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Abstract
In this thesis fabrication and properties of InGaN quantum wells (QWs) for light emitting diode (LED) applications is
studied. Metal-organic vapor phase epitaxy (MOVPE) is used to grow InGaN/(InAl)GaN multiple quantum well
(MQW) and LED structures on GaN/sapphire substrates. Also a multistep growth method for the growth of GaN on
sapphire is investigated. The method enables a tenfold reduction of threading dislocation (TD) density in the GaN
layer compared to conventional growth methods. The objective of this work is to study the physics of InGaN QWs and
to improve the performance of InGaN MQW structures used in near-UV, blue and green LEDs. The quality of quantum
wells is analyzed by x-ray diffraction (XRD), atomic force microscopy (AFM), and photoluminescence (PL)
measurements. The LED structures are characterized also by electroluminescence (EL) measurements.
Various MOVPE growth parameters of InGaN/GaN QWs are evaluated for growth of MQW structures emitting blue
light. Smooth surface morphology of the MQW stack is achieved by introducing a small amount of H2 during the
MOVPE growth of the GaN barrier layers. The effect of TD density on the performance of near-UV, blue, and green
LEDs is studied by fabricating LED structures on GaN buffers grown by the multistep method. Improved EL output
power at high operating current density is observed in the blue LEDs fabricated on the multistep GaN buffers.
MOVPE growth of quaternary InAlGaN layers is investigated and InGaN/InAlGaN MQW structures for near-UV
emission are presented. The internal quantum efficiency (IQE) of InGaN/InAlGaN MQW structures is found to be
sensitive to the InAlGaN barrier layer composition and the strain state of the structure. A MQW structure emitting at
383 nm with an IQE of 45 % is presented.
Finally the origin of the high efficiency of InGaN QWs is discussed. The high efficiency is due to self-screening
mechanism of TDs in In containing QWs. The height of the potential barrier formed around the TD depends on the In
content of the QWs, and thus the effect of TDs on the performance of blue and green LEDs is different.
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Tiivistelmä
Väitöskirjassa tutkittiin InGaN-kvanttikaivojen valmistusta ja ominaisuuksia. Erityisesti keskityttiin kvanttikaivojen
käyttöön valoa emittoivissa diodeissa (LED). Kvanttikaivo- ja LED-rakenteet valmistettiin metallo-orgaanisella
kaasufaasiepitaksialla (MOVPE) GaN/safiiri-alustakiteiden päälle. Työssä esitettiin myös monivaiheinen menetelmä
GaN-ohutkalvojen valmistamiseksi. Monivaiheisella menetelmällä GaN kerroksessa etenevien dislokaatioiden määrää
pystyttiin pienentämään kymmenesosaan verrattuna tavanomaisiin valmistusmenetelmiin. Väitöskirjatyön tavoitteena
oli tutkia InGaN-kvanttikaivojen fysiikkaa ja parantaa InGaN-kvanttikaivojen ominaisuuksia UV-, sinisissä ja vihreissä
LED-rakenteissa. Kvanttikaivojen laatua tutkittiin röntgendiffraktiolla, atomivoimamikroskopialla ja
fotoluminesenssimittauksilla. LED-rakenteita tutkittiin myös elektroluminesenssimittauksilla.
Tässä työssä tutkittiin useiden eri MOVPE-valmistusprosessien vaikutusta sinisissä LED-rakenteissa käytettävien
InGaN/GaN-kvanttikaivorakenteiden laatuun. Tasainen pinnan morfologia saavutettiin käyttämällä vetyä GaN-vallien
valmistuksen aikana. Etenevien dislokaatioden vaikutusta UV-, sinisten ja vihreiden LED-rakenteiden ominaisuuksiin
tutkittiin valmistamalla LED-rakenteet monivaiheisella menetelmällä valmistettujen GaN-kerrosten päälle. Tämä lisäsi
sinisten LED-rakenteiden elektroluminesenssia, kun käytettiin suurta virrantiheyttä.
Myös InAlGaN-neliyhdisteiden MOVPE valmistusta tutkittiin ja UV-alueella emittoivia
InGaN/InAlGaN-kvanttikaivorakenteita valmistettiin. InGaN/InAlGaN-kvanttikaivorakenteiden sisäisen
kvanttihyötysuhteen havaittiin riippuvan InAlGaN-vallien kompositiosta ja kvanttikaivorakenteen jännityksestä. Tässä
työssä esiteltiin myös 383 nm:n aallonpituudella ja 45 % kvanttihyötysuhteella emittoiva InGaN/InAlGaN
kvanttikaivorakenne.
Lopuksi käsiteltiin InGaN kvanttikaivojen korkean hyötysuhteen syitä. Korkean hyötysuhteen havaittiin aiheutuvan
dislokaatioiden itsesuojaavasta luonteesta InGaN kvanttikaivoissa. Dislokaatioden ympärille muodostuvan
potentiaalivallin korkeus havaittiin riippuvan kaivojen In-pitoisuudesta, joten dislokaatioiden vaikutus sinisten ja
vihreiden LED-rakenteiden ominaisuuksiin oli erilainen.
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Introduction

In the recent years the development in the field of III-N semiconductor technology
has been spectacular. Numerous GaN-based devices including light emitting diodes
(LEDs), laser diodes (LDs), photo detectors and high power microwave power
switches have been developed and brought to the market. GaN-based laser diodes
enable more efficient data storage in the high density DVD standards, and LEDs are
used in various lighting applications including flashlights, automotive lighting, traffic
signals and indoor lighting. The future especially for general lighting applications
is promising, since white light can be produced by exciting wide band phosphors by
blue or UV-LEDs [1, 2].
The driving force behind the fast development of III-N semiconductors has been the
demand for short wavelength emitters. To date there exists only a few semiconductor
material systems suitable for such applications. Several II-VI semiconductors such as
ZnSe and ZnS have been extensively studied but the short lifetime of devices limits
their use [1]. Of the II-VI materials zinc oxide (ZnO) holds promises as a material for
blue and UV optoelectronics, but difficulties in p-type doping hinder the use of ZnO
in devices [3]. Therefore, the III-N material system is currently the only practical
solution for short wavelength semiconductor emitters. Several technical innovations
during the ’90s enabled the fast progress in the development of blue and UV LEDs
and LDs. Among the key inventions is the use of a low temperature AlN nucleation
layer. The technique was developed in 1986 by Akasaki et al. [4]. By utilizing
the nucleation layer the dislocation density of GaN grown on sapphire was reduced
significantly. In 1991 sufficient p-type conductivity for LED and LD operation was
obtained by thermal annealing of Mg-doped GaN by Nakamura et al. [5]. The first
nitride-based LED with external quantum efficiency of 2.7 % was commercialized in
1993 [6]. The first LEDs employing InGaN/GaN quantum wells were fabricated in
1995 [7]. Currently the III-nitrides are considered as the best material system for
efficient solid-state lighting. One of the next challenges is to realize efficient InAlGaN
based UV-emitting devices. UV semiconductor light sources are required for a
number of applications including general lighting, sterilization, decontamination and
for next generation high density optical storage [8, 9].
Although III-N materials have been under extensive study there still exists several
problems related to the operation of high power GaN-based light emitting devices.
One is the large dislocation density of GaN and AlGaN buffers that reduces device
1

2
performance at high current densities. The typical dislocation density in GaN
LED structures is six orders of magnitude higher than in conventional AlGaAs
or AlInGaP LED structures. Despite the high dislocation density, which would
forbid the operation of LEDs made of conventional III-V semiconductors, GaN-based
LEDs function with surprisingly good efficiency. The reason behind the good
performance of GaN light emitting devices is still not clear. A defect insensitive
emission mechanism in In containing (Al,In,Ga)N alloys has been proposed [10].
Also a defect screening mechanism in InGaN quantum wells has been suggested
[11]. Nevertheless, fabrication of high quality quantum well structures, especially
for emission in the UV range is a challenging task. Some of these problems are
addressed in this thesis, and methods are presented for fabrication of efficient green,
blue, and near-UV emitting structures.
Chapter two of this thesis describes the fundamental properties of III-N
semiconductors that are needed to understand the basic operation of GaN-based
LEDs. The experimental methods for sample fabrication and characterization used
in this work are presented in chapter three. Chapter four describes epitaxial growth
of III-N semiconductors in further detail. Chapter five presents a typical GaN-LED
structure and its properties. In chapter six fabrication of InGaN/(InAl)GaN
quantum wells and their properties are discussed in detail and the experimental
results of this thesis are presented.

2

Fundamentals of III-N semiconductors

This chapter provides an introduction to the crystalline structure and electronic
properties of III-nitride semiconductor materials and to the use of these materials
in optoelectronic applications. Basic knowledge of these properties is crucial for
understanding the fundamentals of quantum well based light emitting sources.

2.1

Crystal structure

In semiconductor materials atoms are organized in a three dimensional lattice, where
the same periodic structure is repeated over the space of the crystal. The group
III-nitrides can crystallize either in hexagonal wurtzite or zinc blende structures.
Both of these structures can be grown by epitaxial thin film methods and have been
extensively studied. The wurtzite structure is thermodynamically more stable and
is more used in optoelectronic applications. In this work only wurtzite structures
are investigated so further description of the zinc blende structure is omitted.
The hexagonal wurtzite unit cell of GaN is sketched in Fig. 2.1, where the sub lattices
of gallium and nitrogen atoms are shown in different colors. In hexagonal wurtzite
lattice atoms are tetrahedrally bonded to the nearest neighbors, and the unit cell
is described by the lattice parameters c, a and u. The lattice constant c defines
the spacing of two identical hexagonal lattice planes, and the lattice parameter a
describes the distance of atoms in the hexagonal lattice plane. The dimensionless
parameter u characterizes the bond length along the c-axis, and provides information
of the distortion of the unit cell. Along the c-axis a stacking sequence of hexagonal
GaN bilayers can be found. This is marked in Fig. 2.1 by A and B. The other group
III-N semiconductors, InN, AlN and their ternary and quaternary compounds have
the same crystalline structure, in which group-III atoms occupy the sublattice shown
with Ga atoms in Fig. 2.1. Lattice constants a, c and u for GaN, InN, AlN are given
in Table 2.1 [1].
The presence of the bilayers A and B results in an internal asymmetry along the
c-axis. This means that the direction of the atomic bonds are different along the
[0001] and [0001̄] directions. This results in an internal polarity of the film, and is
defined by the direction of the group-III–N bond between the bilayers (along the
3
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Figure 2.1. Hexagonal wurtzite crystal structure of GaN. The film is Ga-polar
if black depicts N atoms, and N-polar if gray depicts N atoms and
the surface of the film is located on top.
Table 2.1. Lattice constants a, c and u for GaN, InN and AlN.

Lattice constant GaN
a (Å)
3.189
c (Å)
5.185
u
0.377

InN AlN
3.534 3.111
5.718 4.978
0.382 0.379

c-axis) with respect to the surface normal of the film. If in this bond the nitrogen
atoms are placed on top of the group-III atoms the film is called Ga- or [0001]-polar
and if the group-III atoms are on top of N atoms the films is called N- or [0001̄]-polar.
This is sketched also in Fig. 2.1. The polarity of the films has a major effect on both
the surface properties and on the piezoelectric field of the group-III nitrides. The
effect of polarity has been widely investigated both theoretically and experimentally
[12–14]. Surprisingly the polarity varies with different growth methods, GaN grown
on (0001) sapphire by molecular beam epitaxy (MBE) is commonly N-polar, and
metalorganic vapor phase epitaxy (MOVPE) grown Ga-polar [13, 14]. All the
samples studied in this work were grown by MOVPE and were Ga-polar.
The deviation of the GaN unit cell from the ideal hexagonal wurtzite geometry and
the strong ionic character of the III-N bond are the origins of polarization properties
of wurtzite III-N semiconductors. The total polarization in the crystal in the

5
absence of external fields is the sum of spontaneous and piezoelectric polarizations.
Spontaneous polarization is caused by the deviation of the unit cell from the ideal
hexagonal structure. Due to the crystal symmetry the polarization is aligned along
the [0001] direction, with the positive direction pointing parallel to the [0001]-axis.
In Ga-polar GaN films the spontaneous field points towards the surface plane of the
film [15].
The spontaneous polarization constants psp for binary III-N materials according to
Ref. 15 are shown in Table 2.2.
Table 2.2. Spontaneous (psp ) and piezoelectric constants (e31 and e33 ) of
group-III nitrides.

Parameter GaN InN
AlN
2
(C/m )
psp
-0.029 -0.032 -0.081
e31
-0.49 -0.57 -0.60
e33
0.73
0.97
1.46

The piezoelectric polarization is caused by strain induced deformation of lattice
parameters a, c and u. In hexagonal wurtzite lattice the piezoelectric polarization
ppe along the [0001]-axis depends on two independent piezoelectric coefficients e31
and e33 as

δppe = e33

c − c0
a − a0
+ 2e31
,
c0
a0

(2.1)

where a0 and c0 are the equilibrium values of the lattice parameters [15]. Eq.
2.1 omits the polarization caused by shear strain, as it is not present in epitaxial
structures. Starting from Eq. 2.1 it can be shown that in epitaxial III-N layers under
tensile strain the polarization is always negative, and in layers under compressive
strain the polarization is positive.
The electric field is connected to the polarization p by the relative dielectric constant
ǫr (x) of the material according to

E=−

p
.
ǫr (x)ǫ0

(2.2)

The effect of the built-in electric field in the heterojunctions of III-N semiconductors
is described in more detail in section 2.3. A thorough description of spontaneous
and piezoelectric polarization in III-V semiconductors can be found in Ref. 15.

6

2.2

Electronic band structure

In crystals the periodic arrangement of atoms modifies the single atom energy states
into energy bands. These energy bands allow the movement of electrons in the
crystal. In semiconductors there exists an energy band gap between energy bands. In
this energy band configuration the higher energy band is called the conduction band,
and the lower energy band the valence band. In direct band gap semiconductors
the conduction band minimum (CBM) is located at the same electron wave vector
(k) value as the valence band maximum (VBM). Direct band gap semiconductors
are especially important for optoelectronic applications since radiative transitions
from CBM to VBM have a much higher probability than in indirect band gap
semiconductors.

Figure 2.2. Calculated electronic band structure of hexagonal wurtzite GaN
near the point ~k=0 [16]. The directions parallel and perpendicular
to the c-axis are denoted by k|| and k⊥ , respectively.

Fig. 2.2 shows the calculated electronic band structure of hexagonal wurtzite GaN
near the fundamental gap at ~k=0 in the ~k-space. The VBM and the CBM have the
same ~k-value, and the valence band is split into three different bands (A, B and C)
by crystal field and spin orbit coupling. The bands and their corresponding exciton
energies (Eb ) are labeled in Fig. 2.2. The band gap value (Eg ) shown in Fig. 2.2 is a
calculated value at the temperature of 40 K. At room temperature the experimental
band gap of GaN is 3.44 eV [17].
The major technological advantage of the III-N material system is that by alloying
GaN with InN and AlN the band gap of the ternary or quaternary alloy can be

7
tuned in a controllable fashion. Fig. 2.3 shows the band gap versus the lattice
parameter a of the III-N materials. In principle the band gap of III-N alloys can
be varied continuously from 6.2 eV (pure AlN) to 0.7 eV (pure InN). Until recently
the commonly quoted value for the optical band gap of InN was 1.89 eV, but new
measurements have shown evidence of a much smaller band gap between 0.65 and
0.9 eV [18–20, and Publ. I]. The energy range from 6.2 eV to 0.7 eV covers the
spectral range from deep UV to infrared. However, as the In or Al content of InGaN
and AlGaN films is increased the growth of high quality material becomes more
difficult due to the different optimum growth conditions of In and Al containing
III-N alloys [21]. The difficulty of growth currently limits the possible wavelength
range of GaN-based emitters from near UV to green. The growth of III-N materials
will be discussed in more detail in chapter 4.
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Figure 2.3. Band gap and lattice constant a of the most important III-N
semiconductors.

In ternary and quaternary compounds the change of the band gap energy with
composition can be described by linear interpolation with the inclusion of a bowing
parameter b. The bowing parameter represents the magnitude of the second order
correction to the linear dependence. For quaternary Inx Aly Ga1−x−y N alloy the
energy band gap can be written as [22]

Eg (x, y) = xEg,InN + yEg,AlN + (1 − x − y)Eg,GaN − bAl y(1 − y) − bIn x(1 − x). (2.3)
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Here bAl and bIn are the bowing parameters related to Al and In composition,
respectively. The bowing of Aly Ga1−y N can be modeled with a static bowing
parameter bAl [23, 24]. In-containing alloys are more complex to model, because
the bowing parameter bIn is believed to depend strongly on the In and Al content
[22, 25]. Commonly used values for bAl and bIn in hexagonal III-N alloys are listed
in Table 2.3.
Table 2.3. Band bowing parameters bIn and bAl for AlGaN, InGaN, InAlN and
InAlGaN alloys. The b values marked with ∗ depend on composition.

Alx Ga1−x N
Al content (x)
0 ≤ x < 0.45
0≤x≤1

bAl (eV)
0.69 ±0.45
1

Ref.
[24]
[23]

Inx Ga1−x N
In content (x)
0 ≤ x ≤ 0.5
x ≤ 0.12
0≤x≤1

bIn (eV)
1.4
3.5
3.5 - 0.9 ∗

Ref.
[26]
[27]
[22]

Inx Al1−x N
In content (x)
0 ≤ x ≤ 0.85
0.25 ≤ x

bIn (eV)
6-1∗
3

Ref.
[22]
[28]

Inx Aly Ga1−x−y N
In content (x) Al content (y) bIn (eV) Ref.
0.1 ≤ x ≤ 0.2
y < 0.2
3∗
[22]
0.03
0.2 < y
17∗
[22]

To understand III-N heterostructures it is necessary to know the band offsets of
binary III-N semiconductors. In all III-N heterojunctions the band alignment is of
type I, in which the band gap of the lower energy semiconductor lies completely
inside the band gap of the other. This is depicted in Fig. 2.4 in the case of AlN,
GaN and InN. The valence band offsets are from Ref. 29.

2.3

Quantum wells

A quantum well is a thin layer that can confine carriers into two dimensions. In
semiconductors this is obtained by fabricating a heterostructure where material with
a specific band gap is sandwiched between layers of material with a wider band gap.
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Figure 2.4. Band alignment of AlN, GaN and InN.

Fig. 2.5 a) shows the energy band diagram of an InGaN/GaN quantum well (QW)
structure without polarization effects. It can be shown that if the quantum well
thickness is comparable to the de Broglie wavelength of the carriers the energy
within the well becomes quantized in discrete levels [30]. The main factors affecting
the energies of the quantized levels are the potential wall height and the well width.

Figure 2.5. Schematic illustration of the energy bands of an InGaN/GaN QW
a) without polarization effects and b) in the presence of spontaneous
psp and piezoelectric ppe polarization. Due to QCSE E1 > E2 .

In quantum wells of III-N semiconductors both the spontaneous and the piezoelectric
polarization described in section 2.1 play an important role. The magnitude of the
internal electric field can be as high as 3.1 MeV/cm in an In0.22 Ga0.78N/GaN QW
structure [31]. Fig. 2.5 shows the directions and the effect of the spontaneous and
piezoelectric polarizations on the band structure of InGaN/GaN QW. In the InGaN
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QW the direction of the piezoelectric polarization is opposite to the spontaneous
polarization and changes the potential well shape into triangular. The electron
and the hole wave functions are shifted into the opposite sides of the QW and the
difference of the electron and hole energy levels compared to the field-free structure
is reduced. This reduction is seen as redshift of the emission wavelength and is
known as quantum confined Stark effect (QCSE) [32]. The spatial separation of the
electron and hole wave functions causes also reduction in the radiative recombination
efficiency [33].
As the direction of the polarization is <0001>, the polarization is perpendicular to
the QW plane when the QW is parallel to the (0001) c-plane. When the QW plane
is parallel to the (112̄0) a-plane the polarization also is parallel to the QW plane,
and no QCSE or spatial separation of electron and hole wave functions is observed
[10]. Therefore, films grown on c-plane are commonly called polar, and films grown
on a-plane non-polar due to the presence or absence of the internal polarization,
respectively. All the samples in this work were grown on c-plane surfaces, and are
thus polar.

3

Experimental

In this chapter the experimental fabrication and characterization methods used in
this thesis are presented.

3.1

Metalorganic Vapor Phase Epitaxy

In epitaxial growth the lattice structure of the underlying crystal, commonly
called the substrate, is copied into the growing layer. The main tools used in
epitaxial growth of semiconductor materials are molecular beam epitaxy (MBE) and
metalorganic vapor phase epitaxy (MOVPE). The MOVPE method was developed
in the late 60’s by Manasevit et al. [34], but due to complex processes involving
chemistry and hydrodynamics the evolution of the MOVPE technology was slow at
the beginning. This situation has now changed and both MOVPE and MBE can
now be used for growing thin films with sharp interfaces on the atomic level. Due
to several improvements in the MOVPE technology it is now the main tool in both
research and commercial production of III-N thin films. In the late 80’s and early
90’s modifications were made to the design of existing MOVPE tools to prevent
harmful precursor prereactions [4], reactor flows were altered by utilizing a subflow
of inert gas perpendicular to the substrate [1, 35] and in situ monitoring technique
was developed to monitor film growth in real time [1, 35]. These modifications
greatly improved the crystal quality and electrical properties of the MOVPE grown
III-N films.
In MOVPE metalorganic precursors in gas phase are used to fabricate thin films.
The precursors decompose thermally and the growth reaction takes place at the
interface of the gas phase and the heated substrate. The reaction atmosphere
is commonly nitrogen or hydrogen which are also used as carrier gases for the
precursors. A gas flow diagram of the MOVPE system used in this work
is presented in Fig. 3.1. The liquid metalorganic precursors are located in
steel cylinders called bubblers, which are kept in temperature controlled baths.
Accurate temperature control of bubblers is needed, since the vapor pressures of
precursors are extremely sensitive to temperature. When carrier gas is passed
through a bubbler, it is saturated with gaseous metalorganic material. In this
system trimethylgallium (TMGa), trimethylindium (TMIn), trimethylaluminum
11
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Figure 3.1. Gas flow diagram of the MOVPE system used in this work.

(TMAl) and bis-cyclopentadienylmagnesium (Cp2 Mg) were used as gallium, indium,
aluminum and magnesium sources, respectively. The gas flows are regulated with
valves and mass flow controllers (MFCs) into the reactor. A desired concentration
of the precursor materials is achieved by changing the gas flow ratio of the input
and dilution MFCs. The input MFC controls the gas flow through the bubbler, and
the dilution MFC the flow bypassing the bubbler. Two separate output MFCs
are used in the TMGa and TMIn lines to enable fast changes in TMGa and
TMIn concentrations. This is needed for abrupt QW interfaces. In this system
gaseous ammonia (NH3 ) and silane (SiH4 ) were used as nitrogen and silicon sources,
respectively. A separate pipework is used for group-III (TMGa, TMIn, TMAl) and
group-V (NH3 ) precursors in order to minimize prereactions.
Fig. 3.2 shows a detailed image of the close coupled showerhead (CCS) reactor
chamber. The group-III and group-V precursors enter the reactor chamber
separately through the showerhead which provides uniform gas flow over the
susceptor area. The gases mix only above the graphite susceptor surface which
significantly reduces prereactions of the precursors. The SiC coated susceptor is
heated from underneath by a tungsten heater coil up to 1500◦ C. Three 2” substrate
wafers are located in the susceptor pockets. The ratio of the vertical and horizontal
gas flows relative to the substrate is controlled by rotating the susceptor during
operation. The pressure of the reactor chamber is controlled in the range of
50–900 Torr by a vacuum pump connected to the exhaust.
The description of the MOVPE growth process can be divided into thermodynamic,
kinetic, hydrodynamic and mass transport aspects. The driving force of the reaction
is defined by thermodynamics, kinetics control the rate at which reactions occur.
Hydrodynamics describe the flow transport of precursor materials to the substrate
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Figure 3.2. Schematic figure of the CCS reactor of the MOVPE system used in
this work [36].

and mass transport defines the diffusive transport across the boundary layer [37].
The MOVPE growth of III-N materials will be discussed in more detail in chapter 4.

3.2

Reflectometry

The optical window of the reactor chamber (see Fig. 3.2) gives an access to monitor
the substrates during the growth process. The in situ reflectometry setup used in
this work is illustrated in Fig. 3.3. A broadband light beam is directed through
a beam splitter and into the reactor chamber through the optical window. The
light hits the samples perpendicular to the sample surface and is reflected back
to the beam splitter. The reflected light is guided through an optical fiber to a
band pass filter which selects a narrow measurement band from the broadband
reflection. In this work a measurement wavelength of 638 nm was used. The narrow
band measurement signal is directed onto a photodetector which is connected to
a measurement computer. A trigger signal from the rotating susceptor is also
connected to the computer. This allows the separate measurement of all the three
wafers from a single optical port.
In the normal incidence geometry the reflectance of a single layer can be expressed
as [38]
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Figure 3.3. Schematic figure of the in situ reflectance measurement system used
in this work.

R0 =

2
2
r12
+ 2r12 r23 cos(2α) + r23
2πN2 d
, α=
,
2 2
1 + 2r12 r23 cos(2α) + r12 r23
λ

(3.1)

where rij is the reflectivity coefficient of the interface between materials i and j. N2
and d are the refractive index and the thickness of the growing film and λ is the
wavelength of the measurement signal. The notations of the reflectivity coefficient
rij are shown in Fig. 3.4. The equation applies for non-absorbing films and smooth
surfaces. The photon energy of the light is well below the absorption edge of the
studied materials so the effect of adsorption can be omitted. However, the surface
roughness needs to be taken into account. Small scale roughness can be modeled
by introducing a Gaussian distribution of heights about the mean value [38]. The
reflectance of a rough surface is given by

2 /λ2

R = R0 e−(4πσ)

,

(3.2)

where R0 is the reflectance of a smooth surface and σ is the root mean square surface
roughness of the growing film.
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Figure 3.4. Reflections at the boundaries of the growth atmosphere, the
growing film, and the substrate.

The magnitude of the reflected light oscillates during the growth of the film due
to interference of light reflected at the surface of the film and the film/substrate
interface. The growth rate of a film can be calculated from the oscillation period of
the measured signal using Eq. 3.1. Since the oscillation period τ of reflected light
is 2α the growth rate is given by

GR =

3.3

λ
.
2N2 τ

(3.3)

X-Ray diffraction

Diffraction of X-rays in matter can be understood by means of the reciprocal
lattice and the Laue condition. Mathematically the reciprocal space is a Fourier
transformation of the electron density distribution. As the electrons are confined
near the atomic cores, the reciprocal lattice is directly related to the lattice structure
of the sample. The Laue condition defines the condition of constructive interference.
Constructive interference occurs if the change in the scattered and incident wave
vectors k~s and k~i is equal to a reciprocal lattice vector. The diffraction can be
depicted by the Ewald construction shown in Fig. 3.5. The change in the wave
vectors k~s and k~i defines the scattering vector ~q. The angles ω and 2θ define the
angle of the sample and the detector relative to the X-ray source.
A schematic drawing of the Philips X’Pert high resolution X-ray diffraction
(HR-XRD) system used in this work is illustrated in Fig. 3.6. A four crystal
germanium monocromator is used to select the Cu-Kα1 line (λ = 1.541 Å) from
the X-ray tube emission. A X-ray mirror is utilized between the monocromator and
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Figure 3.5. Ewald construction of X-ray diffraction.

the X-ray tube in order to reduce the divergence of the incident beam. The sample is
mounted on a stage that can be rotated about all the axes marked in Fig. 3.6. The
diffracted beam is passed through an analyzer which enhances the measurement
resolution. Rotation of axes corresponds to movement in the reciprocal space as
marked in Fig. 3.5. By combining several measurements it is possible to obtain a
two dimensional diffraction space map from an area of the reciprocal space.

Figure 3.6. Schematic illustration of the HR-XRD measurement setup.

III-N semiconductor films can be described by the means of a mosaic model [39].
The model uses coherence lengths, tilt and twist to describe the structure of the
crystal. Vertical and lateral coherence lengths can be thought as grain sizes in the
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crystal, and tilt and twist describe the orientations of the grains with respect to
each other. The origins of the mosaic structure in III-N films will be described in
more detail in chapter 4.

3.4

Atomic Force Microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy, in which
the morphological properties of the sample surface are measured with a probe. The
method is nondestructive and fast, as it requires very little preparation and the
measurements can be done at room temperature and in ambient air. The operating
principle of the AFM system used in this work is shown in Fig. 3.7. A sharp probe
tip is attached to a flexible cantilever. As the sample is moved in respect to the tip
Coulombic or van der Waals forces between the tip and the sample surface cause
the cantilever to bend. A laser beam is reflected from the cantilever and detected
by a dual-photodiode. A feedback loop controls the vertical position of the sample
holder keeping the laser beam reflection at the same position. A computer gathers
the feedback data and converts it to height information of the sample surface.

Figure 3.7. Schematic illustration of the AFM measurement setup.

In this work a NanoScope E AFM was used in contact mode. The vertical resolution
of the system was 0.1 nm, so even a single monolayer step can be imaged. The lateral
resolution depends on the type of the tip and the condition of the sample surface,
and is typically a few tens of nanometers.
AFM was used to characterize the surface morphology and to determine the etch
pit density (EPD) of the samples. In EPD measurements a selective etch is used
to reveal dislocations on the sample surface [40]. The etch rates of different
crystallographic orientations in the vicinity of dislocations at the surface differ [41].
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This leads to the formation of pits on the dislocation sites. These pits can be
imaged by AFM and so the dislocation density can be determined. In this work a
1:1 mixture of hot (240◦C) sulphuric (H2 SO4 ) and phosphoric (H3 PO4 ) acids was
used as the selective etch.

3.5

Optical spectroscopy

The optical properties of the samples were characterized by photoluminescence (PL)
and electroluminescence (EL) measurements. PL is a commonly used method where
carriers are generated by exciting the sample with photons of sufficient energy. The
generated carriers recombine either radiatively or non radiatively at the energy states
near the band edge. The spectrum of spontaneously emitted light is measured,
and some electronic band properties and the optical quality of the sample can be
determined. In EL measurements the carriers are excited by an external current
source and transferred to the active region via n- and p-type layers.
In this work two types of PL setups were used. The InN samples in publication I
were excited by using an argon ion laser (λ = 488 nm). The samples were cooled
down using a closed cycle helium cryostat to 9 K. A nitrogen cooled Ge-diode was
used as a detector. The InGaN/GaN and InGaN/InAlGaN samples in publications
II, IV, and VII were excited at room temperature by using a He-Cd laser emitting
at 325 nm. The maximum output power of the laser was 25 mW. An Ocean Optics
USB2000 spectrometer was used as a detector.

4

MOVPE growth of III-N materials

This chapter gives a detailed review of MOVPE growth of III-N materials.
Discussion is limited to growth of polar GaN on c-plane sapphire. Special attention
is paid to the generation of dislocations at the GaN/sapphire interface. A multistep
growth method for growth of low dislocation density GaN layers on sapphire is also
presented.

4.1

Thermodynamics

In the MOVPE process thermodynamics define the driving force of the chemical
reactions. In this section a thermodynamical analysis of binary GaN, InN and AlN
growth is presented. In the analysis four incoming vapor species are considered:
ammonia (NH3 ), group three metalorganic (R3 III), hydrogen (H2 ) and inert gas
nitrogen (N2 ). In the following equations gas phase is denoted by g and solid phase
by s in parenthesis. A parameter F defines the ratio of H2 /N2 in the reaction
atmosphere. In the most simple approximation the group three metalorganic
precursors can be assumed to decompose irreversibly [42, 43]

R3 III(g) + 3/2H2 (g) → III(g) + 2RH(g).

(4.1)

In the CCS reactor used in this work the group-III and -V precursors are mixed only
above the susceptor, so prereactions of the precursors can be omitted. By applying
these assumptions the reaction governing the growth of III-N crystals can be written
as [42, 43]

III(g) + NH3 (g) ↔ IIIN(s) + 3/2H2 (g).

(4.2)

This reaction is valid in the commonly used growth temperature range of
600–1100◦C. As the reaction presented in Eq. 4.2 can proceed in both directions it
describes both deposition and etching of a III-N film. As can be seen from Eq. 4.2
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the introduction of excessive H2 enhances the reverse reaction, i. e., etching. The
rate of decomposition varies drastically with the composition of the film and will be
discussed later.
Thermodynamically, NH3 is almost completely decomposed into N2 and H2 at
temperatures higher than 300◦ C [43]. However, it is known that the decomposition
rate of NH3 under typical growth conditions is slow without a catalyst and the extent
of decomposition depends on the growth conditions and equipment [44–46]. For the
following calculations the effect of NH3 decomposition is included in the parameter
F.
Fig. 4.1 shows the calculated phase diagrams for the deposition of GaN, InN and
0
AlN as a function of the partial input pressure of group-III species (PIII
) and the
V/III ratio. The three deposition modes (etching, droplet and growth) are marked
for each material at several growth temperatures.

Figure 4.1. Calculated phase diagrams for the deposition of GaN, InN and
0
AlN versus the input pressure PIII
and V/III ratio [42]. In the
calculations the total pressure was 1 atm and a value of 0.01 was
used for F .

It can be seen from Fig. 4.1 that GaN and AlN can be grown under a wide range
of growth conditions compared to the relatively small growth window of InN. In

21
the growth of InN the droplet mode is dominant at low temperatures and at high
temperatures the area of etching is increased. As shown in Fig. 4.1 GaN and AlN
can be grown at temperatures between 800◦ C and 1200◦C, unlike InN which can be
grown only in the range of 500–900◦C.

Figure 4.2. Driving force for the deposition of GaN, InN and AlN as a function
of H2 /N2 ratio F [43]. For deposition of AlN and GaN the effect
of H2 is small, whereas deposition of InN is highly sensitive to H2
concentration.

The effect of hydrogen on the growth of GaN, InN and AlN is illustrated in Fig. 4.2.
Here the ∆P is the driving force for the deposition. The driving force is defined as
the deviation of group-III species input partial pressure from the equilibrium partial
pressure. The values are calculated with typical growth parameters of GaN, InN and
AlN. It can be seen from Fig. 4.2 that the driving force for the deposition of GaN
and AlN exhibit little or no dependence on F . However, the driving force of InN
decreases rapidly with increasing F and becomes negative at F =0.75. Therefore, it
is necessary to use N2 or a mixture of H2 and N2 during the growth of In containing
nitrides. It should be noted that during the actual MOVPE growth of III-N materials
H2 is produced according to Eq. 4.2.
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4.2

Growth of GaN

Since GaN crystals are currently not available in sufficient size and reasonable
cost heteroepitaxial growth methods are required. Suitable substrate materials for
hexagonal wurtzite GaN are silicon (111) surface, silicon carbide (SiC) and sapphire
(Al2 O3 ) [47]. Silicon substrates are promising since integration of III-N devices with
Si electronics would open new possibilities in optoelectronics. However, the layers
grown on (111) Si are often of poor quality and contain inclusions of cubic structure
[48]. High quality GaN can be grown on SiC polytypes 4H and 6H [49]. The lattice
mismatch of SiC with GaN is only 3.5 %, and SiC substrates have good electrical
conductivity. The main drawback of SiC as a substrate is the large difference in
thermal expansion coefficient in comparison to that of GaN, which leads to tensile
stress in GaN films. Also the cost of 4H and 6H polytype substrates is high.
By far the most popular substrate for optoelectronic applications is c-plane (0001)
sapphire. Sapphire substrates have good thermal stability and low cost. The
drawbacks of sapphire, the large lattice mismatch with GaN (16 %) and the
difference of thermal expansion coefficients of GaN and Al2 O3 , can be managed.
GaN films grown on c-plane sapphire are polar and have (0001) plane parallel to
sample surface as described in section 2.3. Also other orientations of sapphire
can be used. GaN films grown on r-plane (11̄02) sapphire have a-plane (112̄0)
orientation and are non-polar [50]. When grown on a c-plane sapphire the wurtzite
GaN lattice is rotated 30◦ relative to the underlying substrate crystal to minimize
stress. This results in a 16 % lattice mismatch between the GaN and sapphire
lattices as illustrated in Fig. 4.3. All the samples in this work were grown on c-plane
sapphire substrates. Therefore, the discussion is limited only to (0001) GaN films
grown on c-plane sapphire.
Growth of GaN films was attempted initially directly on sapphire [52]. This resulted
in polycrystalline films with a rough surface morphology. In 1986 a two-step growth
method for growth of GaN was developed [4]. In this method a thin AlN layer
was used between sapphire and GaN. The 50–100 nm thick AlN nucleation layer
(NL) was grown at a lower temperature than the overgrown GaN layer. Also GaN
can be used as a NL layer material [1, 51]. The use of two-step growth method
increases significantly the material quality and improves the surface morphology. In
this thesis GaN was used as a NL layer material.
Fig. 4.4 shows the surface reflectivity and corresponding surface morphologies during
the two-step growth process. During the process H2 is used as the carrier gas. The
sapphire substrate is first annealed at 1100◦ C for the removal of impurities and
nitridated at 800◦ C under NH3 flow. During the nitridation a thin layer of AlN is
formed on the surface [53]. The temperature is then reduced to 530◦C and TMGa
and NH3 flows are switched on. TMGa and NH3 react and an amorphous GaN
NL is grown on sapphire. The NL growth is stopped at point 1 in Fig. 4.4 when
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Figure 4.3. Epitaxial relationship of wurtzite GaN and c-plane sapphire [51].

Figure 4.4. Illustration of the two-step growth process. The upper part presents
reflectivity data obtained in situ during two-step growth. The lower
part presents surface morphologies corresponding to points labeled
in the reflectivity data [51].
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the NL thickness reaches the desired value of 40–100 nm. The temperature is then
ramped up to 1080◦ C and the recrystallization of the NL begins. The amorphous
material partly decomposes [54], and a material redistribution process leads to the
formation of GaN islands [55]. The use of hydrogen as the carrier gas increases
the decomposition rate of the amorphous material. During this process the surface
roughness is increased, as material is moved into nucleation islands (NIs) composed
of hexagonal crystal structure [55, 56]. This can be seen as the rapid decrease of
the reflection signal in Fig. 4.4 at point 2. At point 3 the material loss from the
GaN islands leads to a partial exposure of the sapphire substrate and the reflection
signal starts to increase. The NI size and density reaches the desired value at point
4 and high temperature (HT) GaN growth is started.
At the beginning of the HT growth the deposition occurs primary on the NIs that
grow in size both laterally and vertically. The 3D growth of NIs decreases the
reflectivity signal starting from point 4 until point 5. The coalescence of NIs occurs
between points 5 and 6. As the NIs merge the surface becomes gradually smoother
and reflectivity starts to increase. After full coalescence a smooth surface and 2D
growth is achieved. This can be seen from the oscillations of the reflectivity signal
(point 7).

4.3

Dislocations in GaN

By using the two-step growth method of GaN on c-plane sapphire the dislocation
density of the films is typically in the range of 109–1010 cm−2 [51]. The threading
dislocations (TDs) are generated mainly at the coalescence boundaries of adjacent
NIs [56]. TDs accommodate the relative crystal misorientation of the NIs as
they coalesce. In-plane twist between the NIs results in an edge component in
the dislocations with the line direction along [0001] and tilt misalignment results
in a screw component (Burgers vector along [0001]) in the dislocations [39, 57].
Depending on the different components present in the dislocations they can be
either pure screw-, pure edge- or mixed-type threading dislocations. Generally
TDs generated at the boundaries of NIs are edge-type, and dislocations starting
inside the NIs are of screw- or mixed-type. As the misorientation of the NIs and,
therefore, the TDs continue through the whole epitaxial film the resulting crystal
can be described as a mosaic crystal [39]. This is illustrated in Fig. 4.5. TDs
are known to cause detrimental effects on the device performance. TDs can act as
non-radiative recombination centers [58] and reduce the lifetime of devices by acting
as diffusion channels between the electrodes [59].
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Figure 4.5. Generation of threading dislocations during GaN growth [51].

4.4

Multistep growth method

Several methods have been developed to reduce the TD density in GaN films grown
on sapphire. In epitaxial lateral overgrowth (ELOG) an oxide mask is deposited
on the grown GaN film surface. The oxide mask is patterned and used to expose
parts of the underlying GaN layer. GaN growth is continued, and laterally grown
sections of GaN are virtually free of dislocations [47, 60]. A major drawback of this
method is that time consuming lithographic steps are required and the samples need
to be removed from the reactor. Other method to reduce the TD density is to use
SiN micromasking. In this method the principle is the same as in ELOG, but the
SiN mask is deposited in situ using silane and ammonia as precursors. Nano-holes
on the SiN layer surface provide nucleation sites for GaN overgrowth. The sticking
coefficient of GaN on SiN is low causing the GaN film to grow over the SiN micro
mask [61].
In this work a multistep growth method (MGM) was used to reduce the TD density
of the grown GaN layers. In the MGM the density and the size of GaN nucleation
islands is controlled in situ [51, 62, Publ. V, and Publ. VI]. By using the MGM a
NI density as low as 1 × 107 cm−2 can be achieved. This results in the TD density
of 5.0 × 107 cm−2 in the overgrown GaN film [Publ. V, VI].
In the MGM the NIs are grown by alternately depositing a thin layer of low
temperature GaN and recrystallizing it at high temperature. The reflectometry
data of a four cycle multistep process is presented in Fig. 4.6. The critical points
of the reflectivity curve of one deposition step are labeled in the inset of Fig. 4.6.
The film deposition at low temperature occurs between steps 1 and 2. During this
time the reflection increases due to interference between the surface of the growing
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Figure 4.6. Surface reflectivity during the multistep growth of GaN nucleation
islands [62].

amorphous GaN film and the GaN/sapphire interface. After the interruption of
growth at point 2 the temperature is ramped up and the reflectivity is slightly
increased due to the increase of GaN refractive index as a function of temperature.
This increase continues until point 3 which marks the start of island formation. This
happens around 900◦ C. The temperature is further ramped up until the reflectivity
signal drops to the level at point 4. The temperature is then ramped down and the
next deposition cycle is performed. The base level of reflectivity between deposition
cycles is gradually decreased. This is due to the increase of GaN island size as shown
in Fig. 4.7 a), b), and c). These figures are AFM surface scans of the sapphire
substrate surface at points A, B, and C in Fig. 4.6, respectively.

Figure 4.7. AFM data illustrating the surface morphology for the samples
grown with one a), two b), and four c) multistep cycles. The images
were taken in deflection mode [62].

27
The density of the NIs is governed by the deposition time of the low temperature
nucleation layer [63]. In the MGM this is used as an advantage, as very thin NLs
can be used and the size of the islands can be increased so that the islands act
as efficient nucleation centers for high temperature GaN overgrowth. Control of
the NL overgrowth is important, so that additional islands are not formed. This is
done by optimizing the carrier gas flow rate and reactor pressure during the high
temperature overgrowth of GaN islands.

Figure 4.8. AFM data illustrating the nucleation between the NIs at the
beginning of high temperature growth. The total H2 flow rates,
growth pressures and growth times were a) H2 = 10.5 slm, Pg =
200 Torr, Tg = 300 s, b) H2 = 10.5 slm, Pg = 400 Torr, Tg = 300 s,
c) H2 = 12 slm, Pg = 500 Torr, Tg = 300 s, and d) H2 = 12 slm,
Pg = 500 Torr, Tg = 700 s [Publ. VI].

Fig. 4.8 shows the effect of the carrier gas flow and reactor pressure on the overgrowth
process GaN of NIs. The growth process of these samples consisted of first depositing
a low density of NIs by the MGM, this corresponded to point C in Fig. 4.7. During
overgrowth the total H2 carrier gas flow rate and growth pressure were varied in
the range of 10.5–12 slm and 200–500 Torr, respectively. It is clearly seen how the
increase in reactor pressure reduces the nucleation between the NIs. No additional
NIs are observed even with an overgrowth time of 700 s in Fig. 4.8 d). The increase in
the reactor pressure enhances desorption of GaN in H2 atmosphere [64], so desorption
occurs primary on the thermally less stable material between the NIs [Publ. VI].
Desorption can be enhanced further by increasing the H2 flow as was done in samples
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shown in Figs. 4.8 c) and d). This increases the amount of reactive H2 required for
GaN decomposition [Publ. VI].

Figure 4.9. Cross-section TEM image of a NI overgrown with a low V/III ratio.
TDs incline to become perpendicular to a high-index facet of the
NI [Publ. V].

Dislocation density can be further reduced by using a low V/III ratio during the
high temperature overgrowth of the NIs. The low V/III ratio causes TDs present in
the NIs to incline from the [0001] direction and to turn perpendicular to the high
index facets of the NI [Publ. V]. During the NI coalescence the inclined TDs have
a higher probability to terminate or to combine with each other. The inclination
of TDs is shown in a cross section TEM picture of a NI overgrown with low V/III
ratio (Fig. 4.9).

Figure 4.10. AFM data illustrating the EPD on GaN layers grown by a) the
two-step method and b) the multistep method [Publ. V].

The high dislocation density of GaN films results mainly from the high density of
nucleation sites generated during the growth of the NL [56, 57]. As the density
of the NIs is decreased the TD density decreases roughly in the same proportion
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[Publ. VI]. This is shown in Fig. 4.10 where the AFM data of selectively etched GaN
layers grown by a) the two-step method, and b) the MGM is presented. The TD
density on the sample grown by using the MGM is 5.0 × 107 cm−2 while TD density
of 1.0 × 108 cm−2 was measured from the sample grown by using the two-step
method. A low V/III ratio was used in both samples to stimulate the inclination of
TDs in the NIs.

4.5

(In,Al)GaN compounds

In and Al containing GaN alloys are commonly used in III-N based optoelectronic
devices. The bond energies between the group-III and N atoms vary over a large
range, with Eb (Al-N) = 2.88 eV, Eb (Ga-N) = 2.22 eV and Eb (In-N) = 1.93 eV, in
the binary nitrides AlN, GaN and InN [21]. Consequently, the thermal stability
of group-III nitrides differ enormously. AlN and GaN have melting points of
about 3200◦C and 2500◦C, while InN sublimates at temperatures above 550◦ C [65].
Therefore, typical MOVPE growth temperature of Al-containing GaN alloys is above
1000◦C, while In-containing alloys are grown below 800◦ C. Furthermore, the lattice
mismatch between AlN and GaN is about 3.5 % while the mismatch between GaN
and InN is as high as 10 %.
In the growth of Al-containing alloys difficulties rise from the high Al-N bond
strength. Due to the high adsorption energies the surface mobility of the absorbed
Al species is low. Also the probability of harmful pre-reactions increases [66]. The
surface mobility can be increased by increasing the growth temperature and reducing
the V/III ratio [67]. Pure AlN is commonly grown at temperatures of 1300–1600◦C
[68].
The growth temperature of In-containing alloys is limited from above by thermal
decomposition of the films [65], and from below by the reduced reaction rate of NH3
at low temperatures [69]. The maximum In content depends mainly on the growth
temperature and growth rate [70]. High growth rate reduces In desorption from the
surface [71]. Due to the low reaction rate of NH3 an extremely high V/III ratio
is needed. The optimum growth parameters vary between different reactor types,
since the reactor geometry has been found to affect the reaction rate of NH3 . In the
CSS reactor the reaction rate of ammonia is enhanced in the temperature range of
550–650◦C [Publ. I]. Despite the relatively weak In-N bond energy InN films often
grow in 3D mode caused by the low surface mobility of In species [72, and Publ.
I]. The relatively weak In-N bond may also cause indium surface segregation and
formation of metallic In droplets in InN and InGaN films [73, and Publ. I]. When
grown on GaN, a composition-pulling effect along the growth axis has been observed
in InGaN films that involves the rejection of indium atoms from the InGaN lattice
to the film surface [74, 75]. As a result of these effects, InGaN layers usually become
progressively In-rich as the thickness of the layer increases.
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Quaternary InAlGaN films are especially interesting for strain engineering in
quantum well structures and in UV-emitting devices, as both the lattice parameter
and the band gap can be altered [76, 77]. Also the optical quality of films is
usually high due to the defect insensitive properties of In alloys [10, 11]. However,
MOVPE growth of InAlGaN films is challenging due to the different optimum
growth parameters of In- and Al-containing alloys as described above. Films with In
content below 0.15 and Al content below 0.4 have been grown [9, 78, and Publ. IV].
Typically a growth temperature of 750–875◦C and growth pressures in the range of
100–770 Torr are used. Both affect the InAlGaN film quality strongly [79]. MOVPE
growth of InAlGaN films will be discussed in more detail in section 6.3.
Recently the properties and growth of ternary AlInN compound have been under a
considerable study [80]. AlInN with In content of 0.18 is lattice-matched to GaN
and can be used to realize nearly strain-free structures for photonic and electronic
applications [80]. However, the different optimum MOVPE growth conditions of Inand Al-containing films make growth of AlInN a challenging task. Phase separation
and compositional inhomogeneities in the grown films currently limit the use of
AlInN material in devices.

5

GaN LEDs

This chapter gives an overview of a typical GaN LED structure and its properties.
The focus is on MOVPE growth of the multilayer LED structures for green, blue
and near UV emitters. Also the LED structure used in this work is presented.

5.1

Overview

LEDs are often cited as the ultimate solid-state light sources [81]. Conventional
light sources, such as filament light bulbs and fluorescent lamps depend either on
incandescence or discharge in gases. These processes are accompanied by large
energy losses. When compared to conventional light sources the major benefits of
LED light sources can be summarized as follows: energy savings caused by improved
efficiency, environmental benefits resulting from durability and long life time, and
greater control of emission properties allowing customizing of emission for specific
purposes [82]. Recent advances in high brightness LED technology have increased
the efficiency of LEDs sufficiently to enable their use in general lighting applications
[83].
GaN-based LEDs operating in the green to near-UV range are commercially
available. Also current white LEDs employ a GaN based blue or near-UV LED that
is coated with a phosphor [1, 84]. The external quantum efficiency of GaN-based blue
LEDs can be as high as 38 %, and luminous efficacy of white lamps manufactured
from blue LEDs as high as 96 lm/W has been reported [85]. For comparison the
luminous efficacy of common conventional light bulbs and fluorescent lamps are
20 lm/W and 70 lm/W, respectively. The output power of GaN-LEDs shows only a
weak dependence on ambient temperature unlike conventional III-V LEDs [86] and
the lifetime of white LEDs exceeds 50 000 h at room temperature [87].

5.2

Structure of III-N LEDs

A schematic figure of a typical blue GaN-based LED is shown in Fig. 5.1. A
GaN buffer layer is grown on sapphire as described in section 4.2. The actual LED
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structure consists of a n-doped GaN layer, an active region, an electron blocking
layer, and a p-doped GaN layer. The n-doped GaN layer is typically 2 µm thick
and doped with silicon. Typical carrier concentration in the n-layer is in the order
of 1 × 1019 cm−3 [1].

Figure 5.1. Schematic illustration of a typical GaN LED structure.

The active region of the LED consists of an InGaN/GaN multiple quantum well
(MQW) stack. The InGaN QW width is practically limited to a maximum of
5 nm due to the spatial separation of electron and hole wave functions caused by
the piezoelectric polarization [88]. The emission wavelength is determined by the
concentration of In in the QWs and also by the thickness of the QWs due to the
QCSE [33]. In blue LEDs the In content is around 10 %, while in green LEDs
In content is around 20 % [Publ. III]. Growth of the MQW stack is problematic
since the InGaN QWs need to be grown at temperatures below 900◦ C. GaN barriers
grown at such temperatures exhibit rough surface morphology which can deteriorate
the optical quality of the MQW stack [Publ. II]. Growth and properties of the
InGaN/GaN MQW stack will be discussed in more detail in sections 6.1, 6.2, and
6.5.
Magnesium (Mg) is commonly used for p-type doping of GaN. Fabrication of
high quality p-type conducting layers is a challenging task due to passivation of
Mg acceptors by H2 during the growth of the layer [89, 90]. The Mg acceptors
are activated by thermal annealing after growth, and p-type conductivity is
achieved [91]. Typical carrier concentration in the p-type layers is in the range
of 1–5 × 1017 cm−3 [1, 91]. As the carrier concentration in the p-type layer is
one order of magnitude smaller than in the n-type layer, the overflow of electrons
from the n-GaN to p-GaN reduces the efficiency of the device. An AlGaN electron
blocking layer (EBL) is used to confine the electrons in the active region [92]. The
EBL layer is doped with Mg in order to facilitate the transportation of holes into
the active region [92].
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As the n-type layer resides inside the LED structure and no electric connection is
possible through the sapphire substrate, etching is needed in order to fabricate an
electric n-contact. The etching is done by dry etching of GaN. Inductively coupled
plasma (ICP) can be used to etch the lateral sidewalls of the LED mesas [93]. A
metallic contact is then deposited on the n-layer for electric n-contact. Due to the
poor conductivity of the p-type layer a thin semitransparent current spreading layer
is deposited on the top surface of the LED mesa. To further improve the current
uniformity in the active region, the p-contact has fingers that spread the current
along the edge of the contact area.
Near-UV LEDs in the wavelength range of 370–400 nm can also be grown on GaN
buffers and employ InGaN QWs [8]. The QW thickness and In content is reduced
compared to blue emitting LEDs. The reduction of the QW thickness reduces the
QCSE, and the emission peak is shifted to shorter wavelengths [33]. The reduction
of the In content in the InGaN QWs reduces also the potential well depth of the
QW and the efficiency of the device. To compensate the reduction of the potential
well, Al is added to the barrier layers [8]. However, the growth temperature of the
barriers is limited due to the low thermal stability of the InGaN wells, and the
quality of AlGaN layers grown at low temperatures is low [94]. The quality of low
temperature grown AlGaN layers can be enhanced significantly by introducing a
small amount of In into the layers [94, 95]. The MOVPE growth of high quality
InGaN/InAlGaN MQW structures for emission at 380 nm will be discussed in more
detail in section 6.3.

Figure 5.2. Blue LED fabricated at Department of Micro and Nanosciences,
TKK, operating at 20 mA current.

Fig. 5.2 shows a top view of a blue LED fabricated for this work operating at 20 mA
current. The LED chip was grown by MOVPE and processed at the Department of
Micro and Nanosciences. The multistep method was used to grow a low dislocation
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density GaN buffer on sapphire on which the LED structure was deposited. The
layer structure of the LED is illustrated in Fig. 5.1. The active region of the device
consists of a ten pair InGaN/GaN MQW stack with QW and barrier thicknesses of
3 and 25 nm, respectively. The In content of the QWs is 0.12. The MQW stack
is covered by a 20 nm thick AlGaN EBL with an Al content of 0.2, and a 200 nm
thick p-GaN layer. MOVPE growth and properties of such LEDs are discussed in
more detail in the next chapter.

6

InGaN/(InAl)GaN quantum wells

In this chapter MOVPE growth and properties of InGaN/(InAl)GaN QW structures
for LED applications are discussed. The influence of InGaN/GaN MQW stack
surface morphology and the effect of TDs on the optical properties of QWs and the
performance of LEDs is described. MOVPE growth of quaternary InAlGaN layers
and InGaN/InAlGaN MQW structures is discussed and an InGaN/InAlGaN MQW
structure emitting at 383 nm is presented. Finally, origins of the high efficiency of
InGaN QWs are reviewed.

6.1

MOVPE growth of InGaN/GaN quantum wells

Growth of high quality InGaN/GaN quantum wells is a crucial step in fabrication
of high brightness near-UV, blue and green LEDs. The growth parameter window
of high quality InGaN/GaN MQW structures is small due to the different optimum
growth conditions of GaN and InGaN films as presented in chapter 4. The most
important parameters for growth of InGaN films are the growth temperature and the
growth rate [96]. The growth temperature allows one to control the composition of
the InGaN layers and determine the luminescence properties of the InGaN/GaN
MQW stack to a large extent. The growth temperature also determines the
maximum growth rate at which high quality InGaN films can be grown [96]. Too high
a growth rate results in deteriorated crystal quality and poor optical performance.
A QW with In content in the excess of 0.15 is required for fabrication of blue and
green LEDs. For such a high content a growth temperature below 900◦ C is needed.
Also nitrogen is used as the carrier gas during growth of the MQW stack in order to
facilitate In incorporation in the QW layers. On the other hand, high quality GaN
is typically grown at temperatures in excess of 1000◦ C, and in H2 ambient. When
grown in N2 the surface morphology and crystal quality of GaN is deteriorated [97].
When a constant temperature and N2 ambient is used during growth of the
InGaN/GaN MQW stack, the surface of the GaN barrier located on top of the MQW
stack is characterized by the presence of pits with inclusions in the center of the pits
[98, 99, and Publ. II]. The pits, also known as V-defects, are formed at the ends
of TDs due to strain induced mechanisms and/or by anisotropy of growth rate of
different crystallographic planes within the growing InGaN QW layer [100–105, and
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Publ. II]. Inclusions embedded into these V-pits are related to the presence of In-rich
clusters that have nucleated at the point where the TDs intersect the InGaN/GaN
interface [106]. The subsequent low temperature growth of GaN barrier, on top of a
InGaN QW, causes 3D nucleation of GaN at the In-rich cluster located at the apex
of the V-pit [106]. During the barrier growth the inclusion, consisting primarily
of GaN, propagates through the barrier leading to rough QW/barrier interfaces
and non-planar surface of the uppermost GaN barrier layer. This can be seen as
sharp peaks located at the center of V-pits in Fig. 6.2 a). The V-defect and the
resulting inclusion disturb growth of the subsequent QWs and the size of the V-pits
is increased as the low temperature growth of the MQW stack is continued. This
is seen in a transimission electron microscopy (TEM) image of the InGaN/GaN
MQW stack in Fig. 6.1. When the MQW stack is capped by GaN grown at high
temperature smooth surface morphology is recovered.

Figure 6.1. TEM image showing V-defects formed at the TD/QW intersection
point in an InGaN/GaN MQW stack [107]. The InGaN/GaN MQW
stack is covered by a 100 nm thick GaN layer grown at a high
temperature. In the image InGaN layers are seen as light horizontal
lines and TDs as dark vertical stripes.

Various growth techniques have been developed to obtain smooth planar morphology
and sharp interfaces within the InGaN/GaN stack. Growth of barriers at elevated
temperatures [107], growth of GaN barriers in the presence of H2 [106, 108], and
growth interruption (GI) after the QW growth [108, 109] are believed to be the most
effective approaches for improving the surface morphology of InGaN/GaN quantum
structures. A high growth temperature should promote 2D growth mode and the
regrowth of V-defects without the formation of inclusions. Growth interruption and
the presence of H2 should suppress the density of In-rich clusters and prevent the
formation of inclusions.
In this work the effect of these growth techniques was evaluated by growing a number
of 5-period InGaN/GaN MQW samples on top of GaN buffer layers. The InGaN
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layers were grown with TMIn/(TMIn+TMGa) molar flow ratio of 0.7 at temperature
of 745◦C with N2 as a carrier gas. Pressure was set at constant 300 Torr. The
thickness of InGaN layers was 3 nm with targeted In content of 0.15. The GaN
barrier thickness was fixed at 10 nm. In the reference sample A1 the GaN barriers
were grown with the same parameters as the InGaN QWs. The effect of the barrier
growth temperature was tested by increasing the growth temperature of the GaN
barriers to 900–960◦C. In these samples the InGaN QWs were covered prior to
the GaN barrier growth by a 2 nm thin GaN capping layer, grown at the QW
growth temperature. The temperature was then ramped up, and the GaN barrier
was grown. The effect of GI was tested by stopping growth for 5–50 s after the
deposition of GaN barriers at 900◦C. During this time the samples were annealed in
N2 atmosphere. The effect of hydrogen was evaluated by growing the GaN barriers
at 900◦ C with H2 /N2 carrier gas flow ratio of 0.02–0.2. A thin capping layer grown
at the QW growth temperature was used also in all of the GI and hydrogen samples.

Figure 6.2. 3×3 µm2 AFM surface scans of the samples: a) carrier gas during
barrier growth: N2 , Tbarrier =745◦ C (sample A1); b) carrier gas
during barrier growth: N2 , Tbarrier =900◦ C; c) carrier gas during
barrier growth: N2 , Tbarrier =900◦ C, GI 20 s; a) carrier gas during
barrier growth: H2 /N2 =0.02, Tbarrier =900◦ C. The height scale in
all the figures is 20 nm [Publ. II].

The surface morphology of the samples grown with various growth techniques is
shown in Fig. 6.2, and the PL emission measured from the samples is shown in
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Fig. 6.3. As mentioned, in the sample A1 the surface of the topmost GaN barrier is
non-planar and several V-pits with inclusions located inside the pits are seen. The
luminescence peak from the QWs is at 480 nm and full width half maxima (FWHM)
of the peak is 23 nm. In addition there exists a long-wavelength shoulder at 500 nm.
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Figure 6.3. PL spectra of InGaN/GaN MQW samples grown with different GaN
barrier growth procedures. Solid line - reference sample A1, dash
line - GaN barriers grown at 900◦ C, dash-dot line H2 /N2 ratio 0.02,
dot line - H2 /N2 ratio 0.1, dash-dot-dot line - H2 /N2 ratio 0.2 [Publ.
II].

Increasing the barrier growth temperature to 900◦C eliminates neither the pits nor
the inclusions as shown in Fig. 6.2 b). However, the surface outside the pits is
smoother, and the long-wavelength shoulder is removed from the PL spectrum
(see Fig. 6.3). As the inclusions are unaffected by the elevated barrier growth
temperature, the long-wavelength shoulder seen in the PL spectrum of sample A1
is thought to result from fluctuations of In content in the QWs. Increasing the
growth temperature of the barriers causes partial evaporation of In and results
in more uniform composition in the QWs. The negligible effect of the elevated
growth temperature on the surface morphology of the MQW stack indicates that
the temperature is still too low to achieve complete removal of the In-rich clusters
and to eliminate the inclusions. Further increase of the barrier growth temperature
resulted in planar surface morphology, but the optical quality of the QWs was
severely degraded.
By increasing the GI time from 5 s to 20 s the number of inclusions and consequently
the number of In-rich clusters was gradually decreased. The surface morphology of
a MQW sample grown with a 20 s GI in shown in Fig. 6.2 c). The decrease of
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the inclusion density did not affect the PL spectra of the samples at all. However,
increasing the GI time to 50 s caused severe degradation of optical quality, but no
improvement in the surface morphology.

Figure 6.4. 3×3 µm2 AFM surface scans of the MQW samples with an In
content of 0.15 in the QWs. The GaN barriers of the samples
were grown with a carrier gas flow ratio of a) H2 /N2 =0.02 and b)
H2 /N2 =0 (sample B1). The height scale in both of the figures is
20 nm [Publ. II].

As can be seen from Fig. 6.2 d), using a H2 /N2 carrier gas mixture of 0.02 during
growth of GaN barriers completely removes the inclusions, and a smooth surface is
obtained. Hydrogen is believed to remove the In-rich clusters from the QW/barrier
interface via enhanced desorption and thus prevent the formation of the inclusions
[106]. Along with improved morphology the H2 causes a 30 nm blue shift of the
PL emission peak position (see Fig. 6.3). This is due to H2 induced reduction of
the average In content in the InGaN QWs. Further increase of the H2 /N2 ratio did
not lead to any improvement in morphology, but when the ratio of 0.2 was used the
optical quality of the sample was deteriorated (see Fig. 6.3).
The effect of introducing H2 during the barrier growth was verified by growing a
sample pair with an In content of 0.15 in the QWs, one with H2 /N2 carrier gas
ratio of 0.02 during barrier growth and one with pure N2 (reference sample B1).
The growth temperature of the QWs in the sample grown with H2 was reduced
by 15◦ C to compensate the loss of In caused by H2 . The surface morphologies
of the samples are shown in Fig. 6.4. It can be seen that all the inclusions are
removed and smooth surface morphology is obtained by using a H2 /N2 carrier gas
flow ratio of 0.02 during barrier growth. As the In content of the samples is the
same, it can be safely concluded that the elimination of the inclusions is due to the
H2 induced removal of In-rich clusters from the InGaN/GaN interface. Improved
layer periodicity and interface quality of the MQW stack can be observed also from
the HRXRD (0002) ω − 2θ diffraction curves of the samples (Fig. 6.5). In the XRD
diffraction curve of the sample grown with H2 the higher order satellite peaks are
stronger and more pronounced, compared to the reference sample B1. This is clear
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Figure 6.5. HRXRD (0002) ω-2θ diffraction curves of MQW samples with an In
content of 0.15 in the QWs. The GaN barriers of the samples were
grown with a carrier gas flow ratio of a) H2 /N2 =0.02 (H2 treated)
and b) H2 /N2 =0 (reference sample B1) [Publ. II].

evidence of improved structural quality of the MQW stack. However, no difference
is seen in the PL performance of the samples.
To further examine the effect of the GaN barrier morphology on the performance
of the InGaN/GaN QWs a series of blue, green, and near-UV LED structures was
grown. The MQW stack of the LED samples consisted of 10 pairs of 3 nm thick
InGaN QWs and 25 nm thick GaN barriers. The growth temperature of the InGaN
QWs was varied to achieve an In content between 0.05 and 0.18. The corresponding
EL peak wavelengths ranged from 400 nm to 500 nm. The GaN barriers were grown
at the temperature of 920◦C and with a H2 /N2 carrier gas ratio of 0.2. This type
of MQW growth process of blue and green LEDs resulted in the relaxation of the
structure during growth of the MQW stack or the p-GaN layer over the stack. This
was observed as a decrease of the oscillation amplitude and reflection signal intensity
of the in situ reflectometer and was verified by HRXRD. In the near-UV LEDs
growth of the barriers with the presence of H2 did not improve the performance of
the LEDs. On the contrary, the FWHM of the EL peak increased by 20 %. The
relaxation of the layer structure in the blue and green LEDs during growth occurred
most likely due to build up of strain in the MQW stack, as the In content and thus
the compressive strain in the QWs higher in than in the near-UV LEDs.
The relaxation could be prevented by decreasing the number of QWs in the MQW
stack or by employing strain control techniques, such as placing an InGaN underlying
layer below the MQW stack [110, 111] and introducing In to the barriers [71, 112].
However, as the surface morphology of the MQWs had only a minor effect on the
PL intensity of the samples, the effect on the LED performance is questionable.
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It can be concluded that the inclusions have very little effect on the optical properties
of the InGaN/GaN QWs. Even though smooth morphology of the InGaN/GaN
structures did not improve the optical quality or the performance of the MQW
or LED structures, it could be beneficial for other properties. For example the
structural quality of the active region may affect the lifetime of LEDs and laser
diodes. Also plasmonic coupling of InGaN QWs and silver nanoparticles has been
reported [113–115]. The surface plasmon fringing field penetration depth in GaN is
only 40 nm [115], and therefore a smooth surface morphology of the InGaN/GaN
MQW stack is required.

6.2

Influence of TDs on InGaN/GaN quantum wells

By optimizing the growth process of the InGaN/GaN MQW stack the inclusions
could be removed, but the V-defects were left intact. To clarify the formation of the
V-defects a sample pair with an identical 5 period InGaN/GaN MQW stack was
grown on two GaN buffers with different TD densities. The GaN barriers of the
MQW stack were grown at 900◦C and by using a H2 /N2 carrier gas ratio of 0.02 to
achieve smooth morphology. For the reference sample A2 a regular two-step growth
method was used to grow the GaN buffer for the MQW stack as described in section
4.2. The two-step growth method resulted in the TD density of 6 × 108 cm−2 in the
GaN buffer. For the sample B2 the multistep growth method was used to grow the
GaN buffer layer. This resulted in the TD density of below 1 × 108 cm−2 . These
dislocation densities were confirmed by measuring the EPD by AFM on the etched
GaN buffer layers (see Fig. 6.6 a) and b)). The AFM scans of the surfaces of the
MQW samples A2 and B2 are shown in Figs. 6.6 c) and d), respectively. As can be
seen from Fig. 6.6, the amount of V-pits present on the MQW structure surface is
correlated with the EPD density of the buffer layer. The amount of V-pits on the
surface of sample B2 is significantly smaller than on sample A2.
The formation of the V-pits on the MQW stack surface can be explained by
examining the initial growth mechanism of In-containing alloys. In the growth
of In-containing III-N alloys even small surface perturbations, such as threading
dislocations, cause anisotropic growth of the film [100, 101, 104]. In the case
of threading dislocations the dislocation cores tend to grow into inclined facets
[100, 104]. The slowest growing (11̄01) crystal planes form the sidewall facets of
the pits as shown in Fig. 6.7. The pits grow in size as the thickness of the film is
increased and In incorporation into the faceted areas is increased [74]. This results in
a strongly inhomogeneous In composition, and has a profound effect on the emission
mechanism in the InGaN QWs [11]. This will be discussed in more detail in section
6.5.
However, the reduction of TD and V-pit density by nearly an order of a magnitude
did not have any effect on the PL emission measured from B2 compared to the
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Figure 6.6. 5×5 µm2 AFM surface scans of etched GaN buffer layer surfaces
used for the growth of MQW structures with a) TD density of
6 × 108 cm−2 , and b) below 1 × 108 cm−2 . The surface of the
MQW structures grown on c) high TD density buffer (sample A2),
and d) low TD density buffer (sample B2). The height scale in all
the figures is 20 nm [Publ. II].

Figure 6.7. Schematic illustration of a hexagonal V-shaped pit emerging at the
apex of a threading dislocation in a InGaN heterostructure [11].
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Figure 6.8. Electroluminescence spectra of the LEDs grown on two-step buffer
(straight line) and on low TD density multistep buffer (dashed line)
[Publ. III].

reference sample A2. This suggests that the TDs and the resulting V-pits have
little effect on the optical properties of the InGaN QWs. This was further studied
by growing a series of InGaN/GaN LED structures on two-step GaN buffers with
a TD density of 6 × 108 cm−2 and on multistep GaN buffers with a TD density
of 7 × 107 cm−2 . The MQW stack of the LED samples consisted of 10 pairs of
3 nm thick InGaN QWs and 25 nm thick GaN barriers. The growth temperature of
the MQW stack was varied from 800◦C to 875◦ C to achieve an In content between
0.05 and 0.18, corresponding to EL peak wavelengths from 400 nm to 500 nm. The
sample series consisted of near-UV (400 nm), blue (460 nm) and green (500 nm) LED
structures grown both on high and low dislocation density GaN buffers. Fig. 6.8
shows the EL spectra measured from the LEDs operating at a current of 20 mA.
It can be seen that the emission from the LEDs grown on multistep buffers is
blueshifted by 10 nm and the FWHM of the emission peak is decreased by about 20 %
compared to the LEDs grown on two-step buffers. The intensity of the blue LED
grown on the multistep buffer is increased by 30 % when compared to the similar
structure grown on two-step buffer, while the intensities of the near-UV and green
LEDs grown on multistep buffer are decreased by 40 % and 60 %, respectively. The
blueshift observed in the LEDs grown on multistep buffers is due to the increased
compressive strain in the InGaN QWs caused by the reduced dislocation density in
the buffer layer. As a similar LED structure was used for near-UV, blue, and green
LEDs, the poor performance of the near-UV LEDs is most likely due to non-optimal
MQW structure for short wavelengths. The potential well of the QWs is shallow
as the In-content in the QWs of the near-UV LEDs is only 0.05. A more suitable
MQW structure for near-UV emission is presented in section 6.4.
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Figure 6.9. Electroluminescence intensity of blue (squares) and green
(triangles) LEDs grown on two-step (solid line) and on multistep
(dashed line) GaN buffers as a function of operating current [Publ.
III].

Fig. 6.9 shows the EL intensities of the blue and green LEDs grown on two-step
and multistep GaN buffers as a function of operating current. Saturation of the
EL intensity is observed in the both blue LEDs at high current. The saturation
threshold of the blue LED grown on two-step GaN buffer is 100 mA, while the
threshold of the blue LED grown on multistep buffer is 150 mA. This corresponds
to current densities of 10 A/cm2 and 15 A/cm2 , respectively. In addition to the
increase in the EL saturation current the blue LED grown on the multistep GaN
buffer showed a 70 % higher maximum EL output power at an operating current of
200 mA. No saturation of the output power was observed in the green LEDs grown
on two-step buffer or on multistep buffer. This indicates that the recombination
mechanism of the InGaN/GaN MQW structures depends strongly on the excitation
level and on the In-content of the QWs. This will be discussed in more detail in
section 6.5.

6.3

MOVPE growth of InAlGaN films

In UV and near-UV emitting III-N structures a better carrier confinement is achieved
by using AlGaN as a barrier material compared to GaN barriers. However, a large
lattice mismatch and poor material quality of AlGaN films grown at low temperature
limit the use of InGaN/AlGaN MQW structures [94]. The quality of AlGaN layers
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grown at low temperature can be significantly increased by introducing a small
amount of In to the layer [94, 95]. Furthermore, employing the quaternary InAlGaN
alloy as a barrier material the strain state of the active InGaN layers can be varied
between compressive, zero, and tensile strain [116].
In order to fabricate high efficiency InGaN/InAlGaN MQW structures emitting
at near-UV, the effect of In content on the quality of Inx Aly Ga1−x−y N films was
studied. For this a series of InAlGaN films was grown on sapphire substrates
covered by a 2 µm thick GaN buffer layer. After growth of the GaN buffer layer
the temperature was decreased to 850◦ C and the carrier gas was switched to N2 . A
constant pressure of 300 Torr and a V/III ratio of 1100 were used during growth
of the InAlGaN layers. TMGa and TMAl flows of 25 µmol/min and 51 µmol/min
were used, respectively. The In composition was varied by changing the TMIn flow
in the range of 0–46 µmol/min. The films thicknesses were roughly 100 nm in all
the samples.

Figure 6.10. HRXRD (0002) ω-2θ diffraction curves of InAlGaN films grown
with various TMIn flows [Publ. IV].

Fig. 6.10 shows the HRXRD (0002) ω-2θ diffraction curves of InAlGaN films grown
with various TMIn flows. It can be seen that by increasing the TMIn flow the
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InAlGaN peak is shifted closer to the GaN peak, and the InAlGaN film is almost
lattice matched to GaN when TMIn flow of 46 µmol/min is used. The presence
of multiple clear diffraction fringes indicates sharp InAlGaN/GaN interfaces. The
FWHM of the InAlGaN peak is determined by the layer thickness.
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Figure 6.11. In and Al contents of Inx Aly Ga1−x−y N films as a function of TMIn
flow [Publ. IV].

The In and Al content of the films were determined by combining HRXRD and
secondary ion mass spectrometry (SIMS) measurements of the films. By using this
method the In and Al contents can be evaluated with the relative accuracy of 10 %.
Fig. 6.11 shows the In and Al contents as functions of TMIn flow. It can be seen
that the TMIn flow affects both the In and Al contents of the films. The In content
of the films increases and Al content decreases with increasing TMIn flow. The Al
content of the films grown with the TMIn flow of 46 µmol/min was reduced by 40 %
when compared to the films grown with the TMIn flow of 0 µmol/min.
The compositional SIMS depth profile of the InAlGaN samples grown with TMIn
flows of 21 µmol/min or less show sharp interfaces and uniform In and Al
compositions throughout the film. However, in the sample grown with the TMIn flow
of 46 µmol/min, the Al content increases gradually from 0 to 0.12 during the first
tens of nanometers starting from the InAlGaN/GaN interface, while the In content
is uniform throughout the film. This can be seen in the case of InGaN/InAlGaN
MQW structures in Fig. 6.14 b). The non uniform composition of Al cannot result
from strain, as the films are practically strain free (see Fig. 6.10). The most likely
explanation is that the increased In content disturbs the initial steps of the InAlGaN
film growth. This can be due to increased compositional fluctuation of In [117].
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6.4

MOVPE growth of InGaN/InAlGaN quantum wells

The effect of the In content of the InAlGaN barrier layer on the efficiency of
InGaN/InAlGaN MQW structures was studied by growing a series of five period
MQW samples with varying In composition in the barrier. The InAlGaN barriers
were grown using the same growth parameters as the InAlGaN films described in
section 6.3. In addition one MQW structure was grown to study the performance
of low In content barriers. The barriers of this sample were grown with the TMIn
flow of 2.5 µmol/min. The barrier thicknesses were approximately 20 nm in all the
samples. The In0.07 Ga0.93 N QW layers were grown at the temperature of 794◦C with
the growth time of 30 s. After the growth of each InGaN layer the QW was covered
by a 2 nm thick InAlGaN capping layer at the same growth temperature in order
to protect the QW from the high temperature required for barrier layer growth.
Table 6.1 shows the precursor flows, growth rate and the corresponding In and Al
contents of the Inx Aly Ga1−x−y N barriers. The In and Al contents were determined
by combining the results of SIMS and HRXRD measurements.
Table 6.1. In and Al contents of the barriers in InGaN/InAlGaN MQW
samples and the corresponding precursor flows during barrier growth
[modified from Publ. VII].

Sample
A3
C3
B3
∗
µmol/min,

TMIn flow
2.5
5.14
10.27
20.55
46.23
∗∗
nm/sec

∗

TMAl flow
51
51
51
51
51

∗

In (x)
0.006
0.007
0.011
0.013
0.016

Al (y)
0.160
0.160
0.155
0.145
0.130

Growth rate∗∗
0.11
0.11
0.10
0.09
0.08

Fig. 6.12 shows the HRXRD (0002) ω-2θ diffraction curves of the InGaN/InAlGaN
MQW structures grown with various TMIn flows. The sharper peak is from the GaN
buffer layer, and the broader peak on the right of the GaN peak comes from the
InGaN/InAlGaN MQW stack. Several satellite peaks are visible in all the samples,
indicating good periodicity and interface quality. The satellite peak intensity is
weakened as the In content of the barriers is increased. This is at least partly due
to a decrease of the interference in the MQW stack caused by the reduction of the
Al content. The MQW peak is shifted towards the GaN peak as the TMIn flow
during the barrier growth is increased, indicating decreased tensile strain in the
MQW stack.
Fig. 6.13 shows the internal quantum efficiencies (IQEs) of the MQW samples as a
function of the In content of the barrier layer. It should be noted that the barrier Al
content y also changes according to Table 6.1. The IQEs were determined from the
total luminescence intensity ratio of PL measured at 300 K and 15 K (I300 K /I15 K ).
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Figure 6.12. HRXRD (0002) ω-2θ diffraction curves of five period
InGaN/Inx Aly Ga1−x−y N MQWs with different TMIn flows
during growth of the Inx Aly Ga1−x−y N barriers [Publ. VII].

The results show that the IQE increases with increasing In content up to the In
content of 0.013 and decreases rapidly at higher values. The increase of IQE is
believed to result from the reduction of tensile strain in the QW stack. However,
when the In content exceeds 0.013 a sharp drop in the IQE is observed. This is caused
most likely by the deterioration of the material quality of the InAlGaN barriers due
to increased In content. It should be noted that also the carrier confinement of
the QWs is decreased as the In content of the barrier is increased. As seen in
Table 6.1 the Al content is also decreased significantly and contributes a major part
in the reduction of the carrier confinement. However, the reduction of the carrier
confinement is unlikely to cause such a sudden drop in the IQE as observed in
Fig. 6.13, because the barrier compositions of samples B3 and C3 differ only by a
small amount. The inset of Fig. 6.13 shows the room temperature PL spectrum of
the sample C3 with the highest IQE of 45 %. The PL peak maximum is at 383 nm
and the FWHM is 18 nm.
The origin of the poor performance of the InGaN/InAlGaN MQW stack with the
barrier In content of over 0.013 was examined by measuring SIMS depth profiles
of the In and Al contents from the MQW structures with the barrier In content of
0.007 (sample A3) and 0.016 (sample B3). The SIMS profiles of the samples are
shown in Fig. 6.14. The growth properties and barrier compositions of the samples
are shown in Table 6.1. The SIMS profiles of the In composition show distinct peaks
indicating the positions of the five QWs. In sample A3 the barrier Al content raises
from 0.145 of the first barrier to 0.16 of the topmost barrier, and is fairly uniform

49

Figure 6.13. Internal quantum efficiencies of InGaN/Inx Aly Ga1−x−y N MQW
structures as a function of barrier In content. The other MQW
stack parameters are shown in Table 6.1. The inset shows the
room temperature PL spectrum of sample C3 [Publ. VII].

inside of a single barrier layer. The difference of the barrier Al content is most likely
caused by increased strain of the MQW. The Al content of the barriers of sample
B3 is 0.13, except for the first barrier, in which the Al content increases gradually
starting from the InAlGaN/GaN interface at the depth of 110 nm.
When the barrier compositions of the InGaN/InAlGaN samples are compared to
the corresponding InAlGaN film compositions presented in section 6.3, we see that
the InAlGaN barriers grown with the TMIn flow of 5 µmol/min (sample A3) have
an identical In composition compared to the InAlGaN film grown under the same
conditions (see Table 6.1 for InAlGaN barrier properties and Fig. 6.11 for InAlGaN
film properties). When the TMIn flow is increased to 46 µmol/min the In content
of the InAlGaN barriers (sample B3) is only 0.016 while in the InAlGaN film the
In content is 0.025. The SIMS profile of sample B3 shows also peaks of Al content
located on top of the QW layers indicating non-uniform barrier composition. It can
be concluded that also in the case of InAlGaN barriers the increased In content
disturbs the growth of the layer and results in a non-uniform composition. Also
growth and the composition of InAlGaN is affected by the underlying layer, as the
Al content behaves in a different way in the InAlGaN/GaN and InAlGaN/InGaN
interfaces.
Fig. 6.15 shows the temperature dependence of the PL peak energy of all the
InGaN/InAlGaN MQW samples. S-shape behavior is observed in the temperature
dependence of all the samples. The origin of the blueshift of the s-shape lies in the
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Figure 6.14. Depth profiles of the In and Al composition in the
InGaN/Inx Aly Ga1−x−y N MQW samples A3 and B3 measured by
SIMS. The MQW stack parameters are shown in Table 6.1 [Publ.
IV].

localization of carriers due to potential fluctuations in the QW [118, 119]. At low
temperatures the carriers are confined in the potential minima so they recombine
at low energy states [119]. When the temperature is increased and the thermal
energy is sufficiently high to break the localization, the emission is shifted to higher
energy. Therefore, the position of the s-shape minimum is related to the depth of
the localization, with the high temperature of the s-shape minimum indicating high
confinement. It is seen from Fig. 6.15 that the temperature at which the s-shape
minimum occurs and from where the blue shift starts is shifted to higher temperature
with the increase of the barrier In content. This indicates that the increase of the
barrier In content increases the localization of carriers by potential fluctuations in
the QW. The potential fluctuations result most likely from composition fluctuations
of the barrier layer. Larger fluctuations in the In-distribution have been reported
when the In content of the InAlGaN films is increased [117]. When the In content is
higher than 0.011 the confinement energy becomes larger than the thermal energy
of the carriers at 300 K, so the s-shape is not observed any more. It is likely that
the degradation of the InAlGaN layer quality at high In content observed earlier
results from this increased fluctuation of the In composition.
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Figure 6.15. PL peak energy of the InGaN/InAlGaN MQWs with different
barrier compositions as a function of temperature [Publ. VII].

6.5

Origins of high efficiency of InGaN quantum wells

Despite the high density of TDs present in InGaN MQWs the light emission
efficiency of such structures is high. The origin of this defect-insensitive emission has
been under a considerable study by numerous research groups. The recombination
mechanism in InGaN QWs has been assigned to excitons localized at the potential
minima of the QWs [120]. The potential minima are believed to originate from
compositional fluctuation of the InGaN QWs [120–122]. Also well-width fluctuations
have been reported to cause exciton localization in InGaN QWs [123]. The
defect-insensitive properties are believed to be caused because the range of capture
into a localized exciton exceeds the trapping range of non-radiative recombination
centers.
Also In-rich regions or pure InN quantum dots in the InGaN QWs are assumed to
play a positive role in radiative recombination, since they can act as localization
centers for the carriers [121, 124]. This localization effect would prevent electrons
and holes from being trapped into threading dislocations. Quantum dot like features
have been observed in TEM images of InGaN QWs [125, 126]. However, high-energy
electron beam damage during a TEM measurement has been observed to cause
quantum dot formation [127], so the existence of quantum dots in InGaN QWs is
questionable.
The effect of TDs on the performance of InGaN/GaN MQWs and LEDs was
discussed in section 6.2. It was observed that the TD density did not greatly
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affect the efficiency of InGaN/GaN MQWs or LEDs. A tenfold increase in the TD
density only reduced the EL output of the blue LEDs at high current densities. The
increase in the TD density did not affect the performance of the blue LEDs at low
current densities or the performance of the green LEDs at all. It was also shown in
section 6.1 that improvements in surface morphology of InGaN/GaN MQWs did not
affect the overall luminous efficiency of the structures. The insensitivity of InGaN
QW efficiency both on TDs and on the surface morphology can be explained by a
self-screening mechanism of dislocations present in InGaN/GaN QWs [11].

Figure 6.16. TEM image a) of an InGaN/GaN MQW structure and b) a
schematic illustration of the QW structure in the vicinity of a
TD induced V-pit [11].

During growth of InGaN/GaN heterostructures V-pits are formed at the TD cores
as described in section 6.2. This disturbs the growth of adjacent QWs and barriers,
as the V-pit size increases with increasing MQW stack thickness (see Figs. 6.1 and
6.16). It can be seen from Fig. 6.16 that the QWs and barriers grown on (11̄01)
sidewalls inside the V-pit have a much smaller thickness than the QWs and barriers
growing on the c-plane. The smaller QW thickness causes an increased quantization
and a decreased QCSE that both increase the recombination energy in the sidewall
QWs [11]. Therefore, the sidewall QWs practically create a potential barrier around
the TD core that screens the dislocation from carriers.
When the presence of this potential barrier is taken into account it is no surprise
that the improvement of the InGaN/GaN MQW surface morphology did not cause
any enhancement in the MQW efficiency as described in section 6.1. The inclusions
located in the V-pits are also surrounded by the potential barrier and have little effect
on the recombination efficiency of the QWs at a low excitation power. The same can
be said about the InGaN/GaN MQWs and LED structures presented in section 6.2.
At low operating current of LEDs the TDs are screened, regardless of the TD density.
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However, when the current density is increased also the probability of the carriers
reaching the dislocations increases. Therefore, a non-linear slope and different
behavior of low and high TD density structures is observed in the EL intensity
vs. operating current characteristics of the blue LEDs (see Fig. 6.8). However, no
saturation is seen in the EL intensity vs. operating current characteristics of the
green LEDs with either high or low dislocation density. This indicates that the
potential barrier height is correlated with the In content of the QWs. In this case,
the potential barrier height should be the smallest in UV emitting structures, as
only a small In content is needed in the QWs. It has been reported that an increase
in the V-pit density decreases the output power of UV InGaN LEDs [128].
Although the defect-insensitive emission and high efficiency of InGaN QWs observed
in this work can be explained with the self-screening mechanism of dislocations
presented above, it is by no means an established model for emission from InGaN
QWs. It has also been suggested that formation of potential barriers around the
dislocation cores is not an universal phenomenon, but would depend on growth
conditions [10]. Also the InGaN QWs on V-defect sidewalls have been reported
to have a lower band gap energy than that of the QW on the c-plane [103]. This
strongly contradicts the basic assumptions of the self-screening mechanism.
Several properties of the InGaN QWs can be explained by localized excitons, such as
the s-shape curve of the EL peak energy dependence on temperature (see Fig. 6.15)
[118], the Stokes shift present in InGaN QWs [120], and the blue-shift of the EL
peak with increasing current density [120]. However, it was shown in section 6.1 that
the H2 induced removal of In-rich clusters and surface inclusions caused no decrease
in the PL intensity. Also, if In rich clusters are located at the ends of TDs [106],
the assumption about the role of clusters as centers of radiative recombination is
questionable. This gives strong evidence against the assumed role of In-rich emission
centers acting as recombination centers.

7

Summary

In this thesis fabrication and properties of InGaN QWs was studied. The purpose
was to gain insight into the emission mechanisms in the InGaN QWs and to fabricate
efficient MWQ structures for near-UV, blue and green LEDs. For this purpose
several InGaN/GaN and InGaN/InAlGaN MQW samples and near-UV, blue, and
green LED structures were grown by MOVPE on GaN/sapphire substrates. Also
growth of low dislocation density GaN buffers on sapphire by the multistep growth
method (MQW) was investigated. By using the MGM it was possible to grown
GaN layers with a TD density of 5.0 × 107 cm−2 . Compared to conventional
two-step growth method the TD density of GaN layers was reduced by an order
of a magnitude.
Several MOVPE process parameters were evaluated to improve the surface
morphology of the InGaN/GaN MQW stack. Smooth morphology could not be
achieved without deteriorating the optical quality of the QWs by increasing the
growth temperature of the barriers or by annealing the barrier layers in a N2
atmosphere. Smooth morphology, high optical quality and improved structural
quality were achieved by growing the GaN barrier layers at an elevated temperature
and by introducing a small amount of H2 to the carrier gas during the barrier
growth. This growth technique could not be employed in LEDs due to increased
strain that caused the relaxation of the LED structure during growth. Also the
efficiency of blue emitting MQW structures was found to be nearly immune to
the surface morphology. However, the improved surface morphology and structural
quality of the MQW stack may increase the lifetime of LEDs and laser diodes, and
could be used in other applications that are sensitive to the morphology of the active
region.
The properties of InGaN QWs were studied by fabricating a series of MQW and
near-UV, blue, and green LED structures on GaN buffers grown by the two-step
and multistep growth methods. The V-pit density on the MQW surface was found
to correlate with the TD density of the GaN buffer layer. The TD density had
only a minor effect on the efficiency of the InGaN/GaN MQWs or LEDs. A tenfold
increase in the TD density did not affect the optical performance of blue MQW
structures at low excitation and only reduced the EL output of the blue LEDs at
high current densities. No effect on the performance of the blue LEDs at low current
densities or the performance of the green LEDs was observed.
54
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Poor performance of an InGaN/GaN MQW structure emitting at near-UV was
attributed to the reduced carrier confinement in the QWs. Better confinement
could be achieved with InAlGaN barriers. The InAlGaN layer quality was found to
degrade when In content was increased over 0.025. The internal quantum efficiency
of the InGaN/InAlGaN QWs was found to be sensitive to the InAlGaN barrier layer
composition and to the strain state of the structure. A MQW structure emitting at
383 nm with an IQE of 45 % was presented.
The origin of the high efficiency and the insensitive nature of the InGaN QWs
to the TD density could be explained by a self-screening mechanism of the TDs.
Self-screening of TDs is caused by a potential barrier that is formed around the
dislocation core. This could be used to describe the small effect of the improved
surface morphology and TD density on the InGaN/GaN MQW structure efficiency.
Also the non-linear EL intensity vs. operating current characteristics of the
InGaN/GaN LEDs could be explained by the self-screening mechanism of the TDs.
The height of the potential barrier was found to be dependent on the In content of
the QW, and thus the effect of the TD density varied with the QW In content.
Further research in the area of this thesis should include a study of the effect of TDs
on the performance and MOVPE growth of InGaN/InAlGaN MQW structures. As
growth of the InGaN QWs and GaN barriers is disturbed in the vicinity of the TDs,
also growth of InAlGaN barriers is certainly affected. The effect of the TDs on the
composition fluctuation of the InAlGaN barriers is unknown and certainly influences
the performance of the InGaN/InAlGaN MQW structures. Further study is also
needed to gain insight into the strain relief mechanisms of the surface inclusions
present in InGaN/GaN QWs. Also techniques for stack strain control of the MQW
stack should be evaluated to enable the use of InGaN/GaN QWs free of surface
inclusions in light emitting devices.
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[61] S. Haffouz, H. Lahrèche, P. Vennéguès, P. de Mierry, B. Beaumont, F. Omnès
and P. Gibart, Appl. Phys. Lett. 73, 1278 (1999).
[62] T. Lang, M. Odnoblyudov, V. Bougrov and M. Sopanen, J. Cryst. Growth
277, 64 (2005).
[63] T. Hashimoto, M. Yuri, M. Ishida, Y. Terakoshi, O. Imafuji, T. Sugino and
K. Itoh, Jpn. J. Appl. Phys. 38, 6605 (1999).
[64] D. Koleske, A. E. Wickenden, R. L. Henry, J. Culbertson and M. E. Twigg,
J. Cryst. Growth 223, 466 (2001).
[65] Q. Guo and O. Kato, J. Appl. Phys. 73, 7969 (1993).
[66] T. G. Mihopoulos, V. Gupta and K. F. Jensen, J. Cryst. Growth 195, 733
(1998).
[67] S. Keller, G. Parish, P. T. Fini, S. Heikman, C.-H. Chen, N. Zhang, S. P.
DenBaars, U. K. Mishra and Y.-F. Wu, J. Appl. Phys. 86, 5850 (1999).
[68] M. Imura, K. Nakano, T. Kitano, N. Fujimoto, N. Okada, K. Balakrishnan,
M. Iwaya, S. Kamiyama, H. Amano, I. Akasaki, K. Shimono, T. Noro,
T. Takagi and A. Bandoh, phys. stat. sol. (a) 203, 1626 (2006).
[69] M. Mesrine, N. Grandjean and J. Massies, Appl. Phys. Lett. 72, 350 (1998).
[70] S. Keller, B. P. Keller, D. Kapolnek, A. C. Abare, H. Masui, L. A. Coldren,
U. K. Mishra and S. P. DenBaars, Appl. Phys. Lett. 68, 3147 (1996).
[71] S. Keller, B. P. Keller, D. Kapolnek, U. K. Mishra, S. P. DenBaars, I. K.
Shmagin, R. M. Kolbas and S. Krishnankutty, J. Cryst. Growth 170, 349
(1997).

60
[72] S. Yamaguchi, M. Kariya, S. Nitta, T. Takeuchi, C. Wetzel, H. Amano and
I. Akasaki, J. Appl. Phys. 85, 7682 (1999).
[73] J. Ou, W.-K. Chen, H.-C. Lin, Y.-C. Pan and M.-C. Lee, Jpn. J. Appl. Phys.
37, L633 (1998).
[74] K. Hiramitsu, Y. Kawaguchi, M. Shimizu, N. Sawaki, T. Zheleva, R. F.
Davis, H. Tsuda, W. Taki, N. Kuwano and K. Oki, MRS Internet J. Nitride
Semicond. Res. 2, 6 (1997).
[75] M. Shimizu, Y. Kawaguchi, K. Hiramatsu and N. Sawaki, Jpn. J. Appl. Phys.
36, 3381 (1997).
[76] M. Asif Khan, J. W. Yang, G. Simin, R. Gaska, M. S. Shur, H.-C. zur
Loye, S. Tamulaitis, A. Zukauskas, D. J. Smith, D. Chandrasekhar and
R. Bicknell-Tassius, Appl. Phys. Lett. 76, 1161 (2000).
[77] J. Han, J. J. Figiel, G. A. Petersen, S. M. Myers, M. H. Crawford and M. A.
Banas, Jpn. J. Appl. Phys. 39, 2372 (2000).
[78] F. G. McIntosh, K. S. Boutros, J. C. Roberts, S. M. Bedair, E. L. Piner and
N. A. El-Masry, Appl. Phys. Lett. 68, 40 (1996).
[79] H. K. Cho, K. H. Lee, S. W. Kim, K. S. Park, Y. H. Cho and J. H. Lee, J.
Cryst. Growth. 267, 67 (2004).
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H. Lakner, phys. stat. sol. (b) 216, 529 (1999).

62
[106] S. M. Ting, J. C. Ramer, D. I. Florescu, V. N. Merai, B. E. Albert, D. S.
Lee, D. Lu, D. V. Christini, L. Liu and E. A. Armour, J. Appl. Phys. 94,
1461 (2003).
[107] F. Scholz, J. Off, E. Ferenbacher, O. Gfrörer and G. Brockt, phys. stat. sol.
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