
Chapter 1

Introduction

Vertical-cavity surface-emitting lasers (VCSELs) are a rather novel kind of semiconduc-
tor lasers. Although the first devices were realized in 1979 (see, e.g., [1] and citations
therein), VCSELs have become commercially available only a few years ago. Since then,
they are replacing edge-emitting lasers, which constitute the conventional type of semi-
conductor lasers, in an increasing number of applications. In contrast to edge-emitting
lasers, VCSELs emit in the direction of the epitaxial growth [1,2]. VCSELs can therefore
exhibit a nominal rotational symmetry in the plane transverse to the direction of the
lasing emission. This allows for a circular beam profile and hence for an easy coupling
into optical fibres. Thus, the most prominent application of VCSELs at the moment is
in data transmission in local area networks (for a recent overview of new developments
see the contributions in [3]). Furthermore, the use of VCSELs as optical interconnects [4]
and in optical computing [5] is being discussed. But also the application of VCSELs in
other fields of technology is debated, e.g., in compact disc players, optical data storage,
in sensor technology or as optical power amplifiers. In the field of scientific applications
VCSELs are discussed as light sources for spectroscopy [6]. Furthermore, the VCSEL
architecture allows for on-wafer testing, i.e., cheap mass production, and an easy arrange-
ment of VCSELs in arrays. The latter possibility makes VCSELs attractive for high power
applications [7]. Another advantage of VCSELs is the operation in only one longitudinal
mode, which is enforced by the short cavity length of these devices [1]. Hence, instabilities
that are related to multi-longitudinal mode competition cannot occur.

Nevertheless, also in VCSELs instabilities and dynamics do occur. These instabilities
are related to two degrees of freedom. The first degree of freedom is the spatial one: It is
possible to create VCSELs with resonators whose transverse dimensions are much larger
than the cavity length. Thus, a variety of spatial effects can occur like, e.g., transverse
multi-mode operation [8–10] or pattern formation [11–14].

The second degree of freedom – and the one which is the topic of this work – is the
state of polarization of the optical field. The occurrence of effects related to the state of
polarization of the light benefits from the rotational symmetry of the VCSEL cavity. In-
deed, a variety of polarization effects is observed (see, e.g., [15] for a review and Sec. 2.3 for
a detailed introduction). The most prominent effect is the so-called polarization switch-
ing, which manifests itself in a sudden change from one linearly polarized mode to the
orthogonally polarized one [16]. Such a polarization instability can be of disadvantage in
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applications. For example, polarization fluctuations were shown to result in an increase
of the bit error rate in communication systems based on VCSELs [17, 18]. But the po-
larization degree of freedom opens also the possibility for new applications, e.g., the use
of VCSELs in information processing via the exploitation of bistability of polarization
states [19,20], in routing applications [21], or for message encryption [22]. Thus, from the
point of view of applications an understanding of the polarization properties of VCSELs
to the greatest possible extent is desirable.

There have been several attempts to explain polarization selection and dynamics in
VCSELs, especially polarization switching (see also Sec. 2.3.2). In one class of models,
differences in the linear net gain of the polarization modes and a change of these differences
are considered to be responsible for polarization selection (e.g., [23–25]). Most of these
models are based on rate equations for the inversion and the intensities of two orthogonally
polarized modes. In a more refined treatment that takes into account the optical fields
of the polarization components, i.e., besides the mode intensities also the relative phases
of the fields are considered, polarization selection is attributed to non-linear dynamics
that stems from spin degrees of freedom and the strong phase-amplitude coupling of the
semiconductor material [26, 27].

Although the possible mechanisms of polarization selection in VCSELs have been
intensively debated over the last decade, there are still many open questions. Therefore,
the first part of this thesis is devoted to the attempt to obtain comprehensive experimental
evidences that help to decide on the importance of several of the proposed mechanisms for
the selection of the state of polarization in VCSELs. It will turn out that it is indicated
by the experimental results that the phase degree of freedom of the optical field and a
non-linear coupling mechanism of the polarization components are of importance in the
selection of the state of polarization and the dynamics related to it.

Finally, the dynamics of semiconductor lasers in general is a paradigm of non-linear
dynamics and pattern formation in optical (and also other) systems, especially in the
presence of external perturbations like injection or feedback [28]. For example, such gen-
eral phenomena like dissipative cavity solitons (in a broad-area VCSEL below threshold
with optical injection [13]), propagating spatial solitons (in an edge-emitting laser [29]), or
stochastic resonance (in an edge-emitting laser with optical feedback [30] or in a polariza-
tion bistable VCSEL [31]) can be observed. Also, intermittency was observed experimen-
tally for semiconductor lasers with optical feedback [32]. Furthermore, high dimensional
chaos has been demonstrated for this system in a theoretical work [33].

Especially the dynamics with optical feedback – studied most intensively for edge-
emitting lasers – are very rich (for a review see, e.g., [34]). The most prominent examples
are the so-called low-frequency fluctuations (LFF) and coherence collapse (CC) (e.g., [35]).
The term LFF denotes a dropout-and-recovery process of the output power of the laser
that occurs on a time scale that is slow in comparison to the typical time scales of the laser
without an external perturbation and the time the light travels in the external resonator,
which is constituted by the output mirror of the laser and the source of reflection. The
dynamics that underlies this process (and which is also present in the case of CC) was
shown to consist of irregular pulsations on a picosecond time scale [36, 36, 37]. Epony-
mous for the phenomenon of CC is the fact that the linewidth of the laser is broadened
enormously in comparison to the laser without feedback [35], i.e., the coherence length is
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drastically decreased.
Optical feedback is unavoidable in many applications, e.g., when the output of the

laser is coupled into an optical fibre. Since VCSELs are used in an increasing number of
applications and they are – as their edge-emitting counterparts – very sensitive to optical
feedback [28, 38–43], an understanding of the occurring effects is important once more
from the point of view of applications.

The investigations on the dynamics of VCSELs in the presence of optical feedback are
by far less numerous than it is the case for edge-emitting lasers. Recently, the existence
of LFF in VCSELs has been demonstrated experimentally [44]. However, the latter work
has left several questions unanswered. In the second part of this work, it will be tried
to clarify the interplay of polarization dynamics and feedback induced instabilities in
the dynamical regimes of LFF and CC. In order to achieve the best possible distinction
between polarization effects and feedback effects, the VCSELs are subjected to isotropic
feedback, i.e., the state of polarization of the light is not changed in the external resonator.

In the case of edge-emitting lasers, it has been heavily debated whether longitudinal
multi-mode dynamics is important in inducing LFF (see Sec. 2.4.1 and the citations
therein for a more detailed discussion). As outlined above, the problem of longitudinal
multi-mode operation does not arise in VCSELs. Instead, the above problem has to be
reformulated in terms of polarization modes. With respect to the discussion that was
raised on edge-emitting lasers with feedback, it is tried to make advantage of the fact
that the problem of multi-mode operation can be reduced to a two-mode problem in
which the two modes are represented by the two polarization modes of a VCSEL. This
might facilitate an easier understanding of the experimental results as well as an easier
comparison with possible theoretical explanations.

This work is organized as follows: In the next chapter the specific architecture of
VCSELs and the differences to edge-emitting lasers will be reviewed. This treatment is
complemented by a review of prior work on polarization effects in VCSELs and feedback
dynamics of VCSELs and edge-emitting lasers. In Chapt. 3 the polarization effects of
VCSELs without any external perturbation are investigated. The main focus is on ex-
periments. These are supplemented by a comparison with the predictions of a non-linear
model. The choice of the specific model will be motivated already in Chapt. 2. Chap-
ter 4 is devoted to experimental investigations of VCSELs with isotropic optical feedback.
Finally, the results and conclusions of this thesis will be summarized in the last chapter.
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