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Summary

Semiconductor diode lasers are currently used in numerous applications. Optical
feedback and optical injection are known to induce a diverse range of effects, which can be
beneficial or detrimental to the operating characteristics of such devices.

This thesis presents a primarily experimental investigation of the effects of optical
feedback, optical injection, and phase conjugate feedback, on a range of the operating
characteristics of a solitary diode laser. Specifically, the stability, the output power, and the
frequency modulation characteristics are examined and compared for several different diode
lasers.

The main results of this research are summarised as follows:

e The injection of charge carriers into a diode laser gain region (via optical feedback)
can reduce the output power (relative to that of the free-running device) for certain
operating parameters. In some lasers this is accompanied by an increase in spatial and
spectral hole-burning.

* Regimes of instability in the parameter space of optical feedback level, feedback
phase, external cavity length, and injection current are strongly influenced by the
internal parameters of the solitary diode laser. Two different diode lasers display
significantly different behaviours.

» Strong optical injection can suppress the transition into dynamic instability caused by
optical feedback. This result may be applied to generate a diode laser device that is
insensitive or less sensitive to unwanted optical feedback.

* Phase conjugate feedback in either a broad-area or narrow-waveguide diode laser
incites dynamic instabilities that are different from those induced by plane mirror
feedback.

* Optical injection suppresses the transition into dynamic instabilities in direct
frequency modulated external cavity diode lasers. This indicates the possibility of
generating wide bandwidth FM output from diode laser integrated devices.

» The coupling efficiency between the external feedback field and the diode laser gain
region for feedback from a plane mirror is three times the coupling efficiency of an
injected source and half that from a phase conjugate mirror.
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Chapter One: Introduction

1.1. Semiconductors diode lasers

Since the first demonstration of the semiconductor laser (or diode laser) in 1962 [1-4],
it has found application in an increasing number of areas. These applications include sources,
amplifiers, and multiplexers for optical communication systems [5-7], pump sources for solid
state lasers [8,9], sources and reference beams for spectroscopy [10,11], and optical data
storage and retrieval [12,13]. Diode lasers are also found in a number of common instruments,
such as laser scanners, pointers, barcode readers, and printers.

The widespread use of semiconductor lasers has arisen due to several of their
advantageous attributes. They are generally small in size, reasonably efficient, maintenance
free, and relatively inexpensive. They require only low power current sources, can be
frequency modulated by a direct modulation of injection current, and have been demonstrated
to operate at wavelengths from the near ultraviolet [14] to the far infrared [15].

Several factors, however, have limited the applicability of diode lasers. Firstly, free-
running narrow-waveguide diode lasers typically operate with a linewidth of ~10-50 MHz,
and a side mode suppression > -20 dB. This is far from the ideal narrow linewidth (sub kHz)
single-mode emission required in many systems. Secondly, the maximum output power
achievable from a narrow-waveguide device (currently < 1W cw [16]) is much lower than that
available from other types of laser. Higher power has been demonstrated in broad-area diode
lasers and coherent laser diode arrays (currently up to 10 W [17] and 200 W cw [18]
respectively), but this is generally accompanied by multi-longitudinal and high-order
transverse mode emission. Thirdly, diode lasers typically have poor output beam profiles,
particularly when compared to the near diffraction limited output available in other laser
devices. The output is highly divergent and elliptical, and thus requires additional collimating
and circularising optics for free-space transmission or efficient optic fibre coupling.

Theoretical modelling of the behaviours of semiconductor diode lasers has been an
intrinsic and necessary component in the development and application of these devices. A

semiclassical treatment generates a generalised form of the Lorentz-Haken equations [19],
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which are derived from a macroscopic model of the semiconductor Maxwell-Bloch equations
[20]. Adiabatic elimination of the material polarisation then allows the system to be described
by two first-order ordinary differential equations, which are known as the semiconductor rate
equations [21]. These equations describe the temporal evolution of the electric field and
carrier density inside the laser cavity, and are found to adequately predict many aspects of
diode laser behaviour, including the output dynamics, frequency profile, and intensity versus
current characteristics [22]. These equations are based on a travelling wave description of the
electromagnetic fields inside the laser cavity. Current efforts to extend the capabilities of the
models rely on developing more accurate descriptions of the gain (including nonlinearities
and applicable to quantum well lasers), developing a quantum mechanical description of the
laser fields for micro-cavity devices [23], and providing better quantitative agreement with
experimental observations by more accurately describing internal laser parameters

Diode lasers are very sensitive to optical feedback and optical injection [24,25]; this
represents the focus of the current research. Injection and feedback phenomena have been
studied both as a way of improving the output characteristics of diode lasers and from the
pure research perspective. The next section describes the historical background (including the
motivations and significant results) of research into diode lasers with optical feedback, optical
injection, and phase conjugate feedback.

1.2. Background

1.2.1. Diode lasers with optical feedback

Optical feedback is introduced into a diode laser by returning some portion of the
optical output back into the device. This is shown schematically in figure 1.1. The
introduction of such feedback has been found to have dramatic and varied effects on the
operating characteristics of the solitary diode laser. Feedback can be disadvantageous, as it
may cause unwanted instabilities in the laser output, or advantageous, as under certain
conditions it can improve various features of the solitary laser, such as increasing the side
mode suppression and narrowing the linewidth [24-26].

Research into the effects of optical feedback on the operating characteristics of
semiconductor diode lasers was instigated by the publication of Lang and Kobayashi in 1980
[27]. This paper reported the observation of multistable behaviour and hysteresis in the output

of a laser diode subject to feedback. Other early research primarily considered the effects of
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the feedback on the diode laser noise [28-31] and linewidth [32-36]. Studies on the optical
feedback induced deterministic dynamics discovered self-pulsing and chaotic output in diode
lasers with feedback [37-39], and recognised that the relaxation oscillation of the solitary
diode laser plays a primary role in the induction of these instabilities [40-42]. The region of
chaotic instability was termed coherence collapse in 1985 [43]. In 1986, five distinct regimes
of operation, which depend on the feedback level, were identified by Tkach and Chraplyvy
[44]. These regimes (discussed in section 2.1.1) range from very weak feedback (regime I) to
very strong feedback (regime V) [45]. A specific form of instability known as Low Frequency
Fluctuation (LFF) was identified in 1988 [46], and has since been examined in detail [47-50].

feedback
output
| g
diode laser collimating external
optic reflector

Figure 1.1. Schematic showing diode laser subject to optical feedback.

Over the last twenty years hundreds of papers have been published, in both pure and
applied areas, on the subject of diode lasers with optical feedback. The large number of
publications demonstrates the complex nature and importance of this field. Despite such
extensive research there are still many aspects of the behaviour of diode lasers with feedback
that are not very well understood. Three primary areas of research (applications, systems
engineering, and nonlinear dynamics) are discussed below.

Diode lasers operated with feedback have found applications in a number of areas due
to the improvement that the feedback can lead to in many of the operating characteristics of
the solitary diode laser. Optical feedback of appropriate level has been found to increase the
side mode suppression, narrow the linewidth, and provide enhanced tunability and frequency
stability; relative to that of the solitary diode laser [34,51-56]. A source for coherent optical
communication systems (particularly for heterodyne detection and wavelength division
multiplexing) and spectroscopic applications is required to be single frequency, narrow
linewidth, and continuously tunable over a wide range of wavelengths [57-59]. There are

many spectroscopic techniques for which diode lasers with feedback are ideal sources [11,60].
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Chaotic output may be used to provide secure optical communications [61,62]. For the laser
induced cooling and trapping of atoms and the manipulation of atomic beams narrow-
linewidth low-power stable tunable sources are required [63]. For these reasons, diode laser
with feedback systems are readily available commercially and are used extensively in many
areas of research, communications, and industry.

For the design or engineering of any optical system, the effects of optical feedback
must be considered. In any practical system that uses a diode laser as a source, there will
always be unwanted or spurious reflections. These reflections occur, for instance, from fibre
couplers, joiners, collimating lenses, detectors, and any other external optic surface. It is
important to fully understand the effects and magnitudes of the feedback (from these
reflections) in order that the system components can be designed to take advantage of (or
avoid) the feedback that may cause instabilities or a shift from normal operating parameters.
Stability criteria, in terms of the levels of feedback that are acceptable (to maintain stable
operation) for a range of the system parameters with a given diode in a given system, must be
determined [39,64-68].

A large number of theoretical papers and some experimental papers have reported on
numerous aspects of the nonlinear dynamics that arise in semiconductor lasers with the
presence of feedback. The motivations behind these investigations are that diode lasers with
feedback are an example of an interesting optical nonlinear system that displays dynamic
instabilities [69-74] and chaotic behaviour [40,41,75-77] for certain levels of feedback.
Attributes of the chaotic state, including its noise have been analysed [43,78-81]. The system
is modelled mathematically by a set of rate equations known as the Lang-Kobayashi rate
equations [27,82,83]. Theses are modified forms of the semiconductor rate equations that
describe the temporal evolution of the photon number, the carrier density, and the phase
inside the laser active layer, dependent on the feedback level (for weak feedback) and external
cavity length.

1.2.2. Diode lasers with optical injection

The process of optical injection is illustrated in figure 1.2, below. A single-frequency
signal from a master source, generally a tunable laser, is injected into the active region of the
slave laser diode. The master laser is optically isolated from the slave laser (typically by a
polarisation dependent optical isolator). Similar to optical feedback, such optical injection has

a variety of effects on the operating characteristics of the slave laser. It can: induce various
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dynamic instabilities and chaotic behaviour, lock the two lasers together in phase and
frequency (injection locking), excite the relaxation oscillation frequency of the slave laser, or

produce phase conjugation through four-wave-mixing [84-86].

optical injection beamsplitter
>
slave diode collimating
laser optic optical
isolator
master
laser

Figure 1.2. Schematic of diode laser with optical injection from another laser source.

The theory of injection locking of electrical oscillators, ie the frequency locking of an
electric oscillator to an injected signal, was described by Alder in 1946 [87]. This theory was
extended to laser injection locking [88], and semiconductor laser injection locking (by
analogy with the van der Pol [89] equations) in 1974 [90]. Laser frequency locking was first
demonstrated in 1966 with a He-Ne laser [91]. The injection locking of a semiconductor laser
(by a gas laser) was reported in 1980 [92], and the experimental coupling of two
semiconductor lasers, ie the injection locking of one by the other, was reported in 1981 [93].
The influence of the injected signal frequency and power, and the linewidth enhancement
factor of the slave laser has since been analysed [94-97].

Operating semiconductor lasers in an injection locked state has been found to have
many benefits. These include linewidth reduction [98], reduction of mode partition noise,
single-mode stability [99], noise reduction [100], synchronisation, frequency stabilisation
[85,101-103], and modulation suppression [104-106]. Many studies have concentrated on
applications that utilise these advantages. These include sources for coherent communication
systems, repeaters in long range high-speed digital fibre transmission, and phase modulation
systems.

The system behaviour when the diode laser does not lock to the external injected
source has also been considered [107-109]. Various dynamic instabilities, including optical

chaos, developed through period doubling and intermittency bifurcations have been observed
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and predicted to occur in semiconductor lasers with optical injection. Detailed analysis of
such chaotic, periodic, and semi-periodic behaviour is typically mapped as a function of
injected power and frequency detuning [84,110].

The generation of a phase conjugate signal through the process of cascade four-wave-
mixing by injecting a strong optical signal outside the locking range was reported in 1987 by
Nietzke et al [86] and has been extensively examined since [111-114]. Such generation of a
phase conjugate signal has also been demonstrated in Semiconductor Optical Amplifiers
(SOA) [115], which leads to a particular application. If a SOA is used at the midway point of
fibre optic communications network, the phase conjugate signal generated in the SOA is the
spectral inverse of the input signal and thus after transmission through an equal distance of
fibre, any dispersion introduced in the transmission through the first length is corrected for
[116-118].

1.2.3. Diode lasers with phase conjugate feedback

The effects of phase conjugate feedback (PCF) on the operating characteristics of
diode lasers are similar in many aspects to those induced by conventional optical feedback
(COF). The subject has attracted considerable attention both theoretically and experimentally.
Theoretical analysis is motivated by the fact that a semiconductor laser with phase conjugate
feedback is an example of a nonlinear system which displays significantly modified nonlinear
dynamics from the case of conventional optical feedback. In terms of applications, PCF can
be used to provide many of the advantageous aspects of COF with the addition that due to the
conjugate process spatial output profiles and coupling are enhanced. A PCF set-up is shown

schematically in figure 1.3.

tput
outpu phase

conjugate
mirror

<=

. . . . ' t
diode laser  collimating beamsplitter ?ggélé%i;

optic

Figure 1.3. Schematic of diode laser subject to phase conjugate feedback.
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Phase conjugate feedback is derived from a phase conjugate mirror (PCM), which is a
device that has the property of retroreflecting, or phase conjugating, a signal wave that is
incident on its surface. An incident electromagnetic wave, E, of frequency w, propagating in

the forward z direction may be written

E(x, Y, z, t) = A(x, Y, z,t)cos(oot —-kz - cp(x, Y, z)) (1.1)
The phase conjugate of this wave is described by
E. (x, Y, z,t) = A(x, Y, Z, t)cos(wt +kz + cp(x, Y, z)) (1.2)

which represents the same wave equation but the longitudinal component of the wave vector,
k, and the transverse phase component, ¢, have opposite signs. Thus the phase conjugate wave
has the same phase but propagates in the negative z direction.

This wavefront reversing property of a phase conjugate mirror, compared to the
wavefront reflecting property of a conventional mirror, is illustrated in figure 1.4, below. If an
ordinary mirror is illuminated by a diverging beam from a monochromatic point source, the
mirror simply redirects the diverging beam, changing only the longitudinal component of the
wave vector. If, however, a diverging beam from a monochromatic point source illuminates a
phase conjugate mirror, the phase conjugate mirror reflects the diverging beam as a
converging beam that retracts its original phase path. This occurs regardless of any

intervening or distorting medium that is placed between the source and the mirror [119].

& ordinary mirror phase conjugate mirror

Figure 1.4. Reflective properties of a conventional mirror compared to a phase conjugate

mirror when illuminated with a monochromatic beam from a diverging point source.

The first experimental report of a diode laser with feedback from a phase conjugate
mirror was by Cronin-Golomb et al in 1985 [120]. Threshold current and slope efficiency
reduction, mode-locking, and an induced dynamic instability were observed. Since then, many

authors have reported on the experimental effects of single-mode diode lasers with PCF.
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These include linewidth narrowing [121-124], self-induced frequency scanning [125,126],
enhanced frequency stability [127-129], mode-locking [130-132], and modified longitudinal
mode structure [120,123,133-136]. Potential applications include communication systems and
spectroscopy due to the potential for improved linewidth reduction compared to COF systems.

Theoretical analysis of the dynamic effects of PCF has also attracted attention. The
modified rate equations for optical feedback were first solved for a self-pumped phase
conjugator by Agrawal and Klaus in 1991 [137] under the assumption that the phase
conjugate mirror responded instantaneously. The laser was found to exhibit various routes to
chaos depending on the strength of the phase conjugate reflectivity. Various aspects of the
dynamics induced by PCF have been reported [138-140], and compared with dynamics
induced by COF [141-143]. More recently, rate equations for PCF have been solved for finite
penetration depth and response time phase conjugating mirrors [144-145]. Theoretical
descriptions of the effects of PCF on the noise characteristics [146-148] and far-field radiation
patterns [149] of diode lasers have also been published.

An area of more practical application of diode lasers with phase conjugate feedback is
for broad-area diodes and laser diode arrays. Single longitudinal mode operation, and
improvements in the output spatial mode of a high-power broad-area laser diode with PCF has
been demonstrated [150-152]. Similarly, laser diode arrays with PCF have been reported to
have improved transverse mode profiles (particularly in the far field), higher coupling
efficiencies between the LDA and the output optics, and many effects noted for narrow-
waveguide diode lasers with PCF, such as linewidth narrowing, frequency stability, and
mode-locking [126,153-155].

Enhanced coupling of various laser types using phase conjugate mirrors [156,157] has
been extended to diode lasers. Typically, double PCMs are used (in a master/ slave or mutual
feedback arrangement) to lock two or more solitary laser diodes [158-161], a solitary laser
diode with an LDA [162], or two or more LDAs [163]. As each conjugate wave exactly
matches the respective laser cavity, locking efficiency is significantly increased, and the

devices are automatically aligning [164,165].
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1.3. Motivations

There are a number of motivations for the current research into the behaviours of
diode lasers with optical feedback and injection. Although the current project is not primarily
application based, there are many applications that will benefit from the results of this work in
terms of the greater understanding it delivers to the topic. The primary motivation is to
provide a comparative experimental study on the effects of optical feedback, optical injection,
and phase conjugate feedback on various aspects of diode laser operation.

A number of specific areas have been studied that are significant for a number of
reasons (both pure and applied). Each of these areas (discussed below) has been examined for
a specific diode laser: a quantum-well index-guided near infrared (850 nm) device with
asymmetric facet coatings. This allows comparisons to be made between the relative effects
and manifestations of the different types of feedback on the diode laser behaviour. Such a
comprehensive examination for a single type of diode laser has not previously been
performed. In addition, the feedback characteristics of several other types of diode laser,
including a similar laser device (near infrared quantum-well index-guided) from a different
manufacturer, a higher power near infrared broad-area laser diode, and a longer wavelength
(1300 nm) quantum-well diode laser with uncoated facets, have been examined and
compared.

As the majority of applications require stable (single-mode) operation, the output
stability of each laser diode system examined is of primarily importance. Optical feedback,
optical injection, phase-conjugate feedback, and frequency modulation are all known to cause
instabilities in the laser diode output. These instabilities arise from a range of mechanisms that
lead to a range of distinct dynamic states (output power versus time). In general, any deviation
from a stable output power causes multi-longitudinal mode operation. While the time
dependent output state is important in the field, the current work only considers the spectral
stability. Thus, the exact dynamic state is not investigated, but the output stability is inferred
from the optical frequency spectrum.

The majority of applications of diode lasers with feedback utilise the strong feedback
regime. This regime has attracted less attention in the literature, however, than the low
feedback regimes. The vast amount of theory describing diode lasers with feedback is based
on a rate equation analysis that is only appropriate to describe weak to moderate feedback
levels. Although many experimental papers report effects of strong feedback, there is little

systematic investigation into behaviours covering a range of feedback levels. Thus, the
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systems studied in the current research all include either strong feedback or a range of

feedback levels from weak to very strong.

Diode lasers with misaligned (asymmetric) optical feedback:

In many diode laser systems that use strong feedback there are a number of observed
characteristics, the underlying physical mechanisms responsible for which are not well
known. One such area is the correspondence of the diode laser output state to the angular
alignment of the optical feedback field. The motivation for the current work is thus to make
experimental observations in order to understand how the alignment of the external reflector
effects the output (stability and power) so that the output most appropriate for a given

application can be achieved with a specific alignment procedure.

Diode laser stability versus feedback phase and external cavity length:

Practical diode laser with feedback systems use a broad range of operating
parameters, including external cavity length, injection current, and mechanical stability. It is
thus important to understand how these parameters effect the output spectral stability. A
number of theoretical investigations describing the stability of a diode laser with feedback as
a function of cavity length and feedback phase have been reported [39,64-66,166]. These
theoretical models, however, only apply for weak feedback and there is little experimental
data at present. The motivation for the current study is thus to make these experimental
observations for different types of diode laser, to compare the observations with expectations
from existing theories, and suggest possible areas for modification to the theories.

Diode lasers with optical injection and optical feedback:

While diode lasers subject to either optical feedback or optical injection have been
studied extensively, diode lasers subject to both optical feedback and optical injection
simultaneously have attracted limited attention. Previous studies have been concerned with
the effects of the injection on such properties as turn-on-jitter [167]. No experimental
observations have been reported. The motivation for the current work is thus to report these
observations. In particular, the effect of the feedback fraction, feedback system coherence,

and the injected power and detuning on the output locking range and coherence state.
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Dynamics of diode lasers with phase conjugate feedback:

There are a large number of published papers on the modelling of the dynamic
behaviour of diode laser with PCF (for example [137,138]). These studies are primarily
concerned with routes into chaos and instability for weak to moderate feedback levels.
Predictions are made that the dynamics of a diode laser with PCF will be distinct from the
dynamics observed with a diode laser with COF. Previous experimental observations on
narrow-waveguide diode lasers with PCF have concentrated on specific attributes (such as
frequency stability [127] or linewidth narrowing [121]); no systematic investigation or
comparison to the case of COF has been reported. The primary motivation for the current
research is thus to make these systematic experimental observations and comparisons of the
output stability for the two systems, and then to compare these observations with current

theories.

Broad-area diode lasers with optical feedback and phase conjugate feedback

Broad-area diode lasers generate an increased output power (compared to narrow-
waveguide devices) via an increased gain volume. Such lasers typically operate on a high
order transverse mode and multiple longitudinal modes. Phase conjugate feedback in broad-
area diode lasers has been shown to improve both the spatial and spectral output
characteristics [150,151]. The motivation for the current work is to compare the effects of
PCF with COF (primarily on the output spectral stability) and then compare the behaviours

with those observed for the narrow-waveguide device.

Frequency modulated diode lasers:

The ultimate aim of frequency modulating diode lasers is to provide a source with a
very broad bandwidth frequency modulated output. Previous studies have reported that optical
feedback can be used to enhance the frequency modulation bandwidth of a diode laser.
However, this feedback is accompanied by an induced dynamic instability with similar
characteristics to the coherence collapsed state observed in diode lasers with optical feedback
[168,169]. The onset of this unstable behaviour limits the achievable frequency modulation
bandwidth. The motivation for the current study is thus to characterise the frequency
modulation behaviour with feedback (in terms of the modulation bandwidth and transition
into instabilities) for a range of operating parameters. Specifically, the effects of external

cavity length and optical injection are considered.
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1.4. Thesis outline

The basic physics of semiconductor diode lasers is discussed in the next chapter. In
addition, the general characteristics observed when diode lasers are subject to optical
feedback, optical injection, phase conjugate feedback, and frequency modulation, are
described. The underlying mechanisms responsible for the range of behaviours are explained
and compared in Chapter 2. The experimental results are then presented in the following
chapters.

Chapter 3 describes the effects of the angular alignment of the optical feedback field
on diode laser operation. It is found that under certain operating conditions the maximum
output power from a diode laser with optical feedback is obtained for non-axial alignments of
the external plane mirror. This is explained in terms of a spatially dependent coupling
coefficient. In addition, different systematic sequences between the spectral content of the
output and the axial alignment of the external reflector are observed for two different laser
diodes that have been used.

In Chapter 4, the effects of the external cavity length, injection current, and feedback
phase on the operating characteristics (output power and stability versus feedback fraction) of
diode lasers with optical feedback are considered. Characteristics are examined for two
different types of diode laser, which show quite different behaviours. One type of diode
shows that optical feedback induced coherence collapse is absent for semiconductor lasers
with short external cavities for both strong and weak feedback. Preliminary theoretical models
make a number of predictions in qualitative agreement with experimental observations.

In chapter 5, the effects of injection locking a laser diode that is also subject to varying
levels of optical feedback from an external reflector are presented. It is found that the locking
range of a laser diode with optical feedback is reduced relative to that of a solitary laser diode
depending on both the increased photon lifetime and the amount of optical feedback. When
the laser diode with feedback is locked in frequency to the external injection source, then
coherence collapse and other low optical feedback regimes of operation are suppressed. An
extension of this result, to produce a self-locked or master/slave-locked diode laser system
that is insensitive to unwanted feedback typically encountered in practical communication
systems, is also discussed.

The effects of phase conjugate feedback on the operation of diode lasers are
considered in Chapter 6. The process of phase conjugation and its generation in bulk

photorefractive crystals is explained. The evolution of the optical frequency spectrum, the
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intensity noise spectrum, and the output power with increasing feedback for PCF is
investigated and compared to that for COF. It is found that the diode laser with PCF displays
different dynamic behaviour than the diode laser with COF. In particular, distinct noise
spectra for the two systems at the boundaries between stable and unstable feedback regimes
and a temporal evolution of the optical frequency spectrum through a number of distinct states
are observed. The experimental observations are compared to current theoretical models that
describe PCF, and the implications for various applications are discussed.

In chapter 7, the behaviour of a broad-area diode laser subject to conventional optical
feedback is compared to the same laser subject to phase conjugate feedback. It is found that
PCF of appropriate strength can force the laser diode to operate on a single longitudinal mode
of the broad-area diode; this does not occur for PCF. This single-mode operation, however,
consists of a multi-mode operation at the external cavity mode frequency, and an output
power that is dynamically unstable. The observed features are compared to the narrow-
waveguide observations from the preceding chapter.

Frequency modulated diode lasers subject to feedback and/or injection are investigated
in chapter 8. It is found that the modulation bandwidth of a frequency modulated external
cavity diode laser (FM ECDL) is suppressed with a short external cavity and enhanced with a
long cavity. In addition, optical injection is found to suppress the modulation index and to
inhibit the modulation induced coherence collapse that is characteristic of such FM systems.
Due to this, larger bandwidths are attainable than for free-running FM ECDLSs. Future device
and system designs for obtaining very broad optical bandwidth FM operation are presented.

Concluding remarks are given in chapter 9. The main experimental observations are
summarised, the implications of these results are discussed, and the direction of future work is
outlined. Appendix A tabulates the parameters of each diode laser used in experiments and
simulations, appendix B provides a list of symbols, and appendix C lists the publications
arising from this research. Following this is a list of references.






Chapter Two: Theory

2.1. Semiconductor diode lasers

2.1.1. Basic laser characteristics

The operating principles of a diode laser are similar to those of any other laser system.
The device consists of a gain medium with feedback. Providing the gain is sufficient to
overcome the losses in the system then lasing can occur. The first diode lasers were
homostructure devices, which consisted of a p-n junction fabricated from only one
semiconductor material. They were only capable of pulsed operation at low temperatures and
had high threshold injection currents [1-4]. Current semiconductor devices are fabricated with
heterostructures that allow room temperature low threshold cw operation. The heterostructure
widths can be chosen to produce either a bulk, or a quantum-well gain medium.

A simple heterostructure device, the double heterostructure, which comprises a narrow
bandgap, usually p-type, semiconductor material (the active layer) that is placed between two
passive sections (one n-doped, the other p-doped), is illustrated schematically in figure 2.1.
Gain is provided by the application of a forward biased electric field and feedback is provided
from the semiconductor facets. The facets have an uncoated reflectance of ~32% (for
GaAs/AlGaAs devices) due to Fresnel reflections; high reflectance or anti-reflectance
coatings are often added to improve performance. The forward biased current results in an
injection of electrons (from the n-doped layer) and holes (from the p-doped layer) into the
active layer. These excess carriers are confined to the active layer by the bandgap differential.
They can then recombine via nonradiative recombination, stimulated emission (lasing) or
spontaneous emission.

Lateral confinement of the laser field is achieved by gain-guiding or index guiding. In
a gain-guided laser the lateral extent of the laser field is determined by the current density
distribution with respect to a contact stripe. Injected charge carriers are confined by the
specific geometric device design; examples of gain-guided diode lasers include the oxide-
stripe laser, the proton-implanted laser, and the VV-groove laser (see for example ref [22,170]).

In an index-guided laser a refractive index profile fabricated perpendicular to the layer



16 Chapter Two: Theory

structure acts as a waveguide to confine the light field (in combination with the charge);
examples include the channelled-substrate-planer (CSP) laser, the buried-heterostructure (BH)

laser, and the transverse-junction-stripe (TJS) laser (see for example ref [22,171]).

contact layer —— — / n-doped heterolayer
=
\

active layer #_—  p-doped heterolayer

substrate contact layer

-

Figure 2.1. Basic structure of a double heterostructure diode laser.

2.1.2. Physics of semiconductor lasers

The basic physics of (bulk gain medium) Fabry-Perot semiconductor lasers can be
modelled following a straightforward semiclassical approach. Such an approach (outlined
here) allows the basic principals of many of the operating characteristics to be understood. For
a more complete treatment, appropriate also to quantum-well laser diodes, see for example ref
[170] or Chow et al [171]. The electric field vector, E, within the laser cavity is written

E = E, exp[i(wt —kz)] + E,” exp[~i(wt —kz)], (2.1)
where wis the angular frequency, and the complex propagation constant k is given by

k=n @ 1%as 2.2)

C 2

with n the real part of the refractive index, ¢ the speed of light, and aps the power absorption
coefficient (which modifies the refractive index through the pumping mechanism). Using the
travelling wave amplifier model, the resonator is considered as a Fabry-Perot cavity
consisting of a dielectric medium of length L confined between two mirrors of reflectivity Ry
and R,. The forward travelling and backward travelling complex electric fields then yield the

condition for stationary laser oscillation

JRR, expg—Zi%)L—aabsL§=l=G. 2.3)
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This lasing condition gives the optical gain, goptm, at laser threshold

1 1
=q, +—In%— , 2.4
g opt,th int 2 L Rl R2 E ( )

where aiy is the internal loss factor, and the lasing frequency of the mth longitudinal mode of
the lasing cavity

TC
=m— 2.5
Gy =m T 25)

Dynamic analysis of semiconductor laser oscillation is modelled by a set of rate
equations. These can derived from the travelling wave amplifier model (which considers the
electric field with respect to time), and the electromagnetic wave equation, which describes

the propagation of optical fields inside the semiconductor medium [22,25]:

o 0 1 02 1 92
M"PE-——E-——E=—"——"P_, 2.6
g,cot  cPat® getoatr ™ 26)

where Py is the macroscopic polarisation, & is the vacuum permittivity, and o is the surface
charge. The travelling wave approach (outlined here) yields the same results as a more
rigorous derivation starting from the complete semiconductor Bloch equations and Maxwell’s
equations [172,173]. Substitution of the electric field equation 2.1 into equation 2.6, taking
account of the dispersion induced change in the dielectric constant, €, given by [24,25]

¢E = Eg )E, +|g—;a—Eexp[|wt k2)+cc., (2.7)

yields the following rate equations, which describe the temporal change in the electric field
amplitude, Eo, (via the photon number P and phase ¢), and the carrier density, N, within the

semiconductor active region:

dP(t) _ 1

el E:(N) . E:(t) +R, +Fo () (2.8)
delt) _ %(N) : H+F (2.9)
dt

N, —NT—(t)—G(N W)+ F, () (210).

S

G(N) is the carrier density dependent gain, 7 is the carrier lifetime, a is the linewidth
enhancement factor, J is the injection current density, and Fp 4 n (t) are Langevin noise terms
for the photon number, phase, and carrier density, respectively. The Langevin noise terms

account for fluctuations of the electric field and phase in the active region due to spontaneous
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emission events. They are assumed to be Markovian in nature (delta correlated in time and
space), and are described in more detail by Henry [174] and Lax [175]. The cavity loss is

described by the inverse photon lifetime, 1, defined by

-1
S S I e u (2.11)
c 2L [RR,

The spontaneous emission rate Rg, is caused by vacuum fluctuations and is described as a
randomly occurring increase of unity in the photon number, accompanied by a random change
in phase of the optical field. It can be denoted as
C,N
R, =—
r.(N)

where Cs, is the fraction of photons that are spontaneously emitted into the active layer (on

(2.12)

the order of 10™ for typical semiconductor lasers) [176].

The above rate equations (2.8, 2.9, 2.10) have been derived following a number of
simplifying assumptions. Firstly, the slowly varying envelope approximation (SVEA) is
employed. This relies on the difference in time scales at which the electric field changes in
time and space. It is considered that the electric field amplitude E(t) varies slowly compared
to the optical carrier frequency w. In the second order differential equation for the electric
field, derived from the electromagnetic wave equation, the second derivatives can be

discarded, as they are very small compared with the first order terms:

dez << Q)% <<’ . (2.13)

This considerably simplifies the theory. Secondly, the polarisation has been adiabatically
eliminated. This is possible because the interband polarisation adjusts to changes in the
electron and hole distributions (carrier density fluctuations) on a sub-picosecond time scale
[21,24]. This is significantly faster than the photon lifetime, and hence fluctuations in the
electric field,

<<V, Pl (2.14)

a I:)i nt
ot

where Pjy is the interband polarisation. Therefore, as the temporal variation in the carrier
density and field amplitude are followed adiabatically by the polarisation, the polarisation
term in the wave equation (2.6) can be ignored. This approximation is no longer valid if the
photon lifetime becomes comparable to the intraband scattering time, or if the electric field

varies substantially within the cavity round trip time.



2.1. Semiconductor diode lasers 19

The gain is typically described as a linear function of carrier density [22]. This
description, however, is not always appropriate. Certain types of diode laser, such as
quantum-well devices, require an exponential function [171]. It is also known that at high
light intensities the gain will saturate. This is primarily due to spatial hole burning [177],
dynamic carrier heating [178], and carrier density dependent dispersion [179-181]. Although
diode lasers need to be operated at very high injection currents to notice many effects of
nonlinear gain, an accurate theoretical description (as given in refs [177,178,182]) of
semiconductor laser dynamic behaviour and spectral features must include it.

Many aspects of the static behaviour of diode lasers can be obtained from steady state
solutions of the rate equations, ie (d/dt=0). These include the light current characteristics. The

diode laser threshold injection current. 1%, is found from the carrier density rate equation,
1" =eVR(n,), (2.15)
where V is the applied voltage, and the recombination rate at threshold R(ny,) is determined

from the gain at threshold carrier density (equation 2.4). The solitary diode laser external

quantum efficiency neq” (output from facet 2) is similarly derived:

In%ﬁ% Ehfo 57

e
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(2.16)
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where nint is the internal quantum efficiency, and fy is the central lasing frequency.

The output optical frequency spectrum (longitudinal mode structure) of a
semiconductor laser is determined by several factors. Due to the high gain available in
semiconductor materials, diode lasers can be made very small. Cavity lengths are typically
100 to 1000 pm. This results in a very large (compared to other laser devices) longitudinal
mode spacing, typically 50-500 GHz, as given by equation 2.5. However, because the
transitions are between atomic semiconductor bands as opposed to discrete atomic energy
levels the gain bandwidth is also very large (10-100 nm). Hence, there are a large number of
possible lasing modes under the gain curve. For a purely homogenously broadened linear gain
medium, only one of these modes can lase. Such a single-frequency output would be ideal for
the majority of applications. However, most early semiconductor lasers, and devices of simple
construction typically operate on many longitudinal modes simultaneously.

A number of factors determine the longitudinal mode spectrum of the laser emission.
These include spontaneous emission, lateral mode confinement, dopant concentrations in the

active layer, longitudinal mode coupling, thermal resistance, and inhomogeneous broadening
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mechanisms [183]. For single longitudinal mode operation in a diode laser, the waveguiding
mechanism must support only the fundamental transverse mode, energy confinement in the
active layer must be reduced so that the spontaneous emission factor is decreased, and thermal
resistance should be made as small as possible [184,185]. The mechanisms responsible for the
influence of other factors on the output mode spectrum, such as facet reflectivities and gain
nonlinearities, are not fully understood [186-188].

An important characteristic of diode laser operation is the linewidth enhancement
factor, a, that appears in the phase rate equation (2.9). This term arises because the real
refractive index in the active laser medium, n, varies with changing carrier density.
Spontaneous emission events induce an instantaneous phase change in the laser field.
Accompanying this phase change is an instantaneous change in the laser field intensity, which
results in a delayed phase change. In order that the steady state field intensity is restored, the
laser undergoes relaxation oscillations, which cause a deviation of the imaginary part of the
refractive index, n”, from its steady state value. This change is caused by a changing carrier
density, which also modifies the real part of the refractive index. The ratio of these
fluctuations gives the linewidth enhancement factor [172,189]

An
a=—-.
An

This strong coupling of the carrier density to the refractive index is a characteristic of

(2.17)

semiconductor lasers only; a is typically 2-5 for semiconductor lasers [54], and zero for other
laser types. It influences many characteristics of diode laser behaviour, such as dynamics,
modulation, noise, and linewidth. The relaxation oscillations manifest themselves on the
optical frequency spectrum as a set of sidebands separated from the central lasing mode by the
relaxation oscillation frequency [190]. This frequency scales as the square root of the output
power; typical values near maximum output power are 2-10 GHz [191].

The laser line shape of a semiconductor laser can be approximated by [192,193]

S(f) = 1 . (2.18)
1+

This function is a Lorentzian lineshape which has a full-width-at-half-maximum (FWHM)

given by

&, = -2 (+a?). (2.19)
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The linewidth is thus proportional to the spontaneous emission rate and to the inverse of the
photon number, and is increased proportionally by the square of the linewidth enhancement
factor. The linewidth of a solitary semiconductor laser is typically much larger than that of a
solid state or gas laser (by a factor of ~50). This is due to the increased phase fluctuations
originating from spontaneous emission events, and the increased phase change associated
with the laser-field intensity change [44].

2.2. Diode lasers with optical feedback

2.2.1. Characteristics

The effects of optical feedback on the operating characteristics of a diode laser depend
on several parameters. These include the level of the feedback in comparison to the diode
laser output power, the relative phase of this feedback, the length of the external cavity, and
the injection current of the solitary diode laser. It is found that there are five distinct regimes
that are defined by the level of the feedback power ratio [44]. This is shown in figure 2.2,
below, which also shows typical optical frequency spectra corresponding to each regime. In
general, the boundaries between the regimes also depend on the internal parameters of the
solitary diode laser, such as the linewidth enhancement factor, the diode dimensions, and the
facet coatings. The features of each regime are outlined below. While the behaviour of diode
lasers with optical feedback is generally more complicated than presented in this five regime

view, it is a good guide for most systems and is useful for categorising and comparing results.

Regime I:

This regime corresponds to very low levels of feedback (less than 107 %). Such levels
have the effect of either narrowing or broadening the spectral linewidth (up to 30% [174])
depending on the phase of the feedback. In-phase feedback decreases the linewidth, out-of-
phase feedback increases the linewidth [35]. The phase of the feedback within this region also
has an effect on the lasing frequency and the threshold gain. Both will either be increased or
decreased dependent on the phase. The importance of this regime lies not in the manipulation
of linewidths achievable, as greater control can be achieved in higher regimes, but because
these effects may inadvertently occur in systems due to unwanted reflections, minor

perturbations, and misalignments.
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Figure 2.2. Regimes of optical feedback effects, occurring for different values of the external
reflectivity and the external cavity length. After [44]. Also shown is an
experimental example of a typical output optical frequency spectrum for each regime
(at a resolution of ~1000 GHz).

Regime II:

The transition to this regime from regime | is characterised by an observed line
broadening (for out of phase feedback) which changes to an apparent splitting of the emission
line resulting from rapid mode hopping. This splitting, from a single laser diode mode to a
dual mode, is accompanied by a considerable increase in phase noise and intensity noise
arising from the different threshold gain associated with each of the two modes. The two
modes observed in this regime do not simultaneously exist; the system lases alternately at
each one. As the feedback is increased towards regime Il the mode hopping frequency and

the mode splitting frequency increases.
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Regime 111l

This regime is characterised by stable single-mode operation. The stability arises
because, due to the feedback phase, the mode with the minimum linewidth is the dominant
lasing mode; as opposed to the mode with the minimum threshold gain that lases in regime 1.
The minimum linewidth mode has the best phase stability [26]. This regime occupies only a
very small value of feedback power ratios, from 0.01- 0.1%. Due to this small range the laser
is very sensitive to other reflections of minor or comparable magnitudes, and may jump to the
other relatively unstable regimes Il or IV. For this reason regime |1l is inappropriate for most

applications.

Regime 1V:

Above a certain threshold level of feedback there is a transition, typically through a
series of bifurcations, to a dynamically unstable state. This regime, which is known as
coherence collapse, is characterised by a laser linewidth that is broadened by several orders of
magnitude (as wide as 50 GHz), operation on multiple solitary diode longitudinal modes, and
a broadband intensity noise spectrum [80,194]. The feedback for which this occurs is
approximately 1-10%. Measurements of the coherence function of lasers operating in this
regime have demonstrated that the coherence length of the laser decreases dramatically, by as
much as a factor of 1000 times; this results in coherence lengths less than 10 mm [43]. Due to
its large broadband output, this regime is useless for coherent communications. However,

applications such as imaging or secure data transmission require highly incoherent sources.

Regime V:

At very strong levels of feedback, the coherence of the laser is regained; this is known
as regime V behaviour. This regime is characterised by very narrow-linewidth stable single-
mode low intensity noise [194] operation. It corresponds to feedback power ratios of greater
than ~10 %. In this regime the properties of the external cavity system are generally assumed
to be determined by the external cavity rather than by the laser diode; it operates as a long
cavity laser with a short active region. Experimentally it is usually required to anti-reflection
coat the diode laser front facet in order to reach this regime. Due to the strong feedback in this
regime the system is also much less sensitive to additional reflections. The system operating

in this regime is often referred to as an external cavity diode laser (ECDL) system.
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2.2.2. Physics of diode lasers with optical feedback

The physical processes that lead to the range of different behaviours observed in the
presence of feedback are varied and complex. The important effects caused by the feedback
are the increased side mode suppression, decreased linewidth, and decreased threshold gain
observed in regimes I, I11, and V; the dynamic transitions to chaotic operation from regime IlI
to regime 1V; and the dynamic state of low frequency fluctuation observed at the boundaries
of regime 1VV. The mechanisms responsible for each of these features are discussed below.

Side Mode Suppression and Linewidth Reduction:

As discussed in section 2.1.2 various mechanisms are responsible for producing
single-frequency operation in a semiconductor diode laser. In the presence of appropriate
feedback levels (regimes I, Ill, and V) a solitary diode laser that operates on multiple
longitudinal modes is forced to operate on a single-mode. If the solitary diode laser operates
predominantly on a single-mode then the feedback has the effect of suppressing the side
modes. Although a grating can be used to provide frequency selective feedback and to
enhance side mode suppression, single-mode operation can be achieved with feedback from a
plane mirror (with a specific reflectivity). This implies that the wavelength selectivity
provided by the grating is not the primary cause of single-mode output [53].

A combination of factors induces single-mode operation in a semiconductor laser with
feedback [184]. The first is transverse mode control. The phase control introduced by the
geometry of an external cavity laser diode forces the laser to operate in the fundamental
transverse mode; this is necessary for effective longitudinal side mode suppression [195]. The
second is thermal resistance ie, how the oscillation frequency changes due to temperature
fluctuations; diode lasers with optical feedback show much lower thermal resistance than
solitary diode lasers. Most important is the spontaneous emission factor; external cavity
systems usually exhibit small spontaneous emission rates in each longitudinal mode [174].
Another important factor that leads to single-mode operation, particular in long cavities, is
longitudinal mode coupling. This arises from interference terms in the stimulated emission
rate. This interference is effective in an external cavity laser because of spatial coincidence of
the field amplitudes in the semiconductor cavity [196]. There is also evidence that spatial and
spectral hole-burning can be reduced in the presence of feedback [44]. This can reduce the

effect of nonlinear gain saturation.
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Modification to the linewidth by the application of optical feedback, which is either a
decrease or increase in regime I, or a decrease in regime 11, and V, occurs due to a reduction
in the two line broadening mechanisms. The external cavity firstly reduces the spontaneous
phase fluctuations (by approximately five orders of magnitude [192]), and secondly it
decouples the resonant laser frequency from the strong dependence on the semiconductor

refractive index [197]. The output phase and intensity noise is also reduced [30,190].

Slope efficiency and threshold gain:

The threshold gain and slope efficiency equations (2.15, 2.16) for a solitary diode laser
are valid for a diode laser with optical feedback when the output (front) facet reflectivity, R,
is replaced by an effective reflectivity, Res, Which accounts for the output facet coupled to the
external cavity. This assumption is only appropriate for weak feedback levels; ie the model
only considers a single round trip of the external cavity, and multiple round trips due to extra

reflections are ignored.
. 2
r, +r, exsz—wIQ
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where I, =yN.Rey (2.21)
r, =R, (2.22)

| is the external cavity length, Re: is the external feedback fraction (the ratio of the feedback

Reff =

(2.20)

power to the output power in front of the diode), and r. is the coupling efficiency between the
external feedback field and the diode laser active layer. If the length of the external cavity is
longer than the coherence length of the diode laser and collimating optic then the effective
reflectivity does not vary with external feedback phase, and may be described by its

maximum value,

2
r,+r;

(2.23)

The coherence length of a collimated diode laser can be estimated by examining the effect of
phase on the output power at a range of external cavity lengths. Typical values quoted in the
literature range from 10-200 cm, dependent on the particular diode laser used [198]. The slope
efficiency (output from the facet (2) facing the feedback field) of a diode laser with optical
feedback can be described by [170]
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The threshold gain and phase conditions are similarly modified by the presence of
feedback, which results in a change in the threshold injection current of the system. The ratio
of the threshold injection current of the solitary diode laser, I;,", to the threshold injection
current of the diode with external optical feedback, I,*, can be approximated by [51]

I ex 1+
h_ :1+2fdrpln%2ig (2.25)

h r+1

where fq is the longitudinal mode spacing of the solitary diode.

Feedback is thus seen to have a dramatic effect on the light versus current
characteristics of a diode laser. Both threshold and slope efficiency are significantly reduced
by amounts dependent primarily on the level of feedback but also on various parameters of
the solitary diode. These include the internal loss, internal quantum efficiency, facet coatings,
length and mode spacing, and the efficiency of the coupling between the diode laser and the
external feedback field. The relationship between the feedback field (in particular its

alignment with respect to the diode laser output field) is examined in more detail in chapter 3.

Dynamic Instabilities:

The transition from the stable single-mode regime 11 to the chaotic regime 1V can be
theoretically modelled by a dynamic rate equation analysis. The rate equations that describe
the solitary diode laser (2.8, 2.9, 2.10) are modified to account for optical feedback by
including feedback terms in both the photon number and phase equations. These modified rate

equations are known as the Lang-Kobayashi rate equations:

P foenns
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where T is the external cavity round trip time. The coupling coefficient k, for the case of

weak feedback, is given by
« = i%ﬁ (2.29)

where T, is the solitary diode internal round trip time.

The above rate equations give intuitive understanding of the reasons that instabilities
occur in diode lasers in the presence of feedback. It is known from nonlinear dynamic theory
[199,200] that for a system to display nonlinear dynamics that lead to chaotic instabilities it
must be described by three coupled first-order nonlinear differential equations. The solitary
semiconductor diode laser is described by three nonlinear differential equations but they are
not fully coupled; the phase is merely a slave variable of the photon number, and not coupled
to the carrier density. Therefore, instabilities and chaotic behaviour are not observed with a
solitary diode laser. The feedback terms in equations 2.26, and 2.27 have the effect of
coupling the phase to both the photon number and the carrier density. This introduces infinite
degrees of freedom to the system, allowing and predicting the development of chaotic

dynamics. Solutions of the rate equations provide information about such dynamics [25].

chaotic

. attractor
Eﬂ limit cycle

Figure 2.3. Schematic of attractors in the (Eo, 4, N) space for a feedback level in regime IV.
Triangles represent antimodes and crosses represent fixed points that have become unstable
through bifurcations. After [40].
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The solution of the three equations describes a trajectory in three-dimensional space;
for example (Eo, A@ N). The particular trajectory is termed an attractor, and it contains
information about the system’s dynamic state for a particular control parameter. A schematic
example showing a range of possible attractors is shown in figure 2.3. Such attractors are
often represented by two-dimensional Poincare sections (the intersection points of an attractor
with a transverse plane). The attractor can either be a fixed point, which represents a stable
(constant) output power; a limit-cycle, which represents a periodic oscillation of the output
power; a torus, which represents a quasi-periodic output power, or chaotic, which represents
an output power which is fluctuating chaotically [40].

Examples of theoretically predicted output powers for various solutions are shown in
figure 2.4. A periodic (limit-cycle) state is shown in (a); typically this first periodic orbit
represents an oscillation at the relaxation oscillation frequency of the solitary diode, as the
relaxation oscillation becomes undamped by the feedback [77]. A quasi-periodic state (torus
solution) is shown in 2.4 (b); such a state occurs at a higher feedback level and represents
periodic oscillation at the relaxation oscillation frequency being modified by the external

cavity longitudinal mode frequency. Figure 2.4 (c) shows a chaotic output power.

(@) (b) (©)

Output Power (a.u.)
—_—
—_—

Time (ns)

Figure 2.4. Theoretical predictions of the output power as a function of time for a diode laser
with increasing levels of feedback. Three different dynamic states are shown. After [40].

The evolution of the output dynamic state with increase in a control variable, most
commonly the feedback fraction, is illustrated by bifurcation diagrams in theoretical
simulations. An example of a bifurcation diagram representing the onset of chaotic behaviour
is shown in figure 2.5. For low feedback fractions (< 0.008) the diagram shows that the
output power is constant; representing regime Ill behaviour. At a feedback fraction of

approximately 0.008 there is a bifurcation from this stable state to a higher ordered dynamic
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state. The output power initially cycles through two different output powers (limit 1) before
bifurcating into a higher still dynamic state where the output power cycles through six
different levels (feedback fractions 0.009-0.012). Further bifurcations then occur until there is
fully developed chaos for feedback fractions above 0.013. The series of bifurcations
represents the boundary between regimes 111 and IV. Fully developed chaos represents regime
IV or coherence collapsed behaviour.

Various routes to chaos have been observed theoretically and experimentally, such as
periodic, quasi-periodic, and period doubling. The exact route and feedback levels at which
transitions occur depend on a number of factors, including imprecisely known parameters for
the solitary diode laser (internal loss, internal quantum efficiency, linewidth enhancement
factor). For this reason, quantitative agreement between experiment and theory is difficult to

achieve. Qualitative agreement, however, has been demonstrated in some studies [40].

Cutput Power (a.u)
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Feedback Fraction

Figure 2.5. Bifurcation diagram representing the transition from stable single-mode

behaviour into chaotic instability. After [40].

Models based on the above equations rely on a number of simplifying assumptions
and their validity is limited by several conditions. Langevin noise terms and the effects of
spontaneous emission are often ignored to separate the deterministic effects from the
stochastic, though a full dynamic analysis would include them. The effect of nonlinear gain
suppression is generally negligible for steady state properties but may be important for
stability conditions. As only one round trip is considered in the equations, they are generally

regarded as being applicable for diode lasers without facet coatings and for low to moderate
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levels of feedback from the external mirror. An upper limit on their applicability to feedback
levels is ~ 1.1% [201]. For anti-reflection coated diode lasers, the constraint on multiple round
trips is lessened. However, there is also a requirement that the dynamic change in the complex
wave number is small, ie AKL << 1, with L the solitary diode length. This condition is
violated at high feedback levels in the coherence collapse regime and above. A number of
methods have been used to examine the behaviour of diode lasers coupled to strong feedback.
These are generally derived from a travelling wave description of the system, and include
iterative [202,203] and composite-cavity approaches [52,179,204]. An experimental
examination of dynamic states inferred from the optical frequency spectrum and intensity

noise spectrum is presented in chapter 6.

Low Frequency Fluctuations:

Optical feedback into semiconductor diode lasers has been observed to induce a specific
type of instability, known as low frequency fluctuation (LFF), which is not observed in any
other kind of laser. In the LFF state, the average laser power shows sudden drops in intensity,
which gradually recover, before dropping out again after some unfixed time. This is shown in
figure 2.6 (a), below. The average time between power drop-outs is typically 5-20 times the
external cavity round trip time. On a much faster (sub nanosecond) time scale there is an
irregular train of intensity pulses within the envelope of drop-out events. The pulse durations
are on the order of several hundred picoseconds, as shown in figure 2.6 (b).

The phenomenon of LFF has been theoretically modelled, and many features are
adequately described by a Lang-Kobayashi rate equation analysis [49,205]. Theoretical
predictions of the output power versus time in the LFF regime demonstrate good qualitative
agreement with the experimental observations. The LFF state is a dynamic instability (a time
inverted type Il intermittency [199]) originated by the merging of an attractor ruin of an
external cavity mode with an anti-mode [49,206].

LFF is generally found to exist close to the solitary diode laser threshold, but is also
found at higher pumping powers. It has been experimentally observed at the boundary
between regimes IV and V [48], and between the Il to IV boundary [47]. Typically an
increase in injection current at a given feedback fraction shifts the LFF state into fully
developed coherence collapse (chaos) [207]. An inverted LFF state, where rapid power
increases are followed by gradual decrease in power [48], and regimes of stable single-mode
output inside LFF regions [207], have also been observed. The LFF state is accompanied by

multi-mode operation on the solitary diode laser frequencies [50], and increased intensity
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noise at low frequencies [208]. An LFF state has also been induced by direct frequency
modulation of a diode laser with optical feedback [209].
Low frequency fluctuations observed for diode lasers with phase conjugate feedback

and conventional optical feedback are discussed in chapter 6.
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Figure 2.6. Experimental data of average output power versus time for a diode laser
operating in the low frequency fluctuation state. Recording bandwidths are 1 GHz in (a) and
50 GHz in (b) for identical experimental conditions. After [210].

2.3. Diode lasers with optical injection

Similar to the case of optical feedback, a dynamic analysis of a diode laser subject to
optical injection is achieved via the semiconductor rate equations. These are modified to
account for the interaction of the slave laser electric field with the electric field of the master
laser, within the slave laser active layer. These equations are derived from the van der Pol

equations, which describe the process of injection locking in electrical oscillators [85,89].

dP(t) _ 1

+21f, /P(t)R,; {t cos(cpi (t)—cp(t)) (2.30)
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where an(N) is the angular optical frequency of the slave laser cavity mode, Piy; is the injected
signal power (inside the diode laser active layer), wy; is the angular optical frequency of the
injected signal, and (@(t)- ¢t)) is the phase difference between the injected and the free-
running laser fields.

Solution of the above rate equations yields the dynamic state of the slave laser
dependent on the injected signal power and detuning. A typical experimental map of
behaviours in this parameter space is shown in figure 2.7. A number of different output states
are observed. These include four-wave-mixing, injection locking, limit cycle behaviour,

chaos, period doubling, and quasi-periodicity.

Detuning (GHz)

0.04 0.08 012  0.16 0.20 024

Injection Parameter

Figure 2.7: Map of dynamic output states for a diode laser subject to optical injection in the
parameter space of injection power and detuning (Af) between the free-running slave laser
frequency and the injection frequency. The labelled regions correspond to S: injection
locking, M: multiwave mixing, SR: subharmonic resonance, P1: limit-cycle, P2: period
doubling, and P4: period quadrupling. After [109,110].
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Strong Injection:

The externally injected signal from the master laser is regeneratively amplified inside
the slave laser diode cavity and produces an amplified output power at the injected frequency.
The amplification of this signal increases as it moves closer to the free-running frequency of
the solitary diode (maximum of the gain curve). If the frequency detuning between the slave
and master lasers is made small enough, or the injected signal power large enough, then the
amplified injected signal begins to saturate the laser gain, and the free-running laser
oscillation is turned off, leaving only the amplified injected signal. Such a state is known as
injection locking; the slave laser is forced to oscillate at the injected signal frequency and is
locked to its phase. The range of master laser frequencies over which such a locked state
occurs (the locking bandwidth) increases with increased injected signal power [176]. This is
the dominant state for strong signal injection, ie when the injected signal power is comparable
with the diode laser output power. The injection locked state enhances many of the solitary
diode lasers operating characteristics. It suppresses mode hopping, lowers mode partition
noise [211], narrows the linewidth [212], increases the side mode suppression, reduces
relaxation oscillation under direct modulation [97,98], and can be used to synchronise laser
signals (for communications) [62].

The locking range as a function of injected power can be predicted from steady state
solutions of the rate equations. When «(N)=a,; then the locking bandwidth is represented by
[85]

C P /.
Af =—— [ (sinf —acosO 2.33
e ) (2:33)

out
where Po, and Piy are the output and injected signal powers, respectively. The optical
injection results in a cavity frequency shift, due to the carrier density dependence on the
refractive index. This, coupled with the forced oscillation of the slave laser frequency
competing with spontaneous emission, results in the predicted locking range being bounded
by two values [94]

f 2 P. /P_ )
cvl+a inj SAf >L Plnj ' (234)
out
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out

The strong dependence of the carrier density on the refractive index in the active
region also results in a large asymmetry in the locking curve, ie the system more readily locks
for positive detuning, as opposed to negative detuning; where positive detuning is defined for
an injected signal frequency that is larger than the solitary diode laser free-running frequency.

Reasonable quantitative and qualitative agreement between experiment and theory exists in
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terms of the locking range predicted by this equation from a number of sources
[85,92,93,95,102]. An extension of this model predicting locking ranges to include the effects

of optical feedback is described in Chapter 5, and compared with experimental results.

Weak Injection:

A dynamic analysis of the rate equations (2.30-2.32) predicts that there are various
dynamic instabilities induced by the optical injection field. For a weak signal injection, when
the master laser signal is much lower than the slave laser power, the dynamic states are
dominant over the injection locked state, as shown in figure 2.7. These instabilities are
brought about via a similar mechanism to that for diode lasers with optical feedback [25].
That is, the injection acts to couple the phase to the photon number and hence the carrier
density. This, coupled with the competing oscillation fields of the master and slave lasers,
leads to the initial undamping of the relaxation oscillation frequency of the slave laser, which
causes periodic oscillation of the output power and eventually chaotic behaviour. The main
difference between feedback induced instabilities and injection induced instabilities is that
there is no competing frequency (of the external cavity) for optical injection. There is,
however, a competing frequency of the detuning between the master and slave laser
frequencies [84,109].

A range of different dynamic output states are observed, such as period doubling,
period quadrupling, limit-cycle behaviour, and chaos [108]. The regions of unstable behaviour
are generally much larger than the regions of locking or other stable output as shown in
figure 2.7. Qualitative agreement between the theoretical predictions and experimental
observations in terms of the range of output dynamic states and relative size has been
demonstrated [110]. However, quantitative agreement is again difficult to achieve because of
the very large experimental parameter space (detuning, injection to slave power ratio, and
slave laser injection current), due to the difficulties in matching the gain bandwidth, and
because of imprecisely known variables in the rate equations (as is the case for optical
feedback).

Four-wave-mixing

The phenomenon of four-wave-mixing in semiconductor diode lasers is a frequency
conversion process. It involves the interaction of the slave laser (pump) beam of frequency fo,
with the injected signal (or probe) beam of frequency fi, inside the semiconductor material,
which is nonlinear. The interaction of these counter-propagating beams inside the material
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generates a temporal polarisation field inside the semiconductor cavity. This arises due to a
temporal refractive index grating, which builds up from the distribution of light intensity
inside the cavity arising from the interference of the pump and probe waves. A new wave of
frequency f. = fo - finj is generated from the interaction of the injected probe waves and the
refractive index grating. This new wave is the phase conjugate of the injected signal [86]. The
output of the slave laser will thus consist of three different frequencies, fc, fo, and fin;. This is
illustrated in figure 2.8, which shows the output optical frequency spectrum of a diode laser in
the process of collinear four-wave mixing. Generally, four-wave-mixing is only attainable for
a weak injected signal [111]. The slave, injected, and conjugate beams are marked. Cascade
conjugate frequencies can also be observed. The frequency detuning of the injected frequency

to the slave frequency is 2.6 GHz.

Intensity (a.u)

Optical Frequency (GHz)

Figure 2.8. Optical frequency spectrum of a diode laser in the process of collinear
four-wave-mixing. The slave (fo), injected (fir;) and conjugate (fc) frequencies are

indicated in the figure.

Although a phase conjugate signal is generated in a narrow-waveguide diode laser, it
is not a true conjugate wave [112]. A narrow-waveguide diode laser only supports one spatial
transverse mode (the fundamental mode). All spatial information of the input probe beam is
lost as it is coupled into this mode. Thus, the frequency-shifted wave generated is a temporal
conjugate only. That is, it can be used, for example, for spectral inversion [116-118]. It is
unclear whether the spatial confinement of the single-mode slave laser is the cause of the loss
of spatial information or whether spatial information is lost because the wave interference

occurs only in one dimension, ie a temporal wave mixing process that generates a temporal
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conjugate. Phase conjugation via four-wave-mixing in a broad-area diode laser [213,214]
may occur due to a combination of both spectral and spatial interference and thus may
generate a spatial (and temporal) conjugate).

The four-wave mixing process can be achieved by injecting the signal close to the
central mode of the slave laser, which is termed nearly degenerate four-wave-mixing
(NDFWM), or intramodal injection. Alternatively, the injected frequency can be tuned close
to a side mode of the slave laser. In this case, the process is known as highly-degenerate-four-
wave-mixing (HDFWM), or intermodal injection [114]. Due to the difficulties in matching
two diode laser frequencies (within several GHz) intermodal injection is preferred when the

master is not a tunable source.

2.4. Diode lasers with phase conjugate feedback

The rate equations that describe a diode laser with phase conjugate feedback are very
similar to the Lang-Kobayashi rate equations describing a diode laser with conventional
optical feedback. The exact set of equations also depends on the type of phase conjugate

mirror that is used.

dP(t) %(N) E:(t)+R +F
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The differences between these equations and those for COF occur in the phase terms
for the photon number and phase. A constant phase shift gcr at the PCM is used instead of
the external cavity round trip phase shift, wrt, introduced for COF. @cr is typically given the
value 27t because in an ideal phase conjugate feedback beam there is no phase shift at the

semiconductor front facet [141,143]. The coupling coefficient, K, has the same form as for the
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COF case (equation 2.29) but the coupling efficiency . is replaced with the phase conjugate
coupling efficiency np. It is generally considered to have a higher value for PCF because the
profile of the conjugate beam is better phase matched to the diode laser output than a reflected
beam (for COF) [146].

The same simplifying assumptions that were used to model COF are used in the PCF
analysis, ie low feedback and equal facet reflectivities. Additionally, further approximations
relate to the specific nature of the conjugate process. The penetration depth of the PCM is
generally considered zero in theoretical treatments. This is a measure of the time taken for the
incident beams to penetrate inside the PCM in order to generate the phase conjugate signal.
Thus, it may rely on factors such as the PCM size and geometry. In order to model this effect,
a fourth equation must be added to the rate equations describing the temporal variability of the
reflectivity of the phase conjugate beam. This equation can be described by [144]

R
rpcm (X) - Fm (238)

(for non-degenerate four-wave-mixing) where t, is the time it takes light to penetrate inside
the PCM (t, = nLp/c) and x is the detuning of the pump from the probe frequencies
(x =f - fo). Secondly, it is generally assumed that the PCM responds instantaneously to the
incident light fields. This is only a valid assumption for certain types of PCM, such as Kerr
media, which have rapid response times (~ 1 ps). For photorefractive ferroelectrics (such as
BaTiO3) and sillenites, which respond quite slowly (~100 s) to incident radiation due to their
low carrier mobilities, the PCM response time is slower than the round trip time and thus K
becomes time dependent. The material’s response time must then be included in the
expression for rycm (equation 2.38). For conjugation generated in semiconductor media the
assumption is more valid as the semiconductor PCM response time, though finite, is similar to
the carrier lifetime of the semiconductor laser (~ 1 ns). Further modification to the equations
is necessary if the phase conjugate beam is generated from a non-degenerate four-wave-
mixing process. In this case, the feedback beam is frequency shifted from the output beam,
and an extra term must be added to account for this frequency detuning. This is not necessary
for a self-pumped phase conjugate mirror.

Theoretical analysis of these rate equations has shown that qualitative and quantitative
changes in various aspects of the laser dynamic behaviour are introduced for PCF as
compared with COF; due to the different coupling efficiencies and phase terms [137-141].
Similar to COF the dynamic behaviour is typically explored via bifurcation diagrams and

noise spectra obtained from solutions of the Lang-Kobayashi rate equations modified for PCF,
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for ranges of external reflectivities and cavity lengths. Shown in figure 2.9 is an example of a
theoretical prediction of the bifurcation sequence for a diode laser with COF compared to that
for PCF. The same parameters for the solitary diode laser and the external cavity length are
used in each case. In this example the diode laser with COF is seen to evolve simply into
chaos, and the output is stable over a wide range of the feedback parameter k. For PCF the
output becomes unstable for low values of 7, and the chaotic regions are much wider and are

interrupted by periodic states.
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Figure 2.9. Bifurcation diagrams comparing (a) COF to (b) PCF for similar external cavity

length and solitary diode internal parameters. After [141].

Period doubling, quasi-periodic, and intermittency routes to chaos have all been
observed. As was the case for COF, the routes to chaos and the feedback levels at which
transitions between dynamic states occur depend on a number of the system parameters.
Important parameters include the control variables (injection current, external cavity length
and feedback fraction), characteristics of the solitary diode (size, wavelength, construction,
facet coatings, and relaxation oscillation frequency and damping rate), and properties of the
PCM [138,141,142]. Again, many of these parameters are difficult to know precisely, and for
these reasons, it is difficult to obtain accurate quantitative agreement between theory and
experiment. In addition, small changes to the (diode laser) internal parameters in the
theoretical models can drastically effect the predictions. No experimental studies have
examined the dynamics directly. They are generally inferred from the output stability (of the
optical spectrum), which is found to be altered dependent on the feedback level [134,135].

Similar to COF, phase conjugate feedback has the effect of increasing the side-mode-
suppression of the solitary laser diode, forcing a multi-mode diode to operate in a single

longitudinal mode, and reducing the slope efficiency and threshold operating current. The
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magnitude of these effects is similar for the two systems. The PCF system is also known to
operate in distinct feedback regimes, and multi-mode operation indicative of coherence

collapse has been experimentally observed [120,133].
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Figure 2.10. Phase fluctuation density (a) and frequency fluctuation density (b) for a diode
laser with phase conjugate feedback compared to ordinary mirror feedback and the solitary
diode laser. After [138].

There are, however, several advantages of PCF over COF. Firstly, PCF is found to
influence the intensity noise and the frequency noise of the solitary diode laser [146,149].
Predictions of the phase and frequency noise for PCF compared to COF are shown in figure
2.10, above. For certain input parameters the low frequency phase and frequency noise is
predicted to be significantly lower for PCF than for COF. Secondly, PCF can be used to
provide improved frequency stability [127,129,131], and mode-locking [130-132]. Thirdly,
the phase locking characteristics of the PCF produce a modified spectral lineshape of the
laser. It has been demonstrated that operation of a diode laser with phase conjugate feedback
within a stable regime can result in narrowing the solitary diode linewidth, and that this
narrowing is greater than that achievable with feedback from an ordinary mirror [123,127].
The linewidth due to spontaneous emission is drastically reduced because the laser phase is
locked and hence the phase variance is saturated. In practice, however, the magnitude of line
narrowing is governed by noise sources other than the spontaneous emission inside the cavity,
because these noise sources are greater. The limit of linewidth reduction is provided by the
linewidth of the laser used to pump the PCM; thus illustrating the advantage of a self-pumped
phase conjugate mirror. The PCF also effects the lineshape because the damping rate and
frequency of relaxation oscillation is reduced for an increasing feedback level. This,

combined with the increased peak in the frequency noise spectrum has the effect of increasing
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the satellite peaks with feedback. When the feedback reaches a certain level the satellite peaks
become comparable with the central peak, and the output becomes unstable or chaotic, as
described above.

Phase conjugate feedback can also be used to enhance many of the spatial properties
of the diode laser. Phase conjugation is used in many high-power laser systems for aberration
correction. Similar mechanisms are responsible for improving output beam profiles of
semiconductor lasers and for enhanced coupling between two or more diode lasers. This is
important for two different types of laser diode: broad-area diode lasers and laser diode
arrays. Both these devices typically have very poor spatial output profiles, and support many
longitudinal modes. Phase conjugate feedback has been demonstrated to improve both the
spatial and spectral properties of these devices [150,151], as illustrated in figure 2.11, below.
Phase-conjugate injection locking, where a double phase conjugate mirror is used to couple
the signal from a master laser, which is a single-frequency tunable device, into the slave laser
cavity, which is typically a broad-area laser or laser-diode array, results in improved coupling
efficiency between the two lasers (compared with conventional injection locking)
[159,162,215,216].

An experimental study of the effects of phase conjugate feedback on narrow-
waveguide diode lasers compared to COF is presented in chapter 6. Phase conjugate feedback

in broad-area diode lasers is investigated in chapter 7.
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Figure 2.11. Far field profile for a laser diode array free-running and with phase conjugate
feedback. After [163].
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2.5. Frequency modulated diode lasers

Frequency modulated output (FM lasing) from a diode laser is achieved by applying a
periodic modulation to the phase of the electromagnetic field. This can be done either directly
(via a modulation of the diode laser current) or indirectly (via an external phase modulating
element). Direct modulation is possible in semiconductor lasers due to the strong coupling of
the semiconductor refractive index to the carrier density (by virtue of the linewidth
enhancement factor). Thus, variations in the injected current in the laser diode yield variations
in the carrier density, which leads to variations in refractive index and hence emission
frequency and output phase. This carrier effect is the dominant mechanism for modulation
frequencies above 10 MHZ; thermal effects are also important for lower modulation
frequencies [176]. As the injection current is modulated there is also an accompanying
modulation of the output power (ie amplitude modulation). The ratio of the frequency
modulation to the intensity modulation is dependent on the modulation frequency and the
linewidth enhancement factor [22]. Indirect modulation can be obtained by the addition of an
external modulating element, such as nonlinear electro-optic crystal, or acousto-optic element,
though only low modulation powers are possible in a single pass through the modulator.

An electromagnetic wave with a periodic modulation of the phase can be represented by

E = E, expli{2rf,t + Bsin(2rf, t}] (2.39)
where fy, is the modulation frequency and S is the modulation index, which is given by

B = Af—F (2.40)

m

where AF is the maximum frequency deviation. The field spectrum of equation 2.39, can be

expanded in terms of Bessel functions J; (f) of the first kind
E =J,(B)E,sin(2rf,t) +J,(B)E,sin{er(f, + f )}
-3,(B)E,sin{2r(f, - f B +..+3( B E,sin{2r( f, +nf )¢
+(-1)"3, (B)E, sin{2m(f, —nf ) . (2.41)

The optical frequency spectrum of such a frequency modulated wave thus consists of the
centre lasing carrier frequency and a series of sidebands separated by the modulation
frequency. The first few lower order Bessel functions are shown in figure 2.12, representing
the relative amplitudes of the sideband pairs for an increase in modulation index. All
frequencies are not present simultaneously; the output frequency sweeps through the comb of
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modes at the modulation frequency [217,218]. The accompanying intensity modulation

manifests itself as an asymmetry in the sideband pairs [219].

Bezsel Function “alue

Figure 2.12. Bessel function amplitudes for the first four sidebands. After [220].

The resulting output from a frequency modulated laser is known as FM laser operation;
it was first demonstrated in a HeNe laser in 1964 [217], and in a diode laser in 1982 [219].
Increasing the modulation power, which represents the level of the modulation current relative
to the dc injection current for direct modulation, and the drive current to the phase modulating
element for indirect modulation, has the effect of linearly increasing the modulation index of
the output spectrum [221]. For gas lasers large modulation bandwidths are attainable simply
by increasing the modulation power (usually bounded by damage thresholds in modulator
elements). For semiconductor diode lasers, however, as the modulation power is increased (at
any particular modulation frequency) a threshold is reached beyond which dynamic
instabilities occur [222]. The mechanisms responsible for such dynamic behaviour are similar
to those responsible for instabilities introduced by the presence of optical feedback or
injection. That is, the modulation of the internal phase couples the three internal laser
parameters: phase, carrier density, and photon number, which allows the development of
(eventually) chaotic output power [25]. This manifests itself on the optical field spectrum as a
multi-longitudinal mode state. Additionally, at higher modulation powers the amplitude
modulation begins to dominate over the frequency modulation, generating highly asymmetric
frequency mode profiles. Generally, only low modulation indexes (<10) are possible with
modulated solitary diode lasers [221].
One way of increasing the modulation index (bandwidth) at a given frequency is by
introducing optical feedback [223,224]. This introduces a resonant frequency, fe (the external
cavity mode spacing), to the system [24]. For indirect modulation, the feedback also allows
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multiple round trips through the modulation element [168,169]. If the modulation frequency is
very close to the longitudinal mode spacing of the laser (which is determined by the total
length including the external cavity) then the system should operate as a mode-locked laser
[176]. Active mode-locking by frequency modulation of diode lasers with optical feedback
has been demonstrated by several authors [225-229]. If the modulation frequency is detuned
by a small amount from the cavity mode spacing then the system operates as an FM laser but
the modulation index is significantly enhanced by the external cavity mode frequency. This
enhancement of the modulation index is accompanied by the induction of a coherence
collapsed state when the modulation power is increased [168,169]. Dynamic instabilities
observed in frequency modulated diode lasers with optical feedback [230-235] prevent wide

bandwidth output, which is desirable for many applications [236].

2.6. Summary

A unique characteristic of diode lasers is that they are very susceptible to dynamic
instabilities. A number of factors, such as the strong coupling of the refractive index to the
carrier density inside the laser active layer, which leads to the linewidth enhancement factor
and strong relaxation oscillations (which drive many of the instabilities), and the relatively
low facet reflectivities, are responsible for this. As discussed in this chapter the instabilities
can be induced by optical (and phase conjugate) feedback, optical injection, and frequency
modulation. Differences between the phase correlation, the frequency detuning, and the
spatial mode matching of the diode laser output field to the feedback or injected field lead to
substantially different dynamic behaviour. The principal mechanism responsible for causing
instabilities in each case is the coupling of the phase of the electric field inside the laser cavity
to the carrier density and photon number. This can result in fluctuations of the output power
and an increase in the number of lasing modes.

While diode lasers are susceptible to instabilities induced by feedback and injection
these can also be used to improve many of the operating characteristics. As discussed is this
chapter the diode laser output side-mode-suppression, the linewidth, the threshold injection
current, and the intensity and frequency noise can all be reduced by feedback or injection.
Frequency tunability and stability can also be enhanced. These occur for specific levels of
feedback and detuning. These factors make the output of diode lasers more appropriate for

many applications.
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