coverage and re-design of

QD chips for the use in mode-locking regime.
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4. Nonlinear Frequency Conversion
Theory

In the previous Chapters the subject matter was concerned with the direct emission
from laser devices. The next part of the thesis is directed towards induced nonlinear

processes.

In this Chapter, a brief theoretical description of second-order nonlinear
processes, focusing on nonlinear optical frequency conversion and including phase-
matching techniques is presented. The theory and design considerations for optical

parametric oscillator are also briefly discussed.
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4.1. Introduction

Following the invention of the laser in 1960 by Maiman [4.1], nonlinear optics has been
an important and commonly used application of lasers. In 1961, light frequency
doubling in a crystal using the nonlinearity of a material was the first nonlinear optical
effect to be experimentally demonstrated [4.2] shortly after the invention of the laser.
Soon after this result showing non-phase-matched second harmonic generation (SHG), a
few scientific groups [4.3-4.5] demonstrated that phase matching could be achieved by
using crystal birefringence to compensate the index dispersion of the crystal. The quasi-
phase-matching (QPM) enabling efficient frequency up-conversion was also introduced
in 1962 by Armstrong et al. in bulk configuration [4.6]. One of the important
advantages of QPM is that it can be used to produce phase-matching in optically
isotropic materials that have no birefringence at all and can be realised at any
wavelength in the transparency region of the medium by only appropriate design of the
QPM period, and thus potentially makes a wider range of materials available [4.7].
Nowadays, QPM is widely used in both — bulk and waveguide configurations. The
waveguide offers strong optical wave confinement and maintain high optical intensity
over a long propagation length, and hence, makes it possible to show very high optical
conversion efficiencies even at low pump power, thus making guided wave nonlinear
optical conversion ideal for applications requiring CW or low peak power quasi-CW
lasers [4.8].

Another important application of nonlinear phenomena which offers a wide
wavelength coverage and tunability (typically several hundred nanometers) is optical
parametric oscillation (OPO). This was reported for the first time by Giordmaine and

Miller in 1965 [4.9]. Nowadays, second-order nonlinear processes are commonly used
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to generate new frequencies, allowing coverage of those wavelength regions which are

not directly accessible to conventional lasers.

4.2. Second-Order Nonlinear Optical Processes

Second-order nonlinear processes allow extending the available wavelength range of
coherent radiation via frequency conversion. In particular, second harmonic generation
(SHG) and optical parametric oscillation (OPO) are two of the most important
applications of nonlinear phenomena.

The second-order nonlinearity involves three waves which can be input or
generated within the nonlinear media. Frequency up-conversion or sum frequency
generation (SFG) involves the interaction of two waves with lower frequencies ®; and
2, which are mixed with each other to generate a wave with a higher frequency s:

W, + 0, = @, (4.1)

The degenerate case of sum frequency generation, with o, =®,, 1s frequency

doubling or second harmonic generation in which part of the energy of an optical wave

of frequency @, propagating through a crystal is converted to that of a wave with twice

the optical frequency 2w,. A schematic description of these processes is shown in

Fig. 4.1.
Frequency down-conversion or optical parametric generation (OPG) correspond

to situation when a strong pump wave with high frequency @, causes generation of
radiation at two lower frequencies @, and w, (Fig. 4.2):
0, =+ 0, (42)
Traditionally, the generated wave at higher frequency @, is called the signal, and

low frequency @, wave - the idler (@, < @,).
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The special case when o, = @, is the exactly reverse of SHG, and this process is said to

be degenerate [4.10].

O m|  SFG

, N o+, =0,

‘0)3

O ey SHG

) ()
V) | () + @ = 0, 3

Fig. 4.1. Sum frequency and second harmonic generation.

OPG | »
0)3 — 0, = @+, — 0)2

Fig. 4.2. Optical parametric generation.

If the nonlinear crystal is placed into an optical cavity with an appropriate optical
feedback and the parametric gain exceeds the cavity loss, then oscillation can occur
[4.11]. Depending on the mirror characteristics, OPOs can be designed to resonate
either the signal or idler waves (singly-resonant oscillator, SRO), or both signal and

idler waves together (doubly-resonant oscillator, DRO). Both mirrors are usually
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transparent for the pump wave. These designs mainly differ by their spectral fine tuning
properties, threshold and conversion efficiency [4.12].

For an SRO where the signal is resonated (Fig. 4.3), threshold is reached when the
signal gain equals the roundtrip signal loss. As the pump power increases past its
threshold, the signal and idler output powers grow dramatically. If high output power
and conversion efficiency together with stable continuous tuning are required, the singly
resonant OPO is preferred in comparison with the doubly resonant OPO, which suffers
from stability problems, and hence rarely used in practice [4.13]. On the other hand, a

DRO configuration has lower threshold than an SRO.

Signal a)l

Fig. 4.3. Basic OPO cavity.

The fact that the wavelengths generated in OPO can be tuned over a broad
spectral range whilst the pump wavelength is kept the same, makes the OPO an

important and widely used application of nonlinear optics.
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4.3. Phase-Matching

4.3.1. Phase-Matching and Coherence Length

For efficient frequency conversion in parametric processes such as frequency doubling
or optical parametric oscillation, phase-matching is required to be efficient. This means
that the interacting waves have a proper phase relationship between them along the
propagation direction. This leads to the condition that the phase mismatch Ak must to be
close to zero [4.14].

For frequency doubling, the phase-mismatch can be written as:
2
Ak =k, -2k, =27zz(n2w -n,) (4.3)

where n,, and n, are refractive indexes for pump and harmonic waves, respectively,
k,, and k, are the wavevectors of each wave, and A is the wavelength of the pump

wave in vacuum.
If the phase mismatch is not zero, the intensity of the generated light will oscillate

back and forth with a certain periodicity of the length called the coherence length /c:

=2 (4.4)

4.3.2. Birefringence Phase-Matching

The refractive index of a material is a function of frequency. One of the traditional
techniques to solve the problem that material dispersion introduces and achieve phase-
matching is through use of the birefringence of the anisotropic nonlinear materials
[4.15]. In uniaxial crystals, the refractive index of the extraordinary (e) wave (n.)
depends on the direction of propagating wave, while the refractive index of the ordinary

(o) wave (n,) does not. Generation of the e wave from two o waves at an angle where
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n? =n." is called Type I (0+0 —> e) phase-matching. In Type II (0+e—> e) phase-
matching, the e wave is generated from the o and e pump waves at an angle where
(nj’ +n:’)/ 2=n2". In waveguides in z-cut crystals, TE and TM modes correspond to

the o and e waves, respectively. The wave vector diagrams of Type I and Type II phase-

matching are shown in Fig. 4.4 (a) and (b), correspondingly.

@ 2k (TM) © 2%, K,
— I I
P— o
k,, (TE) Type | k,,
(b) ) 2% (TM)
k,(TE) k,(TM) o e
B [ o T—
________ T
— S
—————————— — i
k,, (TE)  Typell k, (TE)
Fig. 4.4. Wave vector diagram of various phase-matching schemes: (a) and (b)
Birefringence Phase-Matching, (c) Quasi-Phase-Matching, (d) Mode Dispersion
Phase-Matching [4.8].

4.3.3. Quasi-Phase-Matching

Quasi-phase-matching is an alternative technique to birefringence phase-matching
allowing compensating the momentum mismatch imposed by the material dispersion.
The important advantage of QPM is that it extends the utility of existing materials
enabling the use of materials with no birefringence and even optically isotropic
materials. The idea of QPM is to correct the phase-mismatch between the interacting

fields at certain intervals by artificially modifying the material structure. The crystal



84

domain is reversed periodically with a period which corresponds to the double
coherence length:

A=2-1.=27n/K, (4.5)
In case of SHG, the phase-matching condition (Fig. 4.4 (c)) for QPM has the following
dependence:

Ak

ornt =Ky =27k, —K, =0 (4.6)

As it can be seen from Fig. 4.5, in case of QPM the conversion process will

reinstate at the coherence length, leading to a sum up of the intensity after each /¢

[y
<
1

Phase-Matching

ce
1

Bulk Material

T I T T T T T T T

0 1 2 3 4 5
Propagation Distance in units of lc

Second Harmonic Intensity, arb. un.
LN

Fig. 4.5 Second harmonic intensity as a function of the propagation distance
inside the crystal in units of the coherence length /..

To date, by far the most commonly used approach to fabricate QPM structure is
the periodical poling of the ferroelectric nonlinear crystals by periodically reversing the

crystals polarization under the influence of a sufficiently large electric field [4.16].
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4.3.4. Mode Dispersion Phase-Matching

The use of crystal waveguides allows phase-matching by mode dispersion. A wave
vector diagram for mode dispersion phase-matching is shown in Fig. 4.4 (d). When
mode dispersion alone is used to achieve phase-matching, it is typical for the SHG beam
to emerge in a higher-order mode [4.17]. Because of the material dispersion, the SHG
wave tends to travel more slowly than the fundamental wave, and hence, the second
harmonic needs to be speeded up by placing it in a higher-order waveguide mode,
which travels faster than a low order mode. The mode dispersion curves for the pump
and second harmonic waves are depicted in Fig. 4.6 where intersections of the curves
for two wavelengths correspond to phase-matching. As shown in this Figure, the
fundamental mode of the pump wave matches a higher order mode of the second
harmonic wave. This matching is possible between modes with the same polarization

and between modes with different polarizations.
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Fig. 4.6. Waveguide dispersion curves showing mode dispersion phase-matching
[4.8].
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4.4, Summary

In this Chapter, a brief discussion on second-order nonlinear processes which are
commonly used to extend the available wavelength range of coherent radiation via
frequency conversion was presented. In particularly, sum frequency and second
harmonic generation allow the generation of coherent radiation in the visible and mid-
IR spectral region, which are of interest for many applications ranging from
biophotonics and photomedicine to laser projection displays.

Optical parametric oscillation, which is another very important application of
nonlinear optics, was also briefly discussed. OPO allows wide coverage and tunability
in the wavelength regions which are not directly accessible to conventional lasers, and
potentially can be used in many applications, such as spectroscopy, gas sensing, digital
projection displays, military applications etc.

Experimental demonstration of SHG and OPO will be presented in the next two

Chapters.
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5.  Frequency Doubling of Quantum
Dot External-Cavity Diode Laser
In PPKTP Waveguides

In this Chapter, an all-room-temperature CW second harmonic generation at 612.9 nm
and 591.5 nm in periodically poled potassium titanyl phosphate waveguides pumped by
a broadly tunable quantum dot external-cavity diode laser is demonstrated. A
frequency-doubled power of up to 4.3 mW at the wavelength of 612.9 nm and 4.1 mW at

591.5 nm with a conversion efficiency of 10.5% and 7.9%, respectively, is achieved.

A green-to-red tunable laser source with tunability of over 60nm (567.7 nm —
629.1 nm) based on SHG in a single periodically poled potassium titanyl phosphate

waveguide pumped by a single broadly tunable quantum dot laser is demonstrated.
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5.1. Introduction

In recent years, there has been a growing interest in the development of compact
coherent sources emitting in the visible spectral region at around 550 nm - 650 nm,
which are of interest for many applications, such as laser projection displays [5.1],
spectroscopy, optical atomic clock in ytterbium [5.2], photodynamic therapy [5.3,5.4],
ophthalmology and biophotonic applications such as flow cytometry, where a range of
important fluorescent probes are optimally excited in the yellow-orange range [5.5].
This spectral region is currently unreachable for conventional diode lasers due to a lack
of suitable direct band gap materials providing sufficient carrier confinement in the
quantum wells. An attractive approach is frequency doubling of infrared light.

Efficient nonlinear optical frequency conversion requires phase matching, large
pump intensities, long interaction lengths and materials with large nonlinear optical
coefficients. The limitations imposed on nonlinear optical mixing processes due to the
low peak powers found in most quasi-CW and CW lasers can be overcome by creating
waveguides in the nonlinear material [5.6]. The waveguide offers strong optical wave
confinement, allowing for a high intensity over long interaction lengths, and hence,
makes it possible to show very high optical conversion efficiencies even at low level
pump power, thus making guided wave nonlinear optical conversion ideal for
applications requiring CW or low peak power quasi-CW lasers. Furthermore, efficient
optical conversion over the entire transparency range of the crystal can be achieved by
utilising a quasi-phase-matching (QPM) process [5.7,5.8], using a modification of a
structure in which the ferroelectric domain periodically inverted to correct the relative
phase at regular intervals.

Potassium titanyl phosphate (KTiOPO4 or KTP) is the most commonly used

material for the fabrication of a QPM structure in the crystal when high power densities
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of the visible light are generated such as in waveguides, and hence, KTP is especially
suitable to serve as the nonlinear crystal for second-harmonic generation (SHG).
Moreover, there is the opportunity to make a periodically poled KTP crystal to satisfy
QPM conditions and to fabricate a waveguide [5.9] in the crystal, that would make it
possible to increase the second harmonic conversion efficiency.

Recently, second and third-harmonic generation in a periodically poled potassium
titanyl phosphate (PPKTP) waveguide using a compact femtosecond Yb-based laser
with conversion efficiencies of up to 33% (532 nm) and 2% (355 nm), respectively,
were demonstrated [5.10]. Green (532 nm) and yellow (560 nm) picosecond pulse
sources that utilise SHG of Yb-doped fibre based pump source in PPKTP waveguide
with maximum average power of 41.7 uW and 2.3 mW, respectively, were also
presented [5.11]. It has also been reported for a diode-pumped femtosecond Cr:LiSAF
laser (fundamental wavelength of 860 nm) that frequency doubling in a PPKTP
waveguide afforded SH conversion efficiency of up to 37% [5.12].

The recent availability of low-cost good quality InAs/GaAs QD diode lasers,
allowing the coverage of a broad spectral range between 1.0 pm and 1.3 pm [5.13,5.14],
in combination with well established techniques to fabricate good quality waveguides in
nonlinear crystals, enables compact laser sources in the visible spectral region to be

realised.
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5.2. KTP Waveguide: Fabrication and Design

The KTP waveguides used in the experiments described in this Chapter were fabricated
by AdvR Inc. (Bozeman, USA) using photolithography to transfer a mask containing
the waveguide patterns to a KTP wafer and then using an ion-exchange technique to
embed the waveguide [5.9]. With this technique, the masked KTP crystals were
individually immersed in the ion-exchange bath consisting of a mixture of molten
nitrate salts of Rb and Ba (RbNO; and Ba(NOs),) [5.6]. Within this bath, the Rb ions
diffused through a mask into the substrate, while the K ions diffused out of the KTP
crystal. In the diffused regions, the Rb ions increased the refractive index relatively to
the undiffused KTP and thus formed the optical waveguide. The addition of a few
percent of Ba(NOs), salt to the melt improved the uniformity of the waveguides [5.15].
An example of end-view of a Ba/Rb-exchanged channel waveguide in KTP crystal is

shown in Fig.5.1.

The KTP waveguides used in the experiments had a cross-sectional area of

~4x4 pm” and a refractive index step of ~0.01. The crystals facets were not AR coated.

KTP

Fig. 5.1. Microscope photograph of the cross section of a
Ba/Rb-exchanged channel waveguide in KTP crystal.
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5.3. Loss Measurement in KTP Waveguides

The waveguide insertion 10ss (Ginsertion) consists of the coupling losses (Ocoupling) and the
propagation losses (Gpropagation):

Qlinsertion = Olcoupling T Olpropagation’ L (5.1)
where L — is the length of a waveguide. The simplest method to estimate the
propagation losses of a waveguide is the cutback method, which requires the transmitted
power of waveguides of different length, whilst the input power and the coupling
conditions are kept constant. In this method, the propagation loss can be calculated
using the following Equation:

Loss (dB/cm) = ag4g = 10-log;o(P1/P2)/(Ly — L)) (5.2)
where P and P, are the transmitted powers and L, and L, — the lengths of the short and
the long waveguide [5.16]. Theoretically, only two waveguides of different length are
required for the cutback method, but in this work three identical waveguides of different
length (24 mm, 14 mm, 9 mm) were used to increase the accuracy.

The experimental setup is shown in Fig.5.2. The core element of the QD-ECDL
pump source was the gain chip (DO1868), previously described in Chapter 3 (Section
3.4). The KTP waveguides used in this work were fabricated by an ion-exchange
technique [5.9,5.17] and had different lengths: 24 mm, 14 mm and 9 mm. All

. . . . 2
waveguides were identical and had a cross-sectional area of ~4x4 um-.

Gain A2
Chip KTP
[T —— TS
Diffraction
Grating
Lens Lens Lens Lens

Fig. 5.2. Optical scheme of the experimental setup (including diffraction grating,
gain chip, KTP waveguide, half-wave plate (4/2) and 40x AR coated aspheric
lenses).
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Waveguide loss measurements were made at wavelengths of 1183 nm and
1226 nm. By using the Equation 5.2, the propagation losses were estimated to be around
1.75 dB/cm at 1183 nm and 1.93 dB/cm at 1226nm, which are close to typical values of
losses in ion-exchanged KTP waveguides [5.18]. The total losses shown in Fig.5.3 were
calculated using a similar equation containing input power coupled to the waveguide
and output power for each sample. In Fig.5.3, the trendlines cut the y-axis above the
origin. This is because the data shows insertion loss, and hence the loss corresponding
to zero propagation length is the coupling loss to the waveguide [5.19]. The coupling
losses were estimated to be around 3.39 dB and 3.41 dB (at 1183 nm and 1226 nm,
respectively).
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Fig. 5.3. Total insertion loss measured using the cutback method.
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5.4. Second Harmonic Generation at 612.9 nm

5.4.1. Experimental Setup

The experimental setup is shown in Fig.5.4. The core element of the QD-ECDL pump
source consisted of a QD semiconductor optical amplifier (SOA) fabricated from the
structure DO1866, previously described in Chapter 3 (Section 3.2). The ridge
waveguide of the SOA had a width of 5 um and a length of 4 mm, and was angled at
6.5° relative to the normal of the facets, which also had a conventional antireflective
(AR) coating, resulting in total estimated reflectivities of 10~ in each facet. The QD-
SOA was mounted on a copper heat sink and its temperature was controlled by a
thermo-electric cooler. The QD-ECDL was set up in a quasi-Littrow configuration
(Fig.5.4), which consisted of a diffraction grating with 1200 grooves/mm, 40x (NA of
0.55) AR-coated aspheric lenses and the output coupler (OC) with 96% transmission.
Coarse wavelength tuning of QD-ECDL between 1146 and 1279 nm at 20°C was made
possible by changing the incidence angle of the grating. The QD-ECDL was tuned to
the 1226-nm target wavelength at 20°C, and then the collimated output from the QD-

ECDL was coupled into the PPKTP waveguide using a 40x aspheric lens.

) . 96%
lefr:';lctlon OC \/2 Filter
Grating SOA PPKTP

40x 40x 40x 30x

Fig. 5.4. Optical scheme of the experimental setup (including diffraction grating,
semiconductor optical amplifier (SOA), 96% output coupler (96% OC), PPKTP
waveguide, half-wave plate (4/2), 30x and 40x lenses and filter at the fundamental
wavelength).
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The PPKTP frequency-doubling crystal used in this work was 13 mm in length
and was periodically poled for SHG at 612.9 nm (with the poling period of ~13.82 pm).
The waveguide with a cross-sectional area of ~4x4 pm® (as shown in Fig.5.1) was
fabricated by an ion-exchange technique that provided a refractive index step An=0.01.
The crystal facets were not AR coated. The PPKTP crystal was mounted on a copper
heat sink and its temperature was controlled by a thermo-electric cooler. Both the pump
laser and the PPKTP crystal were operating at room temperature.

The output of the laser system was collimated with a 30x (NA of 0.40) AR-coated
aspheric lens and then coupled into a broadband thermopile power meter or via an
optical fibre into an optical spectrum analyser (OSA Advantest Q8384) for the
fundamental wavelength or Ocean Optics spectrometer for the second harmonic

wavelength.

5.4.2. Results

Figure 5.5 shows the SHG output power versus the launched pump power. The
maximum SHG output power of 4.3 mW at 612.9 nm was achieved for 41 mW of
launched power at 1225.8 nm, resulting in a conversion efficiency of 10.5%. The SHG
output power of 3.5 mW at 613.6 nm was achieve for 41 mW of launched pump power
at 1227.2 nm with a conversion efficiency of 8.5%. A photograph of the SHG at
612.9 nm in the PPKTP waveguide pumped by the QD-ECDL is shown in Fig. 5.6.
Figure 5.7 shows the measured optical spectrum of the second-harmonic
(612.9 nm) and fundamental (1225.8 nm) wavelengths. The optical spectrum of the
fundamental wavelength exhibited a bandwidth of around 0.12 nm, limited only by the

instrumental resolution of the spectrometer (OSA Advantest Q8384). A spectral width
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of the SH was measured to be 0.65 nm (limited only by the instrumental resolution of

the Ocean Optics spectrometer used).
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Fig. 5.5. Frequency-doubled output power at 612.9 nm and 613.6 nm
versus launched pump power from gain chip at 1225.8 nm (triangles) and
1227.2 nm (squares), respectively.

Fig. 5.6. Photograph of the efficient SHG at 612.9 nm from the QD-
ECDL and the PPKTP waveguide.
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Fig. 5.7. Optical spectrum of the generated second harmonic
(612.9 nm). Inset: Spectrum of the fundamental wavelength
(1225.8 nm).

The tunability of the second harmonic generated wavelength (Fig.5.8) was also
investigated. It was done by increasing the temperature of the PPKTP crystal from 20°C
to 90°C while simultaneously tuning the QD laser. A tuning range of 3.4 nm between
612.9 nm and 616.3 nm was achieved. The SHG conversion efficiency was similar

across the range of crystal temperatures investigated in this work.

612.9 nm @ 20°C .
616.3 nm @ 90°C

% —-'/ \‘%&ﬁ
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Wavelength, nm
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Fig. 5.8. Spectra of SHG tuned across the 612.9—-616.3 nm
wavelength range.
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5.5. Second Harmonic Generation at 591.5 nm

5.5.1. Experimental Setup

The experimental setup is shown in Fig. 5.9. The core element of the QD-ECDL pump
source consists of a QD gain chip fabricated from the structure DO1868, previously
described in Chapter 3 (Section 3.4). The ridge waveguide of the SOA had a width of
5 um and a length of 4 mm, and was angled at 5° relative to the normal of the back
facet. Additionally, both facets had a conventional AR coating, resulting in total
estimated reflectivities of 2-10° for the front facet and less than 107 for the angled
facet. The QD gain chip was mounted on a copper heat sink and its temperature was
controlled by a thermo-electric cooler. The QD-ECDL was set up in a quasi-Littrow
configuration (Fig.5.9), which consists of a diffraction grating with 1200 grooves/mm
and 40x (NA of 0.55) AR-coated aspheric lenses. Coarse wavelength tuning of QD-
ECDL between 1130 and 1308 nm at 20°C was made possible by changing the
incidence angle of the grating. The QD-ECDL was tuned to the 1183-nm target
wavelength at 20°C, and then the collimated output from the QD-ECDL was coupled

into the PPKTP waveguide using a 40x aspheric lens.

Al2 Filter
PPKTP

>

Diffraction
Grating

Lens Lens Lens Lens

Fig. 5.9. Optical scheme of the experimental setup (including diffraction grating,
gain chip, PPKTP waveguide, half-wave plate (1/2), 40x lenses and filter at the
fundamental wavelength).
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The PPKTP frequency-doubling crystal used in this work was 16 mm in length
and was periodically poled for SHG at 591.5 nm (with the poling period of ~12.47 pm).
The waveguide with a cross-sectional area of ~4x4 um2 (as shown in Fig. 5.1) and a
refractive index step An = 0.01was fabricated by an ion-exchange technique. The crystal
facets were not AR coated. The PPKTP crystal was mounted on a copper heat sink and
its temperature was controlled by a thermo-electric cooler. Both the pump laser and the

PPKTP crystal were operating at room temperature.

5.5.2. Results

Figure 5.10 shows SHG output power versus launched pump power. The maximum
SHG output power of 4.11 mW at 591.5 nm was achieved for 52 mW of launched pump
power at 1183 nm, resulting in a conversion efficiency of 7.9%. A photograph of the
SHG at 591.5 nm in the PPKTP waveguide pumped by the QD-ECDL is shown in

Fig. 5.11.
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Fig. 5.10. Frequency-doubled output power at 591.5 nm versus launched
pump power from gain chip at 1183 nm.
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Fig. 5.11. Photograph of the efficient SHG at 591.5 nm
from the QD-ECDL and the PPKTP waveguide.

Figure 5.12 shows the measured optical spectrum of the second-harmonic
(591.5 nm) and fundamental (1183 nm) wavelengths. The optical spectrum of the
fundamental wavelength exhibited a bandwidth of around 0.13 nm, limited only by the
instrumental resolution of the spectrometer (OSA Advantest Q8384). A spectral width
of the SH was measured to be 0.63 nm (limited only by the instrumental resolution of

the Ocean Optics spectrometer used).
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Fig. 5.12. Optical spectrum of the generated second
harmonic  (591.5nm). Inset: Spectrum of the
fundamental wavelength (1183 nm).
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The tunability of the second harmonic generated wavelength (Fig. 5.13) was also
investigated. It was done by increasing the temperature of the PPKTP crystal from 20°C
to 90°C while simultaneously tuning the QD laser. A tuning range of 2.7 nm between
591.5nm and 594.2 nm was achieved. The SHG conversion efficiency was similar

across the range of crystal temperatures investigated in this work.

591.5 nm @ 20°C
594.2 nm @ 90°C

Normalized Intensity, arb. un.

588 590 592 594 596
Wavelength, nm

Fig. 5.13. Spectra of SHG tuned across the 591.5-594.2 nm
wavelength range.
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5.6. Tunable Visible Laser Source Based on Second Harmonic

Generation in PPKTP Waveguide

5.6.1. Discussion

Quasi-phase-matching is an important and widely-used technique in nonlinear optics
enabling efficient frequency up-conversion. However, since its introduction almost half
a century ago [5.7], this technique is intrinsically limited in spectral tunability by the
strict conditions set by the spatial modulation which compensates the momentum
mismatch imposed by the dispersion. In this Section, a fundamental generalisation of
quasi-phase-matching based on the utilisation of a significant difference in the effective
refractive indices of the high- and low-order modes in multimode waveguides will be
provided. This concept enables the period of poling to be matched over a very broad
wavelength range and opens up a new avenue for an order-of-magnitude increase in

wavelength range for frequency conversion from a single crystal.

Frequency doubling of infrared (IR) light based on the generation of new laser
wavelengths via a material’s nonlinearity ¥ in so-called ‘nonlinear’ crystals is one of
the most attractive ways for the realisation of compact laser sources in the visible
spectral region with a number of cutting-edge applications ranging from biophotonics
[5.5] and photomedicine [5.3,5.20] to laser projection displays [5.1]. This trend is
backed both by the market and technical sides by the availability of compact and highly
efficient IR semiconductor lasers in the spectral range encompassing 0.9-1.3 pm. To

enable efficient conversion, or SHG, both photon energy conservation £,=2-E,, and
momentum conservation k,=2-k,, are to be achieved simultaneously. However,

requirement of the photon momentum conservation (also called “phase-matching”
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constraint) is difficult to achieve due to dispersion of the refractive index in the
nonlinear crystal (i.e. due to the obvious fact that the refractive index for IR light is
different from that for light in the visible spectral range resulting in difference of phase
velocities for IR and visible light waves propagating through the crystal).

Without phase matching, the generated second harmonic grows and decays as the
fundamental (IR) and second harmonic (visible) waves go in and out of phase over each
coherence length /. [5.7]:

A

[ =—,
2|nl—nu|

c

(5.3)

where A is the second harmonic wavelength, n; and n, are the refractive indices for the
visible and IR light. In other words, out-of-phase SHG leads to the total suppression of
the second harmonic light by radiation generated in the distance of coherence length /.
due to the opposite phases of these waves. Therefore phase matching between
interacting waves is mandatory in order to achieve efficient frequency conversion. To
date, by far the most commonly used approach for this is the periodical poling (or
QPM) of the ferroelectric nonlinear crystals by periodically reversing the crystals
polarization under the influence of a sufficiently large electric field [5.8]. When the
poling period corresponds to double the coherence length A = 2/, then the proper phase
relationship between the propagating waves is maintained and the SHG efficiency is
maximised with the quasi-wave-vector of the periodically poling grating enabling

momentum conservation, k,=2-k,, +k,:

2m, :227271M +2_7r

A 24 A

, (5.4)

Equation (5.4) means that almost no tunability can be introduced to the SHG
system involving periodical poling of the nonlinear crystal. Until now, regardless of the

availability of extremely broadly tunable semiconductor lasers thanks to the utilisation
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of size-variable QDs [5.13], QPM crystals have not been used for broadly tunable SHG.
However, if similar tunability was made available, then the utilisation of a single-chip
QD laser emitting in a broad range exceeding 200 nm [5.21] could make full-colour
SHG already within reach.

Current state-of-the-art SHG tuning approaches include multiple-grating and
temperature-assisted tuning with short-pulsed and CW pumping (including diode
pumping) but both are limited to only few nm tuning range [5.11,5.18,5.22-5.25].

Great progress in tunability was achieved with ‘random’ quasi-phase-matching in
polycrystalline materials enabling the generation of second harmonic from green to red
[5.26] with the obvious drawback being an extremely low conversion efficiency even
with short-pulsed pumping. The most promising approaches to the broadly tunable SHG
involve Fibonacci or Fourier-constructed quasi-periodical poling that opens the avenue
for general solutions of the multiple-phase-matching problem [5.27,5.28].
Unfortunately, this technique suffers from complicated poling mask requirements and is
obviously not free from the compromise of conversion efficiency. Another very
promising approach utilises counter-propagating light pulses enabling the enhancement
of high-harmonic emission by scrambling the quantum phase of the generated short-
wavelength light, to suppress emission from the out-of-phase regions [5.29], but to date,
this technique has only been applied to X-ray and extreme ultra-violet generation
[5.30,5.31]. The most outstanding recent advancement, ‘spatiotemporal’ quasi-phase-
matching [5.32] was proposed and demonstrated to enable momentum and energy
conservation through a combination of spatial and temporal modulation of pumping
light. This technique, being intrinsically not applicable for CW regime, is absolutely
free of the compromise of conversion efficiency when extremely short-pulsed pumping

is available.
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However, nonlinear crystal waveguides that offer an order-of-magnitude increase
in IR-to-visible conversion efficiency [5.10,5.12] also enable a very different approach
to SHG tunability in periodically poled crystals, promising order-of-magnitude increase
of wavelength range for SHG conversion. The idea of enabling such broad tunability
has been almost overlooked in earlier publications [5.33-5.35]. However, only 4.5 nm
tuning range was demonstrated [5.34] even with assistance of temperature-control and
solid-state pumping. In contrast, our approach is based on the utilisation of a significant
difference in the effective refractive indices of the high-order and low-order modes in
the waveguide, that enables to shift the difference between the effective refractive
indices of the fundamental and second-harmonic waves to match the period of poling in
a very broad wavelength range limited mainly by the waveguide refractive index step

An, as shown schematically on Fig. 5.14.

b))
C

Fig. 5.14. Simplified schematic of the effective refractive indices for the
fundamental and SH modes of different order.
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Deriving the effective poling period as A~ 4, /(n, — —n,,  +An), from

Equations (5.3) and (5.4), it is easy to see that for the multimode waveguide the total
tunable range can be approximated as:

AL= Doy = A = 2R+ Sy, ), (5.5)

where AL is the difference between the most ‘red’ (A.q) and ‘blue’ (Apne) Vvisible
wavelengths that can be generated in the nonlinear crystal with poling period A, An is
the waveguide refractive index step (approximated to be the same for IR and visible
range), and Ong;sp 1S the refractive index change due to dispersion being combination of
refractive indices corresponding to the most ‘red” and ‘blue’ IR and visible
wavelengths:
ONdisp = N2blue — M2ired — Mablue T Mired. (5.6)

With a poling period of 5 - 20 um and a refractive index step An on the order of 0.01
(which is typical for ion-exchange waveguides in the nonlinear crystals), one can see
that SHG tunability from 10’s to 100’s of nanometres can easily be achieved. Moreover,
taking into account the refractive index change due to the dispersion dngisp, SHG
tunability on the order of, or even exceeding, the whole visible spectrum is feasible with
some crystals having a suitable dispersion curve. Calculated dependence of the poling
period on wavelength illustrating SHG tunability due to significant difference of the
effective refractive indices of the high- and low-order modes in a PPKTP waveguide
with An = 0.01 is shown in Fig. 5.15. In this Figure, according to Equation (5.3), the
small difference between refractive indices of low-order IR and high-order SHG modes
enables a “blue-shift” of the effective poling period (shown by blue curve), while a
larger difference between refractive indices of high-order IR and low-order visible
modes introduces a “red-shift” (shown in red). Horizontal black dashed line represents

the physical poling period of the crystal used in experiments (~12.47 pm).
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Fig. 5.15. Calculated SHG tunability in a multi-mode PPKTP
waveguide.

The range of tunability can be extended by increasing the refractive index step of
the waveguide An (Fig.5.16) or by choosing material with an appropriate refractive
index change due to dispersion dngisp. The latter is illustrated in Fig. 5.17, where the
total tunable range AX vs. waveguide refractive index step An is calculated according to
Equation (5.5) for lithium niobate (LN) and KTP known for the highest x'* as well as
for potassium dihydrogen phosphate (KDP) and lithium iodate (LI) having the highest
dngisp- The refractive indices for KTP, LN, KDP and LI crystals were calculated using

the Sellmeier equations from Reference [5.36].
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Fig. 5.16. Calculated SHG tunability for the PPKTP waveguides
with An = 0.01 (solid lines) and 0.025 (dashed lines). Horizontal
dashed line represents the physical poling period of ~9.7 um, which
corresponds to the QPM in the spectral region between 480 and
640 nm for An=0.025.
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Fig. 5.17. Calculated dependence of the total tunable range AA on
waveguide refractive index step An for some nonlinear crystals
(peak fundamental wavelength: 1183 nm).
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5.6.2. Experimental Results

For an experimental demonstration of the extremely broad tunability I used the
experimental setup described in Section 5.5 of this Chapter with the same uncoated
16 mm long KTP crystal which was periodically poled for SHG at 591.5 nm (with the
poling period of 12.47 um) and had the waveguide with a cross-sectional area of
4x4 pm® and a refractive index step An ~ 0.01. A simplified scheme of the experimental
setup is shown in Fig. 5.9. Both the pump laser and the PPKTP crystal were operating at
room temperature.

Figure 5.18 shows SHG output power versus launched pump power for several
wavelengths related to the main peaks of SHG efficiency as shown in Fig. 5.19, which

were observed by wavelength tuning of the QD-ECDL.
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Fig. 5.18. Frequency doubled output power versus launched pump power
for several SHG peaks corresponding to phase-matching between
fundamental and SHG modes of different orders. Inset: zoom in.
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The maximum SHG output power of 4.11 mW at 591.5 nm was achieved for
52 mW of launched pump power at 1183 nm, resulting in a conversion efficiency of
7.9%. All other SHG peaks in the spectral region between 567.7 and 629.1 nm
corresponded to phase-matching between fundamental and SHG modes of different

order (simulated dispersion curves are depicted schematically in Fig. 5.20).

Fundamental Wavelength, nm
1120 1160 1200 1240 1280 1320

8- I
<
o 7 [y
[ 40 S
7 K
ia ) :
S | =
.0 o
S 2- 3
c (1]
S T Eg o
o

0_ : T : T : |M T : _0

560 580 600 620 640 660

SHG Wavelength, nm

Fig. 5.19. Dependence of SHG conversion efficiency (black curve) and launched
pump power (red curve) on wavelength.

The influence of the waveguide refractive index step on the effective poling
period is shown in the centre of Fig. 5.20, where the horizontal grey line represents the
physical poling period of the crystal used in experiments (~12.47 um), the thick orange
line is the central dispersion curve (crossing the grey line at the designed wavelength of
1183 nm) and the thick blue and red lines represent “blue” and “red” SHG margins for

the waveguide refractive index step An = 0.01.
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Fig. 5.20. Observed intensity profiles of the second-harmonic (colour images) and
fundamental modes (red images) in the spectral region between 567.7 and
629.1 nm. In the centre: dependence of poling period on wavelength for different-
order waveguide modes for frequency-doubling in a PPKTP waveguide.

The effect of excitation of different-order modes on SHG wavelength can be seen
very clearly in Fig. 5.21, where only ~4 nm tuning involves four different pairs of
fundamental and SHG modes. As it can be seen from the observed intensity profiles of
the fundamental and SHG modes in Fig. 5.20, phase-matching between the low-order
fundamental (red images) and high-order second harmonic modes (colour images)
corresponds to the SHG on the blue side of tuning range, and the high-order
fundamental and low-order SHG modes are attributed to the frequency doubling on the
red side of tuning range. These results are in excellent agreement with our multi-mode

interaction model.
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5.7. Summary

In this Chapter, an all-room-temperature CW second harmonic generation at 612.9 nm
and 591.5 nm in periodically poled potassium titanyl phosphate waveguides pumped by
a broadly-tunable quantum-dot external cavity diode laser was demonstrated. A
frequency-doubled power of up to 4.3 mW at the wavelength of 612.9 nm and 4.1 mW
at 591.5nm with a conversion efficiency of 10.5% and 7.9%, respectively, was

achieved.

A fundamental generalisation of quasi-phase-matching based on the utilisation of
a significant difference in the effective refractive indices of the high-order and low-
order modes in multimode waveguides were provided. This concept enables us to match
the period of poling in a very broad wavelength range and opens up a new avenue for an
order-of-magnitude increase in wavelength range for frequency conversion from a

single crystal.

A green-to-red tunable laser source with tunability of over 60nm (567.7 nm —
629.1 nm) and maximum conversion efficiencies in range of 0.34 - 7.9% based on SHG
in a single periodically poled potassium titanyl phosphate waveguide pumped by a

single broadly-tunable quantum dot laser was demonstrated.

The results demonstrate an important step towards a compact tunable coherent
visible light source, operating at room temperature. Further work on the improvement of
launching efficiency into the nonlinear crystal and the extension of operation to

different spectral regions is currently under way.

In future experiments, for materials with high nonlinearity ¥'* but inconvenient

dispersion (such as LN and KTP), tunability over entire red-green-blue region can be
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achieved with the introduction of a higher waveguide refractive index step, as shown in
Fig. 5.17. For LN, An up to 0.14 was reported by Korkishko et al. [5.37], and for KTP,
An up to 0.04, a four-fold measure over the value used in this work, was demonstrated
by Risk et al. [5.38]. Therefore, thoughtful engineering of the waveguide structure and
poling along with careful choice of the nonlinear material and improvement of the laser-
to-crystal coupling efficiency can further increase the demonstrated second-harmonic
generation tunability and conversion efficiency. Additionally, utilisation of slightly
aperiodically (i.e. “chirped”) poling of the nonlinear crystal and SHG mode reshaping
via direct coupling of the output beam into a multimode fibre will make the proposed
breakthrough approach the preferred way for realisation of the compact full-colour laser

source.
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6. Frequency Conversion in
OP-GaAs Waveguides

In this Chapter, the possibility of obtaining second harmonic generation in orientation-
patterned GaAs waveguides is investigated. Frequency doubled light at 1621 nm in a
periodically poled GaAs waveguide is demonstrated. For this work, an OPO system
used as a pump source and based on the periodically poled 5 mol% MgO-doped
Congruent Lithium Niobate crystal, generating light in the wavelength range between

1430 nm and 4157 nm, is developed.
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6.1. Introduction

The development of broadly tunable optical sources covering the mid-IR (3 - 16 um and
beyond) spectral region is an important research area for a wide range of applications
relating to gas sensing, atmospheric transmission, biomedicine and potentially for the
detection of concealed explosive materials. For maximum applicability, the laser
sources that generate these wavelengths should be compact (potentially portable) and
cheap. The devices presently used for mid-IR spectral range are typically based on
narrow band-gap semiconductors and quantum cascade lasers, but these are restricted to
low CW or average pulsed output power levels at room temperature or require cooling
to liquid nitrogen temperature and have limited tunability range.

Recent progress in the development of electric-field poling (or periodic-poling)
techniques for patterning the domain structure of ferroelectric materials has led to the
implementation of different quasi-phase-matched (QPM) structures for -efficient
nonlinear optical interactions [6.1]. Such QPM devices have been fabricated in LiNbOs3
[6.2-6.6], LiTaO; [6.7-6.8], KTiOPO4 [6.9-6.11], RbTiOAsO,4 [6.11,6.12], and KNbO;
[6.13] crystals. Other methods for fabricating QPM structures in ferroelectric nonlinear
crystals [6.14,6.15] and semiconductor materials [6.16-6.18] have also been reported
and a number of candidates for frequency up/down conversion such as GaAs/AlGaAs
[6.19], GaP/AIP [6.20] and InSb [6.21], have also been identified. The semiconductor
materials such as GaAs and AlAs and their alloys are especially promising, because of
high transparency in the infrared region, large nonlinear coefficients and high thresholds
for optical damage. For example, GaAs exhibits a very broad optical transparency,
extending from 870 nm through to 16 um and has nonlinearity as large as

di4=119 pm/V at 1.53 um wavelength [6.22].
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Well established semiconductor processing techniques can produce high quality,
micro-structured GaAs devices. Hence, a ridge waveguide configuration can be
employed to ensure good optical confinement and efficient nonlinear conversion and
thus to permit the exploitation of low power (potentially diode laser) pump sources. The
optically isotropic, non-ferroelectric nature of GaAs makes it unsuitable for common
phase-matching methods based on birefringence or periodic poling and so alternative
methods have been implemented to utilise it as a medium for nonlinear optical

frequency conversion.

Gordon et al. has developed a QPM structure for SHG using diffusion-bonded
GaAs stack of plates [6.23]. Yoo et al. used direct wafer bonding combined with
microfabrication and regrowth techniques to fabricate periodically domain-inverted
AlGaAs waveguides for SHG [6.24] and DFG [6.25]. However, these techniques
require complicated fabrication processes, and furthermore, defects in the overgrown

epitaxial layers occur due to inevitable misorientation in the bonding process.

A recently proposed novel method involving a periodically-switched-nonlinearity
(PSN) in a semiconductor structure [6.26] enables first-order quasi-phase-matching to
be achieved for the near- and mid-IR wavelength ranges [6.19,6.27]. In these PSN
structures, the nonlinear optical coefficient in the material is either switched-off or
decreased periodically using either an ion-implantation technique or an etch and re-

growth process [6.28].

However, novel technology for QPM of semiconductors, so-called orientation-
patterning or sublattice reversal epitaxy (SRE), [6.29-6.31] allows the fabrication of
high quality domain inverted semiconductor structures (for example, periodically-poled
GaAs-based crystals [6.32]), which demonstrate significantly better conversion

efficiency. The idea of this technology is to deposit a thin non-polar buffer layer (such
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as germanium, which has a very similar lattice constant to GaAs with ~0.1% mismatch
[6.33]) to reverse sublattice occupation, followed by subsequent overgrowth of GaAs
layer in antiphase to the substrate. Without this buffer layer, deposited GaAs layers
nucleate in the same orientation as the preceding layer. Selective removal of inverted
GaAs material and buffer layers followed by MBE regrowth allows the creation of
positive and negative material in a side-by-side totally epitaxially grown structure.
Regions of domain-inverted material exhibit sign reversal of all their non-vanishing
nonlinear coefficients resulting in a nonlinear coefficient variation identical to the case
of PPLN, to provide forward conversion at each coherence length. The schematic of the

fabrication steps of orientation-patterned GaAs (OP-GaAs) structure is shown in

Fig. 6.1.
SR-GaAs d BB
s E E E E
Ge —_ .
GaAs substrate
(a) (b) (c)

Fig. 6.1. Fabrication of a GaAs QPM grating: (a), GaAs/Ge/GaAs sublattice
reversal epitaxy; (b), template formation by patterned etching; (c), GaAs
overgrowth [6.34].

According to our calculations (Fig.6.2) periodically poled GaAs devices
demonstrate significantly higher efficiency than either PPLN or PSN devices. The
model was based on that used in references [6.27,6.35] and was developed by Dr. David
Artigas. The calculations show (Fig. 6.2 (a)) that the GaAs-based devices are superior to
PPLN crystals (at femtosecond pump) for wavelengths longer than 3.5 um. For the CW
case (Fig. 6.2 (b)) it has been demonstrated that PP-GaAs-based devices show a
significantly better conversion efficiency than that from a PPLN crystal in all

wavelength range. Fig. 6.2 also shows that semiconductors such as GaAs may cover the
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wavelength range from 6 to 16 um which cannot be reached with conventional
periodically-poled nonlinear crystals such as PPLN. These calculations also illustrate
that PP-GaAs nonlinear crystal perform significantly better in terms of conversion

efficiency compared with PSN-GaAs crystal.
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Fig. 6.2. Calculated output SHG power versus pump wavelength for optimal
crystal length with (a) a femtosecond pump beam and (b) a CW pump beam.

Some of the earliest experimental studies on waveguide SHG were made with
AlGaAs material. Using the OP-GaAs structure as a template, AlGaAs layers were
over-grown by MBE to fabricate the QPM structure for SHG [6.36,6.37]. However,
QPM AlGaAs waveguides fabricated using this technique suffered from large
propagation losses due to the corrugation formation during the regrowth process
[6.38,6.39]. GaAs material is more attractive in comparison with AlGaAs due to large
nonlinear coefficients [6.40]. OP-GaAs bulk devices for frequency conversion have
been recently reported [6.41,6.42]. However, the fabrication of bulk devices requires
long growth time (more than 24 hours) and is very expensive. The fabrication of a
waveguide design of OP-GaAs offers strong optical wave confinement and increases the
optical power density inside the crystal, and this correspondingly reduces the pump

power threshold for non-linear phenomena and provides better compatibility for diode
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lasers with such a crystal. Therefore, the waveguide design of orientation-patterned
semiconductor structure is better suited to, and can be successfully realised for up- and
down-frequency conversion with “low-power” laser sources. Several papers on OP-
GaAs waveguided wavelength conversion devices have recently been published [6.43-

6.45].

6.2. Optical Parametric Oscillator Based on PP-MgO:CLN

In order to investigate the frequency conversion properties of the orientation-patterned
GaAs waveguides, a continuously tunable laser source was required. This motivated the
development of an optical parametric oscillator (OPO) based on periodically poled
lithium niobate (PPLN) and pumped by a Q-switched Nd:YAG laser. OPOs are very
promising as versatile sources, being broadly tunable and with coherent radiation for
spectral regions inaccessible to conventional lasers. The most important recent advances
in OPO technology have been brought about by the advent of quasi-phase-matched
nonlinear crystals [6.46]. PPLN is the most extensively used periodically poled material
in OPOs due to its high nonlinear coefficient (d.=27pm/V), a wide transparency range
(0.4 - 5 um) and is easily fabricated by means of electric field poling [6.47,6.48]. The
first PPLN crystals were made of undoped congruent lithium niobate, which suffers
from photorefractive damage at temperature below 150°C [6.49]. In order to solve this
problem, doping of PPLN crystals with Mg, In or Zn were introduced. As compared to
undoped crystals, doped PPLN crystals offer several advantages [6.46] such as three
orders of magnitude higher damage threshold, reduced thermal lensing resulting in
better power and temperature stability, reduced photorefractive damage and room

temperature operation of the crystal [6.50,6.51].
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Over the last decade, numerous OPO systems based on periodically poled MgO-
doped lithium niobate have been reported [6.52-6.61], offering unprecedented
performance, having wide wavelength tuning, output power, pulse energy, conversion
efficiency and fine tuning capability. These OPO systems, covering the spectral region
of 2 - 5 um, are of great interest for numerous applications, such as spectroscopy, trace
gas monitoring, biomedicine, etc. Furthermore, the mid-infrared wavelength range
available from OPO systems based on PPLN crystals in combining with latest advances
in fabrication of QPM semiconductor structures provide an opportunity to develop laser

sources in the wavelength region beyond ~5 um.

6.2.1. Experimental Setup

In this work, the linear geometry of an OPO was used due to its superiority in terms of
the reduced complexity and mechanical instabilities of the system [6.62]. The
experimental setup is shown in Fig. 6.3. It consisted of the pump Q-switched Nd:YAG
laser, optical isolator, an uncoated lens with 50 cm focal length, half-wave plate (1/2),
the periodically poled 5 mol% MgO-doped Congruent Lithium Niobate (PP-MgO:CLN
or PPLN) crystal in a temperature stabilised oven with an overall temperature stability
and precision control of 0.1°C (Thorlabs TC200) and input (M1) and output (M2)

mirrors.

Lens A2 w1 M2
Faraday — M PPLN M
Nd YA G Isolator I

Nd: YAG '.HI'.iH'.Hl'.lIl'.illl'.i“'.“l'.ill
Laser S

Fig. 6.3. Simplified schematics of the experimental setup (including Nd:YAG
laser, Faraday isolator, lens with F=50cm, half-wave plate (1/2), PP-MgO:CLN
and mirrors M1 and M2).
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The pump source was a Q-switched Nd:YAG laser (LCS-DTL-324QT),
manufactured by Laser-Export Co. LTD (Moscow, Russia), which had a wavelength of
1064 nm, a maximum pulse energy of 30 pJ, a pulse duration of 15 ns and 10 kHz
repetition rate. The laser beam was focused at the centre of the PPLN crystal by a 50 cm
focal length lens to transform it into an appropriate form for the OPO experiments and
maximise the signal and idler output powers. A focused beam diameter of

approximately 525 pum was measured by the moving knife edge method.

The PP-MgO:CLN crystal, manufactured by HP Photonics (Hsinchu, Taiwan),
was 25 mm in length and was poled with seven different QPM periods evenly spaced
with 0.5 um step between 28.5 um and 31.5 um (Fig. 6.4). The crystal facets were anti-
reflective (AR) coated to give a reflectivity R<0.49% at the pump wavelength 1064 nm
and R<0.41% over the signal wavelength range between 1500 nm and 1600 nm

(Fig. 6.5).

28.5 nm |4
29 pm [0
29.5 pm | L
30 pm
30.5 pm
31 pm [[[[]]]]]]]

8.2mm

1mm

Fig. 6.4. PP-MgO:CLN crystal configuration.
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Fig. 6.5. Dependence of reflectance of the PP-MgO:CLN crystal facets on
wavelength.

The OPO resonator was formed by a pair of mirrors with 65 mm distance between
them. The input mirror M1 (with the radius of curvature r = 75 mm) was coated to give
a high-reflectance (HR) at the signal wavelength, and the output mirror M2 (with the

radius of curvature r =-75 mm) had HR at the pump and signal wavelengths and AR at

the idler wavelength.

6.2.2. Results and Discussion

The OPO signal and idler spectra were measured for seven grating periods (4=28.5-
31.5 um) in the temperature range between 24° and 201.3°C. The signal wavelengths in
the range between 1430 nm and 1750 nm were measured with an optical spectrum
analyser (OSA Advantest Q8383), and the signal wavelengths above 1750 nm were
measured with a monochromator/spectrograph (Digikrom DK 480) and PbSe

Photoconductive detector (P9696-02). The idler wavelengths were calculated (Fig. 6.6)

using the signal wavelengths and the energy conservation law ! = ! + !

‘pump /lsignal ﬂ“idler
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Fig. 6.6. Dependence of the idler wavelength on the signal wavelength for pump at
1064 nm.

The measured dependence of the signal and idler wavelengths against temperature
for the PP-MgO:CLN crystal is shown in Fig. 6.7 (dotes). The combined signal and
idler spectra continuously covered the spectral range between 1430 nm and 4157 nm.
These results are in good agreement with the theoretical curves (shown in Fig. 6.7 with

solid lines) based on the Sellmeier equations for this crystal composition [6.49].

The Sellmeier equation used for the calculation of the theoretical curves is like the

one used by Jundt for undoped congruent lithium niobate [6.54].

CI;“‘E:'Z}?(- + Qg"‘b{f

—as A 6.1
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The temperature dependent parameter f'is defined as:
f=(T-To(T+ Ty+2%273.16) = (T - 24.5°C)(T + 570.82) (6.2)
The Sellmeier coefficients for 5 mol% PP-MgO:CLN were taken from reference [6.49]:

a;=5.756; a;=0.0983; a;=0.2020; a,~189.32; as=12.52; as~1.32*10;

b=2.860%10°; b,=4.700%10%; b;=6.113*10%; b,=1.516%10™.
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Fig. 6.7. Dependence of the signal and idler wavelengths on temperature (24°-
201.3°C) for the PP-MgO:CLN crystal with seven grating periods (A4=28.5-
31.5um). Results are compared with theoretical curves according to the Sellmeier
equation [6.49].
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For each PP-MgO:CLN grating period, measurements concerning the output
power that could be generated in the signal and idler waves were made (using a
broadband powermeter Melles Griot 13PEMO001). A maximum average idler output
power of 54.82mW at 2426.3nm and total down-converted average power of
63.75 mW (at 2426.3 nm and 1895 nm) were achieved for 273 mW of the pump
average power at 1064 nm with a PP-MgO:CLN grating period of 31.5 um (Fig. 6.8).
The idler and total down-conversion slope efficiencies were measured to be 27.34 %

and 31.8 %, respectively.

Figure 6.9 shows the dependence of the signal (1584.3 nm) and idler (3240 nm)
output power and the total down-converted power on the pump power for the PP-
MgO:CLN crystal with a 30.5 pm grating period. The maximum idler average output
power of 10.5 mW and idler slope efficiency of 6.13 % at 3240 nm were achieved for
250 mW of pump average power at 1064 nm. The total generated power of the signal
and idler waves was 12.38 mW at 250 mW of pump average power (Fig.6.9),

corresponding to the total down-conversion slope efficiency of 7.2 %.

The pump, signal and idler wave spectra measured for the grating period 30.5 um
are shown in Fig. 6.10. The optical spectrum of the pump (1064 nm) and signal
(1584.3 nm) wavelength exhibited a bandwidth of around 0.51 nm and 1.2 nm,
respectively, limited only by the instrumental resolution of the spectrometer (OSA
Advantest Q8383). A spectral bandwidth of the idler wave (3242 nm) of ~5.1 nm was
measured with a monochromator (Digikrom DK 480) and PbSe Photoconductive

detector (P9696-02).
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Fig. 6.10. Measured spectra of the pump, signal and idler
waves (grating period = 30.5 um).

The development of the OPO system described in this section was an attempt to
obtain a continuously tunable laser source for investigating the possibility of obtaining
SHG and development of an OPO system based on orientation-patterned GaAs

waveguides, which can potentially cover the wavelength range up to ~16 pm.
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6.3. Orientation-Patterned GaAs Waveguides

The GaAs-based materials have a high damage threshold, low absorption in the IR
range (from 1 um to 16 um [6.20]) and high thermal conductivity, which make them
attractive for IR applications. However, these materials have very high absorption losses
particularly at shorter wavelengths [6.63]. Therefore, the periodically poled design in
GaAs semiconductor structure is better suited to, and can be successfully realised for
frequency conversion (SHG or OPO) into the short-wavelength infrared (1.4 - 3 pm)

and mid-infrared (3 - 8 um) spectral region.

Table 6.1 shows grating coherence lengths required to facilitate conversion in
both second harmonic and optical parametric configurations for a range of wavelengths.

The calculations were made using the following Sellmeier equation for GaAs [6.64]:

2_
") 1+0.186-ln[ 9-7" ~1.537 j+ 39i159§7+ 136.(1)8537+ 0.002118537 6.3)
2039-27=1337) g 1220 p601-2220 000111220
A A A

Table 6.1. Coherence lengths required for SHG and OPO.

Coherence | Pump wavelength | Pump Wavelength | Signal, | Idler,
length, um for SHG, um for OPO, um um um

1.430 1.799 | 6.972

145 3.240 1.450 1.857 | 6.611

1.500 2.028 | 5.761

1.5843 2498 | 4.331

1.430 1.746 | 7.901

15.75 3.330 1.450 1.796 | 7.527

1.500 1.939 [ 6.625

1.600 2.363 | 4.955

1.465 1.613 | 15.970

o5 3899 1.500 1.675 | 14.357

1.600 1.867 | 11.188

1.700 2.100 [ 8.925

1.800 2412 | 7.094
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The pump wavelengths in these calculations were chosen because of the available
suitable wavelengths from the OPO system described in Section 6.2. The signal and
idler wavelengths were chosen to produce light at a variety of wavelengths in an optical

parametric generation (OPQ).

6.3.1. Sample Fabrication: First Structure

The OP-GaAs structures used in our experiment were grown by BAE Systems
(Chicago, USA) using our growth design recipe. The preparation of the samples
involved a few growth steps (Fig. 6.11). The first growth was initiated on a (100) GaAs
substrate misoriented 4° towards (111) with an AlAs/GaAs superlattice buffer growth
(~1 um). Then the 1000A layer of GaAs and 200A of Al 75Gag,sAs were grown, and
after that the growth was completed by a 100A layer of GaAs. Then a buffer layer of Ge
(40A) was grown on top of the GaAs, followed by growth of a 1200A GaAs layer,

whose crystallographic orientation is rotated 90° around the [100] direction with respect

to the substrate equivalent to an inversion in the 43m zincblende structure. Then 200A
of Aly75GagrsAs and 200A of GaAs were grown to protect GaAs layer from

contaminants such as photoresist used for patterning of QPM gratings.

Exposure and development of a photoresist etch mask (with appropriate designed
periods) followed by chemical or ion beam etching down to the GaAs layer that lay
below Ge layer which produced an orientation grating pattern across the wafer surface.
The patterned orientation template produced by such a process after appropriated
cleaning was then placed back into the MBE system for re-growth of a thick layer of
GaAs (12.5 pm) to produce an OP-GaAs template, which was covered by AlAs/GaAs

superlattice buffer layer (2000A). The next phase in the manufacture was re-growth to
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form the active region of GaAs and subsequent AlGaAs deposition to form the upper
waveguiding layer and complete the optical waveguide in the vertical direction, as

shown in Fig. 6.12.

The final stage of the sample preparation was the etching of the waveguides (with
widths of 4, 6, 9, 12, 15 um) in a direction perpendicular to the grating which was
performed using the ion beam etching technique that is particularly well suited to the
high quality, high aspect ratio trenches required in such fabrication. This completed the

necessary fabrication steps for the test devices.

Photoresist AlGaAs
Il Gass Bl G-

I tuverted GaAs I A1As/GaAs superlattice

Fig. 6.11. Fabrication process of OP-GaAs waveguide.
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Layer Material
Thickness, A
Cap 100 GaAs
Waveguiding Layer 2000 Al75Ga.25As
GaAs 40000 GaAs
Waveguiding Layer 5000 Al.75Ga.25As
GaAs 3000 GaAs
AlAs 200 AlAs
SL (AlAs) 20 AlAs 5X
SL({GaAs) 450 GaAs
GaAs 2500 GaAs
MEE pause = -
MEE As - As 50X
MEE pause % :
MEE Ga 3 GaAs
Photolithography for MEE REGROWTH I
Cap 200 GaAs
Etch stop 200 AL75Ga 25As
slow GaAs 1200 GaAs
Inversion layer 40 Ge
buffer 100 GaAs
Etch stop 200 AlL75Ga 25As
GaAs 1000 GaAs
SL (AlAs) a0 AlAs 20X
SL({GaAs) 450 GaAs
3" DSP GaAs 5l 4° Off Orientation
Fig. 6.12. First epitaxial layer structure.

Figures 6.13 and 6.14 demonstrate the high quality periodically re-orientated
GaAs waveguides manufactured by the domain inverted methodology outlined above.
In Fig. 6.13, two vertical etched channels defining a ridge waveguide with adjacent bulk
areas. The horizontal grating defines the planes of oppositely oriented GaAs. Fig. 6.14
shows completed OP-GaAs waveguide device, where the central ridge waveguide
formed by the two etched channels (etch depth is about 5.2 um). Material in the

channels is photoresist remaining after the etching process.
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Fig. 6.13. High quality re-orientated Fig. 6.14. Completed OP - GaAs
GaAs material with waveguides. waveguide device.

6.3.2. Experimental Setup

The experimental setup is shown in Fig. 6.15. This consisted of the OPO system
described in Section 6.2, half-wave plate, 40x aspheric lenses (NA of 0.55) and sample
mount with a copper heat sink (temperature was controlled by a thermo-electric cooler)
on positioning stage. For SHG experiment, the OP-GaAs waveguide samples were
fabricated with several grating periods (8 um, 10 pm and 12 pm) to be tested at
different pump wavelengths (2.172 pm, 2.318 pm and 2.449 um, respectively). The
samples were cleaved to several lengths between ~0.5 mm and 6 mm. A high resolution
CMOS camera (Thorlabs DCC1545M) with long working distance microscope
objective was used in the experiment to enable imaging of the waveguide facets and
appraisal of the coupling conditions taking place. The OPO produced output at several
wavelengths: the SHG beam at 532 nm was used for alignment of the system and the
idler beam at around 2 pm was used as the pump for GaAs waveguided samples. After
the alignment of the system, an appropriate filter situated after the OPO was used to

block “unwanted” light from the OPO.
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Fig. 6.15. Simplified schematic of the experimental setup for SHG in OP-GaAs
waveguides.

The investigation of the nonlinear properties of the highest quality devices was
performed. During this nonlinear evaluation, the samples were observed to be extremely
lossy and no nonlinear signal was observed. It can be explained by the presence of the
high corrugation formation during the re-growth process. As seen in Fig. 6.11, the
height difference between the inverted GaAs and the original GaAs is conserved during
the re-growth process and contributes the final template corrugations. These

corrugations impose difficulty in the fabrication of low-loss nonlinear waveguides.

During the course of our investigations, Ota et al. [6.65] reported that low-
temperature (~420°C) growth technique can assist to reduce the corrugation formation
at the core/clad interface during the re-growth process and the propagation losses in

waveguide devices.
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6.3.3 Sample Fabrication: Second Structure

The new orientation-patterned GaAs structure was grown by BAE Systems, using low-
temperature growth-technique [6.65] to reduce the corrugation formation during the re-
growth process. The epitaxial layer structure was also modified, as depicted in

Fig. 6.16, in order to optimise our OP-GaAs devices and reduce losses.

Layer o Material
Thickness, A
Cap 100 GaAs
Waveguiding Layer 2000 Al3Ga.7As
Waveguiding Layer 5000 Al 1Ga 9As
GaAs 50000 GaAs
Waveguiding Layer 2000 Al1Ga.9As
Waveguiding Layer 2000 Al3Ga.7As
GaAs 3000 GaAs
AlAs 200 AlAs
SL (AlAs) 50 AlAs 5X
SL(GaAs) 450 GaAs
GaAs 2500 GaAs
MEE pause S -
MEE As > As 50X
MEE pause - =
MEE Ga 3 GaAs
Photolithography for MBE REGROWTH (AR
Cap 200 GaAs
Etch stop 200 Al 75Ga 25As
slow GaAs 1200 GaAs
Inversion layer 40 Ge
buffer 100 GaAs
Etch stop 200 Al 75Ga 25As
GaAs 1000 GaAs
SL (AlAs) 20 AlAs 20X
SL{GaAs) 450 GaAs
3" DSP GaAs Sl 4° Off Orientation
Fig. 6.16. Second epitaxial layer structure.
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At the final stage of the sample preparation, the waveguides of width 4, 6, 9, 12
and 15 um were defined in the material in a direction perpendicular to the grating.
Figures 6.17 and 6.18 show an orientation-patterned GaAs waveguided structure. It
was etched down to a depth of 7.6 um to define the mesa waveguides. Figure 6.17
shows one vertical etched ridge waveguide channel. Cross-section of the waveguide

after etching is shown in Fig.6.18.

Fig. 6.17. High quality re-orientated Fig. 6.18. Completed OP - GaAs
GaAs material with waveguides. waveguide device.

6.3.4. Experimental Results

The experimental setup was similar to that already been described in Section 6.3.2. The
OP-GaAs structure was fabricated with several grating periods. The samples of different
length with coherence length of 14.5 um were tested to observe SHG. The idler wave
from OPO at 3.240 um was used as the pump for GaAs samples. Alignment of the
system and appraisal of the coupling conditions taking place was aided by the use of a
high resolution CMOS camera (Thorlabs DCC1545M) with long distance microscope
objective, which was situated above the sample and focused in the plane of the
waveguides. The SHG beam at 532 nm from OPO system assisted in this alignment. A

dense bright spot at both the input and output waveguide facets was a sign that
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successful waveguide coupling was taking place. Figure 6.19 shows guiding in ridge

waveguide and bulk material, which were observed during the experiment.

Fig. 6.19. Photographs of output facets of devices demonstrating guiding in ridge
waveguide (left picture) and bulk material (right picture).

An OP-GaAs waveguide with a length of ~4 mm and a width of 15 pm was
selected to examine the possibility of obtaining second harmonic generation. According
to our calculation (Table 6.1), a wavelength of 3240 nm was chosen as a suitable pump
for the sample with coherence length of 14.5 um. For measurements of the frequency
doubled light a high speed InGaAs detector, assisted via lock-in amplifier, was used to
register the SHG signal. The SHG intensity is plotted in Fig. 6.20 as a function of the
fundamental wavelength launched into the OP-GaAs waveguide. The data shows the
expected quadratic response for a QPM-SHG process, as can be seen from the linear fit
which has a slope of ~ 1.91 (Fig. 6.20). The SHG signal vanished when the polarization
of the fundamental wavelength was rotated by 90°. The spectra of the fundamental
(3242 nm) and SHG (1621 nm) wavelengths were measured with a monochromator
(Digikrom DK 480) and PbSe Photoconductive detector (P9696-02), as shown in
Fig. 6.21. The optical spectrum of the fundamental and second harmonic waves

exhibited a bandwidth of around 5.1 nm and 1.2 nm, respectively.
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Fig. 6.21. Spectra of the fundamental and SHG waves.

These results show experimental evidence of possibility to fabricate a QPM
structure in GaAs waveguide for SHG. The use of antireflection coatings on the
nonlinear crystal facets and the optimisation of focusing optics to minimise coupling

losses can assist in the improvement of the system.
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6.3.5. Loss Measurement in OP-GaAs Waveguides

OP-GaAs waveguide loss measurements were made using the cutback method,
previously described in Section 5.3. The OP-GaAs waveguides used in this work were
identical and had a width of 15 um and 3 different lengths: 4 mm, 2 mm and 1 mm. The
experimental setup for loss measurements is shown in Fig.6.15. The 1621 nm
wavelength from the OPO system was chosen as a pump for the OP-GaAs waveguide
loss measurements. By using Equation 5.2, the propagation losses were estimated to be
around 2.12 dB/cm, which is comparable to the lowest losses reported to date for OP-
GaAs waveguides [6.45]. The total losses shown in Fig. 6.22 were calculated using the
similar equation containing input power coupled to the waveguide and output power for
each sample. In Fig. 6.22, the trendline cuts the y-axis above the origin. This is because
the data shows insertion loss, and hence the loss corresponding to zero propagation
length is the coupling loss to the waveguide [6.66]. The coupling losses were estimated

to be around 4.09 dB.
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Fig. 6.22. Total insertion loss measured using the cutback method.
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6.4. Summary

The investigations undertaken in this chapter sought to evaluate the suitability of new
developed QPM technique (orientation-patterning) to fabricate low-loss “periodically
poled” GaAs waveguided devices for nonlinear frequency conversion, as the laser
sources based on the orientation-patterned semiconductor crystals can be suitable for
studies in gas sensing, atmospheric transmission, telecommunications and medical

applications.

The possibility of obtaining second harmonic generation in orientation-patterned
GaAs waveguide was demonstrated. For this experimental work, an optical parametric
oscillator based on the periodically poled 5 mol% MgO-doped congruent lithium
niobate, which is tunable between 1430 nm and 4130 nm, was built. Using this
extremely versatile source, frequency doubled light at 1621 nm in periodically poled
GaAs waveguide was demonstrated. The losses in OP-GaAs waveguides were also

estimated.

In the future, the use of antireflection coatings on the GaAs crystal facets and the
optimisation of focusing optics to minimise coupling losses could assist in the
improvement of the system. Another approach which could also yield improved
performance relates to the minimisation of corrugation and its associated losses in the

waveguide core.

Orientation-patterned GaAs waveguides have shown extremely promising results
and the optimisation of the system and subsequent implementation of the orientation-
patterning technique in optical parametric oscillator can lead to generation of

wavelengths up to 16 um. This work is currently under way.
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/. Summary and Outlook

The work presented in this thesis focused on the development and characterisation of a
number of compact broadly tunable laser sources operating in the visible, near-infrared
and mid-infrared spectral regions, which are of considerable interest for a wide range of
applications, but are unattainable for conventional lasers due to fundamental limitations.
The main results on wavelength coverage by laser devices presented in the thesis are

summarised in Fig. 7.1.

OPO (PPLN)
OPO (OP-GaAs)

567nm

Fig. 7.1. Spectral range covered by tunable light sources demonstrated in the thesis
and potential frequency conversion device based on presented results.

In the thesis, Chapter 1 presented a review of tunable diode lasers and described
the need for compact tunable external-cavity diode lasers and the brief history of their
development. The introduction to growth techniques, possible semiconductor diode

laser structures and commonly used external-cavity configurations were also provided.



154

In Chapter 2, a broadly tunable InGaAs/InP strained multi-quantum well external
cavity diode laser, which operates in the spectral range of 1494 nm — 1667 nm was
demonstrated. Different pump current and temperature regimes were investigated. A
maximum CW output power in excess of 81 mW and side-mode suppression ratio
higher than 50 dB was achieved in the central part of the tuning range. This represents
the highest output power and side-mode suppression ratio ever to be generated in this
spectral region - which due to its extended coverage, could prove extremely useful for
the deployment of these sources in dense wavelength division multiplexing applications,

and also for high-speed swept sources.

In Chapter 3, a range of diode lasers with two waveguide designs (gain chip and
semiconductor optical amplifier), processed from two different structures with chirped
QD layers, were characterised. A comparison of their performances was undertaken. A
number of strategies for enhancing the tuning range of external cavity quantum-dot
lasers were exploited. Different waveguide designs, output facet reflectivities, laser
configurations and operation conditions (pump current and temperature) were
investigated for optimisation of output power and tunability.

A record broadly tunable high-power external cavity InAs/GaAs quantum-dot
diode laser with a tuning range of 202 nm (1122 nm - 1324 nm) was demonstrated. A
maximum output power of 480 mW and a side-mode suppression ratio greater than
45 dB were achieved in the central part of the tuning range. An average output power in
excess of 400 mW was achieved for a tuning range of 110 nm. This represents a
promising achievement for the development of a high-power fast swept tunable laser
and compact nonlinear frequency generation schemes for the green-yellow-orange-red

spectral range.
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In Chapter 4, a brief theoretical introduction to second-order nonlinear processes,
focusing on nonlinear optical frequency conversion and including phase-matching

techniques was presented.

In Chapter 5, an all-room-temperature CW second harmonic generation at
612.9 nm and 591.5 nm in periodically poled potassium titanyl phosphate waveguides
pumped by a broadly-tunable quantum-dot external cavity diode laser was
demonstrated. A frequency-doubled power of up to 4.3 mW at the wavelength of
612.9 nm and 4.1 mW at 591.5 nm with a conversion efficiency of 10.5% and 7.9%,

respectively, was achieved.

For the first time, a green-to-red tunable laser source with tunability of over
60 nm (567.7 nm — 629.1 nm) based on SHG in a single periodically poled potassium
titanyl phosphate waveguide pumped by a single broadly-tunable quantum dot laser was

demonstrated.

These results are an important step towards a compact tunable coherent visible
light source, operating at room temperature. Further design work on the engineering of
the waveguide structure along with careful choice of the nonlinear material and
improvement of the laser-to-crystal coupling efficiency can further increase the
demonstrated second-harmonic generation tunability and conversion efficiency and
make the proposed breakthrough approach the preferred way for realisation of the

compact full-colour laser source.

In Chapter 6, the possibility of obtaining second harmonic generation in
orientation-patterned GaAs waveguides was investigated. Low-loss OP-GaAs
waveguides were designed and fabricated. Frequency doubled light at 1621 nm in

periodically poled GaAs waveguide was demonstrated. For this work, an optical
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parametric oscillator system used as the pump source and based on the periodically
poled 5 mol% MgO-doped Congruent Lithium Niobate crystal, generating light in the

wavelength range between 1430 nm and 4157 nm, was developed.

Extremely promising results for fabrication of high-performance frequency
conversion devices shown by orientation-patterned GaAs waveguides and their further
optimisation can lead to realisation of significantly higher power nonlinear devices and
extending the generated wavelength up to 16 um by using optical parametric oscillation

technology.



