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Quantum Dot Technologies
Richard A. Hogg and Ziyang Zhang

1.1
Motivation for Development of Quantum Dots

The technologies that enable the creation of high-quality custom-engineered quan-
tum dots (QDs) within a semiconductor matrix are of great importance for both new
physics and new device applications. These ‘‘designer atoms,’’ created either singly
or as an ensemble within a device have already had a significant impact from the
study of mesoscopic physics, and allowing the fundamentals of light–matter inter-
action to be probed, through to laser devices with new functionality. This chapter
concentrates on the motivations, technological advances, and recent achievements
of QDs applied to new light sources. Further chapters discuss the exploitation
of such devices in a range of devices and applications. Here, we discuss the
development of strained epitaxy to realize an ensemble of QDs for optoelectronic
applications.

1.2
Gain and Quantum Confinement in a Semiconductor Laser

The semiconductor diode laser was first realized in 1962 by groups in The
Soviet Union and the United States [1]. The acronym LASER (light amplification
by stimulated emission of radiation), now assimilated into English as a word
in its own right, indicates the unique characteristic of these devices, which
harness stimulated emission, a process distinct from spontaneous emission, and
absorption. In addition to the requirement for gain, feedback is also required to
obtain lasing.

Figure 1.1a depicts these optical transitions schematically, along with their
probabilities. Figure 1.1b depicts a situation where light is propagating through a
semiconductor medium within a p–n junction, which is connected to a current
source that modifies the carrier density in the active element. In the case of
low current densities (low carrier density), absorption is the most likely process.
Subsequent reemission of the photoexcited carrier will be in all directions, so the
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Figure 1.1 (a) Schematic of optical transitions between the conduction and valence bands
in a semiconductor, including rates of these transitions. (b) Schematic of light propagating
in a material where applied current modifies the carrier density, the rates of absorption, and
stimulated emission, and hence gain.

propagating pulse will be denuded. As current (carrier) density is increased, the
absorption rate is reduced and stimulated emission rates are increased. At some
point in this lossless case, the rates of stimulated emission and absorption are equal
and the material is transparent as Pout = Pin. In this ideal case, the transparency
point coincides with population inversion, where there are an equal number of
carriers in the upper state as there are in the lower state. As current (carrier) density
is further increased, stimulated emission dominates and optical gain is obtained.

The density of electronic states at the lasing energy is of importance in deter-
mining the current densities required to achieve inversion, once the volume of
the active element is defined. The magnitude of this gain is also a function of
the radiative matrix element, and, in the case of high cavity powers, the rate at
which carriers may be supplied. At first glance, a low density of states is attractive
to minimize the threshold current of the laser. However, a real laser incorporates
a lossy waveguide and facets. At least one of these facets should have moderate
reflectivity to emit light, yet introduces further losses to the ideal system. Lasing is
achieved when gain overcomes all losses. Therefore, a density of electronic states
sufficient to provide gain to overcome these losses is a key requirement.

It is also important to remember that semiconductor materials form bands
of states, so the kinetic energy of carriers, inhomogeneity of the material, and
homogeneous broadening (e.g., carrier lifetime broadening due to free carriers
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and phonon scattering) all act to broaden the gain spectrum. The characteristics
of a particular material and heterostructure with regard to the effects of current
and temperature on the gain spectrum are therefore of critical importance to the
operation of a laser. These characteristics not only determine the static, but also
the dynamic performance of the laser diode. In addition to the characteristics of
the semiconductor material, the dimensionality of the charge carriers in a system
determines the form of the density of electronic states.

Figure 1.2 shows a schematic of the density of states as a function of dimension-
ality, going from bulk (3D) to QD (0D) systems. The move to a quantum well (QW)
structure removes a kinetic energy component from one spatial direction from the
total energy of the carrier, replacing it with a quantum confinement energy. This
step-like density of states is beneficial as the radiative rate is enhanced as compared
to the bulk material, and carriers are concentrated at a specific wavelength. For
bulk materials, the joint density of states (the product of electron and hole densities
of state) is very low at the band gap, yet these states must be filled in order to access
energies where gain may be sufficient to overcome cavity losses. The carriers used
to fill these states are essentially wasted. A simple, yet nontrivial advantage of a
QW active element over bulk is the reduction in volume, which goes hand-in-hand
with a reduction in drive current. This (along with more efficient use of carriers)
ameliorates many problems for semiconductor lasers associated with large currents
and finite resistance, resulting in large joule heating effects.

As we move to the QD system, there is no free motion in any direction, and an
atom-like delta function is obtained for the density of states. This atom-like character
allows many new aspects of physics to be explored. With regard to semiconductor
lasers, 0D systems have a number of predicted advantages. Arguably, a key
motivator for the development of technologies to realize QD materials was the
prediction of a temperature-insensitive threshold current by Arakawa and Sakaki in
1982 [2]. They explained that this would be achieved if only the ground sub-bands

(a) (b) (c) (d)
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Figure 1.2 Schematic of effect of electronic confinement on the density of states moving
from (a) bulk to (b) one-dimensional confinement in a quantum well, (c) two-dimensional
confinement in a quantum wire, and (d) three-dimensional confinement in a quantum dot.
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were populated (i.e., the state separation was large compared to kBT , where kB

is the Boltzmann coefficient and T is the absolute temperature). This is possible
by choosing sufficiently small dimensions for their ‘‘3D-quantum well’’ (prior to
the adoption of the term dot for 3D confinement/0D carrier systems). In 1986,
Asada et al. [3] modeled the electronic dipole for different carrier dimensionality
and showed an increase in material gain for a ‘‘quantum box’’ (again, prior to the
adoption of ‘‘dot’’ for 0D systems).

While these two reports are not the only theoretical predictions of the benefits
of a QD active, they are certainly very compelling. The temperature sensitivity of a
semiconductor laser is a major issue in their deployment in real-world applications.
In optical communications, there are typically maximum launch power limits, and
minimum receiver powers required to achieve efficient data transmission. As such,
large variations of the laser power cannot be tolerated. In fact, the temperature
sensitivity of lasers can be so large that they simply cannot be operated at two
biases (logic level 0 and 1) over the whole temperature range. This temperature
sensitivity results in the need for temperature monitoring and control, resulting in
large packaging costs for laser modules as this tends to be rather labor intensive.
Secondly, an enhanced gain at low current densities has clear advantages in
terms of energy consumption, where very low currents also translate to low self-
heating. This high gain for low current characteristic is also of importance in the
dynamic performance of the laser, where differential gain plays a key role in direct
modulation rates, and the differential gain spectrum dictates the change in lasing
wavelength during modulation (chirp) [4].

As a consequence of major advantages such as these, there has been a great deal
of work focused on the practical realization of such devices. The challenge of this
task is not to be underestimated, as we require many factors to be simultaneously
realized in our ideal QD laser active. We require the creation of structures with
dimensions off ∼10 nm per side (∼30 atoms per side) in order to have good
carrier confinement in all three dimensions. These QDs must be inserted within a
semiconductor matrix, minimizing the formation of crystal defects as this will not
only act as carrier recombination centers but may also pose problems for device
reliability and commercial exploitation of the technology. Another major challenge
is that in order to harness all the predicted benefits of QDs in a laser device, all
QDs should be essentially identical [5]. The QDs required consist of ∼27 000 atoms
embedded in a crystal matrix, with an ensemble of these differing in emission
energy by only a few millielectron volts.

1.2.1
Top-Down Approach

An obvious route to realize QDs is to create a QW and etch ∼10 nm scale features.
Here high-resolution lithography (e.g., electron beam lithography) is followed by
well-controlled etching. Dry etching is a popular method owing to the high uni-
formity and accurate control of etch depth. However, dry etching brings with it
significant issues as the process induces damage to the nanometer scale features.
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Figure 1.3 (a–b) Schematic showing the
creation of a damaged, optically dead layer
when creating a quantum dot through etch-
ing of a quantum dot. (c) graph shows CL
intensity of etched structures as a func-
tion of dot radius. Arrows indicate points at

which the quantum dot was optically dead,
providing an estimate of ξ , the thickness of
damaged material introduced by the fabrica-
tion process. (Source: Clausen et al. 1989
[6]. Reproduced with permission of Appl.
Phys. Lett.)
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This was highlighted by Clausen et al. [6], who characterized dry etched structures
by low temperature cathodoluminescence (CL). They found a significant reduction
in luminescence (see Figure 1.3) as the etched structure diameter was reduced, with
the data only being explained by the presence of a damaged layer of finite thickness.
The arrows in Figure 1.3 indicate the point at which no luminescence was observed
from their QD structures, and provides an estimate for the thickness of this dam-
aged layer. Layer thickness of 90–200 nm were deduced, significantly larger than the
scale of features required to achieve good electronic confinement in all three dimen-
sions. This finite thickness precludes the use of postetch passivation treatments,
and poses a key technological barrier for this route of manufacture for QDs.

In addition to overcoming etch-induced damage, surface recombination and the
need for the incorporation of the QDs within a p-i-n diode require the regrowth of
any etched features, their planarization, and the formation of a waveguide/doped
upper layers. Significant effort has been spent in this direction, with QD lasers
being realized in the InP/InGaAsP system [7]. Figure 1.4 shows a schematic of
their structure. Here, electron beam lithography was combined with wet etching.
In order to maintain etch anisotropy, the uppermost layer was InGaAs, which was
subsequently removed by selective wet etching prior to regrowth of the structure
as a buried heterostructure laser. The laser operated at 77 K with emission from
QD excited states because of limited ground-state gain at a current density of

<100>

<011> <011>

7 μm

Light

2080 μm

Au/Sn
SiO2
p-InP

p-InP
p-InP
Au/Zn

Substrate

70 nm

12 nm
30 nm

Quantum box
n-lnP clodding layer

n-GalnAsP (λg = 1.10 μm)

i-GalnAsP (λg = 1.10 μm)

p-InP buffer layer

Optical confinement
layer

i-Ga0.67In0.33As

Tensile-strained quantum box

001/1

Fe-InP

Figure 1.4 Schematic of an etched and regrown quantum dot laser. (Source: Hirayama
et al. 1994 [7]. Reproduced with permission of Electron. Lett.)
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7.6 kA cm−2. This is the best laser performance reported for devices utilizing an
etch to a QW structure.

1.2.2
Bottom-Up Approach

An alternative method for QD manufacture is to rely on preexisting patterning
of the semiconductor substrate followed by epitaxy, which is modulated by the
existing pattern [8]. Figure 1.5 shows the fabrication process in further detail. Upon
a GaAs substrate, a dielectric layer is deposited. This dielectric layer is patterned
through electron beam lithography and dry etching. Following cleaning of the
wafer (a combination of oxygen plasma and wet etching), the wafer is loaded
into the epitaxial growth reactor (in this case metal-organic vapor phase epitaxy
(MOVPE)) for the deposition of GaAs. The presence of the dielectric mask allows
the deposition of semiconductor only within the etched gaps and modifies the
supply of materials owing to a change in the density of reagents in the gas phase [9].
Owing to the symmetry of the crystal structure and control of the epitaxial growth
parameters, a pyramid-like structure is formed, which then coalesces, resulting in
the formation of pyramid-shaped indentations in the GaAs. Here, the subsequent
deposition of a QW upon the 3D structure is modified, leading to the formation of
QD-like structures, confirmed by spatially resolved luminescence measurements.

This technique has not resulted in practical laser devices for several reasons. The
dielectric materials buried by the epitaxial materials present difficulties in forming
a low loss waveguide structure. Furthermore, the QDs that are formed are strongly

GaAs

GaAs substrate
SiO2

<011>

<100>
<011>

(a)
(c) (d)

(e)(b) (f) 1 μm

1 μm

Figure 1.5 (a–f) Schematic of a patterned and MOVPE regrown structure and cathodolu-
minescence imaging of the quantum dot emission. (Source: Ishida et al. 1998 [8]. Repro-
duced with permission of Appl. Phys. Lett.)



14 1 Quantum Dot Technologies

[100]

[001]

[110][110]

LL/ 2

[110]

Figure 1.6 Schematic of terraces upon the substrate surface utilized to form submonolayer
quantum dot structures. (Source: Brandt et al. 1991 [10]. Reproduced with permission of
Phys. Rev. B.)

coupled to QW layers in the structure, and have poor electronic confinement. A
serious impediment to application is the low areal QD density that can be achieved.
With one QD per 1 μm × 1 μm, an areal density of QDs of 108 cm−2 is achieved. A
very low density of states and concomitant low maximum gain would result.

An alternative approach was demonstrated by Brandt et al. [10], where the growth
of monolayer InAs islands (and their subsequent encapsulation with GaAs) was
achieved. This was made possible by the presence of well-defined step structures
on the crystal surface, achieved by careful control of the growth of GaAs by step
propagation. A suitably misoriented substrate (see Figure 1.6) then favors the
formation of InAs islands at these step edges through submonolayer deposition.
Spectroscopy of these structures indicated QD-like behavior, but owing to the
small height of these structures (one monolayer), the barrier to electronic escape
was quite small, limiting their possible use to very low temperatures. However,
such structures point the way to the use of self-assembly techniques to realize QD
materials for optoelectronic devices.

1.3
Self-Assembled Quantum Dot Technology

1.3.1
Molecular Beam Epitaxy

Compared to the QD fabrication technologies described above, self-assembled QD
technologies are a more effective and popular technique to achieve high quality,
dislocation-free QDs. Through almost 30 years of study, the self-assembled QD
growth technique has already become a mature technology. Today, many QD
devices have been commercialized including lasers, broadband light emitters, and
passive devices [11], which are all based on self-assembled QD structures. Here,
we describe the main growth technique, the growth dynamic processes, and the
thermodynamic processes at play in the growth of self-assembled QDs.
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The molecular beam epitaxy (MBE) growth technique is a state-of-the-art thin
film epitaxial growth technique. MBE technology was invented in 1968 by Arthur
Cho from Bell Laboratories. By 1971, Cho and Arthur [12] had developed it into
a mature ultrathin layer material epitaxy growth technology. MBE is carried out
under high vacuum, with different groups of atoms being provided a high thermal
velocity, forming a molecular beam that is incident upon a heated substrate surface.

MBE has many advantages compared with other epitaxial growth techniques
such as liquid phase epitaxy (LPE), vapor phase epitaxy (VPE), and MOVPE [12]
such as

1) low substrate temperatures which can reduce the diffusion of impurities to
obtain a steep impurity distribution of the epitaxial layers;

2) very low growth rate leading to precise (atomic level) control of doping,
composition, and thickness of the epitaxial layers;

3) MBE growth is a dynamic process, that is, it is not carried out under conditions
of thermal equilibrium, allowing the growth of materials that cannot be
obtained by heat balance;

4) owing to the high vacuum, the growth process and the surface of the sample
can be analyzed and monitored in situ.

Compared with the other ultrathin film growth technique (e.g., MOVPE), these
differences (disconnect of material supply rate and substrate temperature, in
situ monitors, etc.) allow for higher quality QD device structures through MBE.
While for InP-based QWs MOVPE technologies dominate, all current commercial
activities in the field of GaAs-based QDs are MBE based.

Figure 1.7a is a photograph of a VG 90 MBE reactor [13], which is constituted by
three main parts – preparation chamber, transfer chamber, and growth chamber.
These three chambers have vacuum valve isolation, and therefore samples can be
freely transferred among the three chambers while maintaining high vacuum con-
ditions. As seen in Figure 1.7b, in the growth chamber, molecular source ovens are
placed opposite the substrate. The MBE epitaxial growth takes place in an ultra-high
vacuum (<10−10 Torr), and may form various compound semiconductor materials
(e.g., InAs, InSb, and GaAs). Once the distance between the source oven and sub-
strate is fixed, the growth rate is mainly determined by the temperature of the oven.

Reflection high-energy electron diffraction (RHEED) is an important in situ
analytical instrument in MBE, which is used in a number of ways. Firstly, it
can be used to more accurately determine the temperature of the substrate (than
pyrometry and thermocouples) via the observation of the transition from an
amorphous image to a streaky RHEED pattern when the native surface oxide layer
is removed from the sample. Secondly, the oscillation of the RHEED pattern is
periodic with the formation of individual monolayers upon the substrate. As a
consequence, it may be used to measure the growth rate. Thirdly, the RHEED
pattern can be used to identify the formation of the QDs. Typically, the RHEED
pattern for two-dimensional growth (i.e., layer by layer) shows a stripe pattern.
The change of this pattern to a discontinuous line or ‘‘spotty’’ corresponds to the
transformation of growth to a three-dimensional process.
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1.3.2
Growth Modes

Generally, there are three main MBE heteroepitaxial growth modes that are
dictated by the lattice mismatch, the surface energy, and the interfacial energy. The
Frank–van der Merwe (FM) growth mode is a layer-by-layer growth mode routinely
utilized in the growth of QW structures. Here ad-atoms attach preferentially
to surface sites. In the Volmer–Weber (VW) growth mode ad-atom/ad-atom
interactions are strong and clusters of ad-atoms are formed upon the surface. The
Stranski–Krastanow (S–K) growth mode is a hybrid of FM and VW growth modes.

If the lattice mismatch is small and the surface energy of the epitaxial layer and
the interfacial energy is less than the surface energy of the substrate, the epitaxial
growth mode will be FM mode. If the lattice mismatch is large and the surface
energy of epitaxial layer is greater than the surface energy of the substrate, the
epitaxial growth will be through the VW mode. For moderate lattice mismatch,
as shown in Figure 1.8, the initial growth is layer by layer, and strain due to the
lattice mismatch is accumulated with increasing thickness of the epilayer. When
the thickness of the 2D layer reaches a critical level, the strain will be released by
the formation of small islands. As epitaxial material is added, these small islands
will continue to grow until fully ripened. This process characterizes the hybrid S–K
growth mode.

This growth technique is now widely used to achieve dislocation-free QD
materials, which are termed self-organized or self-assembled QDs. The initial 2D layer
is called a wetting layer, and the QDs include both the islands and the wetting layer.
The critical thickness, the transition from 2D to 3D growth, the size of the islands,
and the areal density of dots is generally related to the lattice mismatch between
substrate and deposited layers and the growth conditions (substrate temperature,
the V/III beam ratio, growth rate, etc.). In the following, we describe from kinetics
and thermodynamic effects to the self-organized QD growth mechanism for InAs
QDs on a GaAs substrate. The impact of several important factors upon the growth
process is outlined.

In As In As In As

GaAs substrate
2D  growth

GaAs substrate
2D to 3D transition

GaAs substrate
3D growth

(a) (b) (c)

Figure 1.8 (a–c) Schematic of the three main stages of self-assembled quantum dot for-
mations under the S–K growth mode.
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1.3.3
Quantum Dot Growth Dynamics

The QD growth process is far from equilibrium, so aspects of the dynamic
processes are very important to determine the film morphology. Growth kinetics
processes (depicted in Figure 1.9) mainly consist of adsorption, surface migration,
nucleation, diffusion to the substrate (intermixing), step incorporation, and island
incorporation. Kinetic processes depend mainly on two factors. Firstly, surface
conditions including the orientation of the substrate, morphology of the surface,
stress distribution, and any compositional gradient across the surface of the
substrate. These factors mainly refer to the state of the substrate surface before QD
epitaxial growth.

Secondly, the surface density of the adsorbed atoms and their diffusion is another
critical factor. The density and diffusion of the adsorbed atoms can be controlled
by changing the growth conditions such as the deposition rate (cell temperatures)
and the substrate temperature. This process is relatively complicated and is a major
factor in the control of the epitaxial growth of QDs. There are several key factors
that can affect the actual QD growth process.

1.3.3.1 The Interaction of the Quantum Dot and the Wetting Layer
The wetting layer and QDs are closely related. There are different views on their
connection and interplay within the literature. It has been proposed that the
thickness of the wetting layer is exactly the critical thickness, and QDs are grown
on the complete wetting layer. However, there are other reports that propose
that after the formation of the QDs the wetting layer is destroyed and that the
wetting layer epitaxial materials are also involved in the formation of the QDs.
Our view supports the latter theory. Gerard et al. [14] used different growth
methods (e.g., inclined substrates) to study different InAs layer thickness and
their corresponding photoluminescence (PL) characteristics, and found that when
the QD light-emitting intensity increased, the wetting layer luminescence sharply
decreased. Many theoretical models [15, 16] indicate that the 2D–3D growth mode
transition is a phase transition. The beginning of the phase transition is the wetting
layer, and these transitions end with the formation of stable island structures. This
means that the formation of the QDs may only require the consumption of the
wetting layer without the further deposition of epitaxial material.

Islands nucleation and coalescing

surface migration 
Intermixing

Heated substrate

Adsorption
Reevaporation

Figure 1.9 Schematics of growth dynamics, including adsorption, nucleation, migration,
reevaporation, and intermixing.
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1.3.3.2 The Interaction of the Quantum Dot with Underlying Layers and Capping
Layers
Many experiments have demonstrated that the indium composition in the fully
encapsulated QDs is not uniformly distributed, with the indium composition
reducing with increasing distance from the center of the QD. The InAs QD,
realized by S–K growth and overgrowth, is therefore a nucleus of high indium
composition alloy [17]. If it is assumed that the QD is of a triangle shape, then
the bottom of the island is the large strain area, and at the top of the island the
strain is relatively small. Therefore, when the QD is buried, the InAlAs or InGaAs
capping layer will accumulate more at the top of the island than at the bottom.
From this perspective, the introduction of the burying layer can effectively maintain
the morphology of the QDs. In addition, the growth temperature of the QDs is
generally above 480 ◦C; in this case, indium–gallium intermixing is significant,
which will lead to a large modification of the indium composition, and hence, the
shape of the QD. Before entirely covering the QDs with a GaAs layer, the insertion
of layers with appropriate fractions of InAlAs or InGaAs will partially weaken the
stress in the QDs, and hence inhibit the degree of indium–gallium intermixing. As
a result, InAlAs or InGaAs covering layers are usually used to extend the emission
wavelength of QDs to longer wavelengths. The InGaAs strain reducing layer [18]
modifies the pure InAs/GaAs QDs into InGaAs/GaAs QD structures via atomic
interdiffusion between indium and gallium. This interdiffusion is more obvious
when using an InAlAs capping layer or underlying AlAs layer. Meng et al. [19]
found that if the InAs QDs are grown on an AlAs layer (instead of a GaAs layer),
the InAs wetting layer will be completely consumed because of the strong atom
interdiffusion between indium and aluminum, as seen in Figure 1.10.

1.3.3.3 Growth Interruption
During the QD epitaxial growth, growth interruption has a significant impact
on the morphology of the QDs. Ledentsov et al. [20] carried out a systematic
study of the effects of growth pause on InAs/GaAs QDs. Usually during QD
growth, a short pause will provide sufficient time for indium atoms to migrate

(a) (b)

20 nm 20 nm

Figure 1.10 Cross-sectional TEM images of InAs QDs (a) grown on 8 ML AlAs and (b)
grown on 2 ML AlAs. (Source: Meng et al. 2010 [19]. Reproduced and modified with per-
mission of J. Appl. Phys.)
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on the sample surface to find optimal positions for incorporation, which could
be beneficial to obtain uniform dot size (and composition) distribution. Different
substrate temperatures, different arsenic pressure, and different InAs deposition
amounts require different growth interruption times to allow the QDs to achieve
an equilibrium dot size. For example, maintaining the substrate temperature at
480 ◦C, arsenic pressure of <2 × 10−6 Torr and 3 Monolayer (ML) InAs deposition
amount, a 10 s growth interruption is required to lead to the majority of the QDs
to reach 14 nm transverse width (the equilibrium dot size). For the deposition of
2.5 ML InAs to form the QDs, with the same growth conditions, a 40 s growth
interruption is required, while for 2 ML InAs, a growth interruption of 100 s is
needed to achieve the same results as above. However, when the lateral size of the
QDs has reached 14 nm, with further increase in the growth interruption time, the
QD size and morphology will no longer change [21].

This is a dot size self-limiting effect. During the growth interruption, the smaller
QDs will grow to be bigger, and the large dot will lose material and become
smaller, and finally all the QDs have a tendency to be of the same average size. The
above discussion assumes no desorption of atoms during the growth interruption.
However, in the actual process of the QD growth, the growth temperature is
generally higher than 480 ◦C, so that atomic desorption is always a factor that
should be considered. However, a suitable growth interruption has a great impact
on the size, uniformity, and shape of the QDs.

1.3.3.4 Arsenic Pressure
Arsenic pressure is one of the most important factors in the formation of InAs
QDs. Varying the arsenic pressure will affect the surface energy and cause changes
in the surface structure of the GaAs substrate. An appropriate arsenic pressure
reduces the accumulation of surface clusters. An excessive As pressure will result
in the formation of clusters in large areas of the substrate surface, while too low an
arsenic pressure is not conducive to the 2D–3D transformation. In the InAs/GaAs
QD system, arsenic pressure can affect the level of migration of indium atoms on
the growth surface. Low As pressure will lead to a higher mobility of the indium
atoms, and thus will lead to larger dot size and lower areal density distribution of
the QDs. Conversely, large arsenic pressure leads to low mobility of the indium
atoms, and small dot size and high density of the QDs. Yamaguchi et al. [22] have
used a very low arsenic pressure (<6 × 10−7 Torr) and utilized a low growth rate to
obtain uniform (composition and size) QDs (PL linewidth of 18.6 meV at 14 K).

1.3.3.5 Growth Temperature
A very effective method to extend the emission wavelength of InAs/GaAs QDs to
1.3 μm or beyond is by raising the growth temperature of the substrate. For 1.3 μm
QD materials, a typical substrate temperature of above 500 ◦C is used. Besides
achieving long-wavelength emission from the QDs, high substrate temperatures are
also employed for short-wavelength QD materials (e.g., red InAlAs/AlGaAs [23]). In
this kind of QD structure, the aluminum composition is very high, which is usually
disadvantageous for the growth of high-quality QD laser structures because the
high aluminum composition will readily incorporate oxygen and other impurities
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into the InAlAs QD structures. In addition, the high aluminum composition will
tend to increase the density of group III vacancies during QD growth. Therefore,
an appropriately high growth temperature will increase the migration length of
aluminum atoms, thereby reducing the incorporation of unwanted/undesirable
species and group III vacancies. Chu et al. [24] have systematically studied the
influence of the substrate temperature on the growth process of InAs/GaAs QDs.
They found that when the temperature was changed from 480 to 530 ◦C, the dot
size increased along with a decrease in the dot density, as seen in Figure 1.11.

1.3.3.6 Growth Rate and Material Coverage
During the epitaxy growth of QDs, the optimization of growth rate and the material
coverage to form the QDs is also essential. A low growth rate leads to a highly
uniform QD size/composition distribution, which is a quite similar effect to the
use of a growth interruption. For long-wavelength QD devices, we require large
QDs, which will consume a large amount of deposited materials. However, an
excess of deposited materials will introduce misfit dislocations and other defects.

It is noteworthy that the growth parameters described above are mutually
interdependent, and some of them have similar effects on the QD growth. For
example, low growth temperature and high As pressure have similar effects, as do
long growth interruption and low growth rates.

1.3.4
Quantum Dot Growth Thermodynamic Processes

The study of the kinetic processes for QD growth is critical, but a thermodynamic
study is also necessary because under high growth temperature and low growth
rate conditions, the surface ad-atoms have enough time to migrate to their energy-
balanced location, making the system close to thermodynamic equilibrium.

As seen in Figure 1.12, there are three main stages for the QD S–K growth mode.
These are Phase A, corresponding to 2D growth; Phase B, the 2D–3D transition;
and Phase C, corresponding to QD ripening [25]. In Phase A, at the initial stage

1000 nm
0 nm

9.16 nm

530 °C(a) (b) 480 °C

1000 nm

500 nm

500 nm

0 nm 0 nm

250 nm

250 nm500 nm

500 nm

0 nm 0 nm

0 nm

5.04 nm

Figure 1.11 (a,b) AFM images showing the effect of growth temperature on quantum dot
areal density and size. (Source: Chu et al. 1999 [24]. Reproduced and modified with permis-
sion of J. Appl. Phys.)
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of material deposition, the epitaxial growth will follow the 2D growth mechanism,
resulting in the epitaxial layer being incorporated into the substrate. The strain is
accumulated with increase in the thickness of the 2D layer. When the deposition
time reaches tcw, 2D growth is no longer stable, and the 2D metastable growth
begins.

Phase B can be divided into two steps: nucleation and growth. For nucleation,
at point X, the excess strain energy in the 2D layer will be released by the 2D–3D
transformation. The surface density of the QDs is determined by the concentration
of nucleation points. When the stress field generated by the different QDs on the
substrate begins to overlap with each other, a dense arrangement of the QDs will
be formed. There will be a subsequent 3D island growth process, along the surface
of the wetting layer and 3D islands, where the strain energy distribution is uneven.
The changes in strain energy density will affect the surface materials and modify
the chemical potentials.

With the formation of the islands, there is a local change in the strain. At the edges
of the islands, strain is high, while on the top of the islands, strain is reduced. The
atoms deposited on the surface of the wetting layer must overcome the potential
energy barrier at the edge of the island to be incorporated into the island. The
chemical potential around the 3D islands is related to the size of the islands [26];
the larger the island, the higher the energy barrier. As long as the surface of the
wetting layer has a new atom absorbed, and adherent to the islands, the energy
barriers of the islands will increase, which then increases the difficulty for further
capture atoms. This has a size self-limiting effect on the QDs. We have described
similar processes in the dynamics process of the QDs. Stage C corresponds to
ripening (between point Y and the point Z in Figure 1.12). The decrease in the total
energy of the QD system is not obvious. At this stage, the migrating atoms have

A
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EA
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Stable
2D
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2D + 3D

Time
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Figure 1.12 Schematic showing phase transitions in thermodynamic model for the for-
mation of self-assembled quantum dots. (Source: Seifert et al. 1997 [25]. Reproduced and
modified with permission of J. Crystal Growth.)
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been exhausted. However, there are still some slow interactions (e.g., diffusion
of the materials on the surface) among different dots due to different dot sizes
causing different chemical potentials. Finally, the system will reach equilibrium.

1.4
Physics and Device Properties of S–K Quantum Dots

1.4.1
Temperature Insensitivity

The predicted temperature insensitivity of QD lasers was rather illusive. Early
InAs/GaAs devices demonstrated performance similar to conventional QW devices
[27]. In order to achieve very low temperature sensitivity, modulation p-doping of
the active region has been employed [28, 29]. The initial prediction of temperature-
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Figure 1.13 Effect of modulation p-doping (a) on realizing threshold current temperature
insensitivity as compared to an undoped control sample (b). (Source: Fathpour et al. 2004
[29]. Reproduced with permission of Appl. Phys. Lett.)
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insensitive emission [2] was dependent upon the inter sub-band state separation
being much larger than kBT. This is not true for the high effective mass hole
states, and modulation p-doping of the active was proposed to completely fill these
states. Figure 1.13 reproduces data from Fathpour et al. showing the effect of
modulation p-doping on the threshold current density. Both an increase in the
absolute value and an insensitivity to temperature are observed. While modulation
p-doping is successful in achieving temperature insensitivity, with many groups
having employed this technique, the precise mechanism(s) at play is the subject of
considerable debate within the literature [30].

1.4.2
Low Threshold Current Density

Owing to a reduction in the density of states, brought about by a reduction in
the active volume, there is an expected reduction in threshold current density for
QD lasers. Figure 1.14 plots a historical review of the threshold current density
of various types of semiconductor heterostructure [31]. The graph contains a large
number of combined effects. It paints a picture of the double heterostructure
(DHS) being initially introduced and reducing threshold current density, followed
by the first QW laser, which was initially of very high threshold current density,
and took ∼10 years of development in terms of crystal growth, device fabrication,
physical understanding, and device design to achieve its full potential. A similar
story is also seen for self-assembled QDs where control of the S–K growth mode
and optimization of the growth for a laser structure resulted in a 100-fold reduction
in threshold current density over a few years.

QW Miller et al.

QW Dupuis et al.

QW Tsang

QD Kirstaedter et al.

QD Ledentsov et al.

QD Liu et al.
QD Grundmann  (theory)

GaAs p-n

DHS
Alferov et al.

Room temperature

DHS CW
Alferov et al.
Hayashi et al.

QW
Alferov et al.
Chand et al.

QD Ribbat, Sellin

QD Ribbat, Sellin

1960

10

100

1000

T
hr

es
ho

l c
ur

re
nt

 d
en

si
ty

 (
A

 c
m

−2
)

10 000

100 000

1965 1970 1975 1980 1985

Year

1990 1995 2000 2005 2010

Figure 1.14 Plot of record threshold current densities for various types of semiconductor
laser heterostructure with publication year. (Source: Bimberg 2005 [31]. Reproduced with
permission of J. Phys. D: Appl. Phys.)
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1.4.3
Material Gain and Modal Gain

While the threshold current density is a good indicator of material quality providing
a handle on key parameters such as carrier lifetime and internal loss, it is not
a perfect figure of merit for the laser. The modal gain, and its rate of change
with carrier density (differential), is rather more critical. For high modal gains, a
high mirror loss can be tolerated in a Fabry–Perot laser, which in turn leads to
higher slope efficiencies. A high differential gain is of importance in high-speed
modulation of the laser for applications such as data communications.

Initial measurements on QD lasers indicated very high values for the material
gain of ∼6 × 104 cm−1 [32]. However, while the material gain is high, the overlap
of the optical mode with the active element is small both due to the small height of
the QDs (∼8 nm) compared to the optical mode (∼300 nm) and due to the small
areal coverage (∼10%) of the plane of QDs. A further issue is the inhomogeneity of
the self-assembly process, which introduces a variation in the size and composition
of each QD. This inhomogeneous broadening of the ensemble of QDs is a major
issue in obtaining high peak gains. As such, the modal gain of QD lasers is quite
modest with typical values of ∼3 cm−1 per QD layer [33]. Work to maximize areal
density and minimize the inhomogeneous linewidth has produced lasers operating
at the technologically important 1300 nm wavelength with gains of ∼7 cm−1 per
QD layer [34]. The comparative size of the inhomogeneous and homogeneous
linewidth also plays a critical role in determining the lasing spectrum [35], and has
been predicted to play a role in the temperature sensitivity of QD lasers.

Figure 1.15a shows a plan-view transmission electron microscopy (TEM) image
of QD materials with emission wavelengths in the 1200–1300 nm region. Here, the
random positioning of the QDs is apparent, as is the low fill factor of QDs within
the sheet of QDs. This small value again acts to limit the modal gain, while the
material gain is higher than that for bulk or QW materials. In order to ameliorate
this, multiple layers of QDs are employed, as shown in Figure 1.15b. However,
owing to issues with strain coupling between QD layers, which modifies the epitaxy
of subsequent layers, multiple layers of QDs may not be placed as close together as
is the case for multiple QW active elements.

1.4.4
Broad Spectral Bandwidth Devices and Spectral Coverage

For many applications of semiconductor lasers, a narrow laser emission is required.
This is particularly true in fiber-optic communications where chromatic dispersion
may be the limiting factor in transmission link lengths. However, for some appli-
cations devices with broad emission and/or gain spectra are highly desirable. The
drive to reduce component inventory pushes semiconductor optical amplifier (SOA)
manufacturers to make ever-broader spectral bandwidth devices covering one or
more of the optical communication bands. Similarly, tunable laser components
may differentiate themselves from other products through their spectral coverage.
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N = 5 × 1010

(a)

(b)

Figure 1.15 (a) Plan-view dark-field TEM image of a layer of quantum dots indicating areal
densities of 5 × 10 cm−2. (b) (200) Dark-field cross-section image of a 10 layer quantum dot
laser device (Courtesy of Igor Krestinov, Innolume GmbH).

Mode-locked lasers find application in various biophotonic applications such as
laser surgery and multiphoton imaging. An important factor in determining their
suitability is the pulse duration, which is inversely proportional to the gain spectral
bandwidth [36]. A short pulse width is critical for producing high instantaneous
powers needed for these nonlinear processes. For biomedical imaging applications
such as optical coherence tomography (OCT), the spectral linewidth directly relates
to the axial resolution [37] with ∼100 nm spectral linewidths producing ∼8 μm
resolution and the differentiation of different skin cells within a sample [38, 39].
A push to higher spectral bandwidths from low cost and compact semiconduc-
tor sources promises subcellular OCT resolution imaging at the point of care.
Figure 1.16 plots the wavelength dependence of extinction of various constituents
of biological tissue. The minima in extinction from ∼1000 to ∼1350 nm is termed
the biological window and allows access to tissue over large length scales. For OCT,
penetration and imaging at depths of ∼2 mm is possible, and sample disturbance
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Figure 1.16 Extinction as a function of wavelength for water, melanin, and HbO2, indicat-
ing the origin of the biological window at ∼1000 to ∼1350 nm.

(thermal mechanical) is minimized in nonlinear imaging. There is therefore a
strong motivation to develop broad spectral bandwidth emitters and amplifiers in
this spectral region. GaAs-based QD technologies allow access to this window, with
conventional GaAs (<∼1100 nm) and InP (>∼1200 nm) QW devices operating at
the limit of their wavelength ranges. A range of broadband devices including lasers,
superluminescent diodes, and SOAs have been realized.

While the inhomogeneously broadened ground state and excited state emission
partially overlap because of inhomogeneous broadening (Figure 1.17), when a
standard ‘‘laser’’ active element is used as a superluminescent diode, a large
modulation of the spectrum is observed owing to the very different values of gain
across the emission spectrum [40]. In order to flatten the emission spectrum and
obtain an emission spectrum spanning the ground and excited state emissions,
the emission wavelength of the individual QD layers may be modified, typically by
changing the indium composition of the QD capping layers [41, 42]. An alternate
method is to vary the thickness of the capping layer while maintaining a constant
indium composition [43]. In these reports, superluminescent emission of emission
bandwidths of 120 nm [41], 85 nm [42], and a lasing spectrum 75 nm wide [43] were
obtained. Such devices have been employed in OCT imaging of skin tissue in both
time domain OCT using a superluminescent diode [38, 39] and frequency domain
OCT using an SOA-based swept laser [44]. Figure 1.18 shows a 3D image obtained
in the work described in Ref. [44] with a 95 nm sweep bandwidth. Identical SOAs
in an optimized quasi-Littrow configuration demonstrated 202 nm tuning range
and high powers [45], indicating the promise of such devices in high-resolution
biomedical imaging.
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Figure 1.17 Ideal quantum dots, exhibiting perfect uniformity and resonant density of
states for all electronic states and optical transitions (a). The effect of structural and com-
positional inhomogeneity (b) is to introduce an inhomogeneous broadening to these states
and transitions.

Figure 1.18 Three-dimensional skin tissue image obtained using optical coherence tomog-
raphy using a quantum dot-based semiconductor optical amplifier. (Source: Krstajić et al.
2011 [44]. Reproduced with permission of IEEE Photonics Technol Lett.)

Further techniques continue to be employed to broaden the gain and emission

spectrum of QD-based materials in this spectral region. The introduction of a QW in

a hybrid QW/QD active element has led to spontaneous emission spectra >250 nm

and modal gain over ∼300 nm [46]. Primarily, the QD layers employed in these

broad bandwidth devices utilize structures modified from QD laser research, with

wavelength variation in the different layers in the growth direction. An alternative

approach has been to revisit the growth conditions of the QDs with a view to broad

spectral bandwidth applications. Here, optimization for high QD density and high

inhomogeneity lead to a superluminescent diode made up of identical (yet highly

inhomogeneous) layers yielding 160 nm 3 dB bandwidths with milliwatt power
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levels [47]. The opportunities for further development of QD epitaxy for broadband
applications is highlighted by this preliminary study [48].

In addition to the variation of the emission wavelength in the growth direction,
postgrowth intermixing allows the variation of emission energy of a device along the
length of its waveguide [49]. Figure 1.19a shows a schematic to highlight how such
a change of emission in the plane of the optical waveguide allows new, multiplexed
superluminescent diodes and SOAs to be imagined. The use of postgrowth inter-
mixing to realize an active device is challenging, with such technologies typically
being used to realize nonabsorbing mirrors in laser devices [50]. The importance
of modulation p-doped materials to realize high-quality intermixed active devices
has been demonstrated [51], with the p-doped materials showing less sensitivity to
the intermixing process and higher quality devices for a given wavelength shift.
This result suggests that selective area intermixed superluminescent devices are an
exciting next step. Figure 1.19c–d shows electroluminescence results from selective
area intermixed devices utilizing two and three intermixed regions, respectively. An
emission spectrum of 310 nm was obtained for the latter device, which translates
to a theoretical axial resolution of 2.4 μm [52].

1.4.5
Ultrafast Gain Recovery

Slow carrier relaxation in a QD structure was theoretically predicted to be a major
hindrance for high luminescence efficiency and a key inhibitor for high-quality
laser devices [53]. This was due to the phonon bottleneck, whereby the discrete
energy levels of the QD make the energy and momentum conservation of carrier
relaxation via phonon emission unlikely. As a result, it was predicted that carriers
would not typically be able to relax to the lowest energy QD states within a typical
carrier lifetime (∼nanoseconds) (see Figure 1.20).

However, once high optical quality structures were realized, it was apparent that
strong emission was indeed observed from the lowest energy states of the QD. Time-
resolved differential transmission spectroscopy allowed the carrier relaxation times
to be characterized, indicating that electrons scattered (scattering time 5 ps) from
holes, which in turn can relax rapidly via phonon emission (scattering time 0.6 ps)
[55]. This strong carrier–carrier scattering ameliorates the phonon bottleneck.
Indeed, QD structures exhibit the ultimate in ultrafast recovery time (<1 ps),
under both gain and absorption conditions [56]. The fast absorption recovery time
is especially useful for enabling saturable absorbers to mode-lock lasers at high
repetition rates, where the absorption recovery should occur within the round-trip
time of the cavity. Crucially, the shaping mechanism of the fast absorption recovery
also enhances the shortening of the mode-locked pulses, and thus QD-based lasers
have real potential for generating much shorter pulses than their QW counterparts.
QD saturable absorbers also exhibit lower absorption saturation fluence than QW
materials, which strongly assists the self-starting of high-frequency mode-locking
[57]. Investigations of the amplification of the femtosecond pulses [54] and the
ultrafast carrier dynamics of QD structures imply that such structures can be used
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Figure 1.20 Pump–probe measurements
of the carrier lifetime of a QD waveguided
device. �τ fast and �τ slow are fast and
slow recovery times, respectively, and �T

corresponds to the temporal changes in
transmission. (Source: Rafailov et al. 2003
[54]. Reproduced with permission of IEEE
Photonics Technol Lett.)

simultaneously as efficient broadband gain media and as fast saturable absorbers,
either independently or monolithically, and thus can have a potentially enormous
impact in ultra-short-pulse laser design.

1.5
Extension of Emission Wavelength of GaAs-Based Quantum Dots

Existing QD technologies cover the near infrared (0.95–1.35 μm) wavelengths, and
are a relatively mature technology. As mentioned previously, they offer wavelength
coverage of special interest for biophotonic applications. However, technologies to
shorter wavelengths (∼0.8 μm) offer opportunities as red-emitting lasers and as
passive devices for mode-locking Ti:sapphire lasers. Similarly, longer wavelength
QD structures (∼1.55 μm) offer opportunities as active and passive optical devices
for fiber-optics communications.

1.5.1
Short-Wavelength Quantum Dot Light Emission

1.5.1.1 InP/GaInP Quantum Dots
The InP/GaAs system has around half the strain of the InAs/GaAs system.
However, in order to obtain efficient carrier confinement, the choice of matrices to
insert the InP QDs within is limited. In 1997, Seifert et al. [58] demonstrated light
emission at ∼0.76 μm at 5 K from an InP/InGaP QD structure. In their work, the
deposition of 2.4 ML of InP on InGaP lattice matched to GaAs led to the formation
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of InP QDs, while with a 3–12 s growth interruption, the deposition of 1.8 ML of
InP also realized InP QDs. This behavior is similar to InAs/GaAs QDs, in which
the formation of InP QDs will consume the InP wetting layer materials, as was
described in Section 1.3. Following on from this work, in 2005, Smowton et al. [59]
developed InP/InGaP QD lasers working in the 690–750 nm wavelength range. In
their work, they systemically investigated the effects of the orientation of the GaAs
substrate and growth conditions on the optical properties of the InP QDs. They
utilized a low-pressure (150 Torr) horizontal flow MOVPE reactor with a growth
temperature of 650–690 ◦C.

They found that the use of misorientated substrates allows for a reduction in the
surface diffusion length and therefore results in the formation of small dots. This
is critical for devices application because large dots will generally be associated with
defects and dislocations. They obtained a QD laser device by using InP/InGaP QD
structures grown on a (100) GaAs substrate misorientated 10◦ toward [111].

These QD materials have subsequently been utilized as semiconductor saturable
absorber mirrors (SESAMs) in a Ti:sapphire laser system to realize high repetition
rates (see Chapter 4). Annular dark-field (ADF) scanning transmission electron
microscopy (STEM) imaging in a JEOL 2010F field-emission transmission elec-
tron microscope was employed to study the density and the size of these QDs.
Figure 1.21a (where the growth direction is from bottom left to top right) shows
stacks of QDs where the QDs in the lower two or three layers have a well-defined
geometry while the upper ones appear flatter and laterally diffuse. The In content
appears highest in the upper halves of the nominally pure InP QDs (up to xIn=0.8

was obtained from energy-dispersive X-ray mapping of the InxGa1-xP alloy), indi-
cating same intermixing at least with the lower barriers. Also, in some areas, such
as near the top of the figure (Figure 1.21b), cation ordering on alternating {111}
lattice planes is visible, pointing to the onset of spinodal decomposition in the
ternary GaInP alloy of the barrier. These structures showed strong PL at 775 nm
and were successfully incorporated into Al0.2Ga0.8As/AlAs-based SESAMs [60].

(a) (b)

Figure 1.21 (a) InP QDs at 250-k× magnification in ADF mode and (b) ADF lattice
images of QDs at 1.2-M× magnification. (Source: Butkus et al. 2011 [60]. Reproduced with
permission of IEEE Photonics Technol Lett.)
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1.5.1.2 Type II InAlAs/AlGaAs Quantum Dots
The quantum-confinement-induced type I to type II transition in GaAs/AlGaAs
QDs was theoretically predicted in 1996 [61]. In the GaAs/AlGaAs QD system, if the
GaAs QDs are very small, quantum confinement effects will enable the valley of the
conduction band of GaAs to exceed the valley of the conduction band of AlGaAs,
resulting in indirect type II optical transitions. In this case, holes and electrons
are spatially separated, with the hole being localized in the QDs and the electrons
being localized in the barrier via Coulomb attraction. However, owing to the very
small lattice mismatch between GaAs and AlGaAs, the related GaAs/AlGaAs QDs
are very difficult to realize.

However, GaAs-based InAlAs/AlGaAs QDs [62–64] have been realized, mak-
ing the experimental observation of transformation from type I to type II
optical transition possible. In reality, besides fundamental physical studies,
InAlAs/AlGaAs QDs have great potential to fabricate short-wavelength QD mate-
rials and devices. Figure 1.22 shows a schematic bandgap diagram of type I and
type II InAlAs/AlGaAs QDs. Power-dependent and temperature-dependent PL
experiments can be used to discriminate the type I and type II optical transitions
from dots of different sizes. Generally, for type II InAlAs/AlGaAs QDs, the emis-
sion peak is blueshift with increasing the pumping power, and there are higher
order transitions appearing with increasing temperature. The growth temperature
is a key parameter for achieving high-quality InAlAs/AlGaAs QD structures. As
described in Section 1.3, an appropriately high growth temperature will increase
the migration length of aluminum atoms, thereby reducing the incorporation of
impurities and group III vacancies.

1.5.2
Long-Wavelength QD Light Emission

For a range of reasons, such as the availability of high refractive index contrast of
materials, advantageous band offsets, and high thermal conductivity, GaAs-based
QDs offer significant promise for fiber-optics communication applications if they
could be realized at 1.55 μm. The ability to realize high-quality distributed Bragg
reflectors (DBRs) and high-quality QD materials is of particular advantage for

AIGaAs AIGaAs

InAIAs InAIAs

(a) (b)

Figure 1.22 Schematic bandgap diagram of (a) type I and (b) type II InAlAs/AlGaAs quan-
tum dots.
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mode-locking applications. As a result, for over 10 years, people have made great
efforts in extending the emission wavelength to the 1.55 μm range. However,
it is extremely difficult to shift the emission wavelength of GaAs-based QDs to
1.55 μm. This is due to the need for large QDs with high indium composition in
its capping layer, which may easily induce a large (debilitating) number of defects
and dislocations [65]. Here, we describe the techniques that have been previously
employed and discuss epitaxial techniques recently developed to obtain 1550 nm
GaAs-based QDs.

1.5.2.1 Low Growth Temperature InAs/GaAs Quantum Dots
In 1999, Maximov et al. obtained 1.75 μm light emission from InAs/GaAs QD
cluster, which were grown at a very low temperature of ∼320–400 ◦C. These are
actually a kind of laterally coupled InAs QDs formed on a GaAs layer, which are
quite different from typical QDs [66].

1.5.2.2 InAs QDs Grown on an InGaAs Metamorphic Layer
In 2003, Ledentsov et al. [67] realized InAs QDs on a thick In0.2Ga0.8As metamorphic
layer, and realized a 1.5 μm broad area laser, which simultaneously demonstrated
a high differential efficiency of 50%, a low threshold current density, and a high
operating temperature of >80 ◦C.

1.5.2.3 InGaAsSb Capped InAs/GaAs Quantum Dots and InGaNAs Capped
InAs/GaAs Quantum Dots
In 2005, Ripalda et al. [68] obtained 1.6 μm light emission from InGaAs QDs
capped by 8 nm GaAsSb layer structure. Compared to GaAs-capped InGaAs QD
samples, a large redshift in the emission wavelength is attributed to the move to a
type II optical transition from the QD materials. In 2006, Richter et al. [69], utilized
a quaternary In0.15Ga0.85As1−xNx layer to cap InAs QDs, and obtained 1.5 μm light
emission. It was found that the annealing process could help enhance the optical
quality of the QDs, with the optimum annealing temperature being closely related
to the nitrogen composition.

1.5.2.4 Bilayer InAs/GaAs QD Structures
In 2011, by using a bilayer QD structure with a small InAs QD layer and a large
InAs QD layer closely stacked, room temperature electroluminescence emission at
1.52 μm and lasing at 1.42 μm were obtained. This is due to strongly modified strain
distribution in the upper QD layer by the seed QD layer, allowing the realization
of large dislocation-free QDs. This allows a significant extension of the room
temperature light emission wavelength [70]. Figure 1.23 shows a GaAs-capped
bilayer QD structure and an InGaAs-capped bilayer QD structure.

1.5.2.5 Asymmetric Dot in WELL QD Structure
Compared to the development of 1.3 μm GaAs-based QDs, the shift to 1.55 μm
poses significant challenges in materials science and engineering. Following the
introduction of a strained InGaAs cap layer to reach 1.3 μm, pushing the technology
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Figure 1.23 Cross-sectional TEM images
of bilayer InAs/GaAs QD structures (a) with
GaAs capping layer and (b) with InGaAs cap-
ping layer of the upper, emitting quantum

dot layer. (Source: Majid et al. 2011 [70].
Reproduced with permission of IEEE J. Sel.
Top. Quantum Electron.)

to 1.55 μm devices would logically require even higher indium content QD capping
layers. However, until now there are only a few studies in this direction [71, 72]. High
indium concentration in the QDs and the surrounding matrix very readily induces
nonradiative recombination centers that rapidly degrade the crystal and optical
quality of the QDs, making such QD materials unsuitable for device applications.
Alternative methods to ameliorate this issue are capping InAs/GaAs QDs with
quaternary InGaNAs [69] or InGaAsSb [68] layers, which significantly complicates
the epitaxial growth process and is detrimental to the optical and material qualities
of the QDs. Emission around 1.5 μm has also been obtained from an InAs/GaAs
QD structure grown on thick metamorphic InGaAs buffer layers/virtual substrates
[67], but repeatability and reliability are significant issues for such structures, as is
the difficulty in growing thick lattice-matched alloys or DBRs. The development of
high-quality 1.55 μm QDs, compatible with other GaAs technologies (e.g., DBRs,
photonic crystals), remains a key goal for QD epitaxy research.

To mitigate the difficulties outlined above, we developed the epitaxy process for an
asymmetric InGaAs/GaAs dot-in-well (DWELL) structure with room temperature
photoluminescence (RT-PL) at 1.55 μm comparable to that of 1.3 μm QD structures.
Such structures were used to fabricate a quantum dot-saturable absorber mirror
(QD-SAM) in this spectral regime. The QD-SAMs were designed for mode-locking
a 10 GHz pulse repetition rate Er-doped laser generating 2.4 ps pulses at 1.55 μm
central wavelength. Detailed description on this QD technology can be found in
Chapter 4.
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1.6
Future Prospects

The following chapters in this book detail the development of a range of new
optoelectronic devices, ultrafast lasers, and their use in a range of applications. In
the short term, the continued development of these emerging device applications
will drive materials optimization for these devices. Increase and control of QD areal
density and control of inhomogeneous broadening (both highly homogeneous and
inhomogeneous) remain key areas of materials development.

In the longer term, we can expect the development of materials at shorter
and longer wavelengths. For shorter wavelengths, SESAM devices at wavelengths
optimal for Ti:sapphire lasers offer routes to higher repetition rate mode-locked
lasers, as discussed in Chapter 4 [60]. Following on from this work, and excellent
results from QD-based optically pumped vertical external cavity surface emitting
lasers (OP-VECSELs) as described in Chapter Y, the development of QD-based
electrically pumped vertical external cavity surface emitting lasers (EP-VECSELs)
at wavelengths of ∼650–900 nm can be easily imagined. The development of
shorter wavelength, high-quality GaAs-based QDs is nontrivial. Furthermore, the
intermediate wavelength range (∼900 nm) poses a ‘‘gap’’ due to the choice of
materials (InP/GaInP, InGaAs/(Al)GaAs). The differing band offsets, thermal
barriers to carrier escape, and reliability issues with aluminum-containing active
elements, all make the identification of the best QD technologies unclear. The
applications in biophotonics/biomedical sciences are strong. While the Ti:sapphire
is a workhorse in many research laboratories worldwide, its optimization in terms
of repetition rate and pulse characteristics is important. Moreover, the replacement
of the Ti:sapphire laser with an all-semiconductor device holds significant potential
for widespread use in emerging imaging/therapy/surgical applications.

For longer wavelengths, while 10 GHz QD SESAM mode-locked lasers have been
recently demonstrated [65], the optimization of such devices offers opportunities
for higher repetition-rate mode-locked lasers, and can be expected to be an active
research area over the coming years. Following on from this, active elements
based on this technology offer exciting prospects. While achieving characteristics
suitable for device performance to challenge InP-based devices (i.e., high modal
gain, high differential gain, high characteristic temperature) will be challenging,
broad spectral bandwidths and the integration of such technologies with DBRs
for vertical devices (e.g., SESAMs) and air-bridge photonic crystal devices [73]
offers new routes to realize high-speed switching devices. The reduction influence
required to saturate absorption, the low volume, and high speed of gain/absorption
recovery may place these materials as being highly important for all-optical signal
processing applications [74].

The development of ultra-broad spectral bandwidth sources may be a killer
application for QD-based devices [45], assisted by the control of inhomogeneity
of QDs [70]. Intermixing [52] for postgrowth control of the emission wavelength
over the longitudinal direction of a waveguide device poses some interesting
opportunities for advanced devices. In particular, enabling active intermixed devices
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that may be coupled to the excited state of regions of the wafer where intermixing is
inhibited may combine benefits of mode-locking using the excited state, yet lasing
from the lower current density ground state.

In addition, the incorporation of QWs along with multiQD active elements poses
significant promise. Future work on the use of multiple ‘‘chirped’’ QWs can be
expected to produce even greater spectral bandwidths. In addition, the use of both
shorter wavelength (InGaAs) and longer wavelength (InGaAsN, InGaAsSb) QWs
may extend the spectral coverage of GaAs-based devices. It is important to point out
that this type of active element has yet to be applied to the full range of QD systems
such as short-wavelength InP/InGaP (GaAs substrate) and InAs/InGaAsP (InP
substrate). The application of additional QW elements may impact upon enhancing
spectral bandwidth coverage for these materials systems.
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