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ABSTRACT
The fabrication and the structural and optical properties of bulk, quantum well,
and quantum dot structures prepared of GaAsN and GaInNAs III-V compound
semiconductors are studied in this thesis. Metalorganic vapor phase epitaxy is used to
grow epitaxial layers on GaAs. The composition of the grown structures is investigated
by x-ray diffraction. The nitrogen concentration of the GaAsN and GaInNAs layers is
found to be strongly dependent on the growth temperature and the molar flow ratios of
the different precursors. It is shown that an increase in the indium concentration of
GaInNAs results in a decrease of the nitrogen incorporation.
Photoluminescence spectroscopy is employed to study the optical properties of
the fabricated epitaxial structures. The optical quality of quantum well structures is
found to decrease with increasing nitrogen concentration. However, in-situ and postgrowth thermal annealing procedures as well as post-growth laser treatment are
investigated and used to improve the optical properties. Luminescence wavelengths of
up to 1.55 µm are observed from GaInNAs quantum well structures.
The effect of nitrogen on the optical properties of various self-assembled
quantum dot structures is studied. The surface morphology of these structures is
investigated by atomic force microscopy. Although the incorporation of nitrogen into
GaIn(N)As quantum dots is found to be negligible, the size and the areal density of the
self-organized GaIn(N)As islands can be controlled and the optical properties improved
by varying the nitrogen precursor flow. It is found that the luminescence wavelength
and intensity of GaInAs quantum dots in the 1.3 µm wavelength range can be increased
by embedding the islands in a GaInNAs barrier layer. Also strain-induced GaInNAs
quantum dots are fabricated using InP islands as stressors.
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INTRODUCTION

Semiconductor lasers operating at 1.3 and 1.55 µm wavelength are very
important light sources in optical communications since the quartz fiber used as a
transport media of light has dispersion and attenuation minima, respectively, at these
wavelengths. These long-wavelength lasers have been traditionally fabricated on InP
substrates using InGaAsP bulk layers and quantum wells (QWs) as an active material.
However, this material system has relatively poor high-temperature characteristics and
the power output is limited due to the poor electron confinement in the QWs.
Therefore, there has been considerable effort for many years to fabricate longwavelength laser structures on other substrates, especially on GaAs. The manufacturing
costs of GaAs-based components are lower and the processing techniques are well
developed.
GaAs is already successfully used in 850 nm vertical cavity surface-emitting
lasers (VCSELs) which have become common in short-range optical communications.
The incredible growth of the internet and data transmission has pushed the bit-rate
requirements for local area and metro area networks from 100 Mbps to 10 Gbps.
Therefore, there is a great demand for low-cost, 1.3 or 1.55 µm VCSELs that will
operate uncooled under ambient conditions. While InGaAsP/InP material system is
good for conventional edge-emitting lasers, it is difficult to realize the distributed
Bragg reflector VCSEL mirrors with these materials.
One approach to achieve 1.3 µm emission on GaAs is to use self-assembled
In(Ga)As quantum dots (QDs) in the active region. The QDs are three-dimensional
self-organized In(Ga)As islands formed on GaAs when a critical thickness for island
formation is exceeded. Although QD lasers have been predicted to have better
characteristics than QW lasers, such as lower threshold current density and negligible
temperature dependency, the commercial breakthrough has not yet occurred. Another
approach was introduced in 1996 by Kondow et al. [1] who proposed a novel
quaternary material GaInNAs, which could be grown lattice matched on GaAs and
used to fabricate long-wavelength lasers with better temperature characteristics
compared to InP-based lasers. The large bandgap bowing with nitrogen incorporation,
observed first for the ternary alloy GaAsN by Weyers et al. [2] back in 1992, makes
this material suitable for long-wavelength operation on GaAs. The study of these and
other III-V-N alloys has been increasing ever since. The development of a
GaInNAs/GaAs VCSEL operating at 1.3 µm wavelength has been rapid, and the first
commercial products are about to arise. GaInNAs can also be used to improve the
characteristics of multijunction solar cells and heterojunction bipolar transistors.
In this work, Ga(In)NAs bulk, QW and QD structures were grown by
metalorganic vapor phase epitaxy. The optical properties of the structures were
investigated by photoluminescence spectroscopy. Various methods were used to study
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the structural properties of the samples. In publication I the growth conditions of
GaAsN were optimized for high nitrogen composition of up to 5.6 %. In publication III
GaInNAs QW structures were grown for 1.55 µm emission on GaAs. Defect
complexes containing gallium vacancies and misfit dislocations in the GaAsN-GaAs
interface were observed in publications IV and VI, respectively. The effect of postgrowth laser treatment on Ga(In)NAs QWs was studied in publication VIII. In
publication II self-assembled GaInNAs QDs were grown and an enhancement of
1.3 µm luminescence was observed. The use of GaInNAs as a barrier material for
GaInAs QDs was investigated in publication V. Photoluminescence of strain-induced
GaInNAs/GaAs QDs was studied in publication VII.
The structure of this overview is following. Chapter 2 introduces the main
properties of the Ga(In)NAs alloys. The large bandgap bowing and electron effective
mass as well as the major theoretical models used to explain the band structure are
discussed. The device applications of GaInNAs are also briefly introduced. Chapter 3
describes the experimental methods, i.e., metalorganic vapor phase epitaxy,
photoluminescence spectroscopy, x-ray diffraction, and atomic force microscopy,
employed by the author in this thesis. Chapters 4 and 5 summarize the results reported
in publications I-VIII. Chapter 4 discusses the fabrication and properties of the bulk
and QW structures and chapter 5 presents the fabrication and optical properties of the
GaInNAs QD structures. The main results of this thesis are summarized in chapter 6.

2

2

Ga(In)NAs ALLOYS AND THEIR
APPLICATIONS

This chapter introduces the main properties of the Ga(In)NAs alloys. Section 2.1
describes the effects of the nitrogen incorporation into GaAs. The huge bandgap
bowing with increasing nitrogen incorporation is especially reviewed. Two most
important theoretical models used to explain the GaInNAs bandstructure, i.e., band
anticrossing model and pseudopotential theory, are discussed in section 2.2. The band
alignment in GaAsN and GaInNAs quantum structures is outlined in section 2.3. The
device applications are briefly reviewed in section 2.4.

2.1 Effects of nitrogen in Ga(In)NAs
Due to the potential applications of GaInNAs in laser devices for optical
communications considerable effort has been made in growing and studying this alloy
system in the recent years. GaInNAs exhibits interesting new properties and differs
considerably from the conventional III-V alloys, such as AlGaAs, GaInAs and
GaInAsP, which are commonly employed in III-V device structures. Significant
changes occur in the band structure compared to GaAs with incorporation of only a
small percentage of nitrogen. These include a large redshift of the bandgap
[2-8, publications I and III], an increase in the electron effective mass [9-11], a highly
nonlinear pressure dependence of the bandgap [12, 13], a N-induced formation of new
bands [7, 8, 13, 14], and a strong line width broadening of all transitions [7, 8, 14-16].
The key to understand the unusual properties of the Ga(In)NAs alloys is the
large difference in size and electronegativity of arsenic and nitrogen atoms. The
covalent radius and electronegativity of nitrogen are 0.068 Å and 3.04, respectively,
compared to those of 0.121 Å and 2.18 for arsenic. A large difference in the atomic
size causes deformation of the crystal lattice and the larger electronegativity of nitrogen
favors electron localization around the nitrogen atom. In 1984 nitrogen was found to
act as an isoelectronic impurity in GaAs, and the localized energy state formed by a
single nitrogen atom was observed at 150-180 meV above the bottom of the conduction
band [17]. In 1990 Liu et al. [18] reported about excitonic luminescence originating
from nitrogen pair and cluster states located below the conduction band minimum of
GaAs. The N concentration in their study was about 1017 cm-3, i.e., 0.001 %. More
recently is has been found that the nitrogen incorporation leads to the strong redshift of
the bandgap when the N concentration is increased to above 0.01 % [3]. However, the
luminescence spectrum of GaAsN is still dominated by sharp excitonic transitions. The
transformation from nitrogen acting as an isoelectronic impurity to a GaAs1-xNx alloy
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takes place at x ≈ 0.2 %, and the excitonic transitions disappear from the luminescence
spectrum [8].
The fundamental bandgap, Eg, of the conventional ternary III-V alloys is well
represented by [19]:
EgAB1− x Cx = xEgAC + (1 − x ) EgAB − bx (1 − x ) .

(1)

The bowing parameter b is usually a constant with a value of less than 2 eV. In
contrast, alloying GaAs with nitrogen leads to a giant bandgap bowing with increasing
nitrogen molar fraction. Bandgap reductions of as large as 180 meV have been
observed in GaAs1-xNx with only 1 % of nitrogen [2-6]. Similar effects have been
observed in InAsN [20], GaPN [21-22], InPN [23], GaAsSbN [24], and InSbN [25]
alloys. Figure 1 shows the lattice constants and bandgaps of some III-V
semiconductors. The lattice constant of GaAsN behaves linearly and decreases with
increasing N content, since the lattice constant of cubic GaN is 4.5 Å. If linear
approximation would apply, an increase of the bandgap energy from 1.42 eV of GaAs
towards 3.2 eV of cubic GaN could be expected. Instead, the bandgap shows huge
bowing with increasing N content. The N-induced decrease of the lattice constant can
be compensated and the bandgap further reduced by adding indium to GaAsN.
Therefore, it is possible to grow Ga1-yInyNxAs1-x quaternary alloy that is lattice-matched
to GaAs when y ≈ 3x and has a bandgap suitable for long-wavelength optical
communications.
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Figure 1. Bandgaps and lattice constants of some binary III-V semiconductors
(squares). The continuous and dashed lines indicate direct and indirect bandgaps of
ternary compounds, respectively. Areas between lines represent quaternary
compounds. The fiber-optical communication wavelengths of 1.3 and 1.55 µm are
also shown. GaInNAs can reach these wavelengths lattice matched to GaAs.
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The bandgap of GaAsN has been investigated by photoluminescence
[26, publication I], optical transmission [4, 5], spectroscopic ellipsometry [27], and
electro- and photoreflectance [13, 28]. In publication I an attempt was made to quantify
the composition dependence of Eg using equation 1 and a bowing parameter, b = 26 eV
for x < 1 % and 16 eV for x ≥ 1 %, as shown in figure 2. However, the calculated
bandgap energies deviate considerably from the measured data especially for the higher
values of x. One reason for this is that the photon energy of the photoluminescence
peak is actually lower than the bandgap energy. Another reason is that the huge
bandgap bowing of GaAsN is composition dependent [5, 29]. Other attempts have used
an arbitrary quadratic function [27], a x2/3 scaling rule [28] or a two level anticrossing
model [13]. Tisch et al. [30] have recently proposed an empirical double exponential
composition dependence of the bowing parameter. According to their model, the
bowing parameter reaches 40 eV for dilute compositions, x ≈ 0.1 %, and decreases
strongly with increasing nitrogen molar fraction reaching a constant value of 7.5 eV for
x > 8 %, beyond the present experimental range.
Experimental data
Equation (1), b = 26 eV
Equation (1), b = 16 eV
2
Eg(x) = 1.51 - 0.197x + 0.015x

1.5

Photon energy (eV)

1.4
b = 16 eV

1.3
1.2
b = 26 eV

1.1
1.0
0.9
0.8

0

1

2

3

4

5

6

N concentration x (%)
Figure 2. Photoluminescence peak energies for GaAs1-xNx (0 ≤ x ≤ 5.6 %) samples
measured at the temperature of 9 K. The solid lines are the bandgap energies fitted
to data with a bowing parameter b of 16 and 26 eV for the average and the low N
composition, respectively. For comparison, the dotted line shows a fit with a
quadratic function.

The experimental studies of the electron effective mass reported so far give
scattered and even contradictory results. Zhang et al.[31] reported a value of as high as
0.5 m0 for 1 % of nitrogen in GaAsN/GaAs QWs and found that the effective mass
decreased when the nitrogen incorporation was further increased. On the contrary,
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Skierbiszewski et al.[9] reported a gradual increase of the effective mass at the bottom
of the conduction band from 0.065 m0 for GaAs to 0.12 m0 for GaAs0.97N0.03. The
gradual increase of the effective mass is supported by optically detected cyclotron
resonance experiments [10], which indicate values of 0.12 m0 and 0.19 m0 for the N
content of 1 % and 2 %, respectively, in GaAsN/GaAs QWs. In Reference 9 a value of
0.4 m0 was found for the effective mass in Ga0.92In0.08N0.033As0.967 with an electron
concentration of 6×1019 cm-3. An increase of the effective mass in the Ga(In)NAs
alloys compared to Ga(In)As has also been predicted by different theories [9, 32, 33]
described in section 2.2.

2.2 Theoretical models
Over the last few years a significant effort has been made to understand the
physical origin of the unusually large effect of nitrogen on the electronic structure of
III-V-N alloys. The first attempts by Sakai et al. [34] were based on a dielectric model
that predicted highly nonlinear composition dependencies of the bandgap. The firstprinciple supercell calculations by Wei and Zunger [29] could only consider ordered
alloys. Recent experimental discoveries have posed new challenges for band structure
theories. A greatly reduced and strongly nonlinear pressure dependence of the bandgap
has been measured in GaInNAs alloys [12, 13, 35]. A new optical transition around
1.8 eV has been found in photomodulated reflectance experiments [7, 13]. The
notations E- and E+ originally proposed in [13] for the bandgap of GaInNAs and for
this new optical transition are commonly used. Two groups of models, the band
anticrossing model and the model based on pseudopotential theory, have recently been
proposed to explain the conduction band structure and the origin of the N-induced Eand E+ bands.
The two-level band anticrossing model (BAC) describes the electronic
structure of GaInNAs alloys in terms of an interaction between the localized state of
nitrogen and the extended conduction band states of the host semiconductor matrix
[13, 36], which results in splitting of the conduction band to the E- and E+ bands and a
reduction of the fundamental bandgap. The E+ transition is blueshifted and the Etransition is redshifted from the N resonant level with increasing N concentration. The
BAC model provides simple analytic expressions for the conduction band dispersion as
a function of N concentration x and allows to calculate, for example, the strength of the
optical transitions [37] in bulk materials and the transition energies between electronic
states in QWs or the gain in laser structures [38]. The formula for the lower E- and
upper E+ subband is given by
E± ( k ) =

1
( EM ( k ) + E N ) ±
2 

( E (k ) − E )
M

N

6

2

2 
+ 4 xCMN
 ,

(2)

where EM(k) is the energy of the conduction band of the semiconductor matrix, EN is
the energy position of the N-related level relative to the top of the valence band, x is the
nitrogen molar fraction, and CMN is the parameter describing the coupling between the
two types of states. Well established values for the parameters EN and CMN are 1.65 eV
and 2.7 eV, respectively, at the temperature of 300 K [39]. Figure 3 shows the
conduction band splitting in Ga0.96In0.04N0.01As0.99 calculated according to equation 2.
Parabolic approximation was used to describe the conduction band of GaInAs.
3

Energy (eV)

Ga0.96In0.04N0.01As0.99

EGaInAs

E+

2

EN

E_
1
-2

-1
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9

1
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k (10 m )
Figure 3. The conduction band structure of Ga0.96In0.04N0.01As0.99 near the Γpoint (k = 0) calculated with the BAC model. A parabolic approximation for the
conduction band of GaInAs was used. The splitting of the conduction band into
E- and E+ bands is clearly shown. The energy scale is relative to the top of the
valence band.

Based on the dispersion relations a number of new effects, such as a N-induced
increase of the electron effective mass [9] and improvement in the donor activation
efficiency of GaInNAs alloys [40], have been predicted and experimentally confirmed.
As shown in figure 3, the BAC model predicts a distinct flattening of the E-(k)
dependence for the electron energies approaching EN. This non-parabolic shape of E-(k)
must lead to an increase of the effective mass. The BAC model has also been used to
describe the pressure dependence of the interband transitions in GaPN and the Al
composition dependence of the E+ and E- transitions in AlGaNAs alloys [41]. Most
recently, it has been shown that the BAC model also applies to ZnSTe and ZnSeTe
II-VI semiconductor alloys that exhibit large bandgap bowing parameters and strongly
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nonlinear pressure dependencies of the bandgap [42]. A modified version of the BAC
model including an interaction of the conduction and valence bands within the
k ⋅ p approximation has also been proposed [43].
Besides the BAC model, other interpretations of the composition and pressure
dependence of the bandgap of Ga(In)NAs have been proposed on the basis of local
density approximation (LDA) and empirical pseudopotential method (EPM)
calculations [31, 35, 44-50]. The EPM method enables the study of very large systems
and is able to evaluate the electronic consequences of, for example, specified small
clusters on the overall properties of an alloy. The method includes atomic relaxation,
multi-band coupling and enables systems with up to 104 atoms to be studied
(versus ~ 200 in LDA). The micro- and nanostructure of the studied system is
described in EPM by generating supercells and distributing cations and anions at the
corresponding atomic sites in these supercells.
Recent works [48-50] suggest that the properties of GaAsN and GaPN alloys
can be analysed in terms of small localized nitrogen cluster states and delocalized
perturbed host states. The EPM method differs from the BAC model which ignores
cluster states beyond the isolated nitrogen and uses only a single host state. In EPM the
E- and E+ bands originate from the mixing of the Γ, L, and Χ states of the host with
only a minor contribution of the N state. Supercell calculations of small nitrogen
clusters have shown that Ga-centered clusters with 2-4 nitrogen atoms can introduce
very deep states having energy levels at about 200 meV below the conduction band
minimum of GaAs. The localized cluster states remain fixed in energy with increasing
N concentration. The edge of the conduction band minimum E- moves rapidly to lower
energies due to anticrossing and repulsion with higher energy members of the
perturbed host states, and overtakes the discrete cluster states one by one. At a critical
composition of xc ~ 0.6 % in GaAs and xc ~ 2 % in GaP the deepest cluster states are
overtaken by the moving perturbed host states. The upper edge of the perturbed host
states, E+, appears for x > 0.6 % and moves up in energy with increasing N
concentration. The use of the EPM methods for GaInNAs leads to the predictions that
the bandgap will reach a zero value for large enough N concentrations (x ~ 20 %) [51].

2.3 Band alignment
It has been commonly accepted that nitrogen incorporation mainly affects the
conduction band states of the Ga(In)NAs alloys leading to an increase in the
conduction band offset and only a small discontinuity in the valence band edge.
However, a debate has been going on regarding the fundamental type of the band
alignment, shown schematically in figure 4. Early theoretical studies based on the
dielectric model predicted type-II alignment for the GaAsN/GaAs system [34] in
contrast to the more recent first-principles calculations [44] which suggest a type-I
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band alignment. Contradictory results have also been obtained by experimental studies
[52-57]. The reported valence band offsets also vary considerably. Due to the
nonlinearity of the GaAs1-xNx bandgap, the valence band offset ratios given in the
literature are only valid for the corresponding x.
The most recent results strongly favor a type-I band alignment. In reference 56
the character of optical transitions, i.e., direct in space for type-I versus indirect for
type-II structures, was determined from time-resolved photoluminescence
measurements. Identical radiative lifetime of the near-bandgap emission measured in
the GaAsN/GaAs multiquantum well structures and single GaAsN epilayers indicated
that optical transitions are direct in real space. In addition, magneto-optical studies
supported a type-I band alignment. Similar conclusion has also been reached for the
GaInNAs/GaAs structures based on the results from polarized photoluminescence
excitation spectroscopy [57], as well as by analysing the effect of quantum
confinement on the energies of optical transitions [11, 58, 59].

GaAs

GaAsN

GaAs

GaAs

Type-I

GaAsN

GaAs

Type-II

Figure 4. Schematic representation of band alignment in type-I and type-II
quantum structures. The arrows show dominant recombination transitions, i.e.,
direct in space for type-I transitions and indirect in space for type-II
transitions. Both band alignments have been proposed for GaAsN/GaAs
quantum structures, but recent results strongly favor the type-I band alignment.

2.4 Device applications
The first continuous-wave long-wavelength GaInNAs laser on GaAs operating
at room temperature was reported by Kondow et al. in 1996. The device was a broad
area, single QW laser emitting at 1.18 µm with a threshold current density of
1.83 kA/cm2. With significant development since that time, the threshold current
densities have dropped dramatically and output powers have increased substantially.
The main focus for GaInNAs edge-emitting lasers in the past 2-3 years has been to
extend the wavelength beyond 1.3 µm. This has been done by using GaAsN barriers
[60-62] and/or by adding antimony to the growth of the QW layers [63-67]. Ridge
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waveguide lasers with GaInNAsSb QWs and GaAsNSb barriers operating at 1.465 µm
have been reported [66, 67]. The threshold current density for these devices was
2.8 kA/cm2. The lowest laser threshold current densities reported are 350 A/cm2 for
1.3 µm single QW lasers [68].
The first VCSELs with an active region consisting of GaInNAs/GaAs QWs and
emitting around 1.2 µm were also realized by Kondow et al. in 1998 [69]. Reflecting
the problems of obtaining high-quality material emitting at longer wavelengths, the
first GaInNAs-based VCSELs emitting at 1.28 µm or beyond were realized two years
later [70, 71]. All these early VCSEL structures were grown by molecular beam
epitaxy but more recently 1.3 µm VCSELs have been grown also by metalorganic
vapor phase epitaxy [72-73]. Infineon Technologies has grown 1.3 µm VCSELs by
both growth methods [68, 71, 73]. The devices are suitable for data transmission up to
10 Gbit/s with an bit error rate of less than 10-11. The continuous-wave output power
and threshold current of these devices are around 1 mW and 1-2 mA, respectively, at
room temperature. These results promise that GaInNAs-based VCSELs will be suitable
for data-link systems.
Following the introduction of GaInNAs as a 1 eV-bandgap semiconductor
lattice-matched to GaAs, it was realized that GaInNAs could be a suitable material for
multijunction solar cell designs and GaInNAs solar cells were demonstrated in
laboratories [74, 75]. However, the short minority-carrier diffusion length in GaInNAs
[76, 77] caused by low carrier mobilities [76, 77, 78] and short lifetimes [55, 79]
imposes a serious problem for solar cell applications. For terrestrial operation
conditions, the performance of today’s GaInNAs solar cell junctions would have to be
significantly improved even to reach the efficiency of the widely used GaInP/GaAs/Ge
three-junction solar cell.
The use of GaInNAs can be beneficial in heterojunction bipolar transistors
(HBTs). GaAs HBTs are in widespread use, especially in microwave power amplifiers
for wireless applications. The use of GaInNAs in the base region of the HBTs allows a
reduction of the turn-on voltage of the devices and facilitates their use in applications
with low power supply voltage, particularly in battery operated power amplifiers for
mobile communications. HBTs with GaInNAs base regions have been demonstrated
successfully by different groups [80-82]. The major task is to verify the reliability of
the devices before GaInNAs HBTs can be put into production.
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3

EXPERIMENTAL TECHNIQUES

Metalorganic vapor phase epitaxy (MOVPE) was used to grow the epitaxial
structures for this thesis. The main features of the method and the MOVPE apparatus
are described in section 3.1. The techniques used to study the optical properties of the
samples are presented in section 3.2. The surfaces of the QD samples were imaged with
atomic force microscopy (AFM) which is described in section 3.3. X-ray diffraction,
which was used to determine the composition and thickness of the grown epitaxial
layers is described in section 3.4.

3.1 Metalorganic vapor phase epitaxy
In epitaxial growth techniques the atoms are attached to the substrate surface in
such a way, that the crystal structure of the substrate is copied to the growing epitaxial
layer. MOVPE growth technique was developed at the end of the 1960’s [83]. The
widely used synonyms of MOVPE are metalorganic chemical vapor deposition
(MOCVD), OMVPE and OMCVD. The source materials are typically metalorganic
and hydride compounds. The metalorganic compounds are usually liquids at room
temperature, whereas the hydrides are gases. The source materials are mixed with a
carrier gas and transported to a reactor having a substrate wafer on a heated susceptor.
The precursors dissociate due to the elevated temperature above the susceptor [84], and
the group-III and the group-V elements diffuse to the surface of the substrate. After the
atoms are adsorbed to the surface, they can diffuse on the surface, nucleate into the
growing epilayer or desorb away. MOVPE systems are nowadays capable of producing
atomically sharp heterointerfaces with excellent uniformity over a number of wafers.
Optical in-situ measurement techniques enable accurate surface temperature and
growth rate measurements, which can be utilized to achieve more precise growth
control.
The epitaxial structures studied in this thesis were grown with the MOVPE
apparatus of Optoelectronics Laboratory at Helsinki University of Technology. The
schematic representation of the system, manufactured by Thomas Swan Scientific
Equipment Ltd., is shown in figure 5. All the group-III and group-V source materials in
this system are metalorganic compounds. Trimethylgallium (TMGa) and
trimethylindium (TMIn) are used as group-III sources for gallium and indium,
respectively. The group-V precursors used in this work are tertiarybutylarsine (TBAs),
dimethylhydrazine (DMHy) and tertiarybutylphosphine (TBP) for arsenic, nitrogen,
and phosphorus, respectively. Hydrogen is used as the carrier gas. The source materials
are held in steel bubblers in temperature-controlled baths. The carrier gas flows
through the bubbler and is saturated with the source material. The concentration of the
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precursor in the gas is determined by the vapor pressure of the compound in the
bubbler at the bath temperature. The flow rate is controlled by mass flow controllers
(MFCs).
mixing manifolds

substrate

door

carrier gas

reactor
thermocouple

susceptor
lamp
vent line

MFC

MFC

MFC

pyrolysis furnace

MFC

to scrubber
bath

bubbler
TMGa

TMIn

TBAs

DMHy

Figure 5. Schematic representation of the MOVPE apparatus.

Before the growth the output flows from the bubblers are directed continuously
into the vent line bypassing the reactor in order to stabilize the flow rates and the
concentrations. The vent line is directed through a pyrolysis furnace to the exhaust. The
growth is initiated when the precursors are switched to the reactor lines. The flows are
directed to separate mixing manifolds for the group-III and group-V precursors to
reduce the probability of unwanted pre-reactions. However, DMHy is injected to the
group-III mixing manifold due to the lack of proper connection to the group-V
manifold. The time for the pre-reactions is still very short, because the carrier gas flow
is quite high. The horizontal quartz reactor produces a laminal flow pattern over the
susceptor having an area of about 5 cm2. The reactor pressure can be controlled
between about 20 mbar and atmospheric pressure, but all the structures for this thesis
were grown at atmospheric pressure. The susceptor is heated by a halogen lamp and the
temperature is measured by a thermocouple located inside the susceptor. All the
temperatures mentioned in this thesis are thermocouple readings. The actual surface
temperature of the substrate in a similar reactor at the temperature of 650 °C has been
measured to be 50°C lower than the thermocouple reading due to the cooling effect of
the flowing gas [85]. Behind the susceptor the gas flow is guided to the exhaust, where
the unused components are absorbed and oxidized in a charcoal scrubber.
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3.2 Optical spectroscopy
The optical properties of the samples were studied mainly by photoluminescence
(PL) spectroscopy. PL is a widely-used, non-destructive spectroscopic characterization
method which gives information about energy states and different radiative
recombination channels in semiconductors. The photons from the excitation beam are
absorbed by the sample and electron-hole pairs are created. The carriers thermalize
quickly to the band edge through phonon emission, diffuse in the structure and
recombine radiatively or non-radiatively. A typical PL spectrum is composed of
several types of transitions. Common radiative transitions are a band-to-band
transition, a transition from the conduction band to an acceptor state, and excitonic
transitions. Two frequently used methods for identification of the different transitions
are measurements as a function of temperature and excitation laser power. From
temperature-resolved PL measurements the thermal activation energies of the
transitions can be extracted and thus information about the energy states can be gained.
The temperature dependence of the integrated PL intensity can be formulated as

I (T ) =

I0
n

1 + ∑ ci e− Ei / kT

,

(3)

i =1

where ci is a temperature-dependent parameter for each transition mechanism i, Ei is
the corresponding thermal activation energy and I0 is the intensity at T = 0 K [86].
The PL setup used in this thesis is presented in figure 6. An argon-ion laser with
a wavelength of 488 nm was used for excitation. The laser light was guided with
mirrors through a chopper and focused onto a sample attached to a cold finger of a
closed-cycle helium cyostat. The cryostat can be cooled down to about 9 K. The
luminescence emitted from the sample was focused with a lens to the input slit of the
monochromator and dispersed with a grating of the monochromator. A germanium
diode cooled with liquid nitrogen was used to detect the light intensity at a selected
wavelength. The signal from the detector and the reference frequency obtained from
the chopper were guided to a phase-locked amplifier. The data was collected by a
computer connected to the monochromator and to the phase-locked amplifier.
For publication VII the decays of the different PL peaks were time-resolved. In
the time-resolved PL measurements the sample was excited by 150 fs pulses at the
wavelength of 800 nm from a mode-locked titanium-sapphire laser. Signal was
detected by a microchannel plate photomultiplier and photon counting electronics.
Temporal resolution of the system was 30 ps.
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Figure 6. Schematic representation of the PL setup used in this work.

3.3 Atomic force microscopy
Atomic force microscopy (AFM) is one of the surface probe microscopic
techniques in which a surface property, e.g., morphology or charge density, measured
by the probe is generated into an image by a computer. The operating principle of the
AFM apparatus used in this work is schematically shown in figure 7. The sample is in
close vicinity to a Si3N4 probe tip and a laser beam is reflected from the tip to the
detector. When the tip bends according to the shapes of the sample surface, the signal
of the detector changes. This signal is used to move the sample holder by piezoelectric
actuators. The sample is scanned laterally and a feedback-loop is used to move the
sample vertically in order to keep the tip at a fixed position. The voltage of the vertical
piezo is converted to height information for image construction.
In this work a contact-mode AFM, Nanoscope E, was used to image surfaces of
the QD samples in publications II, V and VII. The AFM measurement gives accurate
information about the height and the areal density of the self-organized islands. The
accuracy of the AFM apparatus is sufficient to resolve height differences of one
monolayer, but due to the finite curvature of the AFM tip the generated image is a
convolution of the shapes of the tip and the island [87]. The surface image given by the
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AFM used in this work consists of 512 × 512 measurement points and the maximum
measurement area is 13 × 13 µm2. The images can be edited and analyzed using a
computer software.

detector

laser

probe tip

beam
sample
computer
moving
sample
holder

Figure 7. Schematic illustration of the operating principle of the AFM apparatus
used in this work.

3.4 X-ray diffraction
The x-ray diffraction measurement used in this thesis is based on the diffraction
of x-rays from the lattice planes of the crystalline sample. The angle of diffraction θ is
dependent on the x-ray wavelength and distance between the lattice planes according to
the Bragg’s law [88]

sin θ =

λ
2d hkl

,

(4)

where λ is the x-ray wavelength and dhkl is the distance between the lattice planes given
by

d hkl =

a
h2 + k 2 + l 2

,

(5)

where a is the lattice constant and h, k and l are integers. Depending on the lattice
structure of the sample, there may be no diffraction at all for some (hkl)-combinations.
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Therefore, only certain (hkl)-combinations are usually allowed. For example, the
diffraction maximum of GaAs is obtained from (400) diffraction. A diffraction curve is
obtained by measuring the diffracted intensity as a function of the diffraction angle.
The diffraction from the substrate is usually strong. If the lattice constant of the grown
epitaxial layer is different than that of the substrate, the diffraction maximum of the
epitaxial layer is observed at a different angle. In superlattice structures an interference
pattern is observed instead of single peaks from different materials.
In this work a modular Philips X'Pert Pro high-resolution x-ray diffractometer
was used to determine the thickness and composition of the grown epitaxial layers.
Figure 8 shows a basic setup used for rocking curve measurements. X-rays are
generated in an x-ray tube using Cu anode. A monochromator containing four Ge
crystals is used to obtain a narrow-band Cu-Kα1 x-ray beam at the wavelength of
1.541 Å. An x-ray mirror is placed between the x-ray generator and the
monochromator to collimate the x-ray beam, which increases the intensity throughput
of the monochromator. The sample is attached to a goniometer that positions the
sample in the monochromatic x-ray beam with an incident angle ω between the beam
and the surface of the sample. In this ω/2θ−measurement the incident angle ω deviates
from the angle of diffraction θ by an offset angle, which depends on the positioning of
the sample on the sample holder and on the possible miscut of the sample substrate.
The x-ray diffraction from the sample is detected with a movable xenon/methane
detector. The diffraction curves of epitaxial layers can be simulated using a software
based on the dynamical theory of x-ray diffraction [89]. The layer thicknesses and
compositions can be obtained by comparing measured and simulated curves.

x-ray mirror
ω

2θ

sample
monochromator

x-ray source

detector

Figure 8. Schematic representation of the x-ray diffraction measurement setup.
The angle between the incident beam and the sample surface is ω and the angle
between the incident beam and the diffracted beam is 2θ.

16

4

BULK AND QUANTUM WELL STRUCTURES

This chapter discusses the results of publications I, III, IV, VI, and VIII. In these
publications Ga(In)NAs bulk layers and QWs were studied. Section 4.1 presents the
studies of the growth and annealing of GaAsN and GaInNAs structures. Section 4.2
discusses the dislocations and defects found in GaAsN bulk layers. Section 4.3
describes the effects of laser treatment on the optical properties of QWs.

4.1 Growth and annealing of Ga(In)NAs
The MOVPE growth of GaAsN and GaInNAs bulk and QW structures was
studied in publications I and III. In publication I the growth conditions of GaAsN were
optimized for N concentration of up to 5.6 %. The aim of the work for publication III
was to reach 1.55 µm room-temperature luminescence on GaAs. Special growth
conditions compared to earlier material systems are required for the growth of
Ga(In)NAs. In order to incorporate sufficiently nitrogen, the growth has to be done at
much lower growth temperatures (T < 600 °C) and under metastable growth conditions
within the miscibility gap region of the alloy [61, 90]. Therefore, precursors should
have low decomposition temperatures. The precursor used for gallium in this thesis,
TMGa, decomposes incompletely at low temperatures. In publication III a decrease in
the growth rate due to the incomplete TMGa decomposition was estimated to be 10 %
at 540 °C and 15 % at 520 °C compared to the growth rate at higher temperatures.
The N concentration was found to decrease with increasing growth temperature.
Figure 9 shows the N concentration as a function of the growth temperature for
GaInNAs multiple quantum well (MQW) structures with In compositions of 10 and
30 %. The rapid decrease of the N concentration with increasing growth temperature is
probably caused by the temperature enhanced N desorption from the surface. The
maximum N concentration is obtained at 520 °C. Decreasing the growth temperature
further results in poor crystal quality. Figure 9 also shows that in the MOVPE growth
of GaInNAs with DMHy and TMIn precursors the nitrogen incorporation is
significantly reduced as the In concentration is increased [26, 74]. The cause of this
effect is not completely understood yet, but enhancement of indium surface segregation
has been proposed as a possible reason [74]. Other nitrogen sources, including
hydrazine [91], t-butylhydrazine [92] and NF3 [92, 93], have been found to incorporate
nitrogen more efficiently than DMHy. On the contrary to the hydrazine-type sources,
layers grown with NF3 show only a minimal dependence of the nitrogen content on the
In concentration [92]. These results do not support indium surface segregation as a
reason for the reduced nitrogen incorporation.
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Figure 9. Effect of growth temperature on the N concentration for In
concentrations of 10 and 30 % in GaInNAs MQW structures.

Figure 10 shows the effect of the DMHy/TBAs ratio on the N concentration of
the GaAsN layers grown at 530 °C. At low growth temperatures a low TBAs/III ratio
of about two is sufficient for the surface protection of GaAsN. When the TBAs flux is
kept constant (TBAs/III = 2), the N concentration increases linearly with increasing
DMHy flux up to 5 % and then saturates to 5.6 %. The dependence of the N
concentration on the TBAs flux is also linear, the N concentration increases with
decreasing TBAs/III ratio. However, when the TBAs/III ratio was decreased below 2,
no high-quality crystal growth was observed because the surface protection was lost.
The N concentration becomes more and more sensitive to the V/III ratio with
increasing DMHy/V ratio. In order to incorporate over 2 % of nitrogen into GaAs,
more than 80 % of the total group-V gas flow has to be DMHy. In publication III large
DMHy/V ratios of up to 0.97 were used to overcome the reducing effect of indium on
the nitrogen incorporation.
In publication III it was found that there exists an optimum growth window at
the In concentration of around 23 %, where the smallest PL peak energies are achieved.
Figure 11 shows the low-temperature PL data from GaInNAs MQW samples grown
with the In composition of 22.8 %. As expected, the PL peak energy decreases from
1.277 eV to 0.821 eV when the N concentration is increased from 0 to 3.7 %. The PL
intensity of Ga(In)NAs is known to decrease rapidly with increasing N concentration
[26, 74]. This is due to the various defects and non-radiative recombination centers
which have been observed to form during the growth process [94-98]. The PL intensity
of the sample grown with the N concentration of 2 % is about three orders of
magnitude smaller than that of the GaIn0.228As reference sample. However, further
increase in the N concentration does not result in such a drastic decrease of the PL
intensity. The full width at half maximum (FWHM) of the PL peaks increases from
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23 meV to 56 meV, which indicates increased alloy disorder with increasing N
concentration.
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Figure 10. Effect of DMHy/TBAs ratio on the N concentration of GaAsN layers.
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Figure 11. Low-temperature PL data from Ga0.778In0.228NxAs1-x MQW structures
as a function of the N concentration. The PL peak energy and the PL intensity
decrease and the FWHM increases with increasing N concentration.
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It was soon observed that the PL intensity of Ga(In)NAs structures could be
increased by thermal annealing [99]. However, annealing results also in a strong
blueshift of the emission wavelength. Several annealing studies have been published
yielding somewhat contradictory results [96, 99-104], which is partly due to the
different annealing and growth conditions used but also shows the metastability of this
material system. In publications I and III in-situ and post-growth annealing cycles were
performed in the MOVPE reactor under excess arsenic ambient and the optical
properties of the annealed structures were investigated. No difference between the two
annealing methods was observed. Figure 12 shows the effect of 10 min post-growth
annealing at different temperatures on the PL peak energy and intensity of a GaInNAs
MQW structure. Annealing at 700 °C increases the PL intensity by a factor of 300. The
enhancement of the PL intensity is most likely due to the reduction of non-radiative
centers [96]. Further increase of the annealing temperature results in thermal generation
of new non-radiative defects and thus decrease of the PL intensity.The PL peaks
blueshift for all annealing temperatures.
0.94
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T PL = 10 K

0.90
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0.88
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Ga 0.772In 0.228N 0.037As 0.963 (9.4 nm) /

0.84
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Figure 12. PL peak energies and intensities of a MQW structure after postgrowth annealing at different temperatures for 10 min. The PL peaks blueshift
for all annealing temperatures. The PL intensity is increased over two orders of
magnitude by annealing at 700 °C.

Different mechanisms causing the blueshift of the bandgap, such as nitrogen
outdiffusion [96] and Ga-In interdiffusion [105], have been suggested. Recently, local
rearrangement of the neighboring atoms of nitrogen has been proposed to explain the
blueshift [106]. It has been found that in as-grown GaInNAs the nitrogen atoms are
mainly bonded to four gallium atoms and after annealing nitrogen atoms have one or
more bonds with indium atoms [107, 108]. In publication III it was also found that
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annealing for longer times than 10 min does not result in further enhancement of the
PL intensity but increases the blueshift of the PL peak. Therefore, the optimum
annealing condition regarding the PL intensity is 10 min at 700 °C. Low-temperature
PL wavelength of 1.61 µm was obtained from a Ga0.74In0.26N0.03As0.97 MQW structure.
After annealing the PL wavelength of 1.51 µm was obtained at room temperature.

4.2 Defects and dislocations in GaAsN
Various defects are formed in the Ga(In)NAs material during the growth
process. Intrinsic point defects identified in the arsenide-nitrides so far are an AsGa
antisite [94, 95], an N interstitial [96-98], and a gallium vacancy [98]. Some of the
defects can be eliminated by post-growth annealing. In publication IV positron
annihilation spectroscopy [109] was used to study vacancy-type defects in
170-nm-thick GaAsN epitaxial layers and the effect of annealing on the vacancy
density was studied. The presence of vacancy defects in MOVPE-grown GaAsN was
detected and the defects were identified as gallium vacancies. The vacancies in the
samples grown at > 500 °C probably belong to defect complexes with some other
defects such as AsGa or NGa antisites, because isolated gallium vacancies are not stable
at temperatures above 300 °C [110].
Figures 13 (a) and (b) show the experimental gallium vacancy concentration and
the PL intensity at 10 K of the GaAsN samples before and after annealing,
respectively. The vacancy concentration increases with the N concentration up to the
order of 1018 cm-3 and anticorrelates with the PL intensity. Annealing at 700 °C for
10 min under H2 carrier gas flow and TBAs excess ambient reduces the vacancy
concentration by a factor of five compared to that found in as-grown material. The
anticorrelation of the gallium vacancy concentration and the PL intensity suggests that
the defect complexes containing gallium vacancies may act as non-radiative
recombination centers in GaAsN. Since the decrease of the PL intensity with increasing
N concentration is very drastic, other non-radiative mechanisms are most likely present
and contribute to the decrease of the PL intensity.
In order to grow high quality strained GaAsN epilayers on GaAs, it is important
to know the critical thickness of misfit dislocation formation for the material system. In
publication VI highly strained GaAsN epilayers were grown on GaAs and studied by
synchrotron x-ray topography [111] and other measurement techniques. X-ray
topography is sensitive to the strain caused by a dislocation, thus single dislocations
can be identified in the images. The critical thickness of misfit dislocation formation
for a GaAs0.965N0.035 layer on GaAs was observed to be between 50 and 80 nm. Postgrowth annealing had negligible effect on dislocation formation. When the layer
thickness was increased to 220 nm a few broad white lines indicating cracks appeared
in the images. The cracks are expected to originate from the GaAsN-GaAs interface.
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Figure 13. Gallium vacancy concentration and PL intensity of 170-nm-thick
GaAsN epilayers as a function of (a) N concentration and (b) annealing
condition. The lines are guides to the eye. The gallium vacancy concentration
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4.4 Effect of laser treatment on optical properties of
QWs
The luminescence efficiency of the as-grown GaAsN QWs is small. In addition
to the post-growth thermal annealing described in section 4.1, the luminescence
intensity can be increased by laser treatment [99]. The laser treatment procedure has
not been studied extensively, perhaps because it can be focused only to a part of a
wafer at time, whereas thermal annealing of whole wafers is easy. However, a
systematic study of laser treatments may reveal some new information about the
optical properties and defects of the Ga(In)NAs alloys. Therefore, the effects of laser
irradiation on the optical properties of 5-nm-thick GaAsN and GaInNAs QWs were
studied in publication VIII.
Laser treatment was found to affect the GaAsN QWs quite similarly as thermal
annealing. The most intense PL is obtained by utilizing both thermal and laser
treatments. The effects of laser treatments were observed to be irreversible and local,
i.e., no degradation of the PL efficiency was observed even hours after the treatment
and the efficiency was increased only in the area of the laser spot. In quaternary
GaInNAs, the effects of thermal annealing and laser treatment differ from each other.
Figure 14 shows PL spectra measured at 15 K from a Ga0.8In0.2N0.02As0.98 QW structure
before and after both thermal annealing and laser treatment. As-grown GaInNAs shows
reasonable PL intensity and, therefore, the effect of laser treatment is not as
pronounced as in GaAsN. Laser treatment increases the intensity by a factor of 2.5 and

22

the blueshift of the PL peak is negligible. Thermal annealing causes a 10-fold increase
in the PL intensity but shifts the PL peak by 86 meV to higher energies. Laser
treatment has no impact on the optical properties of a thermally annealed GaInNAs
sample.
Laser treatment enhances only the PL intensity of the QW peak, especially in the
case of a GaAsN QW. Thus, the defect affected by the laser treatment is related to the
layer containing nitrogen. When GaInNAs is annealed, the local configuration around a
nitrogen atom changes [106] and the defect in question disappears. The laser treatment
procedure affects the defects likely due to recombination-enhanced defect reaction
[99, 112]. When pairs of electrons and holes are recombined within a short period of
time through a non-radiative defect, the bandgap energy is transformed into lattice
vibration energy by a series of coherent carrier captures. This reaction affects only one
specific defect associated with a high non-radiative recombination rate. Laser
irradiation could offer advantages in the cases like long-wavelength structures, where
the blueshift of the PL peak should be avoided. Nevertheless, the laser treatment effects
should be taken into account when measuring the optical properties of Ga(In)NAs
samples.

PL intensity (arb. units)

1000

annealed
annealed
& laser
treated

TPL = 15 K

laser treated
100 as-grown
10
1
0.1

0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
Photon energy (eV)
Figure 14. PL spectra measured at 15 K before and after thermal annealing and
laser treatment of a Ga0.8In0.2N0.02As0.98 QW structure. The PL excitation and the
laser treatment intensities were 42 W/cm2 and 10000 W/cm2, respectively.
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5

QUANTUM DOT STRUCTURES

This chapter presents the discussion of the fabrication and the optical properties
of GaInNAs QD structures studied in publications II, V, and VII. The fabrication of
GaIn(N)As QDs on GaAs is described in section 5.1. The use of GaInNAs as a barrier
material for GaInAs QDs and its effect on the QD emission wavelength is presented in
section 5.2. Section 5.3 discusses the optical properties of GaInNAs QDs induced by
the strain of InP islands.

5.1 Fabrication of GaIn(N)As QDs
Laser emission on GaAs at the wavelength of 1.3 µm can be realized by using
self-assembled InAs or GaInAs QDs in the active region [113-117]. After the proposal
of GaInNAs as a material for long-wavelength emission on GaAs, considerable effort
has been devoted mainly to material and device research of GaInNAs QW lasers.
However, GaInNAs can also be used to fabricate QD structures, and room-temperature
PL at 1.52 µm has been reported from GaInNAs QDs grown by gas-source molecular
beam epitaxy (MBE) [118]. GaInNAs QDs have also been grown by chemical beam
epitaxy [119]. In publication II self-assembled GaIn(N)As QDs were grown by
MOVPE and the effect of nitrogen on the formation and optical properties of the
GaIn(N)As islands was investigated. Nitrogen in GaIn(N)As is shown in parentheses
since the measurement of the actual N concentration in the QDs is very difficult.
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Figure 15. Island density of Ga0.4In0.6(N)As samples as a function of (a) growth
temperature and (b) growth rate.
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For InAs and GaInAs QDs, it has been reported that the increase of growth
temperature or the decrease of growth rate results in the increase of the dot size and the
decrease of the dot density due to the increase of the migration length of the indium
adatoms [120-122]. However, this behavior is somewhat different for GaIn(N)As QDs.
Figure 15 (a) shows the dependence of the island density on the growth temperature for
nominally 3.5-ML-thick Ga0.4In0.6(N)As samples. As the growth temperature is
increased from 450 °C to 570 °C the island density varies in the range of
1×1010−3×1010 cm-2 and no clear tendency is observed. The average height of the
islands varies between 5 and 10 nm. Figure 15 (b) shows the island density as a
function of growth rate for nominally 4-ML-thick Ga0.4In0.6(N)As samples. The island
density is observed to be highest within the growth rate range of 1.3−2 ML/s. When the
growth rate is decreased below 1 ML/s the island density decreases and no islands are
formed with the growth rate of 0.2 ML/s probably due to increased desorption of the
reactive species from the growth surface. Although this behavior is quite similar to the
In(Ga)As islands, the average island height, however, remains almost constant at
around 5 nm.
Figure 16 (a) shows an AFM image from a 4.5 ML Ga0.4In0.6(N)As QD sample.
The areal density and the average height of the islands are 5×1010 cm-2 and 5 nm,
respectively. An AFM image from a reference Ga0.4In0.6As sample grown without
DMHy flow is shown in figure 16 (b). The island density in this N-free sample is
smaller (2×1010 cm-2) and the islands are higher on average (8 nm) compared to the
sample grown with DMHy flow. This is in contrast to the results that were observed for
MBE growth [118]. The reason for the larger dot density and smaller size of
GaIn(N)As QDs could be related to the migration length of adatoms. Makino et. al.
[119] have suggested that the nitrogen atom may change the surface potential due to its
strong bond and decrease the migration length on the surface.

Figure 16. AFM images taken from QD samples grown at 530 °C with (a)
4.5 ML Ga0.4In0.6(N)As and (b) 4.5 ML Ga0.4In0.6As. The scan size is
0.5 × 0.5 µm2.

PL studies of the overgrown QD samples showed that the PL peak of the
Ga0.4In0.6As reference sample was actually at smaller energies compared to the sample
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grown with DMHy flow. This indicates that a negligible amount of nitrogen is
incorporated into the islands. The energy difference is explained by the larger average
height of the Ga0.4In0.6As islands. The reason for the negligible incorporation of
nitrogen lies behind the large In concentration of the islands (see section 4.1). Figure
17 shows the dependence of the island density and the average island height on the
DMHy/TBAs ratio for Ga0.55In0.45(N)As QD samples with a coverage of 8 ML. The
island densities in the Ga0.55In0.45(N)As QD samples are significantly larger compared
to the Ga0.55In0.45As reference sample for all the used DMHy/TBAs ratios. Thus, by
using DMHy during the island growth the island density can be increased by one order
of magnitude. On the other hand, the island size can be varied to some extent by
changing the DMHy/TBAs ratio. PL studies of overgrown islands indicate that the
incorporation of nitrogen is still negligible. However, an enhancement of the 1.3 µm
room-temperature luminescence by a factor of about three was observed in the
Ga0.55In0.45(N)As QD samples grown with DMHy flow. Thus, by introducing DMHy
during the island growth the optical properties of the GaIn(N)As islands can be
improved.
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Figure 17. Island density and average island height as a function of DMHy/TBAs
ratio for nominally 8-ML-thick Ga0.55In0.45(N)As QD samples. The squares show
the respective data for the reference Ga0.55In0.45As QD sample.

5.2 Wavelength extension of GaInAs QDs
The transition energy of InAs or GaInAs QDs can be lowered and tuned to reach
the 1.3 µm light emission by embedding the islands in an GaInAs QW, which leads to
lower quantum confinement and reduced strain in the QDs [117, 123-125]. Since the
nitrogen incorporation into GaInNAs QDs was found to be problematic in publication
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II (see section 5.1), it could be more beneficial to use GaInAs as the QD material and
bury them in GaInNAs. Therefore, self-assembled Ga0.5In0.5As QDs embedded in
GaInNAs were grown in publication V. The effect of the composition of the barrier
layer on PL properties of the structures was investigated. A schematic illustration of
the sample structure is shown in figure 18. The areal density of the islands was
determined by AFM to be 2.4 × 1010 cm-2. Since the growth conditions of the islands
were not completely optimized, two types of small islands having an average height of
5 and 8 nm were observed.

GaAs
InGaAs
QDs

Barrier
(GaAs,
GaInAs or
GaInNAs)

GaAs

Figure 18. Schematic illustration of the Ga0.5In0.5As QDs grown on GaAs and
embedded in a Ga1-yInyNxAs1-x barrier layer with different compositions. The In
and N concentrations were varied in the range of 0 ≤ y≤ 0.25 and 0 ≤ x ≤ 0.035,
respectively. The thickness of the barrier layer was either 5 or 10 nm.

The use of GaInAs as a barrier layer was studied first and compared to the
conventional GaAs cover. Since the lattice constant of the GaInAs barrier increases
with increasing In concentration, the strain in the QDs is partly reduced due to the
relaxation of the lattice constraint in the growth direction. This together with the
decrease of the in-plane potential barrier height leads to the increase in the PL
wavelength. By using a 5-nm-thick Ga0.8In0.2As barrier the room-temperature PL
wavelength was extended from 1.27 up to 1.42 µm and the PL intensity was increased
by a factor of three compared to the conventional GaAs cover.
The GaInAs QDs were next covered by a 10-nm-thick Ga0.85In0.15NAs layer.
The N concentration was increased by increasing the DMHy/TBAs ratio. Figure 19
shows the development of the PL wavelength and intensity of the larger QDs as a
function of the DMHy/TBAs ratio. As the embedding material is changed from GaAs
to Ga0.85In0.15As, the PL peak redshifts and the intensity increases. As nitrogen is
introduced into the barrier the PL peak redshifts first further, but then remains at the
same wavelength up to a DMHy/TBAs ratio of 19. Although the N concentration of the
barrier layer increases, this is not sufficient enough to shift the PL peak. The PL
intensity increases slightly and stays higher than that obtained with the GaAs cover
until the DMHy/TBAs ratio is increased to over 20. Further increase in the
DMHy/TBAs ratio results in type-II band alignment when the conduction band edge of
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the barrier material drops below that of the strained Ga0.5In0.5As QDs. The PL peak
redshifts, the intensity drops drastically, and the linewidth of the PL peak increases
when the recombination occurs between electrons in the barrier material and holes in
the Ga0.5In0.5As QDs. Thus, by using a N-containing barrier layer an increase in the PL
wavelength and intensity in the 1.3 µm wavelength range is observed.

PL wavelength (µm)

1.45

10

1.40

T PL = 10 K

1.35
1

1.30
1.25
1.20
1.15

0.1
0

5

10

15

20

25

30

PL intensity (arb. units)

1.50

35
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Figure 19. Dependence of the PL wavelength and intensity of the QDs on the
DMHy/TBAs ratio used in the growth of the barrier layer. The squares show the
respective data for QDs embedded in GaAs.

5.3 Strain-induced GaInNAs QDs
In publication VII strain-induced GaInNAs QDs were fabricated by using selforganized InP stressor islands grown on top of a GaInNAs QW. The use of selforganized islands as stressors was first demonstrated by Sopanen et al. [126]. Figure 20
shows schematically the sample structure and the formation of a strain-induced QD
under an InP island. A 8-nm-thick Ga0.8In0.2NxAs1-x QW and a 5-nm-thick GaAs barrier
layer were grown on a 100-nm-thick GaAs buffer layer. Thermal annealing was
performed to enhance the optical properties of the GaInNAs QW. After annealing a
5-nm-thick GaAs cap layer was grown and then an InP layer with a nominal thickness
of 3 ML was fabricated. The growth mechanism of InP on GaAs is the coherent
Stranski-Krastanow growth [127], where self-organized InP islands are formed. These
islands act as stressors inducing a lateral parabolic QD potential in the QW due to
tensile strain. This lateral potential together with the vertical QW confinement add up
to a three-dimensional confinement potential. Therefore, a QD is formed into the QW
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under the InP island. The base diameter and the height of the InP islands were
measured by AFM to be about 100 and 20 nm, respectively. The measured base
diameter depends on the shape of the AFM tip and is in reality less than 100 nm. The
island density was about 1-2×109 cm-2 and the N concentration of the QWs was varied
from 0 to 1.3 %.

InP island

GaInNAs QW
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GaAs
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Figure 20. Schematic representation of the strain-induced GaInNAs QD sample.
The InP islands act as stressors inducing a lateral parabolic QD potential in the
QW. A QD is formed into the GaInNAs QW under the InP island.

Nitrogen concentration (% )

Figure 21. FWHM of the low-temperature (10 K) QW and QD0 PL peaks as a
function of the N concentration of the QW. The energy difference of the PL peaks
is also shown.

Low-temperature PL studies of the samples with increasing N concentration
showed that the PL peaks of the samples containing nitrogen were broader and fewer
excited states, typically only one, were seen compared to the nitrogen-free sample.
A redshift of about 200 meV for the QW and QD peaks was observed as the N
composition was increased from 0 to 1 %. Figure 21 shows the FWHM of the QW and
QD ground state (QD0) PL peaks as a function of the N concentration. The energy
separation between the QW and QD0 PL peaks is also shown. The FWHM of the QW
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peak increases from 9 meV to 25 meV when the N concentration is increased from 0 to
1 %. Since the recombination linewidth of a single QD is very narrow, the broadening
is probably due to composition or thickness variations in the QWs containing nitrogen.
However, the FWHM of the QD0 peak is not as strongly affected by nitrogen. The
lateral variation in the composition or thickness may take place in the scale of less than
the diameter of the QDs (about 50 nm), because the QD peaks would otherwise
broaden similarly to the QW peak. The energy difference of the PL peaks decreases
from 69 meV for the nitrogen-free sample to about 40 meV for N composition of about
1 %. Carrier localization into states located few tens of meV below the band edge of
the QW [128, 129] could explain such a decrease in the energy difference. The carrier
localization can be explained by the potential minima originated from the composition
and thickness fluctuations in the QW.
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SUMMARY

The study of III-V-N alloys, especially GaInNAs, has been increasing in the last
few years driven by the potential applications in laser and other devices for optical
communications. Although the first commercial products utilizing GaInNAs are about
to emerge on the market, challenges still remain in the understanding of the growth and
the physics of the compound. The long-wavelength emission on GaAs substrates has
also motivated the study of QD structures. In this work, Ga(In)NAs bulk, QW, and QD
structures were fabricated on GaAs by MOVPE, and the composition of the samples
was determined by x-ray diffraction measurements. The surface morphology of the QD
structures was investigated with AFM. PL spectroscopy was used to investigate the
optical properties of the structures.
The N incorporation efficiency into GaAs is very low and carefully optimized
growth conditions are required to achieve N concentrations of over 4 %. The N
concentration of the grown structures was strongly dependent on the growth
temperature and the molar flow ratios of the different precursors, especially the
DMHy/TBAs ratio. The growth conditions of GaAsN were optimized for high N
concentration of up to 5.6 %. For GaInNAs/GaAs QW structures it was observed that
the increase in the In concentration results in the decrease of the N concentration.
Therefore, it is even more difficult to reach the technologically important 1.55 µm
emission wavelength. In this work an optimum growth window at the In concentration
of around 23 % was found for the longest emission wavelengths and a luminescence
wavelength of 1.61 µm was observed from a Ga0.74In0.26N0.03As0.97 QW structure.
The optical properties of the as-grown structures deteriorate rapidly with
increasing N concentration. Therefore, in-situ and post-growth thermal annealing
procedures were used and optimized to enhance the optical quality. The enhancement
of the luminescence intensity due to annealing was typically of the orders of
magnitude. The optimum relation between the annealing temperature and the annealing
time was found to be 10 min at 700 °C, and a room-temperature PL wavelength of
1.51 µm was observed from a Ga0.74In0.26N0.03As0.97 QW structure after post-growth
annealing. Post-growth laser treatment was found to affect GaAsN QWs quite similarly
to thermal annealing. However, for the GaInNAs QWs no blueshift of the PL peak was
observed after the laser treatment in contrast to thermal annealing. Thus, laser
treatment could offer advantages over annealing in the long-wavelength structures,
where the blueshift of the PL peak should be avoided.
In order to grow material with good optical properties it is important to have
information about the structural quality of the fabricated structures. GaAsN epilayers
were shown to contain gallium vacancies in defect complexes. The anticorrelation of
the vacancy concentration and the PL intensity suggests that these vacancy complexes
may act as non-radiative recombination centers in GaAsN. One has to get rid of these
vacancies and defects in order to improve the optical quality of the material. Highly-
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strained GaAsN layers were studied by synchrotron x-ray topography and the critical
thickness for misfit dislocation formation of the GaAs0.965N0.035 epilayer was found to
be between 50 and 80 nm.
The incorporation of nitrogen from DMHy into self-assembled GaIn(N)As QDs
was found to be negligible due to the high In concentration needed for island
formation. It should be investigated whether more nitrogen could be incorporated into
the islands by using other nitrogen sources. However, the use of DMHy during the
growth was found to be useful, because the size and the areal density of the selforganized GaIn(N)As islands can be controlled and the optical properties improved by
varying the DMHy flow. Although the 1.55 µm QD emission was not achieved, an
enhanced room-temperature PL was observed at 1.3 µm wavelength from the QD
samples grown with DMHy. On the other hand, the luminescence wavelength of
GaInAs QDs can be extended and the PL intensity increased in the 1.3 µm wavelength
range by embedding the islands in a GaInNAs barrier layer. Also strain-induced
GaInNAs QDs were fabricated using InP islands as stressors.
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