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Abstract

Polarisation properties of externally driven vertical
cavity surface emitting lasers

This thesis explores the polarisation properties and lasing characteristics of externally driven
vertical cavity surface emitting lasers (VCSELs). Polarisation properties including
polarisation state selection and polarisation switching of VCSELs were investigated
experimentally using various schemes of optical injection and optical feedback. Optical
injection and optical feedback are known to induce a diverse range of effects in VCSELSs,

which can be advantages to the operating characteristics of such devices.

New approaches namely circularly polarised optical injection and circularly polarised
optical feedback have been used experimentally for the first time. Using circularly polarised
externally optical injection, the output polarisation of electrically pumped VCSELs can be
strongly influenced. The linear polarisation of VCSELs emission can become circularly
polarised for bias currents below or near the threshold current of the stand-alone VCSELSs.
In addition, using a new circularly polarised optical feedback scheme, the VCSELSs emission
was made to exhibit a degree of circular polarisation. The degree of circular polarisation
depends on the feedback power ratio and the VCSEL bias current.

The role of the suppressed mode in the polarisation switching characteristics of VCSELS
was investigated using different forms of linearly polarised optical injection. The minimum
injection power for polarisation switching to occurs has been found to be decreases
dramatically with increasing VCSELSs bias current. Polarisation switching in multimode
VVCSELs was investigated using optical injection. Irreversible polarisation switching in two-
mode operation VCSELs was observed using parallel/orthogonal optical injection.
Furthermore, polarisation bistability and ultra-wide hysteresis were obtained for two-mode
operation regime with orthogonal optical injection.

In addition, lasing threshold characteristics of directly modulated VCSELs was
demonstrated experimentally. Dynamical hysteresis, depending on thermal effects, in the
lasing threshold turn-on and turn-off of were observed and compared to theoretical

predictions.
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CHAPTER ONE
INTRODUCTION
*

>

In the last two decades, semiconductor diode lasers have become ubiquitous at the forefront
of the modern laser technology. They have established a greater variety of applications than
any other type of laser. Such applications range from laser pointers, optical memory,
optical computer components to modern communication systems, optical sensors, medical
diagnostics, and even in atomic physics. Compared to solid state lasers and gas lasers,
semiconductor lasers (SLs) combine relatively high efficiency, extremely small size, low
cost and ease of use.

After the first experimental observation of the light amplifications by stimulated emission
of radiation (LASER) in 1960 [1], efforts were made to broaden the available sources of
this very special form of light. These efforts lead to the demonstration in 1962 of coherent
light emission from semiconductors using a GaAs p-n junction [2-4]. That followed work
in 1960 and 1961 which reported radiative recombination in semiconductors [5, 6]. These
initial steps in the laser diode field were followed by extensive research and development
of their design to enable devices which are amenable to widespread applications.

Although the history of SLs essentially coincides with the history of the laser, the progress
in SLs has been rather distinct from that of other laser systems. This is due to the fact that
SLs are more closely aligned to semiconductor physics and electronics than to solid state
physics, atomic and optics that underpin many other laser systems.

The year 2012 was the 50" anniversary of laser diode invention. SLs have become part of
‘the way of life’ as stated at the end summary of the 50" anniversary international
conference held in University of Warwick, UK, 20-21 September 2012.

A conventional SL consists of an active layer sandwiched between two cladding layers.
The injection of a current via a metal-strip contact through a p-n junction is used to create
population inversion in the valence and conduction bands. The laser light is emitted from
cleaved facets of the device leading to the term edge-emitting to describe such
conventional lasers. The active layer is formed using heterostructure or double
heterostructure (DH). In heterostructure SLs the active layer material is different from the

cladding materials and the thickness of the layer can be chosen to produce either a bulk (~
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100 nm) or more advanced quantum well (5-10 nm). Use of DH materials enabled room
temperature operation of the device in the 1970 [7].

Depending on the direction of the emitted light with respect to the plane of the active layer
two common types of the SLs may be identified as edge emitting laser (EELS) and vertical
cavity surface emitting lasers (VCSELS). In VCSELSs the laser emission is perpendicular to
the plane of the active layer. The cavity length of VCSELSs is usually much shorter (few
pum) than that of conventional EELs (~ 300 um). It is widely expected that the VCSEL,
aspects of which are the topic of this thesis, will replace conventional diode laser for most
advanced applications. This chapter contains a brief introduction to VCSELSs in section 1.1
where the physical principle of VCSELSs including their structure and types are provided.
Section 1.2 describes the most common VCSELSs configurations. Section 1.3 includes the
most important advantages of VCSELs as well as some drawbacks from an applications
point of view. Finally in section 1.4 the main thesis contributions together with an
overview of the thesis are presented.

1.1 Vertical-cavity surface-emitting lasers: Historic overview

The first surface emitting laser was demonstrated in 1979 [8]. That led to the development
of present-day vertical cavity surface emitting lasers (VCSELs- pronounced "vixels")
which are perceived as having several advantages associated with its so-called vertical-
cavity geometry. Bulk double-heterostructure (DH) design with GalnAsP wafer active
region and metallic mirror were used for the first VCSEL [8]. In 1984 the first room
temperature (RT) electrically pumped pulsed VCSELs was reported [9], which was
followed by achievement of the first room temperature, continuous-wave (CW) operation,
895 nm VCSEL in 1989 [10]. In 1993 the first CW room temperature electrically pumped
1300 nm VCSEL was demonstrated [11] and the first 1550 nm VCSELs were operated at
room temperature in 1996 [12].

The rapid development of GaAs-based VCSELs led to the commercialization of short
wavelength devices (850-980 nm) in the 1996, and voluminous research has been reported
on their optical, electrical and thermal properties. The progress in the development of GaAs
based VCSELSs was due to promising properties of optical materials and epitaxial growth of
distributed Bragg reflector (DBR). The DBR is formed of multiple periods of high and low
refractive index layers, each period being of half wavelength thickness.

The structure of VCSEL lasers consists of an active layer sandwiched between two DBRs

mirrors which provide feedback [13]. Figure 1.1 illustrates schematically the structure of a
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typical VCSEL. In VCSELs the active medium is made from several quarter wavelength
thick layers of semiconductor materials of alternating low and high refractive index. The
short cavity length of the device results in making the gain region shorter and longitudinal
mode spacing larger (which is advantageous for making single longitudinal mode lasers).
To compensate for the short gain region the mirror reflectivity of the VCSEL has to be very
high of order 99.9%.

Further development in the VCSEL structure were made to achieve smaller active regions,
which led to significant threshold reduction as well as better control of transverse mode. In
addition, the operating wavelengths of the device have been extended from visible range
(0.41 pm) to mid infrared (3-5 um) VCSELSs.

Laser
emission

p- contact
WISSTSIIITA WISSISIIS A

p-DBRs Oxidized layers

Activeregion

—t n-substrate

n- contact

VISTTSTTITE FITTIITITTTTIITITBITITS SIS VIS IS

Figure 1.1 schematic layers structure of double oxide-
confined VCSELs.

1.2 VCSEL configurations:

VCSELs can be divided into several categories depending on the optical and electrical
confinement mechanism, emitted wavelengths, and active layer. Optical confinement is
considered as the most important issue in VCSELSs fabrication, due to the fact that good
optical confinement will enhance the electrical-to-optical conversion efficiency.

Refractive index guiding, gain guiding, and antiguiding mechanisms are the most common
confinement mechanisms found in the literature, which confine the optical field inside the
laser cavity (transverse mode confinement). Using gain guided VCSEL the lateral extent of
the laser field is controlled with injection current distribution. In index guided VCSEL the
refractive index profile which form an optical waveguide used to control lateral extend of
the laser field. The most popular and commercially widespread are VCSELSs with refractive
index guiding.



Chapter 1 4

e Oxide confined VCSELSs

Index guiding mechanism provides strong transverse mode confinement of the optical field
due to large difference in refractive index between semiconductor and oxide layer. Several
types of the index guiding VCSELSs can be found in the literature including: oxide-confined
[14], air-post [15], and buried heterostructure VCSELSs [16]. However only VCSELSs with
oxide aperture active layer have been mass-produced.

With oxide confinement the current is confined by oxidizing the material around the
aperture of the VCSEL using a high content aluminium layer that is grown within the
VCSEL structure, the oxidized layer in figure 1.1. Oxide-confined structures provide both
electrical and optical confinement simultaneously and are a preferred VCSEL
configuration. Using oxide-confined VCSELSs the threshold current reduced significantly,
this is due the fact that the oxide apertures are insulating layers forcing the injection current
through the aperture which increases wallplug efficiency [17]. The lasing threshold current
is an important merit for device applications as it governs the minimum power
consumption for lasing operation. The Wallplug efficiency is the total electrical to optical
power conversion efficiency of the device.

Oxide aperture VCSELs are now most promising device for use in Local Area Networks
(LAN) and Metropolitan Area Networks (MAN), due to their high modulation speed, low

power consumption, and low production cost.

e 850 nm VCSELs

A wide range of VCSEL emission wavelengths have been reported including “short
wavelength” (830 nm, 850 nm, 980 nm) [14, 15] and “long wavelength” (1320 nm, 1550
nm) [17, 18]. Although, most SLs operate in the infrared or optical communication
wavelengths region of the electromagnetic spectrum, new VCSELs are being developed
that can produce output in the blue/violet region of the spectrum. Short wavelength
VCSELSs are attractive because of potential large scale applications such as laser printing,
optical storage devices (DVD, blue ray) and displays.

Different materials for the active layer emitting around 850 nm have been used, including
GaAS, InGaAs, and InAlGaAs. Perhaps the most interesting and widely deployed VCSEL
from the standardization point of view is that emitting at a wavelength of 850 nm, since it

has been already standardized for LAN and storage area network (SAN) applications [19].
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e Quantum well VCSELs

1.3

The first VCSELs were built with active layers of bulk DH material [8], which was later
replaced by quantum well (QW) active layer material. QWs are thin layered semiconductor
structures, in which charge carriers (electrons and holes) free in two dimensions (2D)
compared to the three dimensions (3D) for bulk semiconductor. The thinning of the active
layer leads to profound difference in device performance, e.g. decrease in the threshold current that
is nearly proportional to the thinning.

Quantum well VCSELs are the most commercially and widespread VCSELs nowadays.
Use of QW in active layer of the VCSEL has led to superior performance and greater
flexibility in the emission wavelength. The devices used in the experimental work reported
in this thesis were all quantum well VCSELSs.

In addition, Quantum Dot (QD) and Quantum Wire (QWR) VCSELSs have been reported
[15, 20]. Compared with quantum well, QD active region offers 3D carrier confinement,

while QWR active region offers 2D carrier confinement.

Advantages and drawback of VCSELs

In the previous section the basic principles of VCSELs have been presented and the
importance of oxide-confined, 850 nm, quantum well VCSELs as used in this work have
been highlighted. In this section, the intrinsic advantages of VCSELSs as well as their main
drawbacks will be presented.

VCSELSs structure provide a number of advantages, these including : ultra low threshold
currents operation; wavelength and thresholds are relatively insensitive to temperature
variation; they have device lifetimes of order 15 million hours at 40°C [21] ; easy coupling
to optical fibres, and wafer level testing capability for low-cost manufacturing [21, 23]. The
small volume of the active layer and extremely high reflectivity of the output coupler
contribute to the ultra low threshold current obtained in VCSELs, which leads to low
power consumption and reduced heating effects in the device.

Another important advantage of VCSELSs (and SLs in general) is their amenability to direct
current modulation. Using directly modulated VCSEL optical pulses as short as a few
picoseconds have been obtained [24]. These optical pulses can be used for carrying
information at high bit rates in optical communications system as well as for time resolved

dynamical studies of the device.
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Drawbacks:

VCSELs possess a number of challenging properties including a propensity to exhibit
multiple-transverse mode operation [25]. Current spreading and carrier diffusion in the
confinement region in conjunction with spatial hole burning and thermal effects, results in
multiple transverse modes operation especially at high injection currents [26, 27]. This
leads to multiple wavelengths in the emission spectra and limits the maximum achievable
distance due to dispersion effects.

A second potential disadvantage of VCSELSs is their complex polarisation characteristics.
The polarisation characteristic of VCSEL emission (the subject of this thesis) is found to
vary from one device to another. The fundamental transverse mode is generally linearly
polarised; however the polarisation direction often varies with increase injection current
[28]. Details of the polarisation characteristics in VCSELSs will be discussed in chapter two,
which also provides the background for the thesis experimental work.

Another drawback of the device is the limited or low output power (few mW) compared to
EEL, which comes from the high reflectance of the output mirror. This high reflectivity of

the DBR mirror led to low quantum efficiency and low output power.

1.4 Thesis contribution and outline

This thesis is mainly devoted to the experimental exploration study of the polarisation
properties of externally driven VCSEL. This includes polarised optical injection, optical
feedback and direct current modulation of VCSELSs. Despite the fact that a large amount of
experimental work has been conducted on the characteristics of commercially electrically
pumped VCSELs, their polarisation properties are still not completely understood.
Therefore, the main goal of the present thesis is to provide some new aspects on the study
of polarisation characteristics of VCSELSs including circularly polarised optical injection
and optical feedback. Means available to change or control the polarisation state of the
VCSELs emission are also discussed and this is providing the main motivation for this
work.

The present thesis consists of nine chapters. In chapter 2 the background for the thesis
experimental work is provided. Polarisation selection mechanisms, polarisation switching
and polarisation bistability are discussed. Externally optical injection and optical feedback
are described as external means to control aspects of the VCSEL optical properties. Also a

simple method for the measurement of the polarisation state is described.
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Chapter 3 presents experimental results on the effects of circularly polarised optical
injection on the polarisation state of VCSEL emission and is compared to the effects of
linear polarised optical injection. In addition, the influence of the optical injection on the
light—current (L-1) curve and polarisation resolved output power have been studied.
Chapter 4 concerns circularly polarised optical feedback effects on the emission
polarisation of VCSELs. Also the effect of linear polarisation feedback (including
polarisation selective and orthogonal polarisation feedback) have been investigated and
compared to the circularly polarised optical feedback.

In chapter 5 the role of the suppressed mode in polarisation switching of optically injected
VCSELs is investigated and the characteristics of the device are explored over a wide range
of frequency detuning and optical injection power. The switching power required for
polarisation switching is studied at various bias current and polarisation angles of the
injected light.

In chapter 6 irreversible polarisation switching characteristics in optically injected two-
mode VCSELs are addressed. In this operated regime robust and irreversible polarisation
switching were observed with scanning frequency detuning and optical injection power. In
addition, intensity induced polarisation switching bistability have studied. Furthermore,
polarisation resolved output power for VCSEL using optical injection has been presented
Chapter 7 reports ultra-wide hysteresis frequency bistability of VCSELs subject to
orthogonal optical injection. Bistability and hysteresis were investigated at high bias
currents (higher-order transverse mode regime) for a wide range of frequency detuning.
Dynamical hysteresis and thermal effects in directly modulated VCSELSs were investigated
experimentally in chapter 8. The observations were compared to numerical results.

Finally chapter 9 gives the overall conclusions of the entire experimental work carried out

in this thesis. Proposals for future work are also presented in chapter 9.
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CHAPTER TWO

VCSEL POLARISATION CHARACTERISTICS

4 4

In chapter 1, a brief introduction to VCSELs including, their advantages and main
challenges was given. In particular, attention was drawn to their complicated polarisation
properties which are one of the main challenges to their deployment in polarisation-
sensitive applications. In this chapter an overview of the polarisation properties of VCSELS
is presented. The physical principles underlying polarisation selection, polarisation
switching and polarisation control in VCSELSs are outlined here. The treatment includes a
discussion of means for obtaining circularly polarised emission from VCSELs and an
indication of the utility of such circularly polarised emission.

The contents of this chapter are organised as follows:

In section 2.1 VCSEL emission characteristics including, polarisation-resolved light-
current characteristics and linear polarisation properties are presented. Section 2.2
describes the physical principles underpinning linear polarisation state selection,
polarisation switching and polarisation bistability in stand-alone VCSELSs. In section 2.3
circularly polarised VCSELs and their advantages are addressed. Section 2.4 provides a
brief introduction to approaches, including optical injection and optical feedback, to control
the polarisation of VCSELSs. In section 2.5 a simple method for measuring the polarisation
state of light is presented. Finally section 2.6 summarizes the physical background for the

experimental work described in the thesis.

Introduction

The performance of a laser is characterised by a number of properties including lasing
threshold, optical spectra, emission wavelength, dynamical behaviour and polarisation
characteristics (the polarisation here being the optical polarisation). The emission
characteristics are, in particular, determined by a number of factors such as the laser cavity
geometry, gain profile in the active region, optical, electrical and thermal processes inside
of the laser.

The light-current (L-1 ) curve is an important indicator of optical properties for VCSELS
giving: the output power of the device at a certain input current ; enabling the threshold

current of the laser to be determined; the efficiency of VCSELSs can also be derived from
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the L-I curve characteristics. In the case of single transverse mode 850 nm VCSELS, high
output power of several milliwatts (mW) and high differential efficiency (80%) have been
obtained [1]. (Differential efficiency is the differential change of the output power with
injected current.) Although VCSELSs are widely used in low power applications, they have
the inherent potential of producing very high output power (more than 4 kW) using two
dimensional arrays [2].

Despite the fact that typical VCSEL designs result in single longitudinal mode operation
there are possibilities that the laser output will contain a number of transverse modes. For
VCSELSs operating well above threshold multi-transverse mode operation is expected. The
excitation of such higher order transverse modes may be accompanied by changes in the
polarisation direction of the device output. The excitation of multi-transverse mode
emission is usually a consequence of spatial hole burning (SHB) in the laser gain [3].
Considerable research effort was devoted in the early 1990s to understanding the
fundamental properties of VCSELSs including the selection of the polarisation state and the
transverse mode dynamics [3-8].

In addition, measurements of optical properties include determining the optical polarisation
characteristics of the device (e.g. polarisation switching, polarisation state selection and
polarisation bistability). More general properties and design characteristics of VCSELS are
covered in more detail e.g. in references [9, 10]. In the following sections the state of the
art of determining the polarisation properties of the device are reviewed as a basis for the

novel experimental aspects considered in this thesis.

Emission polarisation of VCSELSs : An overview

The polarisation properties of VCSELs emission are rather complicated and at the same
time a very exciting research field. The complication arises due to the fact that several
physical mechanisms may contribute to polarisation selection. Due to the cylindrical
geometry of typical VCSELSs, the direction of polarisation of VCSEL emission is not, in
general, pre-defined. Typically VCSELs emission may be aligned in one of two linearly
polarised orthogonal modes, and denoted as the parallel mode (Pi1) and the orthogonal
mode (P1).

Near threshold stand-alone VCSELs usually exhibit linearly polarised emission in a
specific direction which is defined in this work as the x-direction and sometimes referred to
as the parallel mode; light polarised orthogonal to x polarisation is termed y-direction or

the orthogonal mode. These two modes are separated in frequency by birefringence whose
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value is dependent on the bias current [11]. Birefringence has been found to be vary from
device to device with values ranging from smaller than 1 GHz to tens of GHz [12].

In [13] two ingredients were suggested to explain the physical principles behind the
polarisation state selection in SLs. The first ingredient is the angular momentum of the
guantum states involved in the optical transitions. The second ingredient is associated with
linear effects of the laser cavity, which include anisotropies (birefringence, dichroism),
geometry and waveguiding effects. Dichroism means that the light absorption of material
depends on the polarisation direction.

In VCSELSs the cylindrical symmetry and the isotropy of the linear optical properties of the
semiconductor compounds make the nonlinear gain dynamics (first ingredient) much more
important in determining polarisation state of the emitted light. In addition, the linewidth
enhancement factor and birefringence are also important mechanisms of polarisation
selection in VCSELSs [13].

Furthermore, the model described in [14] suggested that the geometry of the laser plays an
important role in the selection of the preferred polarisation direction. It was predicted that
the dominant polarisation depends upon the manner in which the current is injected into the
active region, while the degree of polarisation depends on the transverse dimensions of the
device.

Despite numerous studies conducted toward understanding mechanisms of polarisation
selection in VCSELs, polarisation selection and polarisation control are not fully
understood. Therefore, chapter 3 & 4 of this thesis are devoted to investigate
experimentally the polarisation of the VCSELs emission using external optical injection
and optical feedback.

Polarisation switching (PS) and polarisation bistability (PB) are considered as the most
prominent effects observed in VCSELs. PS is defined as a sudden change of the output
power from one initially polarised mode to the orthogonally polarised mode, while PB
means both polarisation modes are stable. In the following both phenomena are discussed

in more detail.

2.2.1 Polarisation switching: stand-alone VCSELSs
Polarisation instabilities e.g. PS between fundamental modes are often observed in stand-
alone VCSELs when operating parameters (bias current/device temperature) are changed.
Two types of PS between the fundamental modes have been found; the first involves a

switch from the high frequency mode to the low frequency mode named (PS type 1) ; the
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second one occurs from the low frequency mode to the high frequency mode (PS type 2)
[11]. Depending on the device structure, the device may exhibits PS type 1 or PS type 2
and in some cases both types of PS can be observed.

Uncontrollable PS in VCSELs can be a disadvantage in many applications. This
polarisation instability in VCSELSs is not attributed to a single effect but is dependent on
several nonlinearities inside laser cavity [3-7]. Different physical models were used to
describe PS in VCSELs. The most commonly used models to explain PS in VCSELSs are
the thermal model (thermal origin) and the spin flip model (SFM).

The early explanation for PS in VCSELs output was given by Choquette et al. [15], and
based on the change of the modal gain with increasing bias current. Another explanation
[4] for PS was offered in terms of the gain differential between the modes. When the gain
differential is small there are two peaks in emission spectrum near threshold and PS
observed when bias current increases. While for large gain differential there is single mode
operation without PS between fundamental modes [4].

In addition, the four- level SFM model has been widely used to describe a number of
polarisation properties including the observation of PS in VCSELSs [5]. In the framework of
the SFM model, the different polarisations directions/state of the VCSEL emission are
associated with different spin sub-levels of the lasing transitions between conduction and
valence bands. The main challenges for SFM model is that the fundamental parameter (spin
flip parameter/ spin flip relaxation -ys) of the model has not been measured directly.

In brief, the commonly attributed mechanisms responsible for PS in VCSELSs include
linear effects such as thermal shift (i.e. thermal shift of the semiconductor band gap) [11]
and nonlinear effects such as the so-called saturable dispersion effect associated with the
carrier and frequency dependence of the refractive index [16].

2.2.2 Polarisation bistability in VCSELs

Polarisation bistability (PB) in VCSELSs has attracted considerable attention over the last
two decades. Extensive studies have been devoted to both experimental [17-20] and
theoretical [21-22] investigations of PB in VCSELs. The physical principle of the PB may
attributed to various factors, however, Agrawal et al. [23] explained that the bistability
behaviour in semiconductor lasers is due to nonlinearities associated with above threshold
gain saturation.

In VCSELSs for most operating conditions one state of linear polarisation is stable. These

conditions include the combination of the influence of birefringence and weak dichroism.
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On the other hand, VCSELs under certain conditions regions appear where both
polarisations are stable thereby enabling bistability. A polarisation bistable VCSEL is
characterised by two orthogonally polarised lasing modes. In [20] PB in the L-I curves of
the VCSELs was observed for the first time. The PB behaviour of VCSELSs is found to be
dependent on device temperature. For VCSELs PB can be observed over a wide range of
bias currents. Recently, oxide confined polarisation-bistable VCSELs (850 nm, 1550 nm)
were suggested for use in future ultrafast all-optical communications network [24].

Furthermore, PB was commonly observed in VCSELS supporting a single transverse mode,
however a multi-transverse mode VCSELSs subject to orthogonal optical injection also
exhibited PB [25]. In Quirce et al. [25], a square shape and very wide hysteresis cycle was
obtained for output power of parallel-polarised higher-order modes using orthogonal
optical injection. In Chapter 7 the polarisation bistability of VCSELs under external optical

injection is investigated experimentally.

Circular polarisation VCSELSs

Despite the fact that most commercial available VCSELs emit linearly polarised light,
some aspects and device structures make circularly polarised (CP) VCSELs possible.
Various design and techniques have been proposed to favour the emission of circularly
polarised light by VCSELSs. This includes electrically pumped spin-VCSELs which are still
under development [26]. In [27] an external cavity laser proposed consisting a Bragg
grating and quarter wave plate, which result in producing highly degree of circularly
polarised externally cavity laser operated at~1550 nm.

On the basis of the SFM mentioned in section 2.2 the coexistence of two different electron-
hole recombination transitions, gives rise to circularly polarised fields with opposite
direction [5]. The high degree of transverse symmetry of the circular VCSEL cavity is a
factor for potential of circular polarisation state emission even though practical devices
almost always have a preference for linear polarisation. Recently, new approaches have
been proposed to influence the polarisation state of VCSELs emission [28, 29]. These
include circularly polarised optical injection and circularly polarised optical feedback.
Using such means the polarisation state of VCSELS emission has been amended to include
some degree of circular polarisation. More detail about these novel aspects will be
presented in Chapter 3 and Chapter 4.

Furthermore, by introducing misalignment between birefringence and dichroism elliptically

polarised VCSELs emission was predicted [30]. The elliptical polarisation state of
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electrically pumped VCSELSs was investigated experimentally and theoretically [31] where
elliptical polarised emission and dynamical states accompanied polarisation switching. This
was explained as a strong indication that the spin dynamics determine the state of
polarisation in the VCSELS.

The increasing interest in CP laser emission is due to a number of applications for such
sources of light. This includes ultra-fast optical switching and high speed optical
communication system above 40 gigabit/sec (Gb/s). The next section provides a brief
introduction of the approaches for controlling the polarisation properties of VCSEL

emission.

Approaches to polarisation control of VCSELSs

The lack of a pre-determined direction of polarisation of VCSELs was highlighted in
Chapter 1 (section 1.3) as one of the main drawbacks of these devices, and has been
extensively studied [3-8]. The polarisation properties of VCSELs were explored in the
early stages of device development [32]. The identification of factors to enable control of
the polarisation is quite difficult due to the complex structure of VCSELS. In fact, a precise
meaning of complete polarisation control is not defined in the literature. The complete
polarisation control reported in [33] applied, in fact, only for specific operating conditions.
These conditions include specific bias currents or a range of device operating temperatures.
A variety of techniques and methods have been proposed to control the polarisation state of
the VCSELs emission. These include techniques which control polarisation at the device
fabrication level and using external controls. As stated in section 2.2 the unpredictability of
the polarisation direction of the VCSELs arises mainly from the circular symmetry of
typical VCSELSs. Therefore pre-determination of the polarisation direction can be achieved
by breaking that symmetry. A number of techniques for polarisation control at the
fabrication level have been indicated and are mostly based on the introduction of
anisotropic optical gain or loss. Such techniques include asymmetric cavities [33],
asymmetric current injection [34], asymmetric oxide aperture [35], non-circular resonators
(e.g. elliptical current apertures) [36], and high contrast grating [37].

Polarisation control by external methods mainly concerns the use of optical injection from
an external laser or optical feedback. These two approaches have been used in the
experimental work of this thesis. In the following two sub-sections these schemes are

described in more detail.
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2.4.1 External optical injection
VCSELSs subject to external optical injection offer a number of methods for controlling
laser characteristics and performance which have been researched actively over the past
two decades. Both theoretical and experimental investigations of different type of VCSELS
subject to various forms of external optical injection have been undertaken [38-40].
Figure 2.1 shows a simple diagram of external laser optical injection. The master laser was
the injecting laser; the slave laser was the target VCSEL. The optical isolator is used to
ensure uni-directional optical injection.
The operating characteristics of the target VCSELs are changed using available optical
injection control parameters.
The influence of the optical injection depends on a number of parameters including:
1- The frequency detuning Av being the difference optical frequency of the injecting or
master laser (vmy and that of the target or slave laser (vg).
AU = 00 g) oottt . (D)

2- The optical injection strength (the optical power injected into the target or slave laser).
3- The polarisation of the injected beam.

Master
Laser, v,

Optical
isolator

Figure 2.1 Schematic setup of the master-slave laser configuration
Optical isolator is used for unidirectional coupling.

Using external optical injection a rich variety of dynamical behaviours of VCSELSs output
has been reported [41, 42]. VCSELSs subject to external optical injection can exhibit several
forms of nonlinear dynamics which include limit cycle behaviour, periodic dynamics, wave
mixing and deterministic chaos [43]. Other interesting phenomena arising in VCSELs
subject to optical injection are polarisation switching and polarisation bistability [44-46].
Most experimental work concerning optical injection in VCSELs has made use of linearly
polarised optical injection either orthogonal or parallel to the stand-alone VCSEL
polarisation [38-43].
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2.4.2 Optical feedback

The effect of external optical feedback (OF) on semiconductor lasers and particularly
VCSELs is of great importance both for understanding device properties and for practical
applications of the lasers. Generally, semiconductor lasers including VCSELs are
characterised by a high optical gain [48]. Figure 2.1 shows the setup of the feedback

scheme in semiconductor lasers.

mirror

Figure 2.2 Schematic setup of the SL subject to optical feedback

Although, VCSELSs have major differences with conventional EELSs in terms of their design
structure and output beam characteristics, however, VCSELs are as sensitive to OF as
EELs. In both types of semiconductor lasers the similar kinds of dynamical regimes -
defined below - are observed when subject to optical feedback. This similarity of response
to OF comes from the fact that high reflectivity of VCSELs compensated by extremely
short laser cavity (i.e. round trip time inside laser cavity) resulting in both types of device
having similar photon lifetimes [49].
Optical feedback techniques can lead to lasing threshold reduction, linewidth narrowing or
broadening, stable laser output power; improve spatial and temporal coherence, low
frequency fluctuations (LFF) and chaotic dynamics. Despite the fact that numerous number
of researches carried out using OF to investigate SLs characteristics, the research field is
still very active [50, 51].
Regimes of optical feedback in VCSELSs
The feedback strength is quantified with the so called feedback power ratio. In [52]
depending on the feedback ratio five regimes for VCSELSs subject to optical feedback were
found. These regimes determine how VCSELSs behave when subject to increasing external
feedback.

¢ Inregime 1: single mode operation, spectral line narrowing and broadening were

observed.
e Regime 2: multimode operation, mode hopping and spectral line splitting occurs.

e Regime 3: spectral line narrowing was observed, mode hopping suppressed.
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e Regime 4: large spectral line broadening coherence collapse occurs.
e Inregime 5: single mode operation, which cannot be observed in VCSELS due to
their highly reflection of DBRs.

Understanding VCSELs characteristics under OF is of great importance in applications
such as optical communication where coupling laser light into an optical fibre can induce
small amount of unavoidable feedback light into the laser. This small amount of feedback
can affect SL dynamics, spectral characteristics, or introduce new attractive properties in

some cases.

2.5 Measurement of the polarisation state
Information about the polarisation characteristics of VCSELs including polarisation
direction/state is important for device characterisation. One important means of obtaining
this information makes use of the Stokes polarisation parameters (SPPs). These parameters
provide information about the degree of linear and circular polarisation.
Several methods have been found to measure SPPs [53]. The SPPs have been widely used
for the complete description of the polarisation state [27-29]. The method which has been
used in the present work involves a linear polariser (LP) and quarter wave plate (QWP) and
is illustrated in figure 2.3. The QWP is wavelength dependent; therefore, QWP for 850 nm
was selected in the experiments to match the wavelength of the laser beam. The SPPs are
useful because they are amenable to direct measurement.
The parameters [So, S1, Sz, and S3] express the polarisation state of the optical beam in an
intensity formulation.
So = lo,
S1= Iy,
S2 = lias— s,
Ss=le=h, 2
Where:
I is the total intensity of the optical beam.
I, ly are intensities along the x and y axis of the linear polariser.
I45, 145 represents the intensities at 45° and -45° degree angles to the x axis of the linear
polariser.
I, and I, represent the light intensities of the right and left circularly polarised

respectively.
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The first Stokes parameter, So simply measures the total intensity of the optical beam; S;
describes the amount of linear horizontal (0° or x) or linear vertical (90° or y) polarisation,
S, describes the amount of linear +45° or -45° polarisation and the fourth Stokes parameter

Ss describes the amount of right/left circular polarisation.

Slow axis
Y (90°)

Fast axis 6(45%)

X(0%)

Polarised beam

\

\

Linear Polariser

Figure 2.3 the basic setup of polarisation analyser to measure

Stokes polarisation narameters. OWP- auarter wave plate.

The conditions for linear polarised light are S;#0, S»#0, S3=0, while for circularly polarised
light are S;=0, S,=0, S3#0 indicating that the fourth parameter S; will indicate whether the
polarisation state is linear or circular [53]. The degree of circular polarisation (DoCP) of
the light is defined as the ratio of the absolute value fourth Stokes parameter (S3) divided

by the total intensity of the beam (Sy).

Summary

This chapter has given an overview of the physical principles underlying polarisation
selection in VCSELSs. Section 2.2 described polarisation instabilities in VCSEL emission
including polarisation switching and polarisation bistability, which are investigated
experimentally in chapter 5, chapter 6 and chapter 7. Various approaches to the control of
polarisation characteristics including external optical injection and optical feedback were
discussed.

In section 2.3 interest in VCSELSs having circularly polarised emission was indicated. This
aspect will be explored in chapter 3 and chapter 4. Novel experimental investigations of



Chapter 2 20

circularly polarised optical injection (chapter 3) and circularly polarised optical feedback
(chapter 4) in VCSELSs have been undertaken in the present work.
In chapter 3 the influence of circularly polarised optical injection on the polarisation state

of VCSELSs emission is addressed.
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CHAPTER THREE

CIRCULARLY POLARISED OPTICAL INJECTION
EFFECTS ON VCSEL CHARACTERISTICS

. >

In chapter two the polarisation properties of VCSELS have been presented. In particular,
the physical mechanisms which explain the selection of the polarisation state, and factors
determining the linear polarisation of the VCSEL emission were discussed. In this chapter,
experimental investigations of the effects of circularly polarised optical injection (CPOI)
on the lasing characteristics of VVCSELs are addressed.® The effects of CPOI will be
compared to those arising with various linearly polarised optical injections. With CPOI the
linear output polarisation of the stand-alone VCSEL can be amended to create some degree
of circularly polarised emission. In addition, highly non-linear light-current characteristics

are observed in the vicinity of threshold of optically injected VCSEL.

The content of this chapter are organised as follows:

In section 3.1 the principles of the CPOI configuration are presented. Section 3.2 includes
the detail of the experimental setup used to demonstrate the influences of CPOI on the
lasing characteristics of VCSELS. In section 3.3 the stand-alone VCSELs characteristics
including L-I curve, polarisation resolved output properties and beam profile are provided.
In section 3.4 the output polarisation characteristics of the VCSEL emission under CPOI
are analysed. In section 3.5 the role of frequency detuning and injection strength on lasing
threshold characteristics of VCSELs has been addressed. Section 3.6 provides polarisation
resolved output power of VCSELs with CPOI and compared to linear polarised optical
injection. In section 3.7 the spectral characteristics of VCSELs subject to CPOI are
presented. Finally section 3.8 summarises the main conclusions derived from the

experimental results.

3.1 Circularly polarised optical injection configuration:
Most previously experimental work concerning optical injection into VCSELs has made

use of linearly polarised optical injection either orthogonal or parallel to the stand-alone

This chapter is based on the paper:
A.A. Qader, Y. Hong and K. A. Shore, IEEE, J. Lightwav. Tech., vol. 29, pp. 3804-3809, Dec. 2011.
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VCSEL polarisation [1-5]. Recently the first CPOI was reported in [6]. Followed that
experimental work a theoretical and experimental work using elliptical and circular
polarised optical injection were reported in [7]. The basic principles of the CPOI
configuration are presented in the following.

As mentioned in chapter two the optical injection involves two semiconductor lasers, the
first one which named a master laser (is a tuning single-frequency laser diode) and second
one named a slave laser. Figure 3.1 shows a simplified schematic representation of the
various external optical injection schemes. Figure 3.1 (a) which represent the common
schematic diagram for linear polarisation optical injection, the polarisation of the injected
beam normally controlled through half wave plate (HWP). Using this scheme; parallel,
orthogonal and various angles of linear polarised optical injections have been performed.
Figure 3.1(b) shows the schematic diagram for circularly polarised optical injection, which
simply can be achieved by replace the HWP with quarter wave plate (QWP). The right- and
left-circularly polarised optical injection produced by passing the linearly polarised master
laser beam through QWP. The fast axis of the QWP positioned at a 45° (-45°) degree angle
to the x direction to produce left (right) CP light respectively.

Master laser Master laser

(a) (b)

Slavelaser Slavelaser

Figure 3.1: Optical injection schemes; a) linear polarised optical injection,
b) circularly polarised optical injection.

3.2 Experimental setup
The experimental setup shown in figure 3.2 is used to demonstrate the influence of
circularly-polarised optical injection on the behaviour of the target or slave VCSEL. Two
commercial oxide-confined VCSELSs with operating wavelengths around 850 nm were used
in this work. One, termed here VCSEL 1, was obtained from Laser Components (UK) Ltd,
and the second, named here as VCSEL 2, was supplied by AVALON Photonics. No details
of the VCSEL structure are available. The VCSELs were driven by a programmable DC
source (7651 YOKOGAWA) and were temperature controlled with a thermoelectric
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temperature controller (TED 200) to within 0.01°C. A tunable single-frequency laser diode
(model SDL-TC10), with a centre wavelength of 850 nm and wavelength tuning range of
about 20 nm was used as the master laser. The tunable laser has mode-free-scan over an
800 GHz tuning range. The device also includes means for both coarse and fine tuning of
the frequency. A zero order quarter waveplate (QWP) was employed to change the linear
polarisation state of the injected field to circular polarisation state. A variable optical
attenuator (ATTN) was used to change the strength of the optical injection into the VCSEL
slave laser. The output of the SL was collimated using a laser diode objective lens
(Newport model F-LA11, Aspheric, 6.24 FL, 0.40 NA, and 3.0 WD).

A beam splitter (believed to be non-polarised) with splitting ratio of 50/50 was used. An
optical spectrum analyser (OSA) with resolution of 0.06 nm was used to record the laser
spectra. A Fabry—Pérot interferometer (FPI) with a free spectral range of 30 GHz and a
finesse of 150 was used to observe the spectral modes of master and slave lasers; two
optical isolators were used with effective isolation > 40 dB to prevent feedback from the
FPI into the slave laser.

A digital phosphor oscilloscope (Tektronix TDS 7404) with high bandwidth (4 GHz) was
used to record the frequency detuning. An optical power meter (Anritsu) was used to
record the output power at the position of removable beam block [6].

[

Oscilloscope

OSA

Figure 3.2: Experimental setup

ML- master laser; SL— slave laser; C— laser diode objective lens; 1SO— optical
isolator; BS— beam splitter; ATTN- variable optical attenuator; QWP-—
Quarter wave plate; M— mirror; D- detector; Amp— amplifier; PM power
meter, F-P- Fabry —Pérot interferometer; B— Removable beam block; FC-
fibre coupling; OSA—optical spectrum analyser.
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3.3 Stand-alone VCSELs characteristics

In this section the optical properties of VCSELs under study are presented. This is
including light-current characteristics, polarisation resolved output power and beam profile
of the stand-alone VCSELSs.

3.3.1 The light-current characteristics:
The L-I curve for VCSELSs under study were measured. Figures 3.3(a) and 3.3(b) show the
L-1 curve of stand- alone VCSEL 1 and VCSEL 2 was obtained using Labview running on
a personal computer. The kink in L-1 curve of VCSEL 2 is considered to be related to
polarisation switching between fundamental modes near 7 mA. The threshold currents of
VCSEL 1, VCSEL 2 were 3.7 mA and 2.8 mA, respectively.

1.2
g 1.2
£
g 0.8 VCSEL1 VCSEL2
o @ 081 (b
p”
>
£ 04
> 4
®) 0.4
=
o
|_
0.0 v v r 0.0 v r v
2 4 6 8 10 2 4 6 8 10

Bias current (mA)
Figure 3.3: Light-current characteristics of the stand-alone VCSELs
under study (a) VCSEL1 and (b) VCSEL2.

In order to investigate the laser output power includes for any bistability or hysteresis
behaviour, the bias current is increased and decreased. The measurements show that for
both VCSELL1 and VCSEL2 there is no bistability or hysteresis observed for totally power

in L-1 curve characteristics of stand-alone VCSELSs.

3.3.2 Polarisation resolved output power:
Near threshold both VCSELSs exhibit linearly polarised emission in a direction which we
define as the x-direction (lasing mode) the black curve the orthogonal polarisation direction
is defined here as the y-direction (suppressed mode) the red curve. The difference in power
between the lasing mode and suppressed mode increases with increasing VCSEL bias
current. The polarisation resolved output power of the stand-alone VCSEL 1, and VCSEL
2 were obtained in Figures 3.4(a) and 3.4(b), respectively.
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In Figure 3.4 (a) it can be seen that that VCSEL 1 does not exhibit any polarisation
switching (PS) at any value of the bias current, whilst two polarisation switches occurred
for VCSEL 2 at bias currents 7.2 mA and 8.2 mA respectively. For VCSEL 1 the increase
of power in the y polarisation is related to the excitation of orthogonal higher order modes.
Higher order mode spectral characteristics will be discussed further in chapter 5, section
54.1.

1.2
g 1.24 e X polarized component
e =Y polarized component
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Figure 3.4: Polarisation resolved output power for stand-alone
(a) VCSEL1land (b) VCSEL2.

The polarisation state of the VCSEL emission is analysed using Stokes polarisation
parameters. The Stokes polarisation parameters for VCSEL 1 and VCSEL 2 were measured
at different bias currents. The stand-alone VCSEL emission was found to be linearly
polarised and neither VCSEL 1 nor VCSEL 2 exhibits any elliptical polarisation state at

any bias current.

3.3.3 Beam profiles for VCSELSs and master laser
Beam profile for both slave laser (stand-alone VCSEL 1) and master laser were recorded
using charged coupled detector (BeamStar FX-50). Figures 3.5 al and a2 show the beam
profile for stand-alone VCSELL at a bias current 5 mA, indicating circular beam profile.
VCSEL2 possesses a similar beam profile as VCSELL. Figure 3.5 bl and b2 show the
elliptical beam profile of the master laser. For optical injection experiments it is preferred
using master laser with circular beam profile. This is due to the fact that the elliptical beam
profile is less effective and may choose one polarization mode more than the other of the

slave laser.
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Figure 3.5: shows 3 D and 2D display al and a2 for VCSEL 1
at I=5mA, bl and b2 for master laser beam profile.

3.3.4 Birefringence in stand-alone VCSELSs

In order to measure the frequency spacing between the two orthogonal polarisation modes, a
Fabry-Perot interferometer with free spectral range of 30 GHz was used. Figure 3.6 (a) show
the optical spectra of VCSEL1 using the Fabry-Perot interferometer, indicating that the
birefringence of this device is about -11 GHz when the VCSEL is biased at 6mA. In contrast
to what has been observed in [8] the birefringence of the VCSELSs used in the experiments
here were independent of the VCSELS bias current. Figure 3.6 (b) shows the birefringence as
a function of the VCSEL bias current and indicates that the birefringence remains essentially
constant (about -11 GHz) over the operating range.

The VCSELZ2 birefringence is -10.5 GHz and, again essentially constant over the bias current
operating range figure 3.6 (d). For both VCSEL1 and VCSELZ2 the lasing mode has higher
frequency compared to the suppressed mode (low frequency mode).
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Figure 3.6: The birefringence of the stand-alone a) VCSELL, c¢) VCSEL2
and birefringence as a function of bias current b) VCSEL1, d) VCSEL2.

3.4 VCSEL polarisation state with circularly polarised optical injection
The polarisation state of vertical cavity surface emitting lasers emission is often linearly
polarised. However, the misalignment of birefringence and dichroism axes has potential to
produce an elliptical polarised emission in VCSELSs [9]. An elliptical polarisation state in
the vicinity of polarisation switching in VCSELs has been observed [10] and also in the
presence of circular phase anisotropy produced by a magnetic field [11].

In this section use has been made of CPOI using a master- slave laser configuration, to
provide additional means for investigating physical processes at work in VCSELs. It is
illustrated in the following that the emission below threshold shows interesting polarisation
features. This potentially yields interesting insights into the mechanisms involved in the
polarisation selection.

In chapter two (section 2.5) the polarisation state of a light beam was discussed in term of
Stokes polarisation parameters. The polarisation properties can be characterised using four
Stokes polarisation parameters [So, Si1, S, S3]. The Stokes polarisation parameters were
obtained simply through measurements of optical intensities Iy, Iy, lss, s, Ir and 1. Where
Iy, ly are intensities along the x and y axis of the linear polarizer; lss, 145 represent the

intensities at 45° and -45° degree angles to the x axis of the linear polariser, while Iz and 1,
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represent the light intensities of the right and left circularly polarised respectively. All
intensities are measured just after BS2 in Figure 3.2.

The Stokes parameters near threshold for stand-alone VCSEL1 and VCSEL 2 were [1,
0.98, 0, 0] and [1, 0.96, 0, 0] respectively, thus indicating linearly horizontally polarised (x-
direction) VCSEL light emission. Left/right circularly polarised optical injection into the
target VCSEL was produced by passing linearly polarised laser light through the quarter-
wave plate (QWP), with the fast axis positioned at 45°/-45° relative to the x axis.

Figure 3.7 shows the degree of circular polarisation of VCSEL 1, as a function of the slave
laser bias current. Using left/right CPOI and linear orthogonal polarised optical injection,
with optical injection power Pi;= 1 mW, at frequency detuning (Av) = — 10 GHz.
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Figure 3.7: Degree of circular output polarisation of VCSEL 1 under
left circularly (red circle), right circularly (black square) and
orthogonal (blue triangle) polarised injection. Optical injection
strength Pi,; = 1 mW, with Av =—10 GHz.

The degree of circular polarisation (CP) output of VCSEL 2 under left/right CPOI as a
function of the slave laser bias current is shown in Figure 3.8 for an optical injection power
Pinj= 1.5 mW and a frequency detuning (Av) = - 10 GHz.

For both stand-alone VCSELs it was found that S;=0 confirming that the VCSELs
emission is linearly polarised at any bias current. However, for circularly polarised optical
injection S3 takes different values depending on the VCSEL bias current. Three regimes
can be distinguished:

Regime I: Below threshold (i.e. the threshold of the stand-alone VCSEL), S3 = +0.9 which
indicates a high degree of left/right circularly polarised of VCSEL 1 and VCSEL 2 with

injected left/right circularly polarised in figures 3.7 and 3.8. In this region the polarisation
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of VCSELs emission will be determined mainly by the optically injected field through
injection locking.

Regime 11: Near threshold, S; = #0.6 (with non zero values for the other Stokes
polarisation parameters) indicating circularly polarised output of VCSEL 1 and VCSEL 2.
The competition between external optical injection and electrical excitation determines the
circularly polarised state of the VCSELSs emission.

Regime I11: Far above threshold, S; = £0.1 the DoCP decreases with increasing VCSELs
bias current, and the output polarisation of VCSEL 1 emission exhibits a small amount of
CP, while the output polarisation of VCSEL 2 switches back to linear polarisation. Here the
polarisation of the VCSEL emission is determined mainly by the structure of laser. Recent

theoretical work reported in [7] predicted similar relationships between the circular
polarisation degree versus bias current.
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Figure 3.8: Degree of circular output polarisation of VCSEL 2
under left circularly (red circle), right circularly (black square)
and orthogonal (blue triangle) polarised injection. Optical
injection strength Piy; = 1.5 mW, with Ao =— 10 GHz.

The output polarisation of VCSEL 1 and VCSEL 2 was also analysed using linear
orthogonal optical injection as a function of slave laser bias current (see blue triangles in
figures 3.7, 3.8). It can be seen that linear orthogonal optical injection does not change the
linear polarisation of the VCSEL emission.

For the results in figure 3.7 and 3.8 the injected beam of master laser was not perfect
circular profile as show in figure 3.5 ( see bl and b2). The perfect circular profile may
reduce the injection power level for obtain specific influence on the VCSELS emission and

also avoid preferred linear polarisation along its long axis [12].



33

3.4 Lasing threshold in optically injected VCSEL
In this section, the influence of optical injection on the lasing threshold of VCSELs will be
investigated experimentally. It is well known that the lasing threshold of VCSELs is
considerably affected by external optical feedback e.g. reduction in lasing threshold current
of VCSELs has been studied theoretically and experimentally [13]. However, the
experimental measurement of the influence of optical injection on lasing threshold
characteristics of VCSELs has not been investigated previously. It was predicted by Li
[14], that the semiconductor laser gain can be enhanced by optical injection and hence the
laser threshold current reduced. Experimental studies of the influence of optical injection
on gain change and threshold current in edge emitting lasers was investigated in [15].
Figure 3.9 show the influence of the circularly polarised optical injection on the L-I curve
characteristics of a) VCSEL1, b) VCSEL?2 using three different values of optical injection
input power; Pi,; = 0.5 mW black curve, Pi;j = 1 mW blue curve, and Piy; = 1.5 mW red
curve when the frequency detuning (Av) = — 10 GHz, with respect to the VCSEL slave
laser frequency at threshold. It can be seen that CPOI reduces the laser threshold current.
Using stronger optical injection accentuates the change. In [15] the reduction in threshold
current with optical injection was explained in term of injection locking. Figure 3.9 also
shows that the influence of CPOI on the lasing characteristics of VCSELS is dependent on
the VCSEL structure. It can be seen clearly that the VCSEL1 output characteristics more
affected with optical injection than VCSELZ2, in particular for bias current below and near
threshold.
In general, for both optically injected VCSELSs these regimes can be distinguished in the L-
I curve characteristics.

% Below and near threshold (is the threshold of stand-alone VCSEL1): The optical injection
acts to enhance the VCSEL emission thus effecting a reduction of the lasing threshold
current. The nonlinearity below threshold was observed. The possible mechanism for this
nonlinearity in term of the interplay below spontaneous emission and external optical
injection. Although other mechanisms may be involved, however there is no specific
evidence for any alternative explanation. In figure 3.9 the threshold of the injected VCSEL
defined as the point at which the total output power suddenly reduces and then increase
again is considered as the new threshold with optical injection.

% In the vicinity of the stand- alone VCSEL threshold the effect of optical injection is

nonlinear. This nonlinearity has its origins in the interplay between spontaneous emission



34

and optical injection effects on the laser threshold current.
+ Far above threshold: In general, optical injection will increase the output power of the
VCSEL slave laser [14], when the optical injection power is sufficiently strong and within

a defined frequency detuning range.
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Figure 3.9: Light-current curves of a) VCSEL 1 and b) VCSEL 2 using Piy =
0.5 mW black curve, Pi= 1mW blue curve, and P;;; = 1.5 mW red curve when
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In general the VCSELSs lasing characteristics are shown to be more affected by optical
injection than those of edge emitting lasers (EELs) compared to figure 2 in ref. [15]. This
is due to the enhanced change of optical gain within the smaller active volume of
VCSELSs compared to that in EELs. The precise origin of the non-linearities in L-1 curve
is not clear, however, they are likely to be associated with changes in the transverse
modes.

Figure 3.10 shows the influence of circularly polarised optical injection on the L-1 curve
characteristics of VCSEL 1, VCSEL 2 for a fixed optical input power ( Piy) of 1 mW, 1.5
mW respectively, using two different values of frequency detuning (Av), with respect to
the VCSEL slave laser frequency at threshold. In figure 3.10 (a) when Av =-10 GHz, it
can be seen that the lasing threshold of VCSEL 1 red circle and VCSEL 2 black circle are
shifted to a lower bias current of about 3 mA, 2.2 mA respectively, compared to the
stand- alone threshold 3.7 mA, 2.8 mA. Increasing the frequency detuning to 0 GHz, as
shown in figure 10(b), the lasing threshold for both VCSEL 1, VCSEL 2 become 2.8 mA
and 2.1 mA respectively.
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Figure 3.10: Light- current curves of VCSEL 1 red circle, VCSEL 2
black circle, a) at Av =—10 GHz and b) at Av = 0 GHz.

The dynamical behaviour of the total output power of both optically injected VCSEL 1
and VCSEL 2 were recorded at different slave laser bias currents using AC coupled
photodector. Figure 3.11 shows the time traces of optically injected VCSEL1 and
VCSELZ2 at bias current 5 mA and 4 mA respectively. The optical injection power was 1
mW for VCSELL and 1.5 mW for VCSELZ2, FD in both cases was -10 GHz. The figures

show that both were dynamically stable.
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Figure 3.11: Time traces of intensity of VCSEL 1, VCSEL 2 with CPOI at

bias current 5 mA and 4 mA respectively using AC coupled photodetector.
For both VCSELSs there is a range of frequency detuning (from about 20 GHz to -50 GHz)
where the injected light beam can influence the lasing threshold current, (see figure 3.12).
Similar measurements have been made for linearly polarised injection. These showed
similar characteristics as depicted in figure 3.12.
Parallel and orthogonal optical injection was used to compare the effects of linear polarised

optical injection (LPOI) and CPOI on lasing characteristics of the VCSELS.
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The influences of LPOI and CPOI on the total output power for both VCSELSs are similar.
However differences are observed between linearly polarised (LP) optical injection and

CPOI in the polarisation- resolved L-1 curve characteristics.
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Figure 3.12: Lasing threshold current as a function of Av using CPOI for
a) VCSEL 1 when Pi;; = 1 mW, b) VCSEL 2 when Pj, = 1.5 mW.

3.5 Polarisation resolved output under CPOI
In this section the polarisation resolved output power of VCSELs under CPOI are
investigated and compared to linearly polarised optical injection. Figure 3.13 shows
polarisation resolved L—I curve of VCSEL1 and VCSEL2 with (al, b1) CPOI, (a2, b2) LP
orthogonal and (a3, b3) LP parallel optical injection.
The optical injection power (Piy) is 1 mW and 1.5 mW for VCSEL1 and VCSEL2
respectively, Av is -10 GHz in all measurements. black and Red curves represent x and y
polarised components of VCSELS respectively.
It can be seen that CPOI influences and enhances both the x polarisation (black line) and y
polarisation (red line) modes for VCSEL 1 and VCSEL 2, especially below and near the
threshold of stand-alone VCSELs. However, in contrast to CPOI, linear orthogonal (y)
polarised optical injection affects mainly the y—polarisation component of VCSELs, as
shown in figs. 3.13(a2, b2). On the other hand parallel (x) polarised injection as shown in
figs. 3.13(a3, b3) mainly affects the x polarisation component of the VCSEL emission.
Figure 3.13 also shows that the lasing characteristics of VCSEL 1 are more affected by
optical injection than those of VCSEL 2.
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Figure 3.13: Polarisation resolved L-I curve of VCSEL1 and VCSEL2 using
(a1, bl) CPOI, (a2, b2) LP orthogonal and (a3, b3) LP parallel. Red and
black curves represent x and y polarised components of VCSELS respectively.

3.6 Summary and Conclusion

In this chapter the first experimental investigations of the effects of circularly polarised
optical injection (CPOI) on the lasing characteristics of the VCSELS have been described.
Two different short-wavelength VCSELs with linearly polarised output were used in the
experiments. The results show that the output polarisation of electrically pumped VCSELSs
can be strongly influenced by CPOI.

The linear polarisation of VCSELs emission become circularly polarised for bias current
below or near the stand-alone VCSEL threshold current. The degree of circular polarisation
was dependent on the VCSELSs bias current and decreased with increasing VCSELS bias
current. Below threshold both VCSELs emission were characterised with high degree of
left/right circularly polarised under CPOI. Optically injected field at this bias current
regime mainly determined the polarisation of the both VCSELSs emission through injection

locking._While far above threshold degree of circular polarisation decreases dramatically
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and the polarisation of the VCSEL emission is determined mainly by the structure of laser.
These experimental results have been confirmed by recently theoretical work reported in
[7].

Furthermore, lasing threshold reduction in optically injected VCSELs has been observed,
confirms the theoretical prediction in [14] that the external optical injection can change the
gain in semiconductor laser active media, and hence reduce the lasing threshold, the
amount of reduction being dependent on the optical injection strength and frequency
detuning. CPOI was used as an additional means to investigate physical mechanisms
occurring in VCSELSs.

In the next chapter the influence of the circularly polarised optical feedback on the

polarisation of the VCSELSs emission investigated experimentally.
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CHAPTER FOUR

OPTICAL FEEDBACK EFFECTS ON THE
EMISSION POLARISATION OF VCSELS

. *

In chapter three, optical injection configurations were used to investigate experimentally
the polarisation properties of VCSELSs. The results obtained with CPOI motivated further
experimental investigations described in this chapter where use is made of optical feedback
schemes. A new optical feedback scheme named circularly polarised optical feedback
(CPOF) has, in particular, been used in the experiments. It is shown that the stable linear
polarisation of VCSEL emission may to some extent, be changed to circular polarisation
(CP). The degree of circular polarisation acquired by the VCSEL emission is determined
by the feedback power ratio and the VCSEL bias current. The effects of CPOF have been
compared to the influence of different kinds of linearly polarised optical feedback (LOPF).

The contents of this chapter are organised as follows:

In section 4.1 a brief introduction to optical feedback techniques in semiconductor lasers is
presented. Section 4.2 includes the most common used feedback schemes as well as the
new scheme of feedback - CPOF. In section 4.3 details of the experimental setup used to
produce CPOF are provided. Section 4.4 the effects of CPOF on the polarisation state of
VCSEL are examined. In section 4.5 the effects of LPOF on polarisation state of VCSEL
are investigated and compared to those due to CPOF. Finally, section 4.6 includes a

summary and the main conclusions from this work.

4.1 Introduction
Optical feedback (OF) is a widely used technique to explore and amend the properties of
semiconductor lasers including VCSELs. In VCSELSs a particular use for optical feedback
arises in the context of controlling their emission polarisation. OF is a particularly
important technique as it enables strong influence to be exerted on the polarisation
properties of VCSELs. Several feedback schemes have been used experimentally and
theoretically [1, 2]. Using these feedback schemes large numbers of experimentally

investigation have been performed [1-3].

“This chapter is based on the paper:
A. A. Qader, Y. Hong and K. A. Shore, IEEE, Photo. Tech. Lett., vol. 24, pp. 1200-1202, Jul. 2012.
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Most of the previous studies are concerned with linear polarisation, however, a few studies
described elliptical polarisation in electrically pumped VCSELs [3-5]. It was predicted by
Masoller [6], that VCSELSs subject to orthogonal OF exhibit slightly elliptical polarisation.
There have been theoretical studies of the influence of polarised OF on VCSELSs including
examination of elliptically polarised emission and rotated optical feedback [5-8].

Recently a laser diode with external cavity laser (ECL) has been used to produce circularly
polarised (CP) emission [9-10]. The utilized ECL included a Bragg grating and quarter
wave plate, which resulted in the production of a high degree of circularly polarised
emission from the ECL which operated at long wavelength regime. In [10] a laser diode
with an external cavity containing QWP and a chiral mirror used for generating circularly
polarised emission. The output circular polarisation ratio was observed near the threshold
current.

Interest in circularly polarised emission is in particular stimulated by activities in the area
of spintronics where high-speed optical switching may be achieved. All previous studies
for VCSELS subject to externally feedback were performed with linear polarisation. In this
chapter, a new scheme has also been used namely circularly polarised optical feedback
(CPOF) as an additional means to influence and control the polarisation characteristics of
VCSELSs. Therefore, circular polarised feedback scheme was used here in VCSELSs for the

first time.

4.2 Optical feedback configurations:
In the previous section, the most commonly used external optical feedback schemes were
presented. The feedback strength, external feedback cavity length and the feedback
polarisation are the main optical feedback parameters. The feedback parameters are the key
point for accessing various feedback schemes. Depending on the external feedback cavity

length (time delay), three main types of feedback schemes were found:

1- Long external cavity feedback:
This configuration is characterised by the round trip time of the external cavity being
longer than reciprocal of the relaxation oscillation frequency (ROF) of the

semiconductor lasers [11].

Round trip time ('[ ): 2Ly Where L is external cavity length
r
C c is the speed of light
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2- Short external cavity feedback

t. =1/ ROF

3- Extremely short external cavity feedback [11].

t. <<1/ROF

In addition, depending on the polarisation of the feedback light optical feedback schemes
can be classified in to two groups:

1- Linearly polarised optical feedback (LPOF) schemes. This includes x- parallel OF, y-
orthogonal OF and angles of polarisation between 0°-90°.

2- Circularly polarised optical feedback (CPOF) schemes. This includes left/right CPOF
and other elliptical polarised optical feedback scheme. Figure 4.1 shows the most common
linearly polarised optical feedback schemes compared to CPOF scheme.

Figure 4.1 (a) shows polarisation preserved OF where the polarisation of feedback light is
the instantaneous polarisation of VCSEL emission. If the external cavity laser mirror is
polarisation sensitive, therefore always modify the polarisation of the reflected light.
Polarisation preserved OF is the simplest optical feedback scheme. Early studies of
semiconductor lasers subject to optical feedback used this configuration for exploring the
spectral characteristics.

Figure 4.1 (b) shows polarisation rotated optical feedback scheme using a quarter wave
plate; this configuration may also called rotated polarisation feedback. For this scheme the
QWP is inserted into the external cavity with its fast axis making an angle 45° with the
incoming polarisation direction. This is will change the incoming x-direction linearly
polarised light to circularly polarised (CP) light. As mentioned previously, the external
mirror changes left CP to right CP, and then passing again the QWHP, it changes back to
linearly polarised but in y-polarised direction. Therefore, the light returned into the
semiconductor laser is orthogonally polarised to the initial polarisation of the laser
emission [2].

Figure 4.1 (c) shows polarisation selective-optical feedback. Here a polarisation beam
splitter (PBS) and half wave plate (HWP) are included in the external cavity. Polarisation
selective means that one or other of the polarisation components will be selected and re-
injected into the laser. With this configuration either x-polarised feedback or y polarised
feedback can be accomplished. Polarisation—selective optical feedback has been previously
used to induce different dynamical states (including chaotic states and low frequency
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fluctuations) [12] PS suppression in VCSELs emission has also been observed using such a

configuration [13].

() ,
QWP,

Diode laser

Figure 4.1: common optical feedback schemes: (a) preserved
optical feedback, (b) rotated optical feedback, (c) polarisation
selective optical feedback.

Circular feedback polarisation configuration:

Figure 4.2 shows the new feedback scheme CPOF used to perform the experimental work
of this chapter. The scheme is constructed by inserting both a QWP and a PBS into the
external cavity. Emitted light having linear polarisation in the x-direction passing through
the QWP with its fast axis making an angle 45° with the incoming polarisation direction.
The x-linear polarised changes to a CP beam. When CP beam passes through the PBS it
changes back to linear polarisation and then the beam reflected by the external mirror
without modifying its polarisation. When the linearly polarised reflected beam passes
through the QWP with its fast axis making an angle 45°, becomes circularly polarised.
Therefore, in this simple way circular polarisation optical feedback is obtained [14].

QWP _ pBs

Diode laser

Figure 4.2: circularly polarised optical feedback.

Other optical feedback schemes have also been used, e.g. interferometer optical feedback
which consists of two channel feedback [15], and a feedback scheme named ring cavity
optical feedback [16].
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4.3 Experimental setup
The experimental setup is shown in figure 4.3. A commercial oxide-confined VCSEL with
an operating wavelength around 850 nm and lasing threshold of 3.7 mA was used in this
work. Further details of the characteristics of VCSEL can be found in chapter 3 (see
VCSELL1 in section 3.3). The VCSEL was driven by a programmable DC source and was
temperature controlled with a thermoelectric temperature controller (TED 200) to within
0.01°C. The VCSEL emission was collimated using an antireflection coated laser diode
objective lens. A non-polarising beam splitter was used to separate the output power of the
VCSEL into two channels. One channel is used for OF by the use of a mirror at a distance
of about 29 cm, and the other channel is for performing diagnostics. The external mirror
position was adjusted to obtain the best mode-matched feedback under the criterion of

identifying the maximum influence on the

POLARIZATION
ANALYZER

LASER L o o - = - -
MOUNT

VCSEL

Figure 4.3: Experimental setup. VCSEL laser; C— laser diode objective
lens; BS—beam splitter; QWP—Quarter wave plate; PBS—polarised
beam splitter; ATTN—variable optical attenuator; M—mirror; B—
Removable beam block; LP—Ilinear polariser; PM-—power meter.

emitted output power in the vicinity of stand-alone VCSEL threshold (i.e. maximum
threshold lasing reduction). A quarter wave plate (QWP) and polarisation beam splitter
(PBS) were employed to change the linear polarisation of the re-injected light to circular
polarisation. A variable optical attenuator (ATTN) was used to control the level of the
optical feedback into the VCSEL.

An optical power meter (Anritsu) was used to record the output power. The strength and
state of polarisation of the feedback light are measured at the position of the removable
beam block (B).
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The feedback strength is quantified with the so called feedback power ratio, which given
by:
. P
Feedbackpowerratio=10log,, (F) ............................. (1)
t
Where Ps is the feedback power coupled into the laser cavity, P; is the total output power of
VCSEL

VCSEL ATTN l’(m"gr meter

©
QWP—__ 1

Figure 4.4: A view picture of the experimental setup.
Terms are defined in figure 4.3.

4.4 CPOF effects on polarisation state of VCSEL.:

The experimental set up in 4.3 was used to investigate the polarisation state of the VCSEL
emission with CPOF. The degree of circular polarisation (DoCP) was measured as a
function of the VCSEL bias current and optical feedback ratio. The feedback ratio is
defined as the ratio of the re-injected feedback power to the total output power of the
VCSEL subject to optical feedback. It is noted that the lasing threshold of the VCSEL
reduced by more than 10% using OF. In addition the feedback will increase the total output
power (Pt) of the VCSEL for low bias current (~ly,), while for high bias current (> Iy,) Pt
decrease with feedback. The polarisation switching between the orthogonal fundamental
modes of the VCSEL is deemed to have occurred when the suppressed (y) mode takes %85

of the total output power.

4.4.1 Measurements with varying bias current
The Stokes parameters for the stand-alone VCSEL emission in both feedback channel and
detection channel were measured, and indicate that the polarisation properties of the
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VCSEL in the external cavity are not affected by the beam splitter. Details of the Stokes
polarisation parameters measurement were described in chapter two (section 2.5). In figure
4.5 the DoCP of the VCSEL emission as a function of the VCSEL bias current has been
plotted.
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Figure 4.5: DoCP as a function of VCSEL bias current, using a)
left CPOF (filled circle) and b) right CPOF (open circle), with
optical feedback ratio -10.5 dB.

The OF power ratio was fixed at -10.5 dB, left and right CPOF were used in figures 4.5(a)
and (b), respectively. The feedback ratio is not real power reflected into the VCSEL cavity,
due to absorption by laser diode objective lens and high reflectivity at the surface of output
coupler.

It can be seen that the influences of both left and right CPOF on the polarisation of the
VCSEL emission are similar albeit with slightly higher DoCP for left-CPOF. In the vicinity
of the lasing threshold of the stand-alone VCSEL both schemes have a relatively high
DoCP, but the DoCP decreases with increasing bias current.

For low bias current the polarisation of the VCSEL emission will be mainly determined by
the polarisation of the optical feedback, while far above threshold the polarisation of the
laser emission is determined mainly by the VCSEL structure. In [10] using circularly

polarised external cavity laser diode, a rapid increase of the laser diode output CP ratio near
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threshold current has been observed. The obtained CP lasing behaviour of the laser diode
results from the buildup of a resonant CP mode in the external cavity.

In figure 4.5 the VCSEL emission under CPOF has small DoCP up to a bias current reach
of about 7 mA and then starts to increase again for both left and right CPOF. It is
considered that the increase of the DoCP between 6.9 mA and 7.3 mA is may be associated
with the excitation of the higher order mode. In section 5.4.1 will be seen that the spectral
characteristics of this VCSEL show a single transverse mode for bias current 1 < 7 mA,
while a higher transverse mode with orthogonal polarisation to the fundamental mode starts
lasing above 7 mA.

Furthermore, the polarisation resolved output power L-1 curve, has been recorded using
CPOF with feedback ratio -10.5 dB. Figure 4.6 shows the effect of the CPOF on the
polarisation resolved output power. It can be seen that the feedback induced enhancement
power in y polarised mode. In addition the CPOF reduce the threshold point for both
polarisation modes.
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Figure 4.6: Polarisation resolved L-lI curve as a function of
VCSEL bias current using CPOF with feedback ratio -10.5 dB.

4.4.2 Measurements of DoCP with varying feedback ratio

In this section analysis of the degree of circular polarisation of the VCSEL emission with
varying feedback ratio is undertaken. Figure 4.7 shows the DoCP as a function of the
feedback power ratio for fixed bias current. Using left-CPOF figures (al, b1, c1) and right-
CPOF figures (a2, b2, ¢2) for bias currents of 3.5mA, 3.6 mA and 3.7 mA respectively.

The figures show that the DoCP will increase with increasing feedback up to a certain
range of OF, then start to decrease for higher OF. This decrease in the DoCP with high
optical feedback level can be explained by the fact that with high optical feedback the
VCSEL enters the coherence collapse regime, which is characterised by broaden the
linewidth and degradation in polarisation degree of the emitted. For a bias current of 3.5
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mA decrease of the DoCP has not been observed for both left / right CPOF, this is possibly

due to the lower output power and hence lower optical feedback power at this bias current.
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Figure 4.7: Degree of circular polarisation using left (al, b1, c1), right (a2,
b2, c2) CPOF as a function of feedback level, with VCSEL biased at 3.5 mA,
3.6 mA and 3.7 mA respectively.

4.5 LPOF effects on polarisation state of VCSEL.:

The influences of the left/right CPOF on the polarisation state have been compared to
those of linearly polarised including preserved, Y-polarised selective and polarisation

rotated optical feedback. Figure 4.8 shows the various linear OF schemes effects on the
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polarisation of the VCSEL emission with OF ratio -10.5 dB.

It can be seen that the preserved OF does not affects the polarisation state of the VCSEL at
any bias current. However, for Y-selective polarised and polarisation rotated OF a small
DoCP near lasing threshold has been observed.

This observation confirms a theoretical prediction made by Masoller [6], that VCSELs can
exhibit a slightly elliptical polarisation state with rotated OF using a QWP, the results for

orthogonal LPOF are in a good agreement with reported simulation in [6].

Summary and conclusion

In this chapter, the effects of the circularly polarised optical feedback on the polarisation
characteristics of the VCSEL emission have been presented. It is shown that using CPOF in
electrically pumped VCSELs offers a new scheme of OF with potential for enhancing the
degree of circular polarisation of VCSEL emission.

Despite the fact that the stand-alone VCSEL emission is linearly polarised, however using
optical feedback an elliptically polarised state has been predicted theoretically [6, 7]. Using
left/right CPOF the results in section 4.4 of experimental measurements shown that
depending on the VCSEL bias current and the feedback power ratio the VCSEL emission
can be made to exhibit a degree of circular polarisation.

Using the feedback scheme the DoCP decreases significantly with increasing VCSEL bias
current, which similar to observed CP ratio using external cavity laser diode [10]. The
DoCP increases with increasing feedback level for a certain range of feedback power. The
change of linear polarisation state of the VCSEL emission to circular polarisation can be
explained as follow: for low bias currents the external feedback will determine the
polarisation of VCSEL output, while for increasing bias current the polarisation state is
determined mainly by the VCSEL structure. The effects of CPOF were compared to the
effect of various linearly polarised OF including preserved, selective and rotated
polarisation OF.

This chapter has emphasised the effects of the circularly polarised optical feedback on the
polarisation state of the VCSEL emission. In the next chapter a detailed experimental study
of the role of suppressed mode in the polarisation switching characteristics of polarised
optically injected VCSELSs will be addressed.
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CHAPTER FIVE

THE ROLE OF THE SUPPRESSED MODE IN POLARISATION

SWITCHING OF OPTICALLY INJECTED VCSELS
. *

In the two previous chapters the outcome of experimental investigation of the polarisation
states of VCSELS subject to circularly polarised optical injection and optical feedback were
described. In this chapter, various linearly polarised optical injection schemes have been
used to investigate the polarisation switching (PS) characteristics of birefringent VCSELS.
Through this work the role of the suppressed mode of VCSELSs in reducing the injected
optical power required for polarisation switching has been identified.! For orthogonal
optical injection the minimum optical injection power to induce PS was found to occur at a
frequency detuning corresponding to the VCSEL birefringence. The value of the minimum
injected optical power to effect PS reduced significantly with increasing bias current. The
frequency detuning for PS is found to be independent of the VCSEL bias current, injected
power level and a defined range of polarisation angles of the injected light. Furthermore,
the influence of the polarised optical injection on the VCSELSs spectral characteristics of
the suppressed mode was investigated. These influences have been compared to those

obtained using polarised selective optical feedback.

The contents of this chapter are organised as follows:

In section 5.1 an introduction to PS phenomena in VCSELSs is presented. Section 5.2
includes the details of the experimental setup used to demonstrate the role of the
suppressed mode in the PS characteristics of VCSELSs subject to polarised optical injection.
In section 5.3 the optical spectra of the stand-alone VCSELSs including the transverse mode
behaviour and birefringence of the VCSELs are provided. In section 5.4 polarisation
switching characteristics performed using orthogonal optical injection and various
polarised angle of injected light are described. Section 5.5 includes the polarisation
switching behaviour of VCSELS subject to parallel optical injection. Section 5.6 describes
the frequency detuning for polarisation switching using various polarisation angles of

optical injection. In section 5.7 polarisation-resolved optical spectra of VCSELS subject to

This chapter is based on the paper:
A. A. Qader, Y. Hong and K. A. Shore, IEEE, J. Quantum Electron., vol. 49, pp. 205-209, Feb. 2013.
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orthogonally polarised optical injection are analysed. Polarisation resolved output power
and polarisation switching using optical feedback have been investigated in section 5.8.
Section 5.9 includes spectral characteristics of VCSELs subject to polarised selective
optical feedback. Finally section 5.10 summarizes the main conclusions derived from the

experimental results.

5.1 Introduction
Although VCSELs emission is typically linearly polarised along one of two orthogonal
crystal directions, it is commonly observed that due to changes in operating conditions such
as bias current or device temperature [1-3] the polarisation of stand-alone VCSELs will
switch to the orthogonal linear polarisation. The physical mechanisms responsible for the
polarisation switching (PS) are complex and seemingly involve a number of factors as
discussed in chapter 2 section 2.2.
Previous studies have shown that it is possible to induce PS in VCSELSs subject to optical
injection [4], optical feedback [5] and current modulation [6]. Optical injection can be used
to significantly decrease the linewidth of laser emission, creation of complex dynamic
behaviour (chaotic dynamics) and increase the modulation bandwidth of the device. Optical
injection has also been used to induce various nonlinear dynamics e.g. limit cycle, periodic
dynamics and deterministic chaos [7]. Another interesting consequence of optical injection
in VCSELSs is to effect PS. It has been shown that PS in VCSELSs emission can be induced
by orthogonal optical injection [3]. PS using both orthogonal and parallel optical injection
with variation in frequency detuning has been reported by Hong et al. [7].
Recently PS in long wavelength VCSELSs subject to orthogonal optical injection has been
investigated theoretically and experimentally [8]. That work indicated that the optical
injected power (Pin) required for PS increases with the VCSELs bias current, and the
minimum injected power for PS was obtained in the region of negative frequency detuning
or near the frequency of the lasing mode frequency in the stand-alone VCSEL [8, 9]. More
recently an experimental study showed that the frequency detuning (FD) required for the
suppression of the parallel polarised depends on the optical injected power [10]. The route
to PS and nonlinear dynamics accompanying PS in VCSEL has been studied [11, 12].
In [13] it was predicted that the minimum optical power for polarisation switching occurs
when the frequency of orthogonally-polarised injected light coincides with that of the
orthogonal mode of VCSEL i.e. with the frequency detuning being the VCSEL

birefringence. Despite the fact that numerous studies have been conducted of orthogonal/
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parallel optical injection [7]-[12], little attention has been paid to the role of the suppressed
VCSEL mode in the PS of optically injected VCSELSs. This chapter addresses that issue.

Experimental setup

The experimental setup used in this work shown in figure 5.1. A tunable single-frequency
laser diode (model SDL-TC10), with a centre wavelength of 850 nm and wavelength
tuning range of about 20 nm was used as the master laser (ML) to inject light into a
VCSEL slave laser (SL). Two commercially available oxide-confined VCSELS named
VCSEL1 and VCSEL2 with operating wavelengths around 850 nm were used as slave
lasers. Further details of the characteristics of both VCSEL1 and VCSEL2 can be found in
chapter 3 (see section 3.3). There are some similarities between the experimental setup
shown in figure 5.1 and the one shown in figure 3.2 (chapter 3, section 3.2). The key
difference is that the isolators before Fabry—Pérot interferometer have been removed. Also
two polarisation beam splitter have been inserted into the setup, therefore the new setup
enables the measurement of the birefringence of the VCSELs and observe both X and Y
polarised mode spectrum simultaneously.

The VCSEL was driven by a laser diode controller DC source (Tektronix LDC 202) and
was temperature controlled with a thermoelectric temperature controller (TED 200) to
within 0.01°C. Two optical isolators (each providing >40 dB isolation) were used to ensure
that the ML is free from the effects of any reflected light. A variable optical attenuator
(ATTN) was used to change the strength of the optical injection into the VCSEL slave
laser. Three half-wave plates (HWP) were used to change the polarisation direction. HWP1
used to align the polarisation of the ML with the polarisation direction of the VCSEL
emission, while HWP2 and HWP3 were used before polarised beam splitter (PBS2) to
change the desired amount of slave laser output to either optical spectrum analyzer (OSA)
or Fabry—Pérot interferometer (FPI).

An optical spectrum analyzer (OSA) with resolution of 0.06 nm was used to record the
laser spectra. A FPI with a free range of 30 GHz and a finesse of 150 was used to observe
the spectral modes of master and slave lasers. Two PBS included in the setup was used to
observe the spectral intensity of both lasing and suppressed mode simultaneously. A
slightly misaligned FPI was used to avoid the effect of strong feedback into the VCSEL. A
digital phosphor oscilloscope (Tektronix TDS 7404) with high bandwidth (4 GHz) was

used to record the spectral intensities and frequency detuning between
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master and slave lasers. The OSA and oscilloscope were connected to personal computer
through General-Purpose Interface Bus (GPIB). The polarisation and optical injection
power level were monitored at the position of the removable beam block. The PS between
two fundamental polarised modes of the VCSEL was monitored with the components

indicated in the dotted rectangle which includes a PBS and digital power meter [14].
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Figure 5.1: Experimental setup

5.3 Spectral characteristics of stand-alone VCSELSs

An optical spectrum analyzer (Agilent 8614xB) was used to record the optical spectra of
the stand-alone VCSELSs. The limitation of this device is its poor spectral resolutions (0.06
nm or about 24 GHz at 850 nm), but it is useful for finding the absolute wavelengths of the
laser, a measurement which cannot be performed using a Fabry-Perot interferometer. The
wavelength of both VCSELSs changes by ~ 0.32nm per 1 mA.

Figures 5.2 show the optical spectra of the VCSEL1 at different bias currents, a) I=5mA, b)
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Figure 5.2: The optical spectra of the stand-alone VCSEL1 for
bias current a) I=5mA, b) I=6mA, c) I=7 mA, d) | =8mA.
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I=6mA, c¢) 1=7 mA, d) I =8mA. The figures indicate that the higher transverse mode starts
lasing for bias currents above about 7 mA. The higher order transverse mode is found to
have a polarisation direction which is orthogonal to the polarisation direction of the
fundamental mode. The higher order mode is at optical frequency which is higher than the
fundamental transverse mode frequency. Figure 5.3 shows the optical spectra of the
VCSELZ2 for different bias current a) I=4mA, b) I=6mA, c) I=7 mA, d) | =8mA. Similar to
VCSELL1 the polarisation direction of the higher order mode in VCSELZ2 is orthogonal to
the polarisation direction of the fundamental mode and it is at optical frequency which is
higher than the fundamental transverse mode frequency. Figure 5.3d is for I= 8 mA, where

it is illustrated that PS occurred in the stand-alone PR-output power.
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Figure 5.3: The optical spectra of the stand-alone VCSEL2
for bias current a) I=4mA, b) I=6mA, ¢) I=7 mA, d) | =8mA.

5.4 Orthogonal optical injection

In this set of experiments use has been made of orthogonal optical injection to investigate
the role of the suppressed mode in PS, and to determine the minimum Pi,; and frequency
detuning required for PS.
5.4.1 Polarisation resolved output power of VCSELSs:

Figure 5.5 shows the polarisation resolved (PR) output characteristics of the VCSEL when
subject to orthogonally polarised optical injection when the VCSEL1 was biased at 6 mA
and Pjy is 100 pW. VCSEL2 was biased at 4.5 mA and Pj; of 50 uW was used to
investigate PS.

It is seen that PS occurs between the lasing mode (black filled squares) and the suppressed

mode (red open circles) at a FD of about -11 GHz. This FD represents the frequency
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difference (birefringence) between the lasing mode and the suppressed mode of the VCSEL
(see the figure 5.4). Using orthogonal optical injection in both VCSEL1 and VCSEL?2 a
single sharp PS occurs near the suppressed mode frequency.
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Figure 5.5: Polarisation resolved output power of VCSEL vs. FD. When
bias current | = 6 mA and Pi,; 100 pW for VCSEL1, bias current 1=4.5 mA
and Pjnj 50 pW for VCSEL2.

Figure 5.6 show the polarisation resolved output power of VCSEL1 as a function of the
bias current. The figure indicates that the power in the suppressed mode increases with
increasing bias current. There is a notable increase in power, when the bias current reaches
I=8 mA, which appear to be related to the excitation of the orthogonally polarised higher

order transverse mode.
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Figure 5.6: Polarisation resolved output power as
function of bias current for stand-alone VCSEL1.

On the basis of the results in Figure 5.3 and Figure 5.6 it would be expected that the
injected optical power needed for switching decreases with injection current and this is
confirmed in figure 5.7. Figure 5.7a shows the minimum injected power required to induce

the PS as a function of bias current for VCSELLZ. It is seen that the required injected power
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to induce PS decreases significantly with increased bias current, especially near the bias
current which is seemingly related to the excitation of the orthogonal polarised higher
transverse modes.

Similar measurements have been made in the polarisation-stable bias current regime of
VCSEL2 (which has different structure with VCSEL1). For VCSELZ2 the injected power
for PS was recorded for the stable polarisation regime of bias current. The injected power
for PS decreases significantly with increasing bias current. Figure 5.7b shows the minimum
injected power to induce the PS as a function of bias current in VCSEL2.

It is noted that the observed dependence (of the minimum Pjy; on the slave laser bias
current) was not experimentally observed in [6]. Reference [6] does not include detailed
spectral measurements of the devices used in their experiments but it is supposed that those
VCSELs exhibited contrasting spectral features to those shown in figures 5.2 and 5.3. In
particular the higher order mode may be parallel in contrast to VCSELSs 1,2 when they are

orthogonal.
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Figure 5.7: Minimum optical injected power P; for PS as a function of
VCSEL bias current, a) VCSEL1 with FD= -11 GHz, b) VCSEL2 with
FD=-10.5 GHz.

5.4.2 Frequency detuning for polarisation switching:

Figure 5.8 shows the FD (blue filled triangles) at which PS in the VCSEL occurs as a
function of bias current. The FD was scanned in decreasing direction until PS occurred.
From the figure it is apparent that the PS occurs at a FD around -11 GHz for all operating
bias currents.

It can be seen that the FD for polarisation switching to occur is independent of the VCSEL
bias current using orthogonal optical injection. Orthogonally optically injected light into
the VCSEL has been used to compare the roles of the suppressed mode frequency and the
lasing mode frequency in PS. Figure 5.9a shows that when the FD was fixed at -11 GHz

the PS occurs near 100 pW for increasing and decreasing Pip;.



Chapter 5 58

1
0

e VCSELL

-11 - P ey A A
11 A—h —~—aA A
-12 4

=131

Frequency detuning (GHz)
N

a
o

4 5 6 7 8 9
Bias current (mA)

Figure 5.8: Frequency detuning for PS as a
function of VCSEL1 bias current.

However, it can be seen in figure 5.9b that no PS was observed with orthogonal optical
injection when the injected light frequency was at the frequency of the lasing mode, even
for relatively high levels of Pjy greater than 2 mW. These results confirm the predictions of
[13] that the minimum optical injected power required for PS is located around the

frequency of the suppressed mode.
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Figure 5.9: PR output power of VCSEL1 as a function of optical injected
power, using orthogonal optical injection at bias current 1= 6 mA. a)
FD=-11 GHz, b) FD= 0 GHz.

Figure 5.10 shows the FD for polarisation switching as a function of optical injection
power when VCSEL1 is subject to orthogonal optical injection at a bias current 6 mA. It
can be seen that the FD for PS is independent of the level of injected power. The PS occurs
around -11 GHz for large range of Pjy. In contrast it was reported by Quirce et al. [10] that
the FD for PS depends on the optical injection power. The results in figure 5.10 agree with
theoretical calculations included in [10] which indicated that the polarisation switching
occurs at a frequency defined by the VCSEL birefringence. It is noted that the authors of
[10] attribute differences in this respect between their theoretical and experimental results
to thermal effects.
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Additional measurements have been made in the polarisation-stable bias current regime of
VCSEL2 (see section 3.3 stand- alone VCSEL2 characteristics figures 3.2, b1 and b2) in

chapter three. The measurements made with this second device showed similar

characteristics as those in figure 5.10 and thus are again in agreement with the theoretical

results included in [10].

5.5 Parallel optical injection

In this section both polarisation resolved output power and FD for PS in VCSELs are

investigated using parallel optical injection.

5.5.1 Polarisation resolved output power of VCSELSs

Parallel optical injection has also been used to obtain the FD and optical injection

power required for polarisation switching. The results show that using parallel

optical injection the PS will normally occur at a positive FD for a wide range of

VCSEL bias currents and Pj,;. Figure 5.11 shows the PR output as a function of FD
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Figure 5.11: Polarisation resolved output power of VCSEL1 as a function
of FD when bias current is 6 mA and injection power is 350 uW.
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using parallel optical injection when the VCSELL1 biased at 6 mA and Pinj= 350 pW.
FD ranges scanned from +10 GHz to -20 GHz.

Figure 5.12 shows the PR output power as a function of FD when the VCSEL1 was biased
at 8 mA and Piy; is 500 uW. It can be seen that, in this case where the FD ranges scanned
from +10 GHz to -20 GHz, PS occurs at positive detuning (around 7 GHz) and also close to
the suppressed mode frequency (around -11 GHz). Abruptly PS occurred at FD of +5 GHz
and then switched back to x-polarised mode gradually, which is considered to be related to
optical injection locking.

The FD for PS changed with the optical injection power. This double switching scenario
was observed only with the use of relatively high power parallel optical injection.
However, it is emphasized that using orthogonal optical injection only a single switching

point was observed near the suppressed mode frequency.
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Figure 5.12: Polarisation resolved output power of VCSEL1 as a
function of FD, when bias current | =8 mA and injection power 500 uW.

5.5.2 Frequency detuning for polarisation switching:

In this section, the FD for PS to occur in VCSEL1 subject to parallel optical injection is
investigated experimentally. Figure 5.13 shows the FD for PS as a function of Pjy for two
fixed values of the bias current 6 mA and 8.5 mA. When the VCSELL is biased at 6 mA
the FD for PS decreases with increasing optically injected power. However, for higher bias
current 8.5 mA the FD for PS will increase with increasing Pip;.

As in the case of orthogonal optical injection, in parallel optical injection the optical
injected power (Pin;) decreases with increasing VCSEL bias current, but for parallel optical
injection the minimum optical injected power is between two to three times higher -

depending on the bias current. For both schemes wide hysteresis is observed at high bias



Chapter 5 61

currents (> 2ly), while no hysteresis is observed for low bias currents. For parallel optical

injection the FD for PS changes for different values of Piy; or bias current.
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Figure 5.13: Frequency detuning as a function of optically injected power
for VCSELL, using parallel optical injection, for bias current 6 mA (filled
squares) and 8.5 mA (filled triangle).

Similar PS characteristics in figure 5.13 were obtained for VCSEL2. Figure 5.14 shows
that the positive FD for PS as a function of Pj,;. When VCSEL2 is biased at 5 mA the FD
for PS decreases with increasing optically injected power. However for VCSEL2 no FD

(for PS to occurs) increase with increasing optically injected power has been observed.
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Figure 5.14: Frequency detuning as a function of optically injected
power, using parallel optical injection, for bias current 5 mA.
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Figure 5.15 shows the minimum optically injected power Pjyjrequired tor PS as a function
of bias current. The figure show that using parallel optical injection the P;y decreases with
increasing bias current up to 8 mA and then starts to increase again. As noted earlier, for
currents greater than 8 mA the VCSEL supports a higher- order transverse mode. It is
considered that the increase in Pi, above 8 mA is related to the excitation of higher order

modes. Using parallel optical injection the PS occurs at different detuning with increasing
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VCSEL bias current. This is due to the FD dependence on injected power for parallel

injection.
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Figure 5.15: Optical injected power (Piy) required for PS as a
function of bias current for VCSEL1, using parallel optical injection.
Figure 5.16 show the minimum injected power required for PS using parallel optical
injection for VCSELZ2. The injected power decreases with increasing bias current, however,

for VCSELZ2 the increase of injected power at high bias current has not been observed.
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Figure 5.16: Optical injected power (Piy) required for PS as a
function of bias current for VCSEL2, using parallel optical
injection.

5.6 Using various polarisation angles of optical injection
Figure 5.17 shows FD as function for several values of polarisation angle of injected light
when the VCSEL1 was biased at 6 mA and Pj,; =500 pW, VCSEL2 biased at 3.5 mA and
Pinj =20 HW. The polarisation angle is the angle between polarisation of the injected light
and polarisation of the lasing mode. Various polarisation angle of the injected light is
obtained by using HWPL in figure 5.1. For angles 90°, 75°, 60°, 45°and 30° it is clear that

the PS occurs around the frequency of the suppressed mode, while for a polarisation angle
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of 15° the polarisation switching is possible both near lasing mode frequency (positive FD)
and around the suppressed mode frequency (negative FD). For an angle 0° which

correspond to parallel optical injection the PS occurs only for positive FD.
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Figure 5.17: Frequency detuning as a function of polarisation angle of
injected light for VCSEL1 and VCSEL?2.

5.7 Polarisation-resoivea optucal spectra ot optuically Injectea VvUsSkELS

In the previous section the role of the suppressed mode in polarisation switching in single
mode optically injected VCSEL1 and VCSEL2 were presented. In this section, the
polarisation—resolved optical spectra of VCSEL1 subject to orthogonal optical injection are
investigated. The measurements were performed using the experimental setup detailed in
figure 5.1.

Figure 5.18 shows the optical spectra of VCSELL1 subject to orthogonally optical injection
with varying FD but fixed optical injection power (500 pW). The figure shows that the
optical spectra of the suppressed mode are very similar to the optical spectra of the lasing
mode, but with different intensity level (for clarity the intensity of lasing mode was
reduced with HWP3 in the experimental setup figure 5.1). The figure shows the changes of
the spectral characteristics with scanning FD. It can be seen that different spectral
behaviours of device have been obtained in this FD range. In Figure 5.18(a), the detuning
was -8.13 GHz the optical spectra of the suppressed mode begins to have an effect. The
coexistence of the lasing mode and the injected light beam gives rise to a spectral peak near
the frequency of the injected beam.

With further decreasing of the FD in figures 5.18 (b, c, d) (where the frequency detuning
are -9.08 GHz, -9.56 GHz and -10.2 GHz respectively) the spectra of the suppressed mode

exhibit are essentially identical to that of the lasing mode. In figure 5.18(b) when the FD is
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-9.08 GHz, two groups of peaks coexist in the optical spectra of VCSELL. The two peaks
have different polarisation directions, one is in the x-polarisation direction (which is also
the polarisation direction of the lasing mode near threshold) and the other peak is in the
orthogonal y-polarisation direction (which is the polarisation direction of the suppressed
mode). Decreasing the FD to -10.2 GHz, as in figure 5.18 (d), it is observed that two
identical lasing peaks exist each with two very small side modes. Continued decreases of
the FD in figure 5.18(e) show the spectral characteristics of the VCSEL1, the PS occurs,
when the detuning was -11.1 GHz. Further decreasing FD to the -12.8 GHz the VCSEL1
output switches back to x polarised mode as shown in figure 5.18(f).
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Figure 5.18: Changes in spectral characteristics with FD for VCSEL1 using constant
orthogonal optical injection power of 500uW. Frequency detuning FD: a) FD= -8.13
GHz, b) -9.08 GHz, c) -9.56 GHz, d) -10.2 GHz, e) -11.1 GHz, f) -12.8 GHz. For bias
current 4.5 mA and temperature stabilised at 20° C.
Figure 5.19 shows the spectral characteristics of the optically injected VCSEL1 when the
optical injected power is varied for fixed detuning (-10 GHz). It can be seen that in the
figures 5.19 (a, b) low injection power generates two strong peaks which represent the

lasing mode and the suppressed mode.
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For both peaks the two small side peaks, with frequency difference to the main peaks ~2.3
GHz, correspond to the undamped relaxation oscillation. With further increase of the
orthogonal polarisation injection power to 500 pW, the optical spectra of the VCSEL
became more complicated and a few peaks are excited as in figure 5.19(c). In figure
5.19(d) using 1000 uW injection power, show that the spectra of the lasing mode and

suppressed mode are no longer identical.
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Figure 5.19: Optical spectral changes with injection power for VCSEL1
using orthogonal optical injection, with fixed FD= -10 GHz. Injection
power Piy: @) Piy; = 30 W, b) 100 pW, c) 500 pWw, d) 1000 pW.
Figure 5.20 shows the dynamical behaviour of the power in the x-polarised and y-polarised
modes of the VCSEL biased at 4.5 mA, for a FD of -10 GHz and optical injection power of
1000 pW. AC coupling photodetector was used to record the time series. The figures

indicate that the output power is stable.
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Figure 5.20: Time series of the polarisation-resolved output power of the
VCSEL using optical injection power 1000 pW at detuning -10 GHz recorded
using AC coupling photodetector.
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5.8 Polarisation resolved output power and polarisation switching using

optical feedback.

In the previous sections the effect of polarised optical injection on VCSEL1 output power
and spectral characteristics has been presented. In this section the effect of optical feedback
on polarisation resolved output power, polarisation switching and spectral characteristics
are investigated.

The experimental setup which has been used to perform the measurements in section 5.1
has been amended to use optical feedback, as shown in Figure 5.21. For the optical
feedback experiments, the feedback ratio was defined as the ratio of the feedback power to
the total output power of the VCSELL. The polarisation and feedback power level of the re-
injected light were measured just after the beam splitter (BS1). The dotted rectangle
includes a PBS and optical power meter (Anritsu) which were used at position A to record
the PR output and PS of the VCSEL. More details about the experimental setup and the
characteristics of the stand-alone VCSEL1 can be found in section 5.3, and chapter 3

section 3.3 respectively.
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Figure 5.21: Experimental setup : VCSEL laser; C— laser diode objective lens;
BS— beam splitter; PBS— polarised beam splitter; ATTN — variable optical
attenuator; M — mirror; PM- power meter; HWP — Half wave plate; F-P—
Fabry—Pérot interferometer; D— detector; Amp— amplifier; OSC- oscilloscope;
PC- personal computer.

Figure 5.22 shows the PR output power as a function of the bias current of the VCSELL1
subject to y-selective polarised optical feedback. Figure 5.22(a) shows the PR output power
measured with a constant optical feedback ratio of -35.2 dB.
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It can be seen that the stable PS with this low feedback ratio only occurs above bias
currents of about 6.55 mA (~ 1.81y). This is explained by the fact that at high bias current

the VCSEL requires a lower feedback ratio for PS to occur.
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Figure 5.22: Polarisation-resolved L-1 curve of the VCSEL subject to y- polarized

selective OF. The black curve and red curve correspond to lasing mode (parallel

polarised light) and suppressed mode (orthogonal polarised light), respectively.

The feedback ratios are a) -35.2 dB, b) -30 dB, ¢) -18.2 dB, d) -16 dB.
In addition, weak optical feedback induces multiple polarisation switching between x-
parallel polarised and y-orthogonal polarised modes. When the feedback ratio was
increased to -30 dB, as shown in figure 5.22(b), the PS occurred at a lower bias current (~
6.25 mA) than the bias current in the case of the smaller feedback ratio of -35.2 dB. With
further increase of the feedback ratio to -18.2 dB, as shown in figure 5.22(c), the PS point
moves to a lower bias current around 5.5 mA accompanied by a fluctuation in the output
power of the VCSEL. The lasing mode (x-polarised light) was completely suppressed a
higher feedback ratio of -16dB, as illustrated in figure 5.22(d). For this feedback ratio the
VCSEL emits y-polarised light for the entire range of bias currents.
The polarisation switching points as a function of the VCSEL bias current have been
obtained in figure 5.23. It can be seen that the feedback ratio required for PS decreases
significantly with increased bias current. For high bias current 7.8 mA (which is more than
2ly,) the feedback ratio for PS is as low as -37 dB. It is worth noting that the trend of the

obtained results using selective optical feedback is similar to that obtained using orthogonal



Chapter 5 68

optical injection in [14]. With both optical feedback and optical injection the power
required for PS between the fundamental modes decreases significantly with increasing
VCSEL bias current.

5.9 Spectral characteristics of VCSEL1 subject to optical feedback

In this section, the influence of the various feedback levels on optical spectra of the
suppressed mode was investigated experimentally using orthogonal and parallel polarised
selective optical feedback.

Figure 5.24 shows the optical spectra of the suppressed mode using orthogonally polarised
selective optical feedback. The VCSEL1 was biased at 5 mA (I>2ly,) and the feedback ratio
was -25.18 dB. The figure shows that the optical spectra of the suppressed mode are
essentially identical to the lasing mode spectra for this feedback ratio. In the figure, two
main peaks coexist in the optical spectra of the VCSELL1. Each main peak is accompanied by
two very small side peaks with frequency differences of about 2.6 GHz to the main mode.
For further increase of the feedback ratio the optical spectra of the lasing mode and the

suppressed mode are no longer identical.
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Figure 5.24: Optical spectra and time series of VCSEL1 subject to

y-polarision selective optical feedback. The bias current is 5 mA

and the feedback ratio is -25.18 dB.
Figure 5.25 show the influence of selective x-polarised feedback on the optical spectra of
the suppressed mode when the VCSEL is biased at 8 mA using different feedback ratios.
Similarities between the suppressed mode and lasing mode spectra have been found for the
defined range of the feedback ratios.
The time traces of the polarisation resolved emission are shown in figure 5.25(c, d). It can
be seen that for high feedback level the VCSEL shows some instabilities in the time traces
of the x- polarised mode. However, for y- polarised mode such instabilities were not

observed perhaps due to the very low level of the mode power.
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Figure 5.25: Optical spectra and time series of VCSEL1 subject to
x-polarisation selective optical feedback. The bias current is 8 mA
and the feedback ratios are a) -20 dB, b) -18.5 dB.

5.10 Summary and Conclusion
Experimental investigations of the polarisation switching and spectral characteristics in
optically injected have been presented. Specific attention has been given to the role of the
suppressed lower order transverse mode in polarisation switching and spectral
characteristics of optically injected VCSELS.
The physical mechanism underlying the optical injection induced PS in VCSELs is
considered simply to be the change in local gain and hence modal gain caused by the
optical injection. As such the injected light (regardless of its polarisation angle within a
certain range) will induce switching between the fundamental modes.
The results show that the FD for PS is close to the VCSEL birefringence and is
independent of the VCSEL bias current, optical injection power and a defined range of
polarisation angles. For both VCSEL1 and VCSEL2 the minimum Pj,; for PS using
orthogonal optical injection was found at a FD of -11 GHz, and 10.5 GHz respectively.
This FD represents the frequency difference (birefringence) between the lasing mode and
the suppressed mode of the VCSEL. In contrast to measurements reported in [10], Piq is
found to decrease significantly with increasing bias current.
For parallel optical injection the FD for PS is positive, and is dependent on Pjy and the
VCSEL bias current and is considered to be consistent with injection locking. For VCSEL1

the FD for PS decreases with increasing Piy; for a bias current of 6 mA (I< 2Ith), while FD
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for PS increases with increasing Pin; for higher bias current 8.5 mA (I> 2Ith). For VCSEL2
the FD for PS also decreases with increasing Pin;. However, for VCSEL2 the increase of FD
for PS with increasing Piy; has not been observed.

The influences of varying the FD and optical injection level for polarised optical injection
on the optical spectra of the suppressed mode were also investigated. For a defined range of
FD and injection power, the VCSEL suppressed mode possesses essentially identical
optical spectra to that of the lasing mode spectra. Similar spectral characteristics of the
device have been found using polarisation selective optical feedback.

From the above discussion and experimental results in this chapter and those included in
chapter three it is apparent that optical injection can influence the polarisation state
selection and control the polarisation switching between fundamental modes. The more
control of the polarisation behaviour of the VCSELs which can be exercised will broaden
potential device applications.

In the next chapter, irreversible polarisation switching in optically injected VCSELSs will be

addressed.
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CHAPTER SIX

IRREVERSIBLE POLARISATION SWITCHING
IN OPTICALLY INJECTED VCSELS

L >

Chapter 5 focused on investigating polarisation switching (PS) of optically injected
VCSELSs in the single mode regime and the role of suppressed mode in PS was identified.
In this chapter, PS characteristics of two-mode VCSELSs subject to polarised optical
injection are addressed. In the two-mode regime robust and irreversible PS were observed
with changes in frequency detuning and optical injection power.! Robust irreversible means
that the PS was maintained over a wide range of a number of control parameters including:
bias current and device temperature. The results of PS characteristics in two mode regime

were compared to the experimental observation in single mode regime.

The content of this chapter are organised as follows:

In section 6.1 gives a brief introduction to PS characteristics of multi-mode VCSELSs.
Section 6.2 describes the experimental setup used to demonstrate the PS characteristics in
VCSELs supporting precisely two modes. Section 6.3 includes the frequency-detuning-
induced irreversible PS using parallel and orthogonal optical injection. In section 6.4
injected optical power-induced irreversible PS is demonstrated in two mode emission
operation and multi-mode operation. Section 6.5 investigates the range of the control
parameters where irreversible PS was maintained. Finally section 6.6 summarises the main

conclusions drawn from the experimental results.

6.1 Introduction
The PS characteristics of single mode VCSELs have been widely investigated
experimentally and theoretically [1-4], however, PS in multi-mode VCSELs has not
received much attention. The excitation of higher orders modes in VCSELSs with increasing
bias current makes their emission characteristics more complex. In the multi-mode regime
PS and bistability have been investigated experimentally [5] and theoretically [6, 7].
Despite the fact that such studies have been conducted of PS in multi-mode VCSELSs, little

This chapter is based on the paper:
A. A. Qader, Y. Hong and K. A. Shore, IEEE, Photo. Tech. Lett., vol. 25, pp. 1173-1176, Jun. 2013.
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attention has been paid to the robustness of the PS when a control parameter is changed.
The polarisation bistable operation is highly desirable in realising VCSELs with high
switching speed. However, one of the main drawbacks to its practical utilisation is the
dependence of bistable operation on the device temperature.

In the present chapter, experimental observations are described which indicate means by
which VCSEL PS persists even when values of the control parameters are reversed. This
behaviour is termed here ‘irreversible Polarisation switching’ (IPS). The output power of
the VCSEL scanned with increasing and decreasing frequency detuning (FD). FD is the
frequency difference between the master laser frequency and slave laser frequency
(frequency of the lasing mode). In as much as the behaviour is obtained with a number of
control parameters including bias current and device temperature, it is considered that the

phenomenon is robust.

Experimental setup

The experimental setup used in this work is illustrated in figure 6.1. Optical injection is
achieved by means of an external cavity tunable single-frequency master laser (model
SDL-TC10), with a centre wavelength of 850 nm and wavelength tuning range of about 20

O .
VCSEL (SL i ' _
(SL) D | [BM | _
LASER : : :
, M | ¢

nm.

MOUNT

Figure 6.1: Experimental setup: SL — slave laser; C— laser diode objective lens; BS
—beam splitter; ML — master laser; M —mirror; ISO —optical isolator; ATTN —
variable optical attenuator; HWP-Half wave plate; F-P —Fabry—Pérot
interferometer; D—detector; Amp— amplifier; FC—fibre coupling; OSA- optical
spectrum analyser; OSC-oscilloscope; PC— personal computer; B— Removable
beam block; PBS— polarised beam splitter; PM— power meter.
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A commercially available oxide-confined quantum well VCSEL (which was termed
VCSELL in chapter3) was used as the slave laser (SL) in this work. Figure 6.2 show a
photograph of the optical components included in the experimental setup. The experimental
setup is similar to that in figure 5.1, however, several optical components have been re-
organised for more efficient optical injection scheme. Further explanation of the optical

components is provided in association with figure 5.1.

Slavée laser

Masfter
laser

Figure 6.2: Photograph of the experimental setup.

Figure 6.3 shows the optical spectrum of the VCSEL with a bias current of 8.5 mA,
indicating two-transverse mode emission. The orthogonally Polarisation higher order mode

F-P interferometer

is shifted 0.37 nm to the short wavelength side of the fundamental mode.
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Figure 6.3: Optical spectra of the stand-alone VCSEL for
bias current I= 8.5 mA, showing fundamental transverse
mode (FTM) and higher transverse mode (HTM).
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6.3 Frequency detuning induced irreversible polarisation switching:
In this section, new characteristics of the PS in multi-mode VCSELs unveiled. Both
parallel and orthogonal polarised optical injections were used to explore the irreversible PS
characteristics in two mode regime. The optical spectrum of VCSEL1 in chapter 5, figure
5.2 shows that the device start supports two lasing modes when the bias current exceeds 8
mA.

6.3.1 Using parallel optical injection
The PS characteristics in multi-mode regime of VCSEL1 were investigated using parallel
optical injection when the device was biased at 8.5 mA. Figure 6.4 shows PS of the
VCSEL (orthogonal Polarisation- P1) as a function of FD, when the FD is first decreased
(red line) and then increased (black line) with fixed optical injection power Py = 4 pW.
It can be seen that for decreasing FD two PS points are found: near zero and in the negative
detuning region; the device exhibited a small hysteresis cycle (see the inset figure in Fig.
6.4). For increasing FD, the first PS occurred at about -9.5 GHz, with further increase of
the FD, the Polarisation of the VCSEL switched back to X-Polarisation at about -7 GHz.
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Figure 6.4: PS in the output power (orthogonal polarisation)
as a function of FD. Using parallel optical injection when FD
decreased red thick line and then increased black line.

With continued increase of the FD to about 3 GHz, the VCSEL switched to the orthogonal
polarisation mode and continued emitting in that mode (no switchback is observed for large
positive detuning range). The device thus exhibits irreversible polarisation switching (IPS).
Similar results have been obtained for parallel injected power levels up to 1 mW.



Chapter 6 76

In [6] it was observed experimentally and predicted theoretically that VCSELS in the multi-
mode regime were characterised by another minimum switching power near the frequency
of the higher order mode. No such switching point was observed in the performed

experiments using parallel optical injection

6.3.2 Orthogonal optical injection
Orthogonal polarised optical injection has also been used to experimentally investigate PS
in multi-mode VCSELSs. Using orthogonal optical injection three types of PS are observed.
First when low optical power injection is used (Pi,j < 20 uW), PS occurred at negative
detuning with a small hysteresis cycle, no IPS is observed for such low Pjy. Increasing Piy
above 20 uW a second type of PS, similar to the results in figure 6.5, was obtained. The
intensity spectra of the VCSEL indicate that both fundamental and higher order modes are
involved in the PS in the two mode regime.
Figure 6.5 shows IPS in the VCSEL output power (orthogonal Polarisation) as a function
of FD using orthogonal optical injection. In figure 6.5 a Pi; of 25 pW has been used when
the FD first decreased (thick - red line) and then increased (black line).
It can be seen that a single PS occurred when the FD decreased while for increasing FD a
double PS occurred with no switch back observed for the second PS (see the inset in figure
6.5). The third type of the PS was observed when P;y; increased above 50 pW. For the latter
case the VCSEL output power will switch back to parallel Polarisation around the
frequency of the higher order mode, thus exhibiting an ultra-wide hysteresis cycle.
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Figure 6.5: PS in the output power (orthogonal polarisation)
as a function of FD. Using orthogonal optical injection when
FD decreased red thick line and then increased black line.
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Characterization of this ultra-wide hysteresis will be investigated in chapter 7. No such
ultra-wide hysteresis is observed with parallel optical injection scheme even for high
injection power >1mW.

It noted that no such irreversible PS was observed in work reported in [5-7]. The device
used in [5] is a multi-transverse mode, long wavelength (1550 nm) VCSEL. It is
characterised by a large frequency separation between the two orthogonal Polarisation
modes (60 GHz) and parallel Polarisation emission for the two transverse modes. In
contrast, the device used in this work supports a single transverse mode for bias currents
up to about 8 mA, and the excited higher-order transverse mode has its Polarisation
orthogonal to that of the fundamental mode (see figure 5.2). References [6, 7] do not
describe in detail the device used in their experiments but it is expected that those VCSELS

possess contrasting spectral features to the devices used in the experiments described here.

Intensity Induced irreversible polarisation switching

Intensity-induced PS has been investigated for both parallel and orthogonal optical
injection schemes. Intensity-induced PS occurs when the injection power first is increased
and then decreased for a fixed FD. Figure 6.6 shows the intensity induced PS when the
VCSEL is biased at 8.5 mA with a fixed FD of -11 GHz for orthogonal optical injection
and a FD of +2 GHz for parallel optical injection.

It can be seen that for both parallel and orthogonal optical injection the VCSEL continues
to emit in the orthogonal Polarisation even when the injected power is decreased to zero.
This represents another case of IPS. This behaviour of VCSEL is considered to be related
to the excitation of higher order transverse modes.

It was observed experimentally in [8, 9] that the VCSELSs emission remain in orthogonal
polarisation after PS occurred using orthogonal optical injection. The VCSELSs were used
in their work was characterised by polarisation unstable. However, no detail was given
about the optical spectra of the VCSELs. The VCSELSs were biased in a bistable region and
very high injected power was used (a few mW) and the behaviour of the VCSELs was
attributed to characteristics of the bistable region.

Intensity induced PS in multi-mode regime when VCSEL biased at 1=9.5 mA have also
been investigated here. At this bias current the optical spectra shows that additional higher
order modes are excited. Figure 6.7 shows the intensity induced PS in VCSEL subject to
orthogonal optical injection at a fixed FD of - 11 GHz. It can be seen that when the optical

injection power increased the PS occurred at Pi,= 3 PW. For decreasing injection power
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the VCSEL output power switches back to parallel polarisation at Pi;= 2 pW, thus

exhibited only a small hysteresis.
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Figure 6.6: PS in the output power (orthogonal mode) of the
VCSEL as a function of injection power. For a) parallel
optical injection, b) orthogonal optical injection.
These characteristics of intensity induced PS are similar to those of the single mode
regime. Therefore, it is considered that the IPS behaviour is the characteristics of two mode

emission regime only.
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6.5 VCSELSs control parameters for irreversible polarisation switching
This section addresses the range of values of two control parameters: the bias current and
the device temperature, where irreversible PS was maintained using optical injection. First
the polarisation resolved output as a function of the VCSEL bias current and device
temperature have been obtained. Furthermore, the results were compared to the single

mode PS characteristics under optical injection.

6.5.1 VCSEL bias current range

In figure 6.8 polarisation resolved output power as a function of VCSEL bias current using
parallel optical injection illustrating the current of which the PS is maintained.

In order to obtain the bias current range where the PS was maintained, the device biased at
8.5 mA. The FD was fixed at +2 GHz with respect to this bias current of the SL and the
injected power was 50 uW.

When the PS was obtained the optical injection power was removed completely. Then the
VCSEL bias current was scanned up starting from 8.5 mA, the VCSEL emission switched
back to x-polarised mode at 9.2 mA. For scan down the VCSEL was biased again at 8.5
mA and injected with 50 puW, when the PS occurred the optical injection power was
removed completely. Then the current was scanned down starting from 8.5 mA, the
VCSEL emission remained in y polarisation mode until bias current 7.65 mA, when
switched back to the x-polarised mode. Therefore, a large range of the bias current (more
than 1.5 mA) was obtained over which the output power of the VCSEL remains in the

orthogonal Polarisation direction after PS occurred.
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The polarisation resolved output power as a function of bias current in single mode regime
was also investigated. The results show that no such wide range of bias current for
maintaining PS is observed for single mode regime. The hysteresis and polarisation
resolved output power of VCSEL under optical injection is discussed further in the next
chapter- section 7.4.

6.5.2 Temperature range

Device temperature is one of the most important control parameters of VCSELS emission.
The stability of emission characteristics of VCSELs over a wide range of device
temperature is of great importance for some applications including optical switching. PS
characteristics as a function of operating temperature have been investigated in multi-mode
optically injected VCSELSs. Figure 6.9 shows the polarisation resolved output power as a
function of device temperature in the VCSEL1. In both figure 6.8 and 6.9 the injected
power is removed completely after the occurrence of the PS. The persistence of this PS
behaviour for a range of control parameter values leads to term such behaviour in the
VCSELSs emission as robust.

In the experiments, parallel polarised optical injection has been used, the VCSEL1 biased
at 8.5 mA, Pj,=50 W, and FD = +2 GHz. Range of the device temperature (from 10°C to
30°C) where the output power of the VCSEL continues emitting in the orthogonal
Polarisation after the PS occurred.
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Figure 6.9: PR output power as a function of the device

temperature using parallel optical injection shows the temperature

range of the stable IPS. 1= 8.5 mA, Pi;= 50 pW, and FD = +2 GHz.
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The temperature range where the PS maintained in single mode regime has also been
investigated Figure 6.10 shows the polarisation resolved output power (orthogonal mode)
as a function of device temperature, when the VCSELL1 biased at 6 mA (single mode
regime operation), device temperature was 20°C, using optical injection power 100 puW,
and FD = +3.5 GHz. After PS occurred the device temperature scanned up and remains in
y polarisation just to the temperature 21°C then switched back to x polarisation mode. For
scanned down the VCSEL 1 was fixed first at device temperature 20°C then PS occurred
and remained in y polarisation until device temperature 19°C. For single mode operation it
can be seen that the PS in the VCSELL1 is maintained within a very small temperature range

(19°C- 21°C). Therefore, the robust IPS occurs only in a two-mode regime.
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Figure 6.10: Polarisation resolved output power (orthogonal
polarisation) as a function of the device temperature using parallel
optical injection. 1= 6 mA, Pj,;= 100 pW, and FD = +3.5 GHz.

Furthermore, for the specific device used here, in the bias current range 7.7 mA- 9.2 mA
both FD-induced IPS and intensity induced IPS were observed. In this bias current range
two modes are supported - as shown in figure 5.2 chapter 5. For lower bias currents single
mode operation regime whilst for higher bias current additional higher order modes are
excited. In both cases IPS is not observed outside this bias current range (7.7 mA- 9.2 mA).
In consequence was considered that the observed behaviour is a feature of the regime of
two-mode operation. Furthermore, in the present work several VCSELs have been
investigated and have shown the same IPS characteristics when subject to parallel/

orthogonal optical injection.
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6.6 Summary and conclusion

This chapter has focused on the observation of robust irreversible Polarisation switching in
optically injected VCSELSs operating in the multi-mode regime. The results show that using
both parallel and orthogonal optical injection VCSELs may exhibit irreversible PS for
decreasing and increasing FD. The intensity-induced Polarisation switching has also been
found in the two-mode regime, showing intensity-driven irreversible PS for both
parallel/orthogonal optical injections. The PS was found to persist for a wide range of the
control parameters including bias current and device temperature (from 10°C to 30°C).
Using orthogonal optical injection only for small range of the optical injection power,
VCSEL 1 exhibited irreversible PS, with high injection power the VCSEL 1 move to the
ultra-wide hysteresis bistability.

Furthermore, the PS in single mode operation (I < 2Ith) of VCSELs was also investigated
using both parallel and orthogonal optical injection. The results show that no irreversible
PS was observed in this operation regime. In addition, at very high bias current where the
additional higher order modes excited the VCSEL no longer exhibited irreversible PS. In
consequence it is considered that the irreversible PS is a feature of the regime of two-mode
operation. Robust irreversible PS in VCSELS has potential for implementing optical mono-
stables.

Having explored the polarisation switching in two mode operation VCSELS in this chapter,
the next chapter includes the bistability and ultra-wide hysteresis in the two mode operation
of VCSELs.
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CHAPTER SEVEN

POLARISATION BISTABILITY AND HYSTERESIS
IN OPTICALLY INJECTED TWO-MODE VCSELS

. >

In the previous chapter the polarisation switching characteristics in two-mode VCSELS
subject to polarised optical injection were presented. The results obtained there motivated
further experimental investigations described in this chapter which emphasises a scheme of
orthogonal optical injection. The scheme has been used to investigate bistability and
hysteresis accompanied by polarisation switching in two-mode VCSELSs. It has been found
that for orthogonal optical injection an ultra-wide hysteresis (~155 GHz) can be obtained
with the VCSEL.! The results are compared to those obtained for single mode operation.
The widths of the hysteresis in two-mode operation are dependent on the target laser bias
current and on the optical injected power. In addition, hysteresis in the polarisation

resolved output power of optically injected VCSELSs has been observed.

The content of this chapter are organized as follows:

In section 7.1 an introduction to polarisation bistability and hysteresis phenomena in
VCSELs is presented. Section 7.2 includes the experimentally measure polarisation
bistability and hysteresis behaviour of VCSELSs subject to orthogonal optical injection in
both the single mode regime and the two-mode regime. Section 7.3 describes the
dependence of the hysteresis with bias current and optical injection power. In section 7.4
polarisation resolved output power is investigated in two mode VCSELs subject to
orthogonal optical injection and compared to that in the single mode regime. Finally

section 7.5 summarizes the main conclusions derived from the experimental results.

7.1 Introduction
Polarisation bistability (PB) in optically injected VCSELSs has been widely investigated in
single mode operation both experimentally [1-4] and theoretically [5, 6]. PB is often
observed together with polarisation switching (PS) in VCSELs as has been investigated
experimentally and theoretically [7]. PS with hysteresis has been obtained experimentally

using parallel optical injection [8] and orthogonal optical injection [9].

“This chapter is based on the paper:
A. A. Qader, Y. Hong and K. A. Shore, Appl. Phy. Lett., June 2013. (Accepted for publication)
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Previous studies have indicated that for low optical injection power the hysteresis width
fluctuates around a constant level, while for high injection power the hysteresis width is
found to be reduced [10]. On the other hand, Hong et al. [3] observed an increase of the
hysteresis width with increasing injection power, albeit that for high optical injection
powers the hysteresis width was found to decrease. The hysteresis cycles obtained had
widths of about 1.65 GHz for parallel injection [10] and 37 GHz for orthogonal optical
injection [11, 12].

Reported experimental results indicate that the hysteresis in VCSELs depends on the
frequency detuning and the injection power level [10, 13]. The FD is defined as the
frequency difference between the master laser frequency and the slave laser lasing mode
frequency (Av = vy _vg). In [11] the widening of the hysteresis cycle associated with the
existed PB at high bias current was explained by the physical phenomenon of dispersive
nonlinearity. Recently Zhang et al [14] have predicted that the hysteresis width depends on
the sweep rate of frequency detuning (FD) and the injection power.

In [4] polarisation bistability in multi-mode VCSELs induced by orthogonal optical
injection was investigated experimentally. For fixed frequency detuning, the hysteresis
width increases with increasing bias current. Compare to the single mode devices, the
multimode emission property from VCSELs adds new functionalities [4].

Most of the previous studies of PB and hysteresis in VCSELS were conducted in the
regime of single mode operation [ 9-14], In the present chapter, experimental observations
of an ultra-wide hysteresis cycle in VCSEL subject to orthogonal optical injection whilst
operating in a two mode regime are described. Pure frequency induced PB and associated

ultra-wide hysteresis was obtained by increasing and decreasing the FD.

7.2 Polarisation bistability and hysteresis in different operation regime.

In this section PB and hysteresis in single mode and two mode regimes of optically injected
VCSELSs are investigated. The detailed description of the experimental setup was presented
in chapter 6, section 6.2. Polarisation resolved L-1 curve characteristics and optical spectra
of the stand-alone VCSEL are given in chapter 3, section 3.3. The device termed VCSEL1
was used for experimental work of this chapter. The frequency of the orthogonal
fundamental mode is 11.1 GHz lower than that of the parallel fundamental mode (as shown
in the inset of the Fig. 2b), while the frequency of the higher order mode is about 160 GHz

higher than that of the parallel fundamental mode.
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Measurements of the output powers in the orthogonal (P1) and parallel (Py;) polarisation as
a function of the FD have been performed. These measurements were made at the position
of rectangle (1) of the figure 6.1, recording the power in PLand Py while scanning the FD

with fixed optical injection power (Pip;).

7.2.1 Polarisation bistability in single mode operation (I < 2l):
The polarisation resolved output power (orthogonal polarisation) in single mode regime
when VCSEL1 biased at 7 mA was investigated using orthogonal optical injection. Figure
7.1 show the orthogonal mode power as a function of frequency detuning for a constant
optical injection power Pj,; of 50 pW. It can be seen that for decreasing FD the PS occurs
around -11 GHz.
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Figure 7.1: Bistability in optical output power (orthogonal
polarisation) of the VCSEL as a function of FD for bias
current 7 mA with Pj= 50pmW.

With continued decrease of FD the VCSEL still emits in the orthogonal polarisation
until -15.2 GHz, then switches back to parallel polarisation. With increasing FD the
PS occurred again around -15.2 GHz, and the emission switches back to parallel
polarisation near a FD of -11 GHz.

Intensity induced PS and bistability for a fixed frequency detuning value of -11 GHz
using orthogonal optical injection were also investigated at this bias current. Figure
7.2 shows the polarisation resolved (PR) output power as a function of optical
injected power for VCSEL1 when biased at 7 mA. It can be seen that the PS
occurred at an injection power of 37 pW for increasing injection power and no

hysteresis observed with decreasing injection power.
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Figure 7.2: Polarisation resolved (PR) output power as a function

of optical injection power. The VCSEL1 biased at 7 mA, FD= -11
GHz, the temperature was fixed at 20°C.

7.2.2 Polarisation bistability in two mode operation (I > 21y):

Although the VCSEL used was characterised by single mode for bias currents up to 7 mA,
however, first order transverse mode excited above that bias current. Using low optical
injection power Pi,= 4 pW for 1=8.5 mA (I>2ly), it is shown in figure 7.3 that only two
small bistable regions, both for negative FD, were obtained. The measured value of the
hysteresis width was about 3 GHz when the FD was decreased (thick red line) and then
increased (black line). However, by utilizing larger values of Py the behaviour of the
VCSEL is changed and two bistable regions and associated hysteresis cycles are obtained.
The first hysteresis cycle (termed H1) is located at positive FD and the second hysteresis
cycle (termed H2) is found for negative FD.
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Figure 7.3: Bistability and related hysteresis in optical output

power (orthogonal polarisation) of the VCSEL as a function of
FD for bias current 8.5 mA with P;,= 4 uW.
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Figure 7.4 shows the results for four different values of the Pjy, figures 7.4(a), 7.4(b),
7.4(c), and 7.4(d) corresponding to Pjnj =50 pW, 100 pW, 300 pW, 500 pW, respectively.

In figure 7.4(a), when the FD is increased, two PSs (corresponding to PS from parallel to
the orthogonal polarisation) are observed, the first one is near a FD of about -11.1 GHz
(the frequency difference between the parallel and orthogonal polarisation of the
fundamental mode) and the second PS at a FD of about -2 GHz. The second PS is not
observed for high Piy;. After the second PS the VCSEL emission remains in the orthogonal
polarisation maintaining almost constant power up to a positive FD of about 158 GHz, and
then switches back to the parallel polarisation.

As can be seen from figure 6.3, in chapter 6, the FD of 158 GHz is close to the frequency
space between the fundamental mode and the higher order mode. The ultra-wide hysteresis
in the positive detuning regime in figure 7.4 is explained by the frequency of the higher
order mode being at a higher frequency than that of the fundamental mode (parallel mode).
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Figure 7.4: Hysteresis in the output power (orthogonal polarisation) of
the VCSEL as a function of FD when increasing (black line) and
decreasing (thick red) ML frequency. For Pj; a) 50 pW, b) 100 pW, c)
300 uW, and d) 500 puw.
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For decreasing FD, the VCSEL switches to the orthogonal polarisation at a FD of about 3.2
GHz, and thus an ultra-wide hysteresis cycle of 154.8 GHz was obtained (H1). A second
hysteresis (H2) was obtained for negative FD. Here the PS occurs at about -11.1 GHz for
increasing FD and switches back for decreasing FD at -38.4 GHz in this way a hysteresis
width of about 27.3 GHz was obtained. In optically injected VCSELSs, the second minimum
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switching power is located near the frequency space between the fundamental and the first
order modes of the stand-alone VCSEL [15]. This explains a very wide hysteresis of H1
when VCSEL subject to orthogonal optical injection.

The results show that both the fundamental mode and the first order mode were involved in
the PS. Figure 7.5 illustrate the optical spectra of the VCSEL when first FD is decreased (a,
b) and then increased (c, d). Figure 7.5a shows the change of the spectra of the higher
transverse mode when PS occurred for decreased FD near 3 GHz (in figure 7.4b), and is
considered that the PS occurred between fundamental modes. In figure 7.5b the optical
spectra show that the VCSEL emission switched back to parallel mode for decreased FD
which is represented by PS at FD of -38.4 GHz in figure 7.4b. Figures 7.5 (c, d) show
optical spectra when PS occurred and the polarisation switched back for increased FD, is
considered that the PS occurred in this region between higher order mode and fundamental
mode. The latter resulted in producing an ultra-wide hysteresis bistability.
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Figure 7.5: Optical spectra of the VCSEL subject to orthogonal optical
injection indicate involve higher transverse mode (HTM) in polarisation
switching: a) and b) when the frequency detuning decreased, ¢) and d) when
frequency detuning increased. Piy;= 100 pW, VCSEL biased at 8.5 mA.

7.3 Hysteresis width change with injection power and bias current
The characteristics of both hysteresis H1 and H2 obtained in the previous section were
investigated in detail with changing injection power and bias current. Figure 7.6
summarizes the measured widths of H1 and H2 as a function of Pi,; for the VCSEL biased

at 8.5 mA. The figure shows that the widths of H1 (black squares) are constant for a range
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of Piy, and then start to decrease for very high Pi;. While the widths of H2 (black
triangles) continue to increase with increasing Pi,; for the same range of Pi,;. It was
predicted by Gatare et al. 2007 that the hysteresis width increases with increasing injection
power. Therefore, the obtained results for H2 confirmed the theoretical result in [15].

In addition, the dependence of the hysteresis width on the bias current for two mode regime
was investigated. In figure 7.7 we plot the hysteresis widths as a function of the VCSEL
bias current for Pi,j = 250 pW. It can be seen that both measured widths of H1 (black
squares) and H2 (black triangles) increase with increasing VCSEL bias current. The figure
shows the change of hysteresis H1 when the bias current increased: for 7.7 mA the width of
H1 is about 129 GHz and increases with increasing bias current to about 155 GHz for 8.5
mA. However, the widths of the H2 begin to increase with increasing bias current, but start
to decrease at a bias current of about 8.8 mA, then increased again for bias current of 9
mA.
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Figure 7.6: Frequency width of the hysteresis cycle H1 and H2 as a
function of optical injected power P;i,; when the VCSEL biased at 8.5 mA.
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7.4 Bistability in polarisation resolved output power of VCSELSs subject to

orthogonal optical injection

In this section the polarisation resolved output power of VCSELSs subject to orthogonal

optical injection is investigated in the multi-mode regime. The difference between

experiments performed in chapter 6 section 6.5.1 and the present section is that

the
the

experiments here is to illustrate the PB region and the hysteresis regions in term of bias

current. The experiments in the present section are performed with keeping the opt

ical

injection power from the ML. However, the experiments in section 6.5.1 performed with

removing the injection power from ML after PS occurred.

As seen from figure 3.4(a) in chapter 3, the polarisation resolved output power of the stand-

alone VCSELL is characterised by stable polarisation. However, when the device is subject

to orthogonal optical injection it exhibited a PS with a large bistability and hysteresis in

bias current. The polarisation resolved output power as a function of bias current of

the
the

VCSELL1 subject to orthogonal optical injection is shown in figure 7.8. The VCSEL1 was

biased at 7.7 mA, injection power was 40 uW, and the FD was fixed at -11 GHz with

respect to the bias current of the SL at | = 7.7 mA.
As it can be seen from the figure, first PS occurred at bias current 7.67 mA, then

the

VCSELL power switches back to parallel mode at bias current 7.76. Continuing increase

the slave laser bias current the second PS occurs at bias current 7.8 mA, then the VCSEL1

output emitting in orthogonal mode until reach bias current 9.12 mA then switches back to

parallel mode. Thus the VCSEL1 show two region of polarisation bistability.
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Figure 7.8: Polarisation resolved (PR) output power as a function of
VCSEL bias current when the Pi,= 40 pW
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Furthermore, polarisation bistability and hysteresis were investigated in the two mode
regime with first increased and then decreased bias current. Figure 7.9 shows the power in
the orthogonal polarisation as the bias current was increased (black line) and then
decreased (red line). The injected power into the slave laser was fixed at 50 yW and FD
was fixed at -11 GHz with respect to the bias current of the SL at | = 8.5 mA. It can be seen
that when the bias current increased the PS occurred at 8.44 mA and switched back to
parallel polarisation at bias current 9.1 mA. However, for decreased bias current the PS
occurred at 8.82 mA and switched back to parallel polarisation at bias current 8.3 mA.
Therefore, two hysteresis regions of the bias current were found on either side of 8.5 mA. It
is observed that due to the bias current dependence of the emission frequency of the

VCSEL this hysteresis can also be represented as a FD hysteresis.
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Figure 7.9: Output power of the orthogonal mode as a function of
VCSEL bias current when the Pj;= 50 HW and the FD was -11 GHz
with respect to the bias current of the SL at I= 8.5 mA.

In addition, the single mode operation characteristics of the VCSEL1 under orthogonal
optical injection were investigated. Figure 7.10 shows the polarisation resolved output
power (orthogonal polarisation) as a function of bias current. The FD was fixed at -11 GHz
with respect to the bias current of the SL at | =5 mA (left panel) and I=7 mA (right panel).
The figures show that no hysteresis is found in this bias current regime using orthogonal

optical injection.
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Figure 7.10: Output power of the orthogonal mode as a function of VCSEL
bias current when the FD was -11 GHz with respect to the bias current of the
SL at I=5 mA and I=7 mA.

7.5 Summary and Conclusion
Polarisation bistability and hysteresis have been studied in two-mode VCSELs using
orthogonal polarised optical injection. Experimental observations were made of ultra-wide
frequency hysteresis in VCSELS subject to orthogonal optical injection. The VCSEL1 was
biased at high current 1> 2Ith, where two mode operation occurs. In this regime pure
frequency induced-polarisation bistability has been obtained by increasing and decreasing
the FD.
Two types of PB and associated frequency hysteresis cycle have been observed. The first
type of the hysteresis cycle was found for positive detuning, and is characterised by being
ultra-wide — 155 GHz — thus having a frequency hysteresis width which is four times larger
than that the previously reported largest hysteresis [11, 12]. The second type of hysteresis
cycle was found for negative detuning region and has a smaller hysteresis width of about
38 GHz. Both hysteresis types are optical injection power and target laser bias current
dependent.
Furthermore, the polarisation resolved output power of VCSELL1 subject to orthogonal
optical injection was investigated. The VCSEL also exhibited two regions of bistability and
hysteresis in terms of the target laser bias current depending on the injected light frequency
with respect to the target laser frequency.
The results of the present chapter may be useful for further understanding the basic
condition for very wide hysteresis in VCSELs output power. Polarisation bistability and

hysteresis are useful for many polarisation dependent applications including Doppler
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velocimetry with polarisation bistable VCSELSs [16], optical switching, and optical signal

processing [17].

In the next chapter dynamical hysteresis and thermal effect in VCSELSs subject to direct

current modulation will be investigated experimentally and theoretically.
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CHAPTER EIGHT

DYNAMICAL HYSTERESIS AND THERMAL
EFFECTS IN DIRECTLY MODULATED VCSELS

* ¢

In the previous chapters, VCSEL emission characteristics under external optical injection
and optical feedback have been investigated experimentally. In this chapter, the influence
of the frequency of direct current modulation and substrate temperature on the VCSEL
threshold current has been studied experimentally.! The results show that the modulation
frequency has a large impact on the lasing threshold current of long wavelength VCSELSs in
the high frequency range. Positive hysteresis and negative hysteresis have been observed in
turn-on and turn-off currents. The results are compared to the obtained results with

theoretical model developed by other.

The contents of this chapter are organised as follows:

In section 8.1 a brief introduction to direct current modulation of semiconductor laser is
presented. Section 8.2 illustrates the detail of the experimental setup used for direct current
modulation. In section 8.3 the influence of VCSEL substrate temperature on the hysteresis
of turn on and turn off discussed. Section 8.4 describes the effect of the modulation
frequency on the hysteresis cycle of lasing threshold and compared to numerical results. In
section 8.5 experimental results are compared with the theoretical results which are

conducted by other. Finally section 8.6 includes the summary and main conclusions.

8.1 Introduction
Semiconductor lasers (SLs) subject to direct current modulation (DCM) have been
extensively investigated both theoretically [1, 2], and experimentally [3, 4]. The principal
attraction of the DCM technique of SL is its simplicity. Basically, the laser is biased above
threshold and a modulation signal will be added to the drive current, then the output power
signal of the laser is expected to follow the modulation waveform. Near threshold directly

modulated semiconductor laser can generates pulses with high repetition rates [4].

This chapter is based on the paper:
1y. Hong, C. Masoller, M. S. Torre, S. Priyadarshi, A. A. Qader, P. S. Spencer, and K. Alan Shore, Opt. Lett.,
vol. 35, no. 21, pp3688 - 3690 Nov. 2010.
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The behavior of modulated semiconductor lasers has been widely reported using
modulation parameters including modulation frequency and modulation depth. Depending
on the modulated parameters six different dynamical regimes including chaos and period
doubling have been observed [2, 5]. The modulation response at high frequency depends
on the electrical parasitic of the laser package and chip. Therefore, achievement of high
speed operation requires minimization of such parasitic. Two main schemes of SL
modulation have been found, direct modulation and external modulation. In the
experiments here the use has been made of the direct current modulation. Figure 8.1 shows
the principle diagram of the direct modulation scheme.

Recently directly modulated, long-wavelength vertical-cavity surface-emitting lasers

(VCSELSs) become attractive components for the fast-growing market of high speed optical

W

communication systems [6].

=

Figure 8.1: Basic schematic diagram of the direct
modulation.

In contrast to 850 nm VCSELSs, for some long-wavelength VCSELSs have a relatively large
spectral detuning between the gain and the cavity resonance at room temperature [7].This
results in increased temperature sensitivity, which can have an impact on the performance
of directly modulated devices [8].

A recent numerical study [9] has shown thermally induced hysteresis on the laser switch-on
and switch-off points, which depends on the relationship between two time-scales: that of
the current modulation, that results in dynamical hysteresis [10, 11] and that of thermal
dissipation, that is an additional source of hysteresis which can give either positive or
negative [12, 13] hysteresis cycles.
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In positive cycles the laser turns on at a higher current value than its turns off; in negative
cycles, the turn on occurs at a lower current value than the turn off. Temperature-induced
hysteresis depends on the current modulation frequency: if the modulation is too fast,
thermal effects do not have time to act; and if the current modulation is too slow, the
dynamics is quasi-static and thermal equilibrium is reached before the bias current changes
appreciably.

In this chapter the experimental work conducted to investigate the influence of direct
current modulation frequency and substrate temperature on VCSEL threshold current. The
experimental results are compared to those obtained with numerical simulation; a good

qualitative agreement was found.

Experimental setup.

The experimental setup is shown in figure 8.2. A commercial VCSEL with lasing
wavelength of about 1550 nm was used, which operates on a single longitudinal and
transverse mode and exhibits no polarization switching over the entire range of bias
currents. The VCSEL was driven by an ultra-low noise current source and was
temperature controlled to within 0.01°C. The dc bias current was set at 4 mA and
modulation amplitude was 3.7 mA, so the bias current was scanned from 0.3 to 7.7 mA.
The output of the VCSEL was collimated by an anti-reflection coated laser diode objective
lens. The orthogonal polarization components of the VCSEL were divided by a half-wave
plate and a polarization beam splitter.

FG

Current Oscilloscope

Figure 8.2: Experimental setup: VCSEL- laser diode; L— collimating lens; PBS—
polarization beam splitter; 1ISO— optical isolator; FC— fibre coupling unit; PD-
photodiode; FG— function generator; TC— temperature controller.
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A triangular direct current modulation signal was added to the VCSEL bias current source
through a Bias Tee. Two optical isolators with more than -40 dB isolation were used to
prevent feedback into the VCSEL. The output of the orthogonal polarization components
were recorded simultaneously using 1 GHz bandwidth detectors and were stored in a 4
GHz bandwidth digital oscilloscope.

The polarization resolved output power of stand-alone VCSEL used in the experiments is
shown in Figure 8.3. It can be seen that the VCSEL does not exhibit any polarization

switching at any bias current.
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Figure 8.3: Polarisation resolved output power of
the long wavelength stand-alone VCSEL.

8.3 Thermal effects on hysteresis of laser turn on and turn off
Figure 8.4 shows the light-current (L-1) curve when the current modulation frequency is 10
kHz and the substrate temperature was 10°C (figure 8.4a) and 60°C (figure 8.4b). Since the
VCSEL operates in one linear polarisation, only the output of that lasing polarisation is
plotted. In the figure, the black curve is for increasing current and the red curve is for
decreasing current. The inset displays in detail the threshold current. It can be seen that the
lasing threshold with increasing current, termed the turn-on threshold, lon, does not overlap
the threshold with decreasing current, termed the turn-off threshold, 1.
There is hysteresis between I,y and Iy in the case of low substrate temperature, lon > lof
(this type of hysteresis will be termed positive hysteresis); in the case of high substrate
temperature, lon < logf (this type of hysteresis will be termed negative hysteresis).
Figure 8.5 shows the turn-on and turn-off currents as a function of the substrate

temperature for various modulation frequencies. It is noticed that both, I,, and 1o increase
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with the substrate temperature, but the rates of variation are different except for the slow 1

Hz modulation frequency, in which these are equal.
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Figure 8.4: The light—current (L-I) curve of the VCSEL with 10 kHz modulation
frequency for (a) 10°C and for (b) 60°C substrate temperature. The black curve is
for increasing current, the red curve is for decreasing current. The inset displays
a detail of the threshold.

For 1 Hz modulation frequency, as shown in Figure 8.5 (a), lon = log Within the operation
range of the substrate temperatures and correspond to the static threshold current. A
parabolic-like dependence of the static threshold with the substrate temperature is
observed, in good agreement with previous experimental and theoretical studies [14, 15].
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Figure 8.5: The threshold currents as a function of the substrate temperature

for various modulation frequencies. The black circles and the red squares
indicate I, and I, respectively.
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When the modulation frequency increases to 1 kHz, as shown in Figure 8.5(b), lon and lqs
show hysteresis at substrate temperatures higher than 30°C. It is apparent that lo, < o,
thus there is a negative hysteresis cycle. When the modulation frequency is between 5 kHz
and 20 kHz, as shown in Figure 8.5 (c)-(e), lon > losr(positive hysteresis) at low substrate
temperature and lon < logr (Negative hysteresis) at high substrate temperature. With further
increase of the modulation frequency to 100 kHz, o, and o show only positive hysteresis,

Ion = Ioff-

8.4 Modulation frequency effects on hysteresis of the turn on and turn off of
laser

In this section the influence of the modulation frequency on the hysteresis cycle of threshold
lasing of the VCSEL investigated. Figure 8.6 shows the width of the hysteresis cycle as a
function of the modulation frequency for different substrate temperatures. It can be seen that
the curves have similar trends for all substrate temperatures. For lower modulation
frequencies, there is no clear hysteresis between the turn-on and turn- off current. When the
modulation frequency is increased over a certain value, lo, -l decreases and becomes
negative. With further increase of the modulation frequency, lon - lofr grows and becomes
positive at high frequency.
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Figure 8.6: Size of the hysteresis cycle, I, -lo, as a function of the modulation
frequency at various values of the substrate temperatures.
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8.5 Theoretical results

The experimental results of the VCSEL subject to direct current modulation were compared

to the theoretical results obtained using the rate equation model (see appendix1). The rate

equation analysis was performed by Masoller and Torre [ 16]. The model equations were

integrated with typical parameters appropriate for a 1550 nm VCSELS: the room temperature

gain-cavity offset, % =-10 nm, ) =1ns™", 5 =1 ps?, Z=85x 10% P =9.2 x 10®, and all

other parameters as in [9, 14]. The size of the hysteresis cycle vs the modulation frequency at

three values of the substrate temperature is displayed in Figure 8.7 and one can notice that

there is a qualitatively good agreement with the experimental observations in the previous

section.
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Figure 8.7 numerically calculated size of the hysteresis cycle, lo,-losr, VS. the
modulation frequency at three values of the substrate temperatures.

8.6 Summary and conclusion

In this chapter, the thermal effects and dynamical hysteresis in the turn-on and turn-off of

directly-modulated VCSELSs were studied experimentally. The hysteresis in the turn-on and

turn-off can be explained in terms of the interplay of dynamical hysteresis (due to current

variation), thermal dissipation and device heating. The device heating is an additional

source of hysteresis because of the red-shift of both gain peak and the cavity resonance

with increasing temperature. At high substrate temperature, the interplay of these effects

can give negative hysteresis in a certain range of modulation frequencies; at low

frequencies, the dynamics is quasi-static and there is no hysteresis; at high frequencies,

slow thermal effects do not have time to act and there is only normal dynamical hysteresis.
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The obtained results provide a complete picture of the various timescales on which heating

effects come into play and affect the device performance.

The next chapter summarises the experimental results and main conclusions of the thesis. It

also includes proposals for future work.
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CHAPTER NINE

CONCLUSIONS AND FUTURE WORK

. 4

This work has been devoted mainly to the study of the polarisation properties of vertical
cavity surface emitting lasers (VCSELS) subject to optical injection and optical feedback.
The research has been undertaken to expand understanding of the unique polarisation
properties of VCSELs. Special attention has been given to three main aspects of the
polarisation properties of VCSELs namely: polarisation state selection; polarisation
switching and polarisation bistability. Previous studies had demonstrated that optical
injection and optical feedback can efficiently control the direction of polarisation and also
influence polarisation switching. Proposals for future work are presented for further
experimental investigation of the VCSELs polarisation characteristics. This, in turn, may
further enhance understanding of the polarisation control and polarisation bistability of these

devices.

9.1 Conclusions
The thesis work has shown that a new scheme of circular polarised optical injection can
produce some degree of circularly polarised VCSELs emission. These contributions were

described in chapter 3 where the main results obtained are:

1- Using circularly polarised optical injection, linearly polarised of the stand-alone
VCSELSs is converted into circularly polarised emission. The VCSELSs exhibited a
high degree of circular polarisation for bias current below and near the lasing
threshold of the stand-alone VCSELs. The degree of circular polarisation decreases
with increasing VCSELS bias current.

2- Lasing threshold reduction of the VCSELs has been observed when the device is
subject to optical injection. The amount of lasing threshold reduction is dependent on
the optical injection power and frequency detuning between the injected beam and
the target laser.

The results with optical injection motivated the use of circularly polarised optical feedback
to influence the polarisation state selection of VCSELs. In chapter 4 circularly polarised

optical feedback has been used as a new feedback scheme. Similar results of circular
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polarisation emission were obtained as was found in optical injection experiments. For
optical feedback the degree of circular polarisation depends on the feedback power ratio.
The degree of circular polarisation increases with increasing feedback power ratio. The
degree of the circular polarisation was again found to decrease with increasing device bias
current.

In chapter 5 the role of the suppressed VCSEL mode in polarisation switching of optically
injected VCSELs was addressed. A variety of linear polarisation optical injections have
been used to identify the role of the suppressed mode in determining the switching
characteristics between the two orthogonal linearly polarised fundamental modes. The
main results are:

1- The minimum power for polarisation switching is strongly dependent on the
VVCSELs bias current. For both orthogonal/ parallel optical injection the switching
power was found to be decreases dramatically with increasing bias current.

2- The frequency detuning for polarisation switching to occur is close to the VCSEL
birefringence and it was found to be independent of the VCSEL bias current for a
defined range of injection power and range of polarisation angle.

3- The influence of frequency detuning and optical injection level on the optical spectra
of the suppressed mode was investigated. The suppressed mode possessed an
essentially identical spectrum to that of the lasing mode spectra for a defined range of
frequency detuning.

Additionally, using parallel optical injection the FD for PS was dependent on the injection

power, which is considered to be consistent with injection locking.

In chapter 6 an experimental demonstration of robust irreversible polarisation switching in
optically injected two-mode VCSELs was presented. In that chapter it was shown that the
VCSELs exhibited such irreversible polarisation switching with both orthogonal/ and
parallel optical injection the main results being:

1- Irreversible PS was obtained for decreasing and increasing frequency detuning. It is
considered that this switching behaviour is related with the excitation of a higher
transverse mode with orthogonal polarisation to the fundamental mode.

2- Intensity induced polarisation switching also showed irreversible polarisation
switching in VCSELSs operated in two mode regime, for both parallel/ orthogonal

optical injection.



107

3- The PS was found to persist for a wide range of the control parameters including bias

current and device temperature and was hence termed to be robust.

Motivated by the need to investigate further the underlying polarisation switching
characteristics of VCSEL for the observations reported in chapter 6, the aim of chapter 7
was to characterise polarisation bistability and hysteresis in optically injected two mode
VCSELSs. The main results are:

1. Using orthogonal optical injection an ultra-wide frequency hysteresis cycle was
obtained for two-mode VCSELs. Two type of hysteresis in this operation regime were
found. The first type was located at positive frequency detuning and was characterised
by an ultra-wide hysteresis cycle, the second one was located at negative frequency
detuning and characterised by smaller hysteresis cycle.

2. The obtained hysteresis widths are optical injected power and bias current dependent.
For a defined range of injection power the hysteresis width of the first type of
hysteresis was relatively constant with value close to the frequency difference between
the fundamental mode and the higher order mode. The hysteresis of the first type starts
to decrease with very high injection power. However, the widths of the hysteresis of the
second type increase with increasing injection power.

3. The hysteresis of both types increases with increasing VCSELS bias current.

For orthogonal optical injection in two-mode operation regime, injected power controls

transfer between ‘irreversible PS’ and ‘ultra-wide hysteresis frequency bistability’ regions.

Finally, the lasing characteristics in VCSELS subject to direct current modulation were
explored in chapter 8. The effects of the frequency of direct current modulation and
substrate temperature on lasing threshold have been identified. Hysteresis in the turn-on
and turn-off lasing threshold current of the VCSELs were observed. The hysteresis in the
turn-on and turn-off can be explained in terms of the interplay of dynamical hysteresis and

device heating.

9.2 Original contributions
This thesis includes several original contributions. New approaches namely circularly
polarised optical injection and circularly polarised optical feedback were used
experimentally for the first time. Using circularly polarised externally optical injection, the
output polarisation of electrically pumped VCSELSs can be strongly influenced. The linear
polarisation of VCSELs emission can become circularly polarised for bias currents below
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or near the threshold current of the stand-alone VCSELs. In addition, using a new
circularly polarised optical feedback scheme, the VCSELs emission was made to exhibit a
degree of circular polarisation. The degree of circular polarisation depends on the feedback
power ratio and the VCSEL bias current.

The role of suppressed mode in the polarisation switching characteristics of VCSELs was
investigated using different forms of linearly polarised optical injection. The minimum
injection power for polarisation switching to occurs has been found to be decreases
dramatically with increasing VCSELSs bias current. Polarisation switching in multimode
VCSELs was investigated using optical injection. Irreversible polarisation switching in
two-mode operation VCSELs was observed using parallel/orthogonal optical injection.
Furthermore, polarisation bistability and ultra-wide hysteresis were obtained for two-mode
operation regime with orthogonal optical injection.

9.3 Proposals for future work
There are two main lines of research arising from this experimental work which should be

pursued.

Recent experiments suggest that the polarisation state selection in VCSELSs is strongly
influenced by circularly polarised optical injection. Despite the fact that numerous studies
made of linear (parallel/orthogonal) optical injection, relatively little attention has been
given to other types of polarised injection. A theoretical and experimental published work
has been reported VCSELs dynamics using elliptical polarised optical injection [1].
Therefore, a first line of research development is to investigate the VCSELS dynamics and
spectral characteristics using this new optical injection scheme.

A second line of research development which follows from chapter 6 and chapter 7 is to
investigate polarisation bistability and ultra-wide hysteresis in optically injected VCSELSs.
The study can be extended to investigate the hysteresis cycle width of the VCSELs with
different characteristics and structure. Such hysteresis phenomena may be further explored
using VCSELs with different frequency separation between the fundamental mode and
higher order mode, or devices where the polarisation direction of the higher order mode is

parallel to that of the fundamental mode.

References:
[1] R. Al-Seyab, K. Schires, A Hurtado, I D. Henning and M. J. Adams , “Dynamics of VCSELs

subject to optical injection of arbitrary polarization,” IEEE J. Selec. Top. of Quantum Electron. vol.
19, pp. 1700512, Jul./Aug 2013.
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* 4

Rate equation model

In chapter 8 use is made of simulation performed using rate equations which are described
briefly here. The rate equation model is an important tool for evaluating the behaviour of
semiconductor lasers under direct current modulation. The rate equations describe the
interrelation between carrier density and optical field or photon density. Due to stimulated
emission the interaction between the charge carriers and photons is inherently nonlinear
nature, which makes the laser output oscillates periodically before attaining its steady state.
The oscillation is referred to as relaxation oscillations frequency, which is typically in the
GHz range and increases with increasing device current. The transient effects play an
important role when using direct current modulation at frequencies approaching a few
GHz.

The equation for the relaxation oscillation frequency is:

—— |2 (-]
VR= o ed( i) (1)

The laser dynamics is generally described using a carrier density ( equ. (2)) and a photon

density (equ.(3)) rate equations. The determination of the frequency modulation response
of single mode semiconductor laser is performed with these two equations. Equ.(2)
describes the rate of change of the carrier density N. While equ.(3) describes the rate of

change of the photon density, S.
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Where N is the carrier density, C is the carrier flux or current density, Ty is the spontaneous
carrier lifetime, A is the gain coefficient, N, is the minimum carrier density required to
obtain laser action, S is the photon density, 7, is the photon lifetime, p is the spontaneous
emission factor [1].

The rate equations for a semiconductor laser, incorporating the dynamic variation of the

temperature of the active region are [2]:
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Where E is the complex slowly varying optical field, N is the normalized carrier density,
and the T is the active region temperature. Other parameters are the linewidth enhancement
factor, a; the coefficient of spontaneous emissions, f; the field decay rate, k, the carried
decay rate, m, and the normalized injection current, u=K(l/lo-1), where, | is the bias
current, lg is the current needed to reach transparency and K is a dimensionless constant. In
the temperature equation, y takes into account the decay rate to the substrate temperature,
Ts, and Z and P represent non-radiation recombination heating and Joule heating,

respectively. The gain coefficient, g, is a Lorentzian in the frequency
space, §(o,T) = go(T) {1+ [6(T) — @] | A} (T)}, where &T) = ay(T) - ax(T) is the gain-
cavity offset, @ =Im(E/E) is the slowly-varying optical frequency, go =To/T is the gain peak
and Aw; =Aw; ,(T/T,) is the gain bandwidth, with To being the reference room

temperature [3,4].
The relevant simulation using this model described in chapter 8 were performed by

Masoller and Torre [2]
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