
Chapter 2
Semiconductor Laser Concepts

Fundamentals of GaAs-based laser designs and the investigated (In)(Ga)As gain
media concepts are discussed within this chapter. (Al)GaAs is the material system
which is primarily employed for the infrared spectral range. Due to its versatility
and ability to form dielectric mirrors for vertically emitting devices, (Al)GaAs forms
the basis for a wide range of applications in the near infrared spectrum, and is well-
established for industrial mass production.

2.1 Evolution of Semiconductor Lasers

Since its inception, some of the main goals behind semiconductor laser development
have been the creation of new designs to achieve reduction of the lasing threshold,
increase in modulation speed, and higher output power. Well known examples in
everyday life include the AlGaAs laser diodes operated in continuous-wave mode
(CW) at 780 nm employed for compact discs, and at 848 nm for laser computer mice.
Optical interconnects driving the Internet rely completely on infrared semiconductor
laser technology, and steady demand exists for higher modulation speeds and more
cost-efficient devices. All of these examples are based on QW active media. In parallel
to this quasi standard in today’s industry, more sophisticated nanostructures such as
QDs have been introduced as a step to improving laser performance and to unlocking
new application areas. While the evolution of QD lasers started In the 1990s, the first
QD devices are just now entering the market.

Lithographic techniques and chemical wet etching with subsequent overgrowth
were used to fabricate the first QD lasers. These structures showed pulsed lasing at
77 K with extremely high jth of 7.6 kA/cm2 [1]. A significant advance in terms of
reducing jth was the use of self organized QD growth in the Stranski-Krastanow
growth mode (SK) [2], which allowed for an essential reduction in the defect density
within the QD layer. A 942 nm SK-QD laser using MBE growth was first developed by
Kirstaedter et al., and demonstrated a significantly reduced jth of 120 A/cm2 at 77 K
and 950 A/cm2 at RT [3, 4]. This breakthrough started a series of reports on improved
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MBE-grown SK-QD lasers with jth down to 19 A/cm2, realized with aluminum-oxide
confinement layers and emission wavelength up to 1.3µm [5, 6]. While the extremely
low threshold characteristics and long wavelength emission around 1.3µm of these
QD lasers were predominantly achieved by MBE-grown devices (an overview can
be found in [7]), the first successful MOVPE-based fabrication of SK-QD lasers
emerged in 1997 [8]. Steady development of QD devices in the following years
enabled success in significantly improved MOVPE-based SK-QD laser processes to
close the gap to MBE devices [9, 10].

2.2 Gain Concepts

Besides (Al)GaAs itself, the dominant active material for GaAs-based devices are
InGaAs quantization layers. Electronic states show quantization effects if at least
one dimension of an enclosed nanostructure is reduced to less than the de Broglie
wavelength of the confined charge carrier (electron: λ = h/p ≤ 30 nm). Such nanos-
tructures of reduced dimensionality can be epitaxially grown as thin insertions within
a matrix material, e.g. indium containing material can be grown as pseudomorphi-
cally strained layers. Due to the reduced band gap energy of InGaAs as compared
to GaAs, electrical confinement is easily achieved. In order to fabricate customized
active layers different approaches can be taken. The active layer concepts employed
within devices described in this work are briefly outlined below.

2.2.1 Quantum Wells

Physically a QW is realized if a sufficiently thin layer confines charge carriers in
the dimension perpendicular to its surface, while in-plane movements within the
layer are possible. In contrast to bulk material, the density of states changes from a
square root to a step-like function, thus the density of states becomes constant for the
energy intervals between energetic eigenstates. The resulting electronic properties
of such a QW can be tuned by its thickness, and are not solely dependent on material
properties, such as is the case for bulk layers.

The main obstacles for highest QW quality growth are smooth interfaces [11]
and dislocation free layers in heavily strained systems. Nevertheless, growth of QW
in the InGaAs/(Al)GaAs and GaAs/AlGaAs is well-established and understood.
QW energy levels, optical gain, and other properties can be analytically calcu-
lated [12]. For positive values (gmaterial ≥ 0), the material gain of a QW can be closely
approximated by a logarithmic function using an empirical gain coefficient g0, pump
current-density j, transparency current-density jtr , and by neglecting saturation and
occupation of excited states [13, 14].

gmaterial = g0 · ln
j

jtr
(2.1)
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Optical gain of a single QW is often sufficient to reach lasing threshold, whereas
for high power applications or vertical designs multi QW stacks (MQW) can be
used as active media. From the point of view of epitaxial-growth, the number of
QWs and the thickness of the spacers within a MQW are limited only by the total
incorporated strain. This can be partially addressed by the introduction of strain-
compensating layers. Thus, the spectral tuning range of QWs is also mainly limited
by strain, as maximum thickness and lattice mismatch of a grown layer are given by
the accumulated elastic energy required for dislocation formation, and thus relaxation
of the grown QW layer.

2.2.2 Quantum Dots

QDs confine charge carriers in all three dimensions within the length of the de Broglie
wavelength, and the density of states in QDs is described by a δ-function instead of
the step function of QWs. Consequently, they are often called zero-dimensional
structures. Thus, discrete energy levels comparable to that of a single atom exist
for a QD. Using the density-matrix theory Asada at al. calculated the QD gain and
predicted up to ten-fold higher values for QDs as compared to equivalently thick
QWs [15]. However, this advantage is limited by the fact that the occupied volume
of QDs is significantly smaller than that of a QW. For a very high QD density of
1 × 1011 cm−2 and lateral QD base area of 100 nm2 the volume is one tenth of an
equally high QW. As a consequence, the overlap with the confined optical field,
known as the confinement factor �, shrinks. Thus, the modal gain g is reduced
equivalently as it is given by the product of the confinement factor and the material
gain.

g = gmaterial · � (2.2)

The gain is also affected by the inhomogeneous broadening of the QD energy spec-
tra to several tens of meV, caused by the size distribution of the QD ensemble.
Consequently, only a part of the available QDs can contribute to the cavity mode of a
laser. Additionally, finite confinement potentials render the escape of carriers into the
barrier possible. An analytical description of the gain spectrum g(�ω) is discussed
by Bimberg et al. based on the work of Yan et al. and Chuang [16–19]. Although
it is beyond the scope of the current work, profound overviews on QD properties,
applications and the Stranski-Krastanow (SK) growth mode [2] can be found in these
books: [16, 20, 21]. A theoretical model on the strain driven QD island formation
has been published by Shchukin et al. [22, 23].

Currently, the basic physical mechanisms of the QD 2-D to 3-D transition after
reaching a critical layer thickness of ≈ 1.7 monolayers (MLs) of InAs are understood
[24, 25]. However, epitaxial QD growth processes are not yet able to completely
control for all QD properties, such as emission wavelength and areal density inde-
pendently of each other. Thus it is of fundamental interest to advance knowledge on
the influence of QD growth parameters on final structural and optical QD properties.
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During the overgrowth process QDs become three-dimensional inclusions within
the surrounding semiconductor matrix crystal. But in contrast to QW epitaxy, which
shows always a flat growth front, all QD layer overgrowth processes start with a
three dimensionally shaped, and thus rough surface, which needs to be flattened
during spacer growth prior to the following QD layer being grown. In consequence,
advanced growth processes are necessary to deal with this challenge.

As previously mentioned, the inherent QD size distribution as a result of the
self-organized SK process causes QD layers to show a much broader luminescence
when compared to QWs. Thus, the peak gain per QD layer is lower than for QWs,
and QD stacking is often required. Whereas the broad spectral gain width can be
used to provide a unique advantage for QD-based VECSELs, as is shown in Chap. 6.
Another intrinsic advantage of QDs is the very widely accessible spectral range. A
single material system such as InGaAs/GaAs enables the fabrication of lasers for
the entire wavelength range from ≈1000 nm up to ≈1350 nm by tuning QD growth
parameters.

2.2.3 Sub-Monolayer Structures

In contrast to QWs and QDs, research on SML structures as active media is
rather young. Comprehensive reviews on SML self-organization, optical proper-
ties, and applications have been published by Krestnikov et al. and Ledentsov et al.
[27, 28]. SML structures consist of a superlattice of SML depositions of low band-
gap material separated by few MLs of thick matrix material spacer layers. All iterated
SML depositions consist of less material than is needed to form a complete ML on
the surface. Thus, the initial SML deposition is obliged to form islands where the
size of these SML islands is defined by the minimization of the total energy of the
system. While the surface energy component depends only on the amount of
deposited material, the boundary and strain energies depend on the island size
[29, 27]. For all subsequently iterated SML depositions the term Einteraction

strain is addi-
tionally applied for the elastic energy resulting from the interaction of surface islands
with buried islands, leading to correlations and anti-correlations within the SML
structure [30]. While a single SML island is too small to confine an electron, the
close correlation of these InAs islands in the vertical plane upon stacking ultimately
leads to the formation of a three-dimensional structure capable of acting as a QD
within the crystal (cf. schematic Fig. 2.1).

Theoretical models can explain the physics of SML formation and SML
wave-functions, however, an understanding of epitaxial growth processes and their
parameters in controlling SML optical characteristics is in the early stages. Struc-
tural investigations and optical characterization of MBE-grown InGaAs/GaAs SMLs
describe the fabricated structures as a mixed state of QDs enclosed within a
QW showing distinct QD properties, which are overlapped by the stronger QW
luminescence at higher excitation levels [31, 32]. MOVPE-grown SML structures
described in this work use nominally the same amount of 0.5 ML InAs per SML
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Fig. 2.1 Schematic of the lateral coupling of InAs/GaAs SML structures based on calculations
of electron (blue) and hole (red) wave-functions by Dr. Andrei Schliwa. In the vertical plane InAs
islands are separated by 3 ML GaAs, laterally a distance of 2 nm is set. a Isolated 10-fold SML
structure. b A pair of SML structures shows lateral coupling. c Wave functions extend laterally
across the 3×3 SML configuration

deposition cycle as in the cited references, however the optical properties are domi-
nated by QW-like characteristics. A theoretical assessment predicts an intended ultra-
high SML island density of ≈1012 cm−2, and an average distance between these InAs
islands of only 2 nm for this amount of material. This narrow lateral separation allows
for lateral electronic coupling between neighboring SML island stacks, leading to
optical properties at high excitations which are comparable to very rough QWs [33].
A schematic representation based on calculations by Andrei Schliwa is given in
figure depicting the coupling of neighboring SML stacks Fig. 2.1. Investigations of
our samples by cross sectional scanning tunneling microscopy (XSTM) confirmed
the predicted narrow separation between adjacent InAs-rich agglomerations as shown
in Fig. 2.2. Individual SML depositions are not resolved in the XSTM picture of this
SML structure due to the very thin spacing of 1.5 ML GaAs, and the indium seg-
regation in the growth direction. Detailed results from these SML investigations by
XSTM are published in [26]. Similar SML structures are used as active media for
the SML VECSELs presented in Chap. 6.

2.3 Semiconductor Laser Basics

All modern SCH-semiconductor laser designs have to achieve both confining pho-
tons, and confining charge carriers according to their respective wavelengths. In
order to confine photons, the typical thickness of a cavity extends to a few hundred
nanometers on the order of ≈ λ/n while electrons require nanostructures with dimen-
sions about one order of magnitude smaller according to the de-Broglie wavelength

http://dx.doi.org/10.1007/978-3-642-34079-6_6
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Fig. 2.2 a and b are identical XSTM images, in b InAs-rich agglomerations are indicated by dashed
lines as a guide to the eye. Close-view filled-state XSTM images of a 10-fold SML stack with 0.5
ML InAs and 1.5 ML GaAs spacers per iteration, taken at 110 cleavage surface using VS = −2.6 V
and IT = 60 pA. This work has been published in [26]

λ = h/p. Thus, it is crucial to position nanostructures at the maximum of the confined
optical field for optimum modal gain (cf. Eq. 2.2). The lasing threshold is achieved
if the modal gain equals the internal losses αi plus the mirror losses αmirror of the
laser. With mirror reflectivity Rx and cavity length L this can be written as:

g(jth) = αi + αmirror = αi + 1

2L
ln

(
1

R1R2

)
(2.3)

Using Eqs. 2.1 and 2.2 the threshold current-density jth can be written as:

jth = jtr · exp

(
αi

�g0
+ 1

�g0
· 1

2L
ln

(
1

R1R2

))
(2.4)

The transparency current density is the current density which renders the laser
neither optically absorbing, nor optically amplifying; thus the laser is transparent.
To experimentally determine gain values and transparency current density jtr of edge
emitters, several edge-emitters of different lengths were cleaved to enable the mea-
surement of a set of lasers with different cavity lengths. By interpolating the threshold
current density jth values of the measured devices to infinite cavity length, the trans-
parency current density can be directly determined from the following Eq. 2.4:



2.3 Semiconductor Laser Basics 11

jtr = jth(L = ∞)

exp
(

αi
�g0

) (2.5)

Another important laser parameter is the internal quantum efficiency ηint , which is
defined as the ratio of the internally-emitted photons to electron-hole pairs injected
into the p-n junction of the laser diode. In the experiment, only the out-coupled
photons, which are equivalent to the mirror losses αmirror , can be measured. The
ratio of the out-coupled photons to the injected electron-hole pairs is defined as
differential quantum efficiency ηdiff :

ηdiff = ηint · αmirror

αmirror + αi
(2.6)

Experimentally ηdiff is deduced from the linear slope of the optical output power as
a function of the pump current above the lasing threshold:

ηdiff = �P

�I
· e

hν
(2.7)

Measured ηdiff values for lasers with different cavity lengths can then subsequently
be used to determine ηint and αi. Using the Eq. 2.6 and the definition of the mirror
losses from Eq. 2.3 1/ηdiff , this can be written as:

1

ηdiff
= 1

ηint
−

(
1

ln(R1R2)
· 2αi

ηint

)
· L (2.8)

Now 1/ηdiff can be drawn as a function of L and linearly fitted, this directly gives
for L = 0 a value for 1/ηint and allows use of the slope to calculate αi.
Aside from using their fundamental physical device properties, semiconductor lasers
can be assigned to two distinct groups:

• Edge-emitting lasers: Light within the cavity propagates parallel to the semicon-
ductor wafer surfaces, and thus also parallel to all epitaxial grown layers. Cleaved
wafer facets are used to reflect and/or couple out laser light. Device cavities of
several mm in length can be fabricated due to light propagation along the active
zone in order to increase total gain.

• Surface-emitting lasers: The cavity axis is perpendicular to the semiconductor
wafer surface and light is coupled out through the epitaxial surface or the bottom
of the wafer. As light propagation is also perpendicular to the active layers, the
pumped active area and the achievable number of grown active layers limit output
powers.

In addition to this fundamental classification, a multitude of application-specific
designs exist to generate appropriate device characteristics. For all theoretical
concepts the design inherently defines the maximal laser properties which are attain-
able. Subsequently, growth and processing expertise need to attain the given intrinsic
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optimum e.g. by achieving maximum gain, eliminating defects, and providing suffi-
cient cooling. In the following, the basic characteristics, possibilities, and limits for
the fabricated lasers described within this work are discussed.

2.3.1 Edge-Emitting Lasers

For all edge-emitting lasers light propagation is in-plane, as epitaxial processes offer
only vertical structuring, additional lateral confinement is required. While the vertical
confinement is realized by epitaxially grown cladding layers with a lower refractive
index, the lateral confinement is set up post-growth by etching stripes into the wafer
surface. In this manner, index guiding in the vertical and lateral directions is achieved
(gain guiding concepts are also possible). However, as the vertical extension of the
waveguide is significantly smaller than the processed lateral extension, the asymmet-
ric beam shape limits coupling capabilities to optical fibers. A current guiding effect
is also realized by the etching of the top-cladding layer, which is limited by the fact
that charge carriers can still diffuse laterally within the waveguide. By simply using
cleaved facets as perfectly plane-parallel mirrors to form the resonator, no epitaxial
or subsequently processed mirrors are required for laser operation. Many variants of
this basic edge-emitter concept exist to enable specific features, such as single-mode
operation by small ridge widths of only a few microns, or frequency selectivity by a
distributed feedback laser design.

Horizontally emitting lasers within this work are solely broad-waveguide edge-
emitters. This simple variant requires a minimized processing effort, enabling fast
laser parameter feedback times (< 2 days) for the development of epitaxial processes
as detailed in Sect. A.5.1. However, these lasers are multimode devices that are not
optimized for highest performance, but instead offer a valuable assessment of the
epitaxial process quality. By cleaving the laser stripes as the last step of processing,
different cavity lengths can be easily created in order to assess relevant characteristic
laser parameters.

2.3.2 Surface-Emitting Lasers

In contrast to horizontally-emitting devices, all vertical-emitting designs require
additional mirrors which are either epitaxially grown or externally mounted, or are
added during processing. The biggest advantage to the vertical concepts is the possi-
bility of a circular geometry, enabling a higher laser beam quality due to the resulting
circular beam shape.
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EOM VCSEL

The very short cavity length of a VCSEL (<1 µm) limits the modal gain and causes
the mirror losses αmirror to be the dominant optical loss factor (cf. Eq. 2.3) for the
VCSEL concept. Consequently, VCSELs require mirror reflectivity from both facets
well above 99 %, to enable reasonable threshold current-density levels. Such reflec-
tivity levels are mostly realized by thick distributed Bragg reflectors (DBRs) with at
least 20 pairs in the AlAs/GaAs system. Optical confinement for VCSEL is achieved
by etching a circular mesa into the epitaxial structure to enable index guiding and
charge-carrier confinement. In order to improve laser characteristics, an oxide aper-
ture layer is often added to confine the applied current to the mesa center, to reduce
leakage currents, and for mode selection. As electrically pumped VCSEL use, in
most cases, a circular top contact surrounding the output mirror, the maximum out-
put power is limited to milliwatt levels by the area, which can be homogeneously
pumped. As soon as contacts are processed VCSELs can easily be tested on wafer
without any device separation, due to the fact that light is emitted from the surface.

In this work a more complex variant of the VCSEL is realized, the EOM VCSEL,
which includes a monolithically integrated modulator within a second cavity. To
access the modulator section, conventional VCSEL processing is altered to real-
ize a third circular middle contact. The same restrictions and advantages as those
mentioned above apply to the EOM VCSEL design.

VECSEL

In contrast to all other laser designs within this work, VECSEL are usually optically
pumped, and no lateral patterning or processing of the wafer is applied to the structure
post-growth. Instead, the optically-irradiated area defines the actively pumped region
of the laser, thus confining the charge-carrier generation to an almost circular spot.
For optimum performance, this pump spot should match the focus diameter of the
external mirror, which defines the diameter of the laser within the gain chip. In
comparison to VCSEL designs, this VECSEL diameter can be much larger—up to
hundreds of microns—and the active part of the cavity can be extended to more than
a micron, depending on the pump laser absorption characteristics. In consequence,
VECSELs enable very high output-power levels of up to several watts in CW mode.
VECSEL limitations are given by the almost non-existent lateral confinement and
the complex setup, requiring an external pump laser and optical alignment upon
mounting the gain chip to an elaborate heat sink. In contrast to other monolithic
designs, this external cavity design enables easy intra-cavity access e.g. for efficient
frequency doubling. Thus, complete VECSELs are much larger than edge-emitters
or VCSELs but offer flexibility, high brilliance and high power.
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