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Zusammenfassung

Die Arbeit beschreibt die Herstellung von nitrid-basierten Laserheterostrukturen im
Wellenlangenbereich zwischen 400 nm und 450 nm mittels Metallorganischer Gas-
phasenepitaxie. Um Bauelemente mit niedrigen Schwellstrom bzw. - leistungsdichten
zu realisieren, wurden die Materialeigenschaften der Indiumgalliumnitrid (InGaN)
Multi-Quantenfilme (MQW)s in der aktiven Zone untersucht und mit den Bauele-
menteigenschaften prozessierter optisch gepumpter Laserstrukturen und elektrisch
gepumpter Laserdioden (LD)s korreliert. Weiterhin wurde untersucht, welchen Ein-
fluss die Schichtstruktur der aktiven Zone und des umgebenden Wellenleiters auf die
Materialverstarkung und die Verstarkung der Mode in der Laserstruktur hat.

Zundchst wurden 15 - 100 nm dicke InGaN Einzelschichten auf GaN/ Saphir
abgeschieden und analysiert, um das InGaN Wachstum und die Entstehung von
Materialdefekten zu verstehen. Das spiralformige Winden der Wachstumsfronten
um bestehende Schraubenversetzungen und die Bildung von zusatzlichen v-formi-
gen Oberflachendefekten wurden als hauptsachliche Ursachen fiir die Abnahme der
kristallinen Perfektion in den InGaN Schichten identifiziert. Die Abkehr vom Stufen-
flusswachstum und die Bildung von stabilen Facetten mit erhohtem Indiumeinbau
fiihrt zu einer lateralen Variation der Indiumkonzentration in den Schichten, was
mittels dynamischer Elastizitatstheorie und der Untersuchung des InGaN- Wachs-
tums auf unterschiedlich orientierten GaN/Saphir Proben erklart wird.

Anhand von Laserstrukturen mit Emissionswellenldngen um die 400 nm wur-
den die Materialeigenschaften der InGaN- Quantenfilme mit den Bauelementeigen-
schaften korreliert: In den diinnen InGaN Quantenfilmen fiihrt die laterale Varia-
tion der Indiumkonzentration und der InGaN- Schichtdicke aufgrund des dreidimen-
sionalen Wachstums zu starken lateralen Variationen der Bandliicke. Systematis-
che Untersuchungen von optisch gepumpten Laserstrukturen mit unterschiedlichen
Bandkantenfluktuationen zeigten, dass mit zunehmender Variation der Bandkante
die Schwellenleistungsdichte der Laser steigt. Die damit einhergehende Verbreitung
der Lumineszenzlinienbreite bei niedriger Anregungsdichte ist ein guter Indikator fiir
die Abnahme der Materialverstarkung bei der Emissionswellenlénge. Mittels des
gefundenen Zusammenhangs wurden die Wachstumsbedingungen der InGaN Quant-
filme optimiert und elektrisch gepumpte Laser mit Schwellstromdichten um 6 kA /cm?
realisiert.

Anschliefend an die Optimierung der InGaN- Wachstumsbedingungen zur Ver-
besserung der InGaN- Materialverstarkung wurde der Einfluss der Schichtstruktur
der aktiven Zone und des GaN Wellenleiterkerns auf die modale Verstarkung des
Lasers untersucht. Dafiir wurden die Strukturen mit verschiedenen Lasersimula-
tionsprogrammen modelliert und die Ergebnisse mit optischen Pumpexperimenten
verglichen. Es zeigte sich, dass die Wellenleiterschichtdicke mit zunehmender Emis-
sionswellenldnge erhoht werden muss, um die Abstrahlung der Mode insbesondere
ins Substrat zu vermindern.

Neben den Anpassungen des Wellenleiters und der Optimierung der Wachstums-



bedingungen erfordert die Realisierung von Lasern mit hoheren Indiumgehalten in
den Quantenfilmen fiir Emissionswellenlangen um die 440 nm eine Anpassung der
Heterostruktur der aktiven Zone und einen Wechsel zu defektarmen GaN-Substraten.
Mittels Messungen an optisch gepumpten Laserstrukturen und Bauelementsimulatio-
nen wird gezeigt, dass durch diese Manahmen die Indiumkonzentrationsfluktuationen
in den Quantenfilmen reduziert, das Oszillatormoment erhoht und die Ladungstrager-
injektion in die einzelnen Quantenfilme verbessert werden kann. Eine erste elektrisch
betriebene Laserstruktur, gewachsen auf GaN- Substrat mit Emission um 440 nm,
zeigte eine Schwellstromdichte von ~ 10 kA /cm?.
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Introduction

1.1 Motivation

Compound semiconductor opto-electronic devices are an inherent part of many ev-
eryday objects, e.g. light emitting diodes (LED)s, and modern technologies such as
laser diodes (LD)s based fiber-optic communication. Due to the narrow band gap of
the commonly used arsenide and phosphide compound semiconductor materials the
emission and thus the applications are limited to the infra-red to the yellow/green
range of the spectrum. Wurzite gallium nitride (GaN) and its alloys exhibit a di-
rect band gap that theoretically covers the emission spectrum from the deep ultra
violet (UV) (aluminum gallium nitride - Al, ,0Gag N ~ 6.2 eV = 200 nm [1]) to the
red (indium gallium nitride - In, o,Gag e N ~ 0.7eV = 1750 nm [2, 3]) wavelength
region. Similar to conventional phosphide or arsenide based lights emitters, (In,Ga)N
based opto-electronic devices can be cost-efficiently produced in a high number on
one wafer enabling new applications in the whole mentioned range of the spectrum.
Nevertheless, (In,Ga)N LDs are commercially available only for a limited number of
distinct wavelengths and properties that mainly fit the requirements of strong-selling
products such as blue-ray disk, laser projectors [4], laser printers and reprographics
[5]. Beside the usage in new consumer electronic products nitride based LDs enable
more compact and more efficient systems for a wide range of existing applications
since LDs outperform conventional solid-state laser systems in terms of lifetime, ro-
bustness, size and power consumption.

Fig. 1.1 shows the absorption spectra of pure water with a distinct minimum in
the blue wavelength region. Since water covers more than 70% of the earth’s surface
and is component of every life form the analysis of its resolved ingredients is of great
interest in many fields of research and application. For instance, solid state light
sources emitting at the absorption minima of water are potentially used in medi-
cal applications like single cells cytometry [7] or undersea optical communications
[8]. Since the emission wavelength of nitride based LDs is adjustable over a wide
range, tailor-made light sources can be realized for solutions with specific absorption
minima or for spectroscopic applications in general, e.g. Raman spectroscopy [9],
laser- induced fluorescence emission for in-vivo chlorophyll fluorescence [10] or DNA
sequencing [11].

The goal of the presented work is the realization of a current injection semiconductor
laser diode (LD) emitting at 435.9 nm. The wavelength corresponds to the 735, —63 P,
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line of atomic mercury [12] in gas-discharge lamps, which is used for many biomedi-
cal and technical applications such as malaria [13] or tuberculosis [14] diagnosis, cell
[15] and neural [16] research, fluorescence microscopy for chemical analysis [17] food
safety and environmental testing [18].

1.2 (Al,In,Ga)N growth challenges

(Al In,Ga)N device development starts with the specification of the heterostructure
design. In general, LD heterostructures involve a high number of layers with different
alloy compositions. The layer heterostructure is deposited on a GaN or a hetero-
substrate, such as sapphire, silicon or silicon carbide by metal organic vapor phase
epitaxy (MOVPE). Detailed information on the growth method can be found else-
where [19, 20]. In order to reveal the optimum growth conditions for every single
layer, the preparation of the different alloys is investigated before assembling the het-
erostructure. The realization of (Al,In,Ga)N with a high material quality represents a
huge challenge due to the big differences in the material properties (especially the lat-
tice constant) and the optimum growth conditions of the different binary compounds.
Historically, the mastering of the MOVPE alloy formation limitations was the key to
the realization of GaN based opto-electronic devices. Still, the MOVPE growth pro-
cess significantly determines the material properties and quality and its mastery is of
great importance for the realization of efficient GaN-based devices. Hereafter, crucial
aspect of the (Al,In,Ga)N laser diode heterostructures growth are discussed.

The breakthroughs of the GaN technology was the achievement of p-doping using
magnesium (Mg) [21, 22]. Due to the high activation energy of the acceptor of around
170 meV in GaN [23] and its passivation through the formation of Mg-H complexes [24]
high Mg concentrations are required in order to realize sufficient p-type conductivity
as well as low resistance p-type contacts. However, a high Mg concentration can
cause compensation [25] of the holes and deteriorate the crystal perfection of the
p-doped material by formation of clusters and other defects [26]. In order to obtain
p-type doped material with both a high conductivity and a high material quality the
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optimum doping level and growth conditions resulting in a low compensation and a
high Mg incorporation need to be determined.

The light emitting region of the LDs is embedded in a GaN waveguide core between
AlGaN layers with a lower refractive index with respect to the effective index of the
mode in the active region. This way the mode is vertically confined in theGaN waveg-
uide core, guaranteeing a high optical intensity in the gain region of the device. The
refractive index difference as well as the lattice mismatch strain in the heterostruc-
ture increase as the Al mole fraction of the cladding layer increases. Exceeding a
critical AlGaN layer thickness and / or Al mole fraction layer cracking occurs [27]
that massively disturbs the laser operation. The challenge regarding device realiza-
tion is the optimization of the waveguiding structure, e.g. finding a good compromise
between(Al,Ga)N layer thicknesses and Al mole fraction in the layers.

The active region consists of an InGaN/(In)GaN multiple quantum well (MQW)
structure in order to confine the carriers in the InGaN QWs by /(AlIn)GaN barriers
with a higher band gap energy. This way efficient radiative recombination is achieved.
As a consequence of the different spontaneous and piezoelectric polarization of GaN
and indium nitride (InN) [28] a non-vanishing dipole moment occurs resulting in high
sheet carrier densities at the interfaces. The consequential electrical field strength is
proportional to the gradient of the dipole moment at the interface. The electric field is
perpendicular to the {0001} direction and spatially separates the holes and electrons
in the quantum well when growing on the c-plane parallel to (0001). The separation
of the carriers reduces the oscillator strength [29] and red-shifts the emission energy
due to the quantum confined Stark effect [30].

Beside the oscillator strength, the crystal perfection of the active region, e.g. num-
ber of defects, interface roughness and material property uniformity, determines the
material gain of the laser structure. The material quality in turn strongly depends
on the In mole fraction in the solid of the active region [31] since the high lattice
mismatch between InN and GaN [32] is a dominant driving force for material dete-
rioration. The compressive strain of the InGaN forces defect formation or transition
from layer by layer to 3D growth mode. Secondly, the low In incorporation efficiency
at optimum GaN growth conditions of around 1000 °C requires low InGaN deposition
temperatures of 700 °C. Because of the high In vapor pressure [33] and the high co-
valent radius of the In atom (1.44 A) in comparison to the Ga atom (1.26 A) the
In is likely to desorb from the surface instead of being incorporated into the GaN.
At low InGaN deposition temperatures the decomposition of the nitrogen precursor
ammonia (NHs) is reduced which causes the formation of point defects due to N de-
ficiency in the layer [34]. Furthermore, the reduced mobility of the adducts on the
growth surface at low growth temperatures prevents layer by layer growth. The chal-
lenge regarding InGaN growth is the determination of the best compromise between
well thickness and In mole fraction in the solid and the optimization of the growth
conditions for the best possible material quality.
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1.3 Approach and organization of the work

The work focuses on the MOVPE growth and analysis of (In,Ga)N quantum well struc-
tures as well as the optimization and simulation of (Al,Ga)N waveguiding structures
in order to improve the material properties as well as the modal gain of laser diodes
emitting around 440 nm. Therefore, various sample structures and analysis methods
are used. The growth and characterization parameters are described in chapter 2.

In chapter 3, the preparation and analysis of 15nm and 120 nm thick InGaN
single layers on GaN are discussed. Due to the high layer thicknesses the lateral and
vertical distribution of the In can by determined by several methods. Additionally,
the lower number of interfaces as well as the lower intrinsic fields strengths in the
single layer structure, in comparison to MQW structures, simplifies the interpretation
of the measurement results. The analysis and interpretation of the results reveal
aspects of the In incorporation processes into GaN as well as fundamental InGaN
material deterioration processes.

Next, described in chapter 4, InGaN layers are embedded into GaN barrier layers
in order to form MQW structures. By varying the well width the indium gallium
nitride (InGaN) /GaN heterostructure properties, e.g. In mole fraction in the solid,
and their effect on the intrinsic field strength, the crystal perfection and luminescence
efficiency are revealed. As a consequence of the increased structural complexity the
exact determination of material properties is challenging and will be extensively de-
scribed. The analysis of the influence of the QW width on the material quality and
luminescence in the described experiments allows the specification of heterostructure
parameters for the laser diode structures. Furthermore, by comparing the experi-
mental results with theory the material parameters, used in the laser simulation later
on, are adjusted.

In chapter 5, the influence of the MOVPE growth conditions, e.g. the growth
temperature, on the material as well as luminescence properties of MQW structures
is revealed. Furthermore, an experimental procedure is introduced that allows to
correlate material properties, derived on MQW structures, with actual device prop-
erties. Using a multi-step epitaxy approach different heterostructures, e.g. MQWs,
optical pumpable and current injection laser structures, are produced allowing for
a valid comparison. The different structures contain identical active regions, which
enables the determination of the material properties, e.g. the active region interface
roughness, the In mole fraction in the solid and its spatial uniformity, and the device
properties, e.g. threshold current density, output power and modal gain, at the same
time. Unfortunately, the analysis of the results reveals a huge impact of the varied
growth parameters on both the material quality and the optical confinement resulting
in a simultaneous variation of the material gain and the modal gain.

In order to distinguish between the different effects on the device properties and
enable growth optimization for laser heterostructures samples with identical modal
gain but different material quality in the active region are prepared and analyzed (see
chapter 6). Similar to chapter 5 the active region growth temperature is varied in
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order to affect the material quality. But this time the In mole fraction in the vapor
is adjusted in order to realize identical In mole fractions in the quantum wells and
barriers and thus identical modal gain in all samples. Analyzing the MQWs as well
as the optical pumpable structures, the correlation of low threshold power densities
with different growth conditions or respectively material properties is revealed. Using
the characterization method that is most sensitive to the desired material properties
a growth optimization scheme for laser heterostructures is established.

The basic developments have been made using laser diodes emitting around 400 nm
since this wavelength is used in Blue-Ray disc storage systems and thus allows for
a comparison with the well documented state of the art. Secondly, the 400 nm LDs
feature moderate In mole fraction in the QWs facilitating the preparation of active
regions with a good material quality. In order to realize emission at longer wave-
lengths both the material but also waveguiding losses at longer wavelengths need to
be reduced. The optimization of the heterostructure layout as well as the growth
conditions for 440 nm LD structures is addressed in chapter 7.

Due to economic reasons the heterostructures were deposited on sapphire based
GaN templates with a high defect density. In the first part in section 7.1, the growth
on low defect GaN substrates is discussed in order to decrease the number of threading
dislocations in the active region and thus increases the material gain. Transferring
the growth to GaN substrates one has to deal with different wafer bow resulting
in different surface temperatures across the wafer. This in turn results in a lateral
non-uniformity of the material properties and thus device characteristics. Growth
experiments as well as simulations of the wafer bow during MOVPE growth will be
described in order to specify GaN substrate properties that result in an identical
uniformity of the wafer surface temperature as on sapphire substrate.

Next, in section 7.2, the influence of the waveguiding design on the optical con-
finement of the optical mode is discussed. Using device simulation as well as optical
pumpable laser heterostructure variations the optical confinement at longer wave-
lengths is improved. After increasing the modal gain, the influence of modifications
of the active region heterostructure layout on the material quality or respectively ma-
terial gain is revealed in section 7.3. Using the optimization scheme established before
the growth conditions of the active region are improved. Applying the optimized ac-
tive region growth conditions together with the optimized waveguiding structure a
440 nm laser heterostructure is grown on low defect density GaN substrate. After
processing of the wafer to an broad area laser diode (BA-LD) lasing at 436 nm in
pulsed mode will be shown.






Experimental

This chapter provides an overview of the MOVPE growth process and introduces the
different heterostructure layouts used for the experiments. Furthermore, the wafer
processing and the analytical methods are explained.

2.1 MOVPE growth and heterostructure layout

All samples discussed in this work are grown on either a horizontal Aixtron AIX
200HT reactor with 1x2 inch configuration (Aix200-HT) or a horizontal Aixtron AIX
2400G3-HT planetary reactor with 11x2 inch configuration (Aix2400G3-HT). Both
machines are equipped with a LayTec EpiCurveTT growth monitoring system, de-
tecting the wafer reflectometry, curvature and satellite pocket temperature during
growth. Additionally, a LayTec Pyro400 sensor is used for some experiments in order
to determine the wafer surface temperature.

a) single layer: b) MQW structure: c) optolLD structure: d) LD structure:
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Figure 2.1: Schematic of the sample structures used in this chapter and in chapter 3.

In order to fit the requirements of the different characterization methods various
heterostructure are grown. Fig. 2.1 gives an overview of the sample structures used
for (Al,In,Ga)N material as well as device development within this work.

7



8 2. Experimental

2.1.1 Sapphire-based GaN template growth

In general, sapphire is used as substrate for the deposition of the (Al,In,Ga)N layers.
In order to compensate for the high lattice mismatch between sapphire and GaN an
elaborate growth scheme is applied described in this section. Since the growth process
is rather time consuming 11 sapphire wafer with a GaN layer on top are grown at the
same time in the Aix2400G3-HT and used as templates for the different experiments
later on.
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Figure 2.2: In-situ data showing 7 = (solid line), T .., (broken line), the reflectivity at 405

nm (green line) and wafer curvature (blue line) during MOVPE growth of a sapphire based GaN
template (7{,)qan.gi) in the Aix2400G3-HT.

Fig. 2.2 shows the in-situ data monitored during the GaN template preparation by
MOVPE. The red lines represent the process (solid line) and the pocket temperature
(broken line) that are pyrometrically measured at the backside of the RF-heated
susceptor and the frontside of the satellite, respectively. The temperature of the
pocket is lower with respect to the process temperature since the RF-radiation is
absorbed by the graphite in the susceptor which itself heats the satellites by radiation.
The green and blue line correspond to the reflectance of the wafer at 405 nm and the
curvature of the wafer, respectively. The reflectometry signals at 405 and 950 nm
(not shown here) is used for process control and growth rate determination by fitting
of the Fabry-Perot interferences.

The GaN growth scheme on sapphire was proposed by Nakamura et al. [35] and
is based on the relief of lattice mismatch strain by a low temperature GaN nucleation
layer. The threading of the consequential misfit dislocations from the sapphire/GaN
interface is suppressed by an AlGaN/GaN short-period superlattice (SPSL) [36]. Since
the effective index of the 240 x Al,,,Ga, s N/GaN:Si SPSL (2.5 / 2.5 nm) has a lower
refractive index with respect to the effective index of the mode it also works as a n-
side cladding layer if the template is used for the growth of a laser structure emitting
between 400 and 450 nm.
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The growth process starts with a high temperature adsorbate desorption in hydrogen
(Hy) environment followed by a nitridation of the sapphire using NHj (see (1) in
Fig. 2.2). After that, a low temperature (LT)-GaN buffer is deposited using trimethylgallium
(TMGa) additionally to NHz (2). Clearly, the reflectivity decreases as a conse-
quence of the light scattering on the GaN 3D nuclei in the LT-GaN buffer. With
increasing temperature the island coalesce resulting in an increase of the layer re-
flectance. In step (3) a 4 pm thick HT-GaN buffer layer is grown using TMGa and
NH; followed by the deposition of a 1.2 um thick Al1GaN/GaN SPSL using additionally
trimethylaluminum (TMAL) (4) before cool down. SisHg is injected during GaN and
AlGaN growth in order to provide n-type conductivity. The n-doping level of the GaN
buffer and the AlGaN SPSL layer are 3 and 1.5 x 10 cm™3. The growth pressures
are 200 mbar during nucleation, 400 mbar for GaN:Si and 60 mbar for AIGaN,/ GaN:Si
SPSL growth. The AlGaN is grown at reduced pressure in order to reduce the pre-
cursor pre-reactions in the gas phase [37] and enhance the surface morphology and
the material quality [38].

The curvature change during growth shown in Fig. 2.2 can be explained according
to the epi-layer on substrate model proposed by Stoney [39]. During heating up to
desorption temperature the curvature changes from -15km™! (convex) to 50 km™!
(concave). The change is attributed to the different temperatures at the frontside
and the backside of the wafer (due to its limited thermal conductivity) and the
consequential different thermal expansion. During the deposition of the 4 pm thick

GaN:Si the curvature increases from 50 to 150 km™!.

The observed change can be
explained by a decrease of the defect density as the GaN layer thickness increases [40].
The consequential decrease of the in-plane lattice constant increases the strain and
therefore the wafer curvature [41]. The curvature increases during deposition of the
1.2pm thick Al1GaN/GaN:Si SPSL by ~60km ™! /um in comparison to ~12km™~! /um for
GaN:Si. The higher curvature change is due to the additional AlGaN lattice mismatch
strain. During cool down to room temperature the wafer curvature changes from

concave to convex due to the higher thermal expansion of the sapphire in comparison
to the (Al,Ga)N epi-layer [42].

2.1.2 (In,Ga)N sample growth

The fundamental InGaN growth conditions are determined by low indium (In) in-
corporation in GaN at high temperatures [43] and in Hs environment [44]. Due to
this the growth is conducted at temperatures between 700 °C and 900 °C and in Ny
environment. TMIn and triethylgallium (TEGa) are used as group III and NHj3 as
group V precursor. The reactor pressure amounts to 200 (Aix200-HT) and 400 mbar
(Aix2400G3-HT) for InGaN growth, depending on the used machine.

InGaN bulk layer structures (see sample type a) in Fig.2.1) are deposited on
differently oriented GaN templates in order to determine the layer growth rate and
the vertical and lateral In mole fraction distribution in the layer. The In distribution
in thin layer is investigated on InGaN /(In)GaN MQW structures of type b). Efficient
luminescence is observed and investigated since the holes and electrons are spatially
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confined in the band gap minima of the quantum wells increasing the probability of a
radiative recombination. The MQW is capped with 10-50 nm GaN in order to reduce
surface effects on the recombination.

2.1.3 Device heterostructure growth

Optically pumpable laser heterostructures of type c) in Fig. 2.1 are realized by adding
a 100 - 200 nm thick GaN wave guiding layer and a 20 nm thick Al,,Ga, N cap on
top of the MQW described above. The growth temperatures of the waveguide and the
cap are 900 °C in order to prevent the deterioration of the active region underneath.
The AlGaN cap provides a band offset and reduces the recombination of the optically
generated carriers in surface states.

The current-injection LD heterostructures of type d) feature a 100 - 200 nm p-type
doped GaN:Mg waveguide including a Al,,,Gag 5, N:Mg electron blocking layer (EBL).
Due to the higher band gap energy the AlGaN EBL prevents the electron overflow from
the active region to the p-type contact [45]. On top of the p-GaN waveguide a 120x
Aly1,Gag 5N/ GaN:Mg SPSL cladding and a 20 nm GaN:Mg cap layer are deposited.
The growth pressure is 250 mbar for the (Al)GaN:Mg growth, biscyclopentadienyl-
magnesium (CpsMg) is used as Mg source. The doping levels in the EBL, waveguide
and cladding layer are 1-2x10'7 ecm=3. The p-doping level is a compromise between
low p-type conductivity for low doping levels and high compensation trough defects
[25] and absorption by sub-band gap states [46] at high doping level. The p-doping
level of the cap is 5x10'" cm™ in order reduce the semiconductor-metal contact
resistivity.

2.2 Sample characterization methods

The surface of both InGaN single layer and MQW samples is inspected by light mi-
croscopy using a Zeiss Axiotron II optical microscope featuring Nomarski contrast or
a JEOL 840A scanning electron microscope (SEM). To obtain quantitative informa-
tion about the surface morphology, e.g. 7. roughness, the samples are investigated

by atomic force microscopy (AFM) using a Topometrix Explorer AFM featuring con-

rms

tact mode or a Digital Nanoscope III AFM system featuring tapping mode. It is
possible to investigate a full 2 inch wafer using the Topometrix Explorer, whereas
the Digital Nanoscope III exhibits a better height resolution due to the tapping mode
operation.

The layer growth rate is determined using different methods depending on the
layer thickness. The observation of the Fabry-Perot oscillations obtained by the Epi-
CurveTT sensor during growth is particularly suited for thick layers. Since 75 nm
of GaN are necessary in order to obtain a full 405 nm reflectometry oscillation, pri-
marily the GaN buffer and the AlGaN cladding layer thickness are characterized by
this method. InGaN or AlGaN single layers with thicknesses between 10 and 100 nm
or MQW structures are analyzed using a PANalytical X'Pert high resolution x-ray
diffraction (HR-XRD) system. Additionally to the thickness the composition of the
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layers can be fitted by comparing the 2 — 20 scans around the (0002) or (0006) reflec-
tion with simulations of the heterostructure using dynamical diffraction theory [47].
Mapping around asymmetric reflections, e.g. reciprocal space mapping (RSM) around
(1015), additionally allows the determination of the layer relaxation. Furthermore,
the layer thickness and composition of thin InGaN and AlGaN layers (also in MQW
structures) close to the surface are analyzed by high resolution x-ray reflectome-
try (HR-XRR). The layer thickness and composition are fitted using dynamical theory
of X-ray reflection with a matrix approach [48].

The luminescence properties are determined by photoluminescence (PL) and low
temperature cathodoluminescence (LT-CL). The PL is measured by excitation with
a continuous wave (CW) helium cadmium (HeCd) laser emitting at 325nm or a
378 nm CW LD. The latter is used to resonantly excite the InGaN quantum wells
and not the GaN layers or the quantum barriers with low In mole fraction in the
solid. The excitation power densities of both systems can be varied between 0.1 and
100 W /cm? resulting in an excess charge carrier density in the quantum wells between
107 to 102 cm™2 (also depending on the effective recombination time). The sample
temperature can be varied between 10 and 300 K in a closed cycle helium cryostat in
order to enable temperature-dependent photoluminescence (TD-PL) measurements.
The luminescence is detected with a spectrometer with linear response to the detected
light power.

Furthermore, time-resolved photoluminescence (TR-PL) measurements are con-
ducted at 10 K by using 200 ps pulses from a 405 nm LD for excitation. The spectrally
integrated time-dependent intensity is detected by a fast avalanche photo diode with
a time resolution of 20 ps to enable single photon counting. The excitation pulse
energy density was about 1 nJ/cm?.

For LT-CL investigations around 5.5 K a Zeiss Ultrab5 scanning electron mi-
croscope equipped with a Gatan Mono-CL3 system is used. LT-CL spectra and
monochromatic LT-CL images were acquired simultaneously with inspection of the
surface by SE. Using an accelerating voltage and electron probe current of 5 kV and
200 pA the LT-CL excitation depth is about 120 nm. Secondly, LT-CL measurements
at 80 K are conducted on an Oxford LT-CL system attached to the JEOL 840A SEM
tool.

2.3 Device processing and characterization

The optically pumpable structures are scribed from the substrate side using a laser
scriber and broken into 800 to 1500 um long laser bars as shown in Fig.2.3. The
optical pumping experiments are carried out at room temperature using a 266 nm
frequency quadrupled Nd:YAG laser. For resonant optical pumping a tunable dye
laser based on the organic dye BiBuQ with an emission energy of 3.266 ¢V (380 nm)
is used instead of the Nd:YAG excitation source. The Nd:YAG pump laser is operated
in pulsed mode at a low 15 Hz repetition frequency and pulse widths of about 5 ns.
This way a high pulse aspect ratio is obtained, leading to high pump powers and
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Figure 2.3: Laser bars for optical pumping ex-
periments with resonator length between 800
and 1500 pm on a gel pad.

minimal thermal stress on the sample. By focusing the light to a small area on the
sample pump powers of several MW /cm? are achieved. The emitted light is detected
by an optical-fiber CCD spectrometer. The intensity of the pump beam is reduced
by a beam attenuator in order to enable measurements of the L-I characteristics.
Further reading about the processing and characterization through optical pumping
can be found elsewhere: [49].

z
y Cladding layer
Waveguide layer
Active region (QWs)

Waveguide layer

)
450 pm

Cladding layer

Figure 2.4: Schematic of broad area laser diode. The circle represents a magnification of the active
region.

In order to fabricate broad area laser diodes (BA-LD), as outlined in Fig. 2.4,
the wafers are processed as follows: First, the Mg-doping is activated through rapid
thermal annealing. Next, the fabrication of the p-contacts follows in three steps:
Pd/Au metalization of the whole surface, lithography and removal of the metal in the
non-resist-covered areas (through sputtering or wet-chemical etching). Afterwards,
the photo-resist is stripped and the contacts are annealed. Thick Ti/Au layers work as
contact reinforcement and are processed as above (lithography, metalization, lifting).



2.4. Device simulation 13

Once the p-contacts are ready, the surface of the sample is locally etched to reach the
n-conductive layers. This is done through plasma-etching with chlorine of the silicon
nitride (or resist) mask. Finally, again with lift-off, the n-contacts are deposited in
the etched areas. The laser facets are produced accordingly to the optically pump-
able structures. The contact stripe width and cavity length of the gain guided laser
diodes are between 10-40 and 800-1500 pum, respectively.

The BA-LDs are characterized by measuring the P-U-I characteristics in pulsed
operation mode. The pulse length and repetition rate is 300 ns and 1 kHz, respec-
tively. The emitted light is detected through a micro-lens using a gallium phosphide
photo diode and CCD camera in order to determine the optical output power and
the emission spectra, respectively.

2.4 Device simulation

Beside the growth and characterization of laser diode structures several device sim-
ulation tools are used in order to explain the measurements or predict the influence
of heterostructure layout variations. With the quasi 2D semiconductor laser simula-
tion program by H.Wenzel [50] (QIP) the internal field, the band structure and the
oscillator strengths of the optical transitions of InGaN quantum well structures can
be computed. The simulation is based on a self-consistent solution of the Poisson
equation and an eight-band k-p Schrodinger equation. Charges due to polarisation
fields, doping and free carriers are also considered.

The software SILENSe [51] provides simulations of band diagrams and spectra of
nitride based LEDs and LDs. Additionally to QIP, the software includes a carrier
transport model and can consider several nitrite-specific effects like high density of
threading dislocations and Auger recombination. Complete device simulations are
also done by the LASTIP [52] simulation tool, which allows the calculation of the
operation of semiconductor lasers in two dimensions.






Investigation of In incorporation in GaN

This chapter focuses on the description of the MOVPE growth and characteriza-
tion of InGaN bulk layers in order to understand the In incorporation in GaN as
well as InGaN crystal perfection deterioration mechanisms. Since an emission in the
violet-blue wavelength region requires In mole fractions between 0.08 and 0.16 in the
quantum wells of the emitters, In,,,Ga, 4N layers are grown on sapphire based GaN
substrates. By comparing the In mole fraction in 15 and 120 nm thick InGaN layer
the vertical In mole fraction distribution and the influence of the layer thickness on
the In incorporation are revealed. Aspects of the In incorporation mechanism are ex-
plained by comparing the In incorporation in differently oriented GaN . The findings
of this chapter are the basis for the explanation of the investigated crystal perfection
deterioration in MQW structures and LD heterostructures.

3.1 Sample and growth conditions variation

Two 15 and 120 nm thick nominally In,,,Ga, 4N single layer were deposited on
(0001) oriented GaN templates by solely varying the InGaN growth times between
5 and 50 min. The sample structure is similar to type a) in Fig. 2.1 and the set is
denoted as AN, A second set (BI¢*N), consisting of three 120 nm thick InGaN layer
grown on (0001), (2112) and (2110) oriented GaN templates, is prepared. (0001), non-
polar m-plane || (1010) and semi-polar r-plane || (1102) oriented sapphire were used
as substrates. Both sets were grown using the Aix200-HT reactor applying identical
) = 200 mbar and molar

growth conditions, e.g. T, =730°C , reactor pressure (

proc preactor

fraction of indium in the gas phase (2! ) ~ 0.35. The samples were investigated by
HR-XRD, SEM, AFM, and LT-CL.

3.2 Determination of the structural properties

3.2.1 HR-XRD measurements

Due to the wider lattice constant of InN in comparison to GaN, InGaN is compressively
strained when deposited on GaN. If the compression of the in-plane lattice constant
(ay) of the InGaN results only in a strain of the out-of-plane lattice constant (a, )
the InGaN layer is called pseudomorphic. When the stress, correlated with the strain
of the layer, exceeds a certain value the a, of the InGaN is also strained. The ratio

15
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of a, of InGaN on GaN and intrinsic a, of InGaN under no stress defines the layer
relaxation (R). R ranges from R=0 for pseudomorphic material to R=1 for fully

relaxed material.
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Figure 3.1: RSM around the (1015) reflection of sample set A"“*". The InGaN layers are deposited
using identical growth conditions but different deposition times. The corresponding InGaN layer
thicknesses are 150 nm (a) and 120 nm (b), respectively. The open circles represent the x™, of
pseudomorphic (R=0) or of relaxed (R=1) InGaN, respectively.

Knowing the strain of a InGaN layer 2!, and R can be calculated by taking into

soli
account the intrinsic lattice constants and the elastic properties of the materials. In
order to determine a; and a, HR-XRD RSMs were conducted on set AF“*~. Fig. 3.1
shows the RSM around the (1015) reflection for the 15nm (a) and the 120 nm (b)
thick InGaN layers. Clearly, the GaN layer peaks with the highest intensity and the
InGaN layer peaks with a lower intensity, corresponding to a lower layer thickness,
can be distinguished. The analysis of the peak positions allows the calculation of a
and a, of the GaN and InGaN layer and thus the In mole fraction in the solid in the
samples according to Fewster [53]. Superimposed to the color plot, the calculated
peak positions of pseudomorphic (R=0) and fully relaxed InGaN (R=1) with different
In mole fraction in the solid are shown.

First the RSM of the 15 nm thick InGaN layer (see Fig. 3.1 a) is discussed: The
InGaN layer peak is shifted towards smaller values for @, with respect to the GaN
layer peak but exhibits no shift in @_ direction. The identical @, corresponds to an
identical a; of the InGaN and GaN and therefore indicates pseudomorphic growth.
The smaller value for @, correspond to a strained a, correlated with an In mole
fraction of around 0.09. The wide extension of the InGaN layer peak in @, -direction
is due to scattering on a crystalline object that is restricted in one dimension (z) and
extended in the other two (x,z) [54].

By comparing the In mole fraction in the solid of the 15 and 120 nm thick InGaN
layer (see Fig.3.1 b) the variation of the In incorporation as the layer thickness
increases is revealed. The intensity peak of the 120 nm thick InGaN layer is shifted
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towards smaller values for @ and @, with respect to the intensity peak of the 15 nm
thick InGaN layer. The smaller value for @, corresponds to an increase of the average
In mole fraction in the solid to 0.12 as the layer thickness increases. The shift of
the InGaN peak towards smaller values for @, is due to a relaxation of R=0.3 of the
InGaN @, with respect to those of the GaN layer underneath.

3.2.2 SIMS measurements
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Figure 3.2: SIMS measurement on the nomi-
0.05 7 nally 120 nm thick InGaN layers of set A<~
I T and BS*N. The atomic In concentration is es-
0.00 2'0 ' 4'0 ' 6I0 ' 8I0 ' 1(')0 ' 120 140 timated by comparison of the measured Csln
concentration with the signal strength of cali-
SIMS sputtering depth (nm) bration samples.

In order to directly examine the variation of the In mole fraction in growth di-
rection, secondary ion mass spectroscopy (SIMS) was conducted on the 120 nm thick
InGaN samples. The solid black squares in Fig. 3.2 represent the In mole fraction
profile of the 120 nm thick InGaN layer of set A»“*N. The profile exhibits a distinct
increase of the atomic In concentration as the layer thickness exceeds 60 nm. The
increase of the In mole fraction in the solid can be explained by a reduction of the
lattice mismatch of a, (e,,) as the relaxation sets in [55]. Using an approach proposed
by People and Bean [56], the critical layer thickness for pseudomorphic growth (h_,,)
of Inyy0Gage N is calculated to ~ 65 nm. While the cause of the layer relaxation
is the high e ~ -0.01 in the early stage of the InGaN layer growth, the relaxation
mechanism is not fully understood. In general, the strain release is related to the
[56, 57]. In
the arsenide material system a dislocation glides from the free surface to the hetero-

onset, of plastic relaxation, e. g. the formation of dislocations above h_,
interface. Since this has not been observed in the InGaN layer with different relaxation
states [58], the different relaxation mechanisms are investigated and discussed later
on in this chapter.

3.2.3 Spectrally resolved CL measurements

In order to correlate material and luminescence properties, necessary for the char-
acterization of the emitter later on, spectrally resolved LT-CL measurements were
conducted on sample set Ar“*N. Therefore, the samples were cooled down to 80 K
and investigated using the Oxford LT-CL system attached to the JEOL 840A SEM.
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Figure 3.3: Normalized LT-CL spectra of the 5 i
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120 nm (squares) thick InGaN layer. The spec-
tra were derived by spatial integration over a 0.0380 00 ' 2'0 ' . ' 6IS0 ' éO ' "
20x20 ym area, the acceleration voltage was 4 4 4404 4 >
12 kV, the electron current 10 nA. Wavelength (nm)

Fig. 3.3 shows the LT-CL spectra of the samples of set A%*N. The spectrum of the
15 nm thick InGaN exhibits a single peak at 439 nm with a FWHM of ~ 50 nm. The
spectrum is superimposed by Fabry-Perot oscillations, which are identified by their
periodicity. On the other hand the spectrum of the 120 nm thick InGaN layer features
multiple peaks at 431, 469 and 486 nm, associated with luminescence from regions
with a different z!",, or R. The spectral widening of the band edge luminescence
of relaxed InGaN layers was also observed by Pereira et al. [59]. According to their
work, the luminescence with different energies originates from relaxed and coherently
InGaN regions.

In order to quantitatively correlate the emission wavelengths with the determined
material properties, the transition energies of bulk InGaN is calculated. According
to Pereira et al. [60] the band gap energy of fully relaxed material (Er>) in relation
to the band gap energy of fully strained material (£2**) for InGaN with %, < 0.3 is
described as follows:

dEGaN
E*(InGaN) [eV] ~ B3 — &N x —djzz

(3.1)

Identical to our experiment Pereira et al. [60] investigated the luminescence of 75 to
500 nm thick InGaN layer deposited on GaN with z!*,, <0.25. The best fit to their
experimental data reveals E*(InGaN) [eV] ~ 3.39—3.572!" ,. The a%,, dependency
of E* can be used to calculate the actual band gap energies of the coherent and
relaxed material. A linear interpolation of the gap deformation potential % of GaN
[61] and InGaN [62] is used. Applying the formula 3.1 the nominal peak wavelengths
of set A¢*N are calculated to 421 nm (z!,, =0.09, R=0) and 436 nm (2™, =0.12,
R=0.3) for the 15 and 120 nm thick InGaN layer, respectively.

First, the red-shift of 10 nm between the measured LT-CL wavelengths and the
calculated wavelength for the 15 nm thick InGaN layer is discussed: Beside the in-
accuracy of the HR-XRD measurement, the red-shift and the wide FWHM ~ 50 nm
of the LT-CL can be explained by a spatial separation of the electrons and holes in
the presence of an electrical field, which is not included in the calculations. Such
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a field is caused by variations of the piezoelectric and spontaneous polarization in
growth direction (see also Sec. 4.3) as well as charged surface states. The charges are
located at the GaN / InGaN interface and surface of the sample, respectively. The
electrical field strengths and thus the red-shift increases as the distance between the
sheet charges decreases. An influence of the intrinsic fields on the luminescence is
therefore more likely for thin InGaN layer.

In the case of the 120 nm thick InGaN layer the calculated wavelength based on
the HR-XRD and SIMS measurements (Fig. 3.1 and 3.2) is in good agreement with the
LT-CL luminescence wavelength. The luminescence with the highest intensity (see
Fig. 3.3) originates from the partially relaxed bulk material with z*,, =0.12 (R=0.3).
The 469 or 486 nm luminescence originate from material with an In mole fraction in
the solid of 0.16 and 0.18 (assuming R=0.3) or 0.21 and 0.23 (R=1) according to
Equ. 3.1. Since the quantitative HR-XRD and SIMS measurements represent only the
average =™, of a certain volume, deviations of the In mole fraction within a small
volume are not resolved. Furthermore, efficient recombination could be observed from
these sections with a small volume and a low band gap because the carriers relax into
the potential minima and recombine there at the LT-CL measurement temperature
of 80 K. In order to localize the material with the lower band gap or respectively
increased In mole fraction in the solid spatially resolved LT-CL measurements are
conducted and discussed in the next section.

3.3 Investigation of the spatial uniformity of the material
properties

3.3.1 Spatially resolved CL measurements

Figure 3.4: Monochromatic LT-CL images of the sample of set AT“*N with the 120 nm thick InGaN
layer measured at 80 K. The detection wavelength is noted in the upper left corner of each picture.
The acceleration voltage and current was 12kV and 0.5 nA, respectively.

Using the Oxford LT-CL system spatially resolved LT-CL measurements were con-
ducted at 80 K. Fig. 3.4 shows the monochromatic LT-CL images of the 120 nm thick
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InGaN layer of set A“*N. The local brightness corresponds to the intensity of the
emission with a distinct wavelength. The wavelengths are noted in the upper left cor-
ner of each image and are identical with the intensity peaks in the LT-CL spectrum
in Fig. 3.3. Clearly, the 431, 469 and 486 nm luminescence originates from different
circular shaped areas with a diameters between 0.2 and 0.5 pm.

A possible explanation for lateral variation of the luminescence wavelength are
spatial In mole fraction non-uniformities in the solid. Such non-uniformities are
associated with several growth irregularities. Wu et al. and Kawaguchi et al. [63, 64]
report on a higher In incorporation at the pyramid sidewalls of v-shaped pits [65] in
comparison to (0001) GaN. Although this would explain the locally increased In mole
fraction, the area of the defect sidewalls had to be rather large with respect to the
defect-free surface. Otherwise the emission from the defect-free material (nominally
436 nm) would dominate the spectrum. In order to examine the surface of the samples
the morphology of set A“*N was investigated by SEM and AFM.

3.3.2 AFM and SEM measurements

a) b)

Figure 3.5: SEM images of the samples of set AT“*N with 15 (a) or 120 nm (b) thickness, respec-
tively. The average structure height is 10 nm and 39 nm for the 15 and 120 nm thick InGaN layer
as has been revealed by AFM. The acceleration voltage was 10 kV.

Fig. 3.5 shows the SEM morphology contrast for the samples of set AN Both
samples exhibit circular three-dimensional (3D) structures. Additionally, v-shaped
defects can be seen on the surface of the 120 nm thick InGaN layer. The defects
are circularly aligned with a single defect located in the center. The diameter of the
islands increases from around 0.8 pm to 1.5 pm as the InGaN layer thickness increases
from 15 to 120 nm. AFM measurements (10x10 um area: not shown here) reveal a
=2.8nm) and 39 nm (r,,,.=14 nm) for the 15 and 120 nm
thick InGaN layer, respectively.

average height of 10 nm (r

rms rms

Assuming a flat surface at the start (shown later on) and an average spiral height
of the 15 nm thick InGaN layer the transition from 2D to 3D growth starts after a few
mono layers (ML)s. The alignment of the islands around v-shaped defects suggests



3.4. Investigation of defects and material deterioration mechanisms 21

a promotion of 3D growth by the defects. V-shaped defects are generated from pure
screw or mixed type threading dislocations TDs [65]. Their Burgers vector (b) has a
component normal to the surface that represents a non-vanishing edge. Depending on
the growth regime 3D structures can evolve from such an edge. The BFC model [66]
distinguishes the growth regimes by the ratio of the diffusion length of an ad-atom (z,)
and the distance of the growth steps (1). In a regime of local supersaturation (z,<1)
only adatoms which are deposited close to a step or edge are incorporated. As a
consequence the steps wind up in spirals and considerably enhance the growth rate
around the TDs [66, 19]. Local supersaturation is promoted by the InGaN growth
conditions, e.g. by the low growth temperatures and the fast In desorption. Due
to both effects an atom that hits the growth surface far from an edge more likely
desorbs than reaching an incorporation site.

a)

Figure 3.6: a) AFM surface morphology of a GaN template (sample AS*N ). The height axis

templ.

corresponds to 2nm. b) AFM surface morphology of a 100 nm thick InGaN layer with z!"., =
0.02 (sample A™9N) showing spiral growth. The height axis corresponds to 12 nm.

spiral

To get a better impression of the surface morphology a 100 nm thick InGaN layer
with an In mole fraction of 0.02 was deposited on a GaN template (sample ARG2N).
The In mole fraction in the solid was reduced with respect to set A7“*N in order to
enable AFM measurements that resolve the growth edges. Fig. 3.6 shows a typical
GaN surface morphology of an 1.2 um GaN template (a) in comparison to the InGaN
layer (b). Clearly, the alignment of the growth fronts changed from parallel on the
GaN template to circular on the Ing,,Gagy 4N layer. The growth steps curl around a

threading dislocation and form a growth spiral. As a consequence the r___ roughness

rms

increases to 2 nm for InGaN in comparison to 0.4 nm for the GaN template.

3.4 Investigation of defects and material deterioration

mechanisms

Surface roughening and spatial variations of the luminescence or respectively the In
mole fraction in the solid deteriorate the crystal perfection of the InGaN layer. In
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order to clarify the material deterioration mechanism the origin of the defect and
their influence on the spatial distribution of the In in the layer is discussed in the
following.

3.4.1 Origin of defects

The TDs originate from the hetero-interface in the sapphire-based GaN templates.
Due to the large lattice mismatch between substrate and the GaN epi-layer mosaic
structures are formed, e.g. tilted and twisted small crystallites [67, 68, 69]. According
to Metzger et al. [70] the tilt of (0001) sapphire based GaN layers gives rise to screw
TDs with 5=[0001], while the twist is connected to edge TDs with b=2[1120].

Figure 3.7: SEM image of a sapphire based
GaN template (A’52Y ). The sample was
treated with 450°C hot KOH for 15 min [71] to
selectively etch the dislocations. The etch pits
with the different diameters are associated with

edge and screw type TDs.

In order to reveal the TD density of the used GaN templates, defect selective
etching [71] was conducted on a A’ . Fig. 3.7 shows a SEM-picture of the etched
surface. The threading points of the dislocations are decorated because of the etch
rate anisotropy. The density of etch pits is around 5x107 ecm? (wide diameter) and
4.6x10% cm? (small diameter). Their density (mean free path: 0.4 - 1 um) correlates
good with the density of spirals found in Fig. 3.5 indicating the pinning of the growth

edges by the threading points of the screw type dislocations.

3.4.2 Interplay between threading dislocations and spatial In mole
fraction variations

The LT-CL measurements suggest strong spatial variations of the In mole fraction
in the 120 nm thick InGaN layer. Directly correlating the different wavelengths
(M) found in the sample the In mole fraction in the solid ranges from ', = 0.12
(R=0,A\,; =431 nm) to 0.23 (R=1, A, =486 nm). Different to the observations of
Pereira et al. [59], who correlated the multi-peak luminescence with the vertical gra-
dient of the In mole fraction in the solid in their samples, the LT-CL measurements
suggest that the multi-peak luminescence is due to lateral In mole fraction variations
correlated with the 3D surface structure. According to [72] the increased In mole
fraction at the spiral side surfaces can be qualitatively explained when considering
the elastic energy as well as the surface energy of the different surfaces. Due to the
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high In-N bond length the incorporation of an In atom into GaN increases the energy
of the system. As a consequence, the In incorporates at sites where the total energy
change has a minimum.

@ Ga pref.
O In pref.
ON

Figure 3.8: Stick and ball model of a surface step
on a (0001) GaN after [73]. The arrow indicates
the interchange of In atoms between bulk and
lower coordinated surface sites.

On (0001) GaN the surface steps form (1010) facets (see Fig. 3.8). Calculations [73]
show that the surfaces energy of this facet is reduced by 15 meV/ A with respect to the
(0001) surface (125 meV/A) due to the different bond configuration. As a consequence
of the long In-N bond length it is energetically beneficial for the In atom to incorporate
at sites with a low surface energy. Furthermore, the In atoms segregate from the
bulk to sites with lower bond coordination on the surface. Therefore, the In mole
fraction locally increases in the topmost layer. This can explain the experimentally
determined red-shift of the luminescence with respect to the expected wavelength of
the InGaN bulk material.

Besides a different atomic surface and bond configuration the stress differs on
the different orientations due to the anisotropy of the elasticity in the GaN material
system. In order to understand how the orientation of the incorporation sites affects
the In incorporation, the elastic energy is calculated for several surface orientations.

Fig. 3.9 displays the bond configuration of the hexagonal unit cell and the surface
orientation of the samples of set B*“*N. To understand the orientation- or respec-
tively #-dependency of the In incorporation the strain energy (W (yp,0)) is calculated.
W (p,0) represents the energy that is necessary to strain the cells [74] e.g. by the
incorporation of In.

W(p,0) =Y ((cx(c(v,0)); (c(v,0))), (3.2)

i7j

Transforming Hooke’s law into cylindrical coordinates allows to calculate the inde-
pendent ¢, as a function of the cylindrical angles ¢ and 6 according to Romanov et
al. [75]. The ¢, as a function of the cylindrical angle 6 are plotted in Fig. 3.10 (top).

Using the material parameters from [76] W (y,0) is calculated as a function of
the polar angle 6 (see Fig. 3.10 bottom). Clearly, W (i, 0) exhibits a minimum for ¢
around 60° close to the angle of the (1010) growth edges of around 61°.
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Ga

y [1010]

Figure 3.9: a) Hexagonal unit cell of GaN. The solid and open circles represent the position of the
Ga or N atoms, respectively. b) Schematic of the (0001) (white), (2112) (light grey) and (2110)
(grey) oriented surfaces of sample set B“*N. The corresponding angles in spherical coordinates
are 6 = 0, 58.4 and 90 ° and ¢=0.
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Figure 3.10: f-dependency of the elastic strains 5 L
(top) and W(p,0) (bottom) for InGaN with 2 0.7-L— 2' —r
x. = 0.15. W (g, 0) is displayed relatively to 0 0 40 60 80
W(p,0) for = 0°. The angle ¢ is 0. Theta (degree)

In order to prove the higher In incorporation on a surface with # > 0, the In
mole fraction in the solid of differently oriented InGaN layers was analyzed. The
corresponding 6 angles between the (0001), semi-polar plane || (2112) or non-polar
a-plane || (2110) surfaces in set BN and the (0001) surface are 0, 58 and 90° (see
Fig. 3.9 b)).

Fig. 3.2 displays the atomic In concentration profiles of set B*¢*N derived by SIMS.
The slopes of the profiles show a slight increase of the measured atomic In concen-
tration with increasing layer thickness but a distinct decrease after 100 nm, pointing
to an identical InGaN growth rate. Hence, growth rate related effects on the In mole
fraction in the solid [77] can be neglected. In comparison to a maximum In mole
fraction in the solid of around 0.12 on the (0001) oriented sample, z, is remarkably
increased to 0.2 and 0.25 on the (2110) and (2112) oriented surface, respectively. The
experimentally determined In mole fractions in the solid qualitatively correspond to
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the W(yp,0) calculated above; the surface orientation in set B“*™ with the lowest
W (e, 8) shows also the highest In incorporation.

Quantitatively, the In mole fraction of 0.25, determined for the (2112) oriented
sample, corresponds well to the longest LT-CL wavelength measured for the (0001)
oriented sample of set Ar“*N if assuming R=1. The finding suggests that the long
wavelength luminescence originates from such facets, that exhibit a higher In incor-
poration with respect to (0001) surfaces. Beside the micro-facets of the v-shaped
defects the growth edges exhibit this distinct angle correlated with a minimum of the
elastic energy.

The qualitative estimation and the quantitative determination of the In incor-
poration on the different surfaces support the high affinity of In to incorporation
at (1010) facets with a lower coordination and a lower elastic energy of the bonds.
Taking the aspect ratio of the spirals into account, the step spacings at the sidewall
can be calculated to 52 A(15 nm thick InGaN ) or 9 A(120 nm), respectively. Typical
step spacing for 2D layer by growth of InGaN and GaN are between 40 nm [78] and
60 nm - 100 nm [79, 80]. Due to the high step density the total number of preferred
In incorporation sites is higher at the spiral sidewalls explaining the long wavelength
emission from this regions.

3.5 Summary and Conclusion

15 and 120 nm thick InGaN single layers were analyzed in order to investigate the In
incorporation mechanism into the GaN. It was shown that the In mole fraction in
the solid increases with increasing layer thickness after lattice mismatch relaxation
above a critical thickness sets in. A second crystal quality deterioration mechanism,
beside the variation of the In mole fraction in growth direction, is the strong spatial
non-uniformity of the In incorporation. The In mole fraction in the solid is locally
increased at the sidewalls of 3D spirals on the growth surface. The spirals evolve due
to pinning of the edges at threading dislocations and are promoted by the InGaN
growth regime, e.g. the high desorption rate of ad-atoms and the low velocity of the
species.

While layer thickness non-uniformities are explained straightforward by 3D growth,
the spatially non-uniform In incorporation in the top most layer was investigated more
closely. It turned out that due to the long InN bond length with respect to GaN the
In preferably incorporates at sites with lower bond coordination and higher bond
elasticity. Such sites are the sidewalls of the 3D spirals, where winded growth edges
provide a high density of (1011) surfaces. The increase of In incorporation as the elas-
tic energy of the surface decreases was qualitatively proved for the InGaN deposition
on differently oriented GaN.

In conclusion, the investigation of the InGaN layer growth enables the under-
standing of the In incorporation as well as fundamental InGaN material deterioration
mechanisms, e.g. lattice mismatch relaxation, spatial layer thickness and In mole
fraction non-uniformities. The findings will be used in the next chapters in order to
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increase the material quality of InGaN quantum well and barrier layers.



Growth and characterization of InGaN quantum
structures

The optical characteristics of (Al,In,Ga)N LDs are primarily determined by the struc-
tural properties as well as the crystal perfection of the InGaN layer in the active
region. In order to control the device characteristics the influence of the MQW lay-
out, e.g. well and barrier dimensions, on the luminescence properties and the crystal
perfection of the active region are revealed.

Beside the material quality degradation mechanisms discussed in chapter 3 the de-
terioration of the crystal perfection of quantum structures due to segregation effects
[81, 82] are additionally analyzed. When growing on polar orientations strong in-
trinsic fields occur in the quantum structures that reduce the luminescence efficiency.
Therefore the effect of the intrinsic field in the quantum structures on the optical prop-
erties such as radiative recombination [83, 84], internal quantum efficiency [85, 86] is
discussed.

4.1 Sample and growth conditions variation

Set QW TG dcap tQW well dbar xiglid 10 K_)\PL
no. (°C) (nm) (s) (nm) (nm) (nm)
Advar 5 775 0 60 2.1 7.3
10.0
Biaw 4 775 40 40 14 7.3 0.13 444
60 2.1 0.15 470
80 2.8 0.17 491
100 3.8 0.17 513
Claw 3 750 10 30 1.1 7.3 0.13 422
45 1.7 0.14 439
60 2.1 0.16 466

Table 4.1: Varied growth parameters and the structural properties of the samples of set Adbar,
Bew and CQW derived from HR-XRR and HR-XRD measurements assuming a rectangular In
mole fraction profile in the QWSs. dcap, dwenr and dpqr represent the thicknesses of the cap on top
of the active region, the QWs thickness and the barriers thickness. t4,, is the QW growth time and
x., the QW In mole fraction. The remaining growth parameters were identical for all samples.
The last column displays the peak luminescence wavelengths determined by PL at 10 K.

27
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Several sets of MQW structures of type b) in Fig. 2.1 were prepared. A first set
Adar consists of 5-fold InGaN/ GaN MQW structures where only the quantum barrier
growth time was varied. Using identical growth conditions, a second set (Bew) was
prepared where only the QW growth times were varied. A third set of MQW structures
denoted as set CeW with varying QW thickness was produced using the active region
growth conditions of set A%ar and B@W but a lower growth temperature for the QWs.
In the case of set C?eW the number of QWs was reduced to three and a 1.2 pm thick
Aly1,Gag5sN/GaN SPSL was included in the sapphire-based GaN template. Further
information about the heterostructures can be found in Tab.4.1.
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Figure 4.1: Growth scheme showing group III E
precursor partial pressures and temperatures for & 400
the sample with toy, = 100s of set Baw. .
The thick black lines represent the temperatures 17 ()
measured on the backside of the susceptor (solid 0.0 b 110 0 0 112 707 01 “40 0;00 —200
line) and the front side of the satellite (broken : ' ' '
line). Time (hh:mm)

All MQW samples were grown in the Aix2400G3-HT on (0001) oriented sapphire
based GaN templates. Besides the noted parameter, identical growth conditions, e.g.
=400 mbar, z™

preactor vapor

the transients of the growth temperatures and the group III partial pressures for a

=0.35 for quantum well growth, were used. Fig. 4.1 depicts

sample of set Bew. In all sets the GaN quantum barrier growth temperature was
increased by 75 K with respect to the QW growth temperature in order to improve
the barrier material quality. In order to protect the QWs two MLs of n.i.d. GaN are
deposited before the growth temperature is increased during a growth interruption.
A 10 to 40 nm thick GaN capping layer was grown on top of the active region (not in
set A%ar) in order to reduce surface effects on the recombination mechanism during
PL measurements.

4.2 Accurate determination of the QW properties

4.2.1 Experimental approach

The structural properties of the sample sets were characterized by HR-XRD on sam-
ple set Advar, Blew and C9ew, since the thickness of the layers in the MQW and their
composition cannot be determined unambiguously from a single HR-XRD scan [87].
First, the growth rate of the quantum barriers was determined by HR-XRD measure-

ments on sample set A%ar where only ¢, are varied. The influence of ¢,,, on the MQW

bar



4.2. Accurate determination of the QW properties 29

periodicity can clearly be seen in the Q — 20 scans at the (0002) reflection shown in
Fig. 4.2. The data can be fitted by making several assumptions. First, the profile
of the indium molar fraction is assumed to be rectangular. Although other HR-XRD
data will later be used to quantify the non-abruptness of the well/barrier interfaces,
a more complicated model for the indium profile is not reasonable here because the
peak positions in Fig. 4.2 are only sensitive to the MQW period (dqy, + d,,,) and the
average indium content of the QWs [87]. Secondly, the growth rate is assumed to
be constant. This rate is referred to as the barrier growth rate although it will be
shown later on that parts of this nominally binary GaN layer contain In. Since the
In content is low, it does not have a significant impact on the rate with which the
barrier thickness increases. Additionally, the growth of the barriers takes place in
the supply limited regime. Therefore, no time dependence of the rate at a given Ga
supply is to be expected.

T T T T
— (0002) exp. data
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. =300s

Counts (arb. units)

Figure 4.2: HR-XRD € — 20 scans of the
(0002) reflection for samples of set A%bar. The
grey line represents the simulation of the exper-
Q - 20 (degree) imental data (black line).
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Next, sample set B'ew with varied quantum well growth time (¢, ) was analyzed.
Since the samples are capped with 40 nm n.i.d. GaN the MQW layer peaks of the
) — 20 scans are superimposed by the capping layer fringes (see Fig. 4.3). Therefore,
HR-XRR was additionally measured on this set. Fig. 4.4 a) depicts the influence of
the QW growth time on the HR-XRR patterns of the samples of set Blew. The black
lines correspond to the experimentally determined reflection pattern whereas the grey
lines represent their simulations. The reflection pattern features characteristic peaks
correlated with the sum dg, + d,,,. Plotting d., + d
a linear dependence as can be seen in Fig. 4.4 b). Regression to tq, — 0 yields

bar @8 @ function of ¢, reveals
a MQW period of 7.2 nm i.e. the barrier thickness. From the barrier growth rate,
which was derived from sample set Adar, a barrier width of 7.3 nm is expected. The
good agreement of the two values shows that the data evaluation of the sample set
A%ar was correct, particularly the assumed constancy of the barrier growth rate was
reasonable. It should be noted that for the linear extrapolation shown in Fig. 4.4 b)
the well growth rate needs to be constant. This assumption seems to be justified
considering the error bars of the data points. We estimate the uncertainty of the
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derived barrier width to 0.4 nm if a linear extrapolation is used. The slope of the
linear fit in Fig. 4.4 b) corresponds to a QW growth rate of around 130 nm/h (£
5 nm/h). Once again, the growth rate here means the rate of the layer thickness
increase during QW growth time.
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Figure 4.4: a) HR-XRR patterns (black line) for all samples of set B'@W. The thin grey lines
represent the simulation of the experimental data for ¢, = 40 and 100 s. b) Linear fit of the sum
dow + d,,, derived from the HR-XRR measurements. The error bars correspond to a dgy, + d,,,
variation of + 0.2 nm.

In a first approach a rectangular In mole fraction profile in the QWs is assumed to
estimate the layer thicknesses of the QWs and barriers and the QW In mole fraction
(22,4 ). Since dg,, is known for each sample from the HR-XRR simulations, !, can
be determined by fitting the HR-XRD Q — 20 scans at the (0002) reflection of the
samples of set Bew. In Fig. 4.3 the Q — 20 scans for the samples with ¢, = 40s
and 100 s of set Bew are plotted together with simulations using different values for
zl., . Clearly, the experimental data of the sample with ¢, = 40 s is fitted best with
a lower In mole fraction whereas the 2 — 26 scan of the sample with t.,, = 100s is



4.2. Accurate determination of the QW properties 31

fitted best with a higher z™_, or strain.
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o Figure 4.5: Reciprocal space mapping around
0.72 |- the (1015) reflection of the sample of set
Baw with tqw = 100 s showing pseudomorphic
071 L growth of the InGaN QWs. @, and @) are the
reciprocal coordinates in reciprocal lattice units
0-26 (RLU). The black line denoted with R=0 and

R=1 represent the layer peak positions of fully
Q, (RLU) strained and fully relaxed material, respectively.

Since no relaxation of the InGaN QW layer is observed in the reciprocal space
mapping around the (1015) reflection for the sample with the highest t,, of set
Blaw (see Fig. 4.5) and the QW growth rate is assumed to be constant as discussed
above, the increase of the strain with increasing ¢, can directly be correlated with
an increase of the In mole fraction in the QWs. The structural parameters of the QWs
derived from the HR-XRR and HR-XRD measurements, when assuming a rectangular
In mole fraction profile, are noted in Tab. 4.1.

In order to qualitatively explain the ¢,,,-dependency of z1%,, the influence of the
QW interface abruptness on the incorporated In in the QW is discussed. A non-
intentional grading of the In mole fraction in the QW can occur due to In surface
segregation effects during active region deposition. Segregation in MQW structures
is well known for the growth of ternary compounds [88] and has also been confirmed on
InGaN MQW structures by RHEED [89] or TEM investigations [81, 90]. As described
in Sec. 3.4.2 the segregation process is driven by a reduction of the surface energy
when In atoms segregate from the bulk to sites of lower N coordination such as surface
step edges or vicinal micro facets. This results in a reduced In concentration in the
first ML of the InGaN QW on the one hand and an increase of the In concentration
of the topmost MLs and the surface on the other hand. Additionally to this, In from
the gas phase is found to accumulate on the surface within a few seconds [91] forming
a metallic ad-layer, which enhances the indium incorporation [92]. The time-delayed
accumulation plus the surface segregation of In can explain the grading of the In mole
fraction at the barrier/well interface whereas the incorporation of excess indium from
the surface into the overgrown GaN barrier results in an In mole fraction grading of
the well /barrier interface.

4.2.2 Theoretical description of the In segregation

The cause of the In segregation has been described in Sec. 3.4.2. In this section the
effect on the vertical In mole fraction distribution is discussed. To model the local
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Figure 4.6: The squares represent the average In
mole fraction in the QWs of set BQW revealed
by HR-XRD when assuming abrupt interfaces.
The inset shows the z!". | profile that is used for
fitting the ) — 20 scans (dark grey line). The
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In mole fraction variation of the QWs in growth direction (z) the ¢, -dependency
of zm». . for the samples of set BeW is analyzed (see Fig.4.6). Since 2™, is derived
by assuming a rectangular In mole fraction profile it represents the average In mole
fraction in the QWs. To fit a theoretical model of the indium distribution to the
experimental data, the fraction of the MQW structure whose indium molar fraction is
averaged needs to be defined. For non-abrupt well/barrier interfaces such a definition
is not straightforward. Having in mind the limited number of experimental data
points, the model should be kept as simple as possible. Therefore, the range of
averaging was set equal to the time when the QW is grown plus the time available
for segregation (t,.,) until the barrier growth is interrupted for increasing the growth
temperature. During the growth break the In desorbs from the surface, which prevents
the incorporation of In in the subsequently grown layer. Moreover, the average indium
content derived from the model for the indium distribution is made insensitive to the
exact choice of the starting time of the averaging by assuming identical delays for
the indium incorporation when switching on the indium flow and for the indium
desorption from the surface when switching off the indium flow. Fitting the model
then includes solely the variation of the indium distribution within the well and a
part of the barrier of a given thickness. Based on a model proposed by Mayrock
et al. [93] the parameters to be fitted are the In segregation constant (7.) and the
converging In mole fraction (z,) when using the assumptions described above:

0 t < 0
zoerf(=) 0<t < tow
x(t) = touw t—tow (4.1)
zoerf(Z2o)[L —erf(25)] tow <t < tow +lse
0 t > low + tseyg

By integrating x(t) from t=0 to ¢, +t,,, the total amount of In in the QWs is calcu-
lated and compared with the experimentally determined total amount of In in each
QW of set Blaw. The least square fit reveals a vertical segregation length of about 5

to 6 MLs. The value is in good agreement with the results of other groups [90, 94].

seg
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The inset in Fig. 4.6 displays the calculated z(z) profiles for the samples of set
Biaw using the fitted parameters 7., and z, for two different cases regarding the
boundary conditions: If the barrier growth is interrupted the In desorbs from the
surface, which limits the segregation to the amount of MLs deposited until the growth
interruption (see black line). Without this limitation the local In mole fraction ex-
hibits a slow decay as the barrier is grown (broken grey lines). It is noted that for
thin wells with dg,, < 1.5 nm the model suggests a maximum indium molar fraction
which is < 80% of the value achieved in thick wells due to a delayed In incorporation
at the first barrier/well interface. Secondly, the well width increases while the barrier
width decreases, due to segregation of In in the subsequently deposited barrier layer.
The QW and barrier growth rates determined above therefore represent the thick-
ness increase of the layers when In supply is switched on or off, respectively. After
switching off the In supply the QW layer width is further increased by incorporation
of In from the In-rich surface ad-layer. The findings are in good agreement with the
results of Gerthsen et al. [95], who found higher QW thicknesses with respect to the
nominal thickness for short QW growth durations. On the other hand, the average In
mole fraction in the QW is lower in the used model with segregation compared to the
average In mole fraction in the model with abrupt interfaces used for simulation of the
HR-XRD data (see red lines in Fig. 4.6). Since the product of QW thickness and the
average In mole fraction in the QW is equal for both models, their Q — 206 diffraction
patterns is identical [87]. Hence, it is not possible to quantify the abruptness of the
interfaces from the Q — 20 scans alone.

4.3 Influence of the structural properties on the
luminescence

4.3.1 dgw-dependency of the luminescence wavelength
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Figure 4.7: Linear fit the of the transition en-
ergies of set BQW reveals a F of 1.6 MV /cm.
The inset shows the d,,,-dependency of the RT-
PL spectra.

In order to obtain information on the luminescence properties, PL measurements

were conducted on set Bew. Fig. 4.7 shows the d,-dependency of the PL peak en-
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ergy and the PL spectra measured at RT. Hereafter, d, is considered as the nominal
well thickness plus the distance that In segregates into the barrier (dqw+dseg). The
emission wavelength is red-shifted around 70 nm as the well thickness increases from
around 2.5 to 5nm. With increasing well thickness the separation of the carriers
increases under the influence of the intrinsic fields. The analysis of the corresponding
energy shift with changing d, allows the estimation of the intrinsic field strength.
InvestigationS by Hangleiter et al. [96] revealed a linear d,-dependency of the transi-
tion energy for dg,, > 2nm. Therefore, higher order effects, e.g. the d,-dependency
of the wave function quantization energy, the exciton binding energy or the electron
mass, are neglected for fitting the experimental data. The linear fit of the data reveals
an electrical field strength of around 1.6 MV /em. Clearly, the slopes of the transition
energy change is different for thin and thick QWs (see solid lines in Fig. 4.7). The
difference can be explained by the decrease of the In mole fraction as dg,, decreases
due to the incorporation delay described in Fig 4.6 in Sec. 4.2.2.

The piezoelectric polarization (P,,) in growth direction can be calculated using
the elements of the piezoelectric tensor (e;;) according to Sec. 3.4.2:

P,, = e31(€exx + €yy) + 3364 (4.2)

The P in growth direction is then the superposition of P and the difference of the
spontaneous polarization of the well and the barrier material:

P = P,, + (PV — phawier) (4.3)

The material parameter e; and P, for InGaN are derived by linear interpolation of
the parameters of InN and GaN [97]. In Fig. 4.8 the net polarization strength (F))
is plotted as a function of the In mole fraction in the solid of the quantum well.
Under the influence of a field the wave functions are spatially separated. Due to the
quantum-confined Stark effect (QCSE) [30] the luminescence is red-shifted as outlined
in the lower right corner of the Fig. 4.8. Additionally, the transition probability is
reduced in such QWs.

The theoretical net field strength is around 3 MV /cm for 2, =0.13 or 3.4 MV /cm
for z!., =0.17, respectively. The discrepancy between the experimental and the
theoretical value can be caused by several effects, e.g. the uncertainty of the material
parameters, the screening of the intrinsic fields by free carriers or the non-abrupt
interfaces between well and barrier. To achieve a better agreement between the
theoretical calculations and the experiments, 50% polarization is assumed in the
simulations (QIP,SILENSe,LASTIP) presented in this work.

Using the experimentally obtained field strength in the QWs the d-dependency
of the RT-PL peak wavelength of a MQW as in the experiment is simulated using QIP.
With respect to the experimentally determined blue-shift of 70 nm as d,, decreases
(see Fig.4.7) the simulation predicts a lower blue-shift of 50 nm. The blue-shift
becomes even smaller, if the QW width is increased by the distance the In segregates
into the barrier (dgw + dseg). Assuming an identical interface roughness and spatial
In mole fraction distribution in all samples the higher blue-shift in the experiment
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can be attributed to a decrease of z!",, with decreasing t.,,. A decrease of z2., from
0.17 to 0.13 as estimated above would contribute to an additional blue-shift of 16 nm
and therefore supports the segregation reduced In mole fraction in the solid model
described above.

4.3.2 Recombination dynamics
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|exc = 405 nm, P, = 450 or 300 mW
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Figure 4.9: {,,,-dependency of the time resolved
PL transients measured at 10 K for the sam-
ples of set BYQW with tow = 60s and 100s,
respectively. The red lines represent the lin-
ear fit to the experimental data between 20 ns
and 100 ns. A 405 nm LD was used for excita-
tion with P, =300 mW ({,,,=60s) or P, =450
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The influence of the intrinsic fields on the luminescence is revealed by analyzing
the recombination dynamics of sample set Biew. Clearly, the TR-PL transients the in
Fig. 4.9 changes as t,, is varied. As a consequence of the intrinsic fields, the spatial
.4 increases as well width increases.
Fitting the decay between 20 and 100 ns the 7., is estimated to 58 (t,, = 100s) or
7ns (tqw = 60s), respectively.

separation of the wave functions and thus the 7,

In order to qualify the crystal perfection of the samples with different QW growth
times resulting in different thick QWs the TD-PL signal is additionally analyzed using
Fig. 4.10: At low temperatures the carrier diffusion to non-radiative recombination
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centers in the QWs is limited. Hence, the luminescence is dominated by radiative
recombination processes. Increasing the temperature up to 200 K the sample with the
long ¢, exhibits the strongest decrease of the intensity. As a consequence of the long
radiative carrier life time (7,,,) the carriers increasingly recombine non-radiatively as
the temperature increases resulting in a stronger decrease of the intensity.

Above 200 K the carriers are thermally activated and increasingly diffuse to non-
radiative recombinations centers, e.g. threading dislocations and point defects. Clearly,
the thick QWs show a lower decrease of the intensity as the temperature increases
from 200 to room temperature. These QWs feature a higher In mole fraction in the
solid and a higher total amount of In in the active region as has been shown above.
Minsky et al. [98, 31] showed that these structural properties result in a higher spatial
In mole fraction fluctuation and hence a higher localization of the carriers.

In summary, the ratio of the intensity at RT and 10 K was determined in order to
reveal the material quality. The ratio provides information about the localization of
the carriers in band gap fluctuations. Evidence was found that a higher localization
of the carriers in band spatial gap non-uniformities in the wider wells reduces the
intensity decay by non-radiative recombination as the temperature increases to RT.
Furthermore, the strong decrease of the TD-PL signal between 200 K to RT suggests
short non-radiative life times of the increasingly mobile carriers.

4.3.3 Investigation of lateral luminescence non-uniformities

In order to investigate the amount of spatial band gap non-uniformities LT-CL is
measured on sample set C‘eW. Beside the variation of the In mole fraction in growth
direction described above in Sec.4.2.2, lateral In mole fraction variations are ob-
served in InGaN driven by a non-uniform In incorporation (see Sec. 3.4.2) or a lateral
redistribution of In as has been observed by Queren et al. [99] for thin InGaN layers.

Fig. 4.11 a) shows the spatially resolved LT-CL peak wavelengths for the sample of
set Cew with ¢, = 45 s. The wavelength histogram (see Fig. 4.11 b)) features a sym-
metric single modal Gaussian distribution centered around 444 nm with a standard
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Figure 4.11: a) (Color online) Spatial variation of the local LT-CL peak wavelength of a sample of
set CUQW with tqw = 45s. b) Distribution of the local LT-CL peak wavelengths for all samples of

set C'QW. The peaks are labeled with the peak wavelength and the standard deviation.

deviation (o) = 1.1 nm. Increasing ¢, to 60s results in an increase of the spatial
wavelength variation. The wavelength histogram features peaks at 452, 462 or 466 nm
with o of 1.1, 1.5 or 1.7 nm, respectively. This effect is addressed in several publica-
tions and is explained with higher spatial In mole fraction fluctuations [98, 31, 99] or
higher d,, variations caused by interface roughening [100, 101] with increasing d .
The increase of the lateral luminescence fluctuations as ¢, increases may contribute
to an additional red-shift of the PL wavelength due to deeper localization states [83].
The increase of the band gap fluctuations as T, increases is in good agreement with
the results of the TD-PL measurements above (see Sec. 4.3.2). The sample with the
highest spatial band gap fluctuations exhibits the highest RT to 10 K intensity ratio
of the PL but the strongest decrease of the intensity above 200 K. Both findings point
to strong localization and short non-radiative life times of the carriers associated with
a low crystal perfection of the material.

Interestingly, Fig. 4.11 b) shows an increase of the spatial wavelength variations
when t, is reduced from 45 s to 30 s. Due to the low QW thickness of only four MLs
a lateral variation of a single ML represents a high relative QW thickness fluctuation.
Furthermore, the average In mole fraction of thin QWs is very sensitive to QW thick-
ness fluctuations as can be seen in the inset of Fig. 4.6. Hence the increase of the
spatial wavelength distribution found for the sample of set C?ew with very short QW
growth times can be explained by an increased Adqw /dqw and the resulting increase
of the lateral In mole fraction variation in the QWs.

4.4 Summary and conclusions

In this chapter the growth and analysis of InGaN/GaN MQW structures was de-
scribed. The exact determination of the In distribution in the structures and the
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correlation with the luminescence properties enables the setup of active regions for
laser structures later on. By varying the well width the growth and design limita-
tions regarding this parameter in later laser heterostructure were evaluated. Thin
In, ,sGa,y ;N wells with thicknesses below 1.5 nm and thick wells with thicknesses
above 3.5 nm show increased spatial band gap variations due to well thickness or In
mole fraction non-uniformities. The shift of the luminescence wavelength as the QW
width varies allowed the determination of the intrinsic field strength due to piezoelec-
tric and spontaneous polarization. The estimated value of 1.6 MV /cm will be used
in the next chapters for device simulations with improved the accuracy.

Furthermore, the analysis of the quantum structures revealed that the average In
mole fraction in the quantum well varies in growth direction on a small scale due to
In segregation effects. Modeling the In mole fraction profile in the QWs suggests that
the In mole fraction decrease is due to a delayed In incorporation at the barrier/well
interface and segregation of In from the well into the barrier. A segregation length of
about 2 nm was revealed as a measure for the In mole fraction variations in growth
direction. This value also defines the limit of the quantum structure perfection or
the interface abruptness, respectively.



Influence of the growth parameters on InGaN
material and LD device properties

In this chapter it is discussed how the MOVPE growth conditions affect the material
properties. Therefore, MQW structures were grown at different temperatures and
analyzed. As has been shown by many other groups, the MQW growth temperature
has a great impact on the structural properties, e.g. In mole fraction [102] and
distribution [103, 104], defect formation[65], as well the efficiency of MQW structures
[105, 106] and laser devices [107, 108]. Later on devices are prepared that feature the
same growth condition variations in the active regions as the MQW structures. The
device characteristics are correlated with the MQW material properties in order to
enable growth optimizations for laser heterostructures.

5.1 Sample and growth conditions variation

First, as set (D"ar) of MQW samples of type b) in Fig. 2.1 is grown on 2 inch sapphire
based (0001) GaN templates. The structures feature a 1.2 ym aluminum gallium
nitride (AlGaN) cladding and a 100 nm wide waveguide layer underneath the 3x
InGaN/InGaN:Si MQWs. The QWs are grown using similar precursor and growth
conditions (t,,=90s) as for set Bew and C“eW in chapter 4 but different active
region growth temperatures (7,;) between 850°C and 890°C. The barrier layers are
grown at QW growth temperature using constant growth conditions except of the
SioHg flux. Imaginary dividing the barrier layer into five parts, the fist two and the
last two parts are non-intentionally doped. The center part is n-doped with ~ 5x 108
cm? using SigHg in order to improve the interface quality [109]. The samples were
grown in the Aix2400G3-HT with p,, ., = 400 mbar and z = = 0.3 / 0.03 for well /
barrier growth, respectively.

After growth, the wafers of set DTar are quartered. The first quarter of each
wafer was analyzed by HR-XRD, PL and SEM. The second and third quarter of every
sample are finished to an optically or electrically pumpable LD structure (see type c)
and d) in Fig. 2.1) by a further epitaxial step. The optically pumpable structures are
denoted as set D,AF and additionally feature a 100 nm GaN waveguide and an 20 nm
Aly.0Gagy N cap on top of the different MQWs. In order to complete the current
injection laser structures (set D;A%) 100 nm GaN:Mg with an Al ,,Ga, 5 N:Mg EBL,
a 120x Aly;,GaysN/GaN:Mg SPSL and an 20 nm GaN:Mg cap are deposited on the

39
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different MQW samples in the Aix200-HT reactor. The structures are processed to
BA-LDs for opto-electrical characterization.

5.2 Determination of the structural properties of the
MQW samples

The structural properties of set DTar were determined by HR-XRD as described in
section 4.2. The analysis of the Q — 20 scans around the (0002) reflection revealed
well and barrier thicknesses of 3.5 and 7.5 nm for all samples in set DTar. While the
In mole fraction of the barrier layers is around 0.02 for all samples, x,, decreases
from 0.13 to 0.07 as T,y increases from 850 to 890°C. Since % . is identical for all
samples the corresponding indium incorporation efficiency (v,,) decrease from 0.37
to 0.19 as the temperature increases. v, is given by the ratio of the molar fraction
of indium in the solid and the vapor [110]. Due to the high In vapor pressure the
desorption of In from the surface increases and thus the incorporation decreases as

T, Increases.
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Figure 5.1: Normalized RT-PL spectra of the

samples of set DTAR. The inset shows the 2, 550 600

as a function of the growth temperature. Wavelength (nm)

Fig. 5.1 shows the normalized PL spectra at room temperature for set DTar, As
T, decreases the wavelength increases from 395 nm to 447 nm and the peak width
increases from 14 to 24 nm. The red-shift is mainly due to two effects: The band gap
energy decreases with increasing In mole fraction in the well. Secondly, the higher
strain of the QW results in higher piezoelectric fields (see Fig. 4.8) and therefore a
stronger red-shift and peak broadening as a consequence of the stronger QCSE. An
overview of the structural and optical properties of set DTar can be found in Tab. 5.1.
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5.3 Characterization of the crystal perfection of the MQW
samples

5.3.1 PL recombination dynamics

As described in Sec. 4.3.2, the RT/10 K PL ratio is a measure for the amount of non-
radiative recombination. For sample set D"ar the RT/10 K PL ratios are noted in
Tab.5.1. All samples exhibit an identical RT/10 K PL ratio except for the sample
grown at the lowest temperature. Since this samples also features a higher piezoelec-
tric field 7,,, is lower due to the wider spatial separation of the carriers in the QW
[105]. Thus, the coincidence of a higher RT/10 K PL ratio and the longer 7,,, points
to significantly lower non-radiative recombination rates in these samples. Since the
material quality of InGaN is known to deteriorate with increasing In mole fraction
in the solid [111, 98] the increase of the RT/10 K PL ratio as T, decreases can be
explained again by higher localization of the carriers in band gap-fluctuations.

5.3.2 Spatial CL non-uniformities

Fig. 5.2 shows monochromatic LT-CL-mappings at 6 K of the sample grown at highest
T, (first row) and lowest T, (second row) of set DTar. The monochromatic wave-
lengths correspond to the wavelengths where the luminescence intensity has dropped
by 50% on the short and long wavelength side of the spectra (left and right column)
and the peak wavelength (center). Both samples show a circular luminescence distri-
bution related to the growth spirals as has been observed for the thick InGaN layer in
Sec. 3.4.2. Interestingly, the main contribution of the luminescence originated from
different areas of the spirals as T, changes (see the center column in Fig. 5.2 - cor-
responding to the peak wavelength and therefore the highest intensity). The sample
grown at high 7, radiates mainly from the side surfaces of the spirals, whereas the
highest luminescence intensity originates from the center of the spiral for low T,.

First, the luminescence distribution of the sample grown at high 7,,=890 °C is
discussed: As can be seen in the first row of Fig. 5.2, the main luminescence originated
from the side-surfaces of the spirals with an alleged locally increased In incorporation
(see Sec. 3.4.2). Due to the locally reduced band gap energy the carriers diffuse from
areas with a wider band gap to the side walls and recombine radiatively.

dwcll dbar ‘/Bf/r;por TAR, ‘Tilc])lid Vi, RT_)\PL FWHM RT/lO K PL
(nm)  (nm) (°C)  (well)  (well) (nm) (nm) int.
3.5 7.5 0.29 850 0.13 0.37 457 13.8 0.28

862 0.10 0.27 428 12.6 0.04

875 0.08 0.21 416 11.4 0.04

890 0.07 0.19 398 6.84 0.04

Table 5.1: Heterostructure properties and the varied growth parameters of the samples of set DTAR
The remaining growth parameters were identical for all sample sets. A 387 nm diode laser was used
for excitation (20 W/cm?) of the PL.
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Figure 5.2: 10.000x monochromatic LT-CL images at 6 K of the sample grown at highest T, =
890 °C (first row) and lowest T',; =850 °C (second row) of set DTAR. The measurement wavelengths
are noted in upper left corner and represent the short wavelength slope (left column), peak wave-
length (center column) and long wavelength slope (right column) of the MQW emission wavelength.

The sample grown at 850 °C exhibits the highest luminescence intensity from the
center of the spirals (see second row in Fig. 5.2). Different from the bulk InGaN layers
in chapter 3, in the MQW samples the carriers are vertically confined in the QW.
The evolution of a spiral represents a locally increased growth rate or well thickness,
respectively. As shown in section 4.3 the band gap is reduced as dg,, increases and
more carriers are confined in this region. In contrast to the sample grown at 890 °C,
the local increase of the growth rate (or respectively the spiral height) has to be higher
in order to explain the luminescence from the center of the spirals. This assumption
is supported by the fact that at low T, the mobility of the adatoms on the surface
is lower. According to section 3.3.2 the spiral formation is enhanced in this growth
regime.

In summary, the LT-CL measurements reveal different carrier localization regions
for the different T,,. At high T, the luminescence originates from local band gap
minima correlated with a higher In mole fraction in the sidewalls of the growth
spirals. As the height of the spirals increases at low T, the highest LT-CL intensity
is measured in the center of the spirals. In this case, the increased well thickness
in the center of the spiral corresponds to a locally strong reduced band gap where
carriers are efficiently confined.
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5.4 Lasing of heterostructures

5.4.1 Gain measurements of the optical pumpable laser structures
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Figure 5.3: a) Optical threshold power densities as a function of the emission wavelength for sample
set DiAR b) Net gain spectra. The samples were excited using a Nd:YAG laser with P, =100
(filled symbols) or 350 kW /cm? (open symbols). The cavity width is 40 ym and the length is 1 mm.

Fig. 5.4 shows the optical threshold power density (i,,) as a function of the emission
wavelength at threshold (a) and the gain spectra (b) of the samples of set D/AR.
Clearly, 4,, increases as T, decreases. The higher threshold is due to a lower peak gain
for the samples grown at low T, .. In comparison to the low excitation PL spectra (see
Fig. 5.1) the peak gain shows a significant blue-shift. The shift is due to band-filling,
band gap renormalization and the diminishment of the QCSE at high excitation.
All spectra show a strong decrease to shorter wavelengths due to absorption above
the band edge. On the longer wavelength side where the material is transparent
wavelength-dependent wave guiding losses occur.

5.4.2 Opto-electric characterization of the current injection LDs

After processing the samples of set DA% to BA-LD j,, is determined. Fig. 5.4 shows
the P-U-I characteristics of the samples. The sample grown at T,,=850 °C with the
lowest optical gain in set D_AF showed no lasing and is therefore not plotted. The
emission wavelengths at the threshold were 396, 408 and 418 nm for 7,, = 890,
875 and 862°C, respectively. The results regarding wavelengths and j,, trends are
in good agreement with the findings of the optical pump experiments. From the
optical pumping experiments it is therefore possible to gain device data without the
high processing effort of a current injection LD. This method is therefore used in
the following section to optimize the growth conditions in order to improve the LD
device characteristics.
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5.5 Correlation of material properties and device
characteristics

The distinct broadening of the gain spectra as T, decreases indicates a deterioration
of the crystal perfection of the active region. Although the low excitation PL spectra
shows only single peaks for all samples of set DTar (see Fig. 5.1), the gain spectra
for the samples grown at low 7, show distinct shoulders. These features suggest
locally separated recombination centers with different transition energies as observed
by LT-CL (Fig.5.2). The wavelength shift between the center and the edge of the
spirals corresponds well with the distance of the peaks in the gain spectra.

The increase of the gain can not solely be correlated with the higher perfection of
the quantum wells at higher temperatures. Moreover, the variation of the structural
properties in the sample affect the material as well as the modal gain and thus i,,.
The intrinsic field strength decreases and thus wave function overlap increases as
the T, increases. The consequential increase of the oscillator strength [29] in turn
corresponds to a higher material gain. Additionally, the confinement of the optical
mode differs due to the different emission wavelengths in these structures. In general,
the confinement decreases as the difference of the refractive index (n) between the
GaN wave guiding and the surrounding AlGaN cladding layer decreases.

Fig. 5.5 shows n as a function of the wavelength for AlGaN with different x2. .
Clearly, the difference between the n of GaN and AlGaN decreases as the wavelengths
increases. The inset shows the simulated optical confinement factor (T') for the a
heterostructure layout in set D.A® using SILENSe. T' decreases as the wavelengths
of the laser increases due to increased leakage of the mode into the substrate. The
strong decrease of I as the wavelengths decreases is due to more efficient absorption
in the p-type doped layer [46] of the heterostructure.
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5.6 Summary and conclusions

The influence of the growth temperature on the structural properties and the crystal
perfection of the active region as well as LD device characteristics was investigated.
Increasing T, results in a decrease of the In mole fraction in the quantum wells. As
a consequence the emission shifts blue and the material perfection increases. LT-CL
investigations suggest lower band gap fluctuations caused by thickness and In mole
fraction non-uniformities in the QWs as the temperature increases.

Using a multi-step epitaxial approach it was possible to prepare different het-
erostructure with identical active regions. Device characterization of optically pumped
and current-injection laser reveled an decrease of the gain and an increase of the laser
threshold as T, decreases. Unfortunately, the conducted experiments allow no di-
rect correlation of the higher threshold with the deteriorated active region material
quality. Simulations showed that wavelength dependent waveguide losses result in
different modal gain in the samples. Additionally, the intrinsic fields and therefore
the oscillator strength varies from sample to sample as a consequence of the different
In mole fraction in the quantum wells. In order to clarify the influence of the material
quality on the device characteristics a set with identical oscillator strength and modal
gain but different material quality is produced and analyzed in the next chapter.






Correlation of the active region material perfection
with device characteristics

In order to correlate the crystal perfection of the active region with LD characteris-
tics, samples with identical heterostructure layout but a different crystal perfection
are produced. In contrast to the previous series, the identical emission wavelength
and quantum well layout result in an identical oscillator strength and modal confine-
ment. Since the investigations in chapter 5 revealed a huge influence of the growth
temperature on the material quality, the samples were prepared using different 7', ,.
In order to keep the In mole fraction and d,, constant the In mole fraction in the
vapor was adjusted depending on T,,. According to the approach in chapter 5 differ-
ent MQW and optical pumpable laser structures were grown in order to analyze the
influence of T,, on the material as well as device characteristics.

6.1 Sample and growth conditions variation

First, a set E™™ of MQW structures of type b) in Fig. 2.1 was grown in the Aix2400G3-HT.
E™™ consists of different 5x Ing g Gag.g N/Ing 0, Gag 6sN(:51) MQW sample with iden-
tical quantum well width (dy,,) and quantum well (QW) In mole fraction () but
grown using different growth conditions. T, was varied between 760°C and 840°C
and 212 = between 0.16 and 0.53. Due to minor changes in the growth rate and
the enhanced indium segregation from the QW into the barrier at high T,,, the
QW growth time had to be adjusted in order to maintain a constant QW thickness.
The growth was immediately terminated after the last In, q,GagosN(:Si) barrier, and
the wafer was cooled to room-temperature in NH3 atmosphere to freeze the surface
morphology [112] for later measurements by AFM. z., and d, were determined
by HR-XRD. The luminescence characteristics were analyzed by TD-PL and LT-CL.
The varied growth condition of set E™"™ are noted in Tab. 6.1.

In order to study the properties of the MQWs under conditions of stimulated
emission, a series ETMN™ of laser heterostructures for optically pumped lasing was
grown at different T,,. The samples of type c¢) in Fig. 2.1 were produced using
identical active region growth conditions as for set E™!. The active regions are
identical to set E™™ except that the number of QWs was reduced to three. A current-
injection laser diode (EfY™) was later on produced (type d) in Fig. 2.1), using the

growth conditions that resulted in the lowest optical threshold power. The growth
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scheme and the layer added above the active region are identical to the structures

described in section 5.1.

6.2 Investigation of the crystal perfection of the MQW

samples

6.2.1 HR-XRD and PL characterization
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Fig. 6.1 displays the RT-PL spectra of sample set E™™. All samples show emission
with peaks around 405 nm. The In mole fraction and the thickness of both the
QWs and the barriers were derived from HR-XRD  — 20 scans around the (0002)
reflections on the samples of set E™™ The Q — 20 scans and their comparison
with simulations are shown in the inset of Fig. 6.1. The Q — 20 scans exhibit an
increasing fringe intensity with increasing T, indicating smoother interfaces and/or
a superior periodicity. The different separation of the zero and first order super lattice
peaks arise from variations of the barrier thicknesses. The maximum deviation of
the average QW thickness between the different samples was calculated to be about
0.7 nm. The results are noted in Tab. 6.1.

Tin  Toapor T ootia Vin Ay Tyapor Toonia dy.. RT-A,, RT/10K
(well)  (well) (well) (nm) (bar.) (bar.) (nm) (nm) (int.)
+ 0.01 £ 0.5 +£0.01 =£0.5

760  0.16 0.08 0.44 3.5 0.02 0.02 9.0 408.7 0.02
780  0.20 0.08 0.38 3.4 0.02 0.02 7.0 407.2 0.001
820 0.31 0.09 0.21 3.8 0.03 0.02 7.5 406.6 0.001
840  0.53 0.08 0.09 3.4 0.04 0.03 7.5 409.3 0.001

=W N

Table 6.1: Growth and structural parameters of set E™™ as obtained from HR-XRD and PL.
., d,., and d,, as well as their accuracies were derived from comparison of the measured and

solid? “"wel bar

simulated 2 — 20 scans.
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The PL and HR-XRD measurements show only a small variation of the well width,
the In mole fraction in the solid and the emission wavelength as T, is varied over a
wide range. The measurements prove that the adjustment of the TMIn flux and QW
growth times result in fairly identical heterostructure layouts in the sample series.

6.2.2 AFM characterization

Figure 6.2: AFM images of the surface of the samples of set E™™,  The white circles mark
exemplarily indium droplets. The z-range is 25 nm for all pictures. T, is given for each image.

In order to reveal the influence of 7, and the TMIn supply on the crystal per-
fection AFM measurements were conducted on set E™™. Fig. 6.2 shows the surface
morphology of all samples as characterized by AFM topograms. The surface mor-
phology is similar for all 7, in set E™"™. In every AFM topogram growth steps with
a height of around 1.5 - 2 nm are noticeable. Clearly, the growth edges are wound
in growth spirals as observed in section 3.3.2. Furthermore, all topgrams show a
high density of dark spots and some white spots. The density of the dark spots is
about 1 x 10? cm™2 and correlates well with the threading dislocation density in the
GaN template as determined by HR-XRD [70]. Thus, the dark spots most probably
represent the decorated threading points of the dislocations. The small bright fea-
tures change their shape under electron beam excitation in SEM and thus most likely
contain excess indium accumulated on the surface.
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Fig. 6.3 a) depicts AFM line scans across an average spiral for the samples grown
at highest and lowest T, in set E™™. The section of the spiral, namely edge (e),
side surface (s) and center (c), are marked. The pit in the center region of the spiral
is due to decoration of the threading point of the spiral dislocation. As can be seen
in Fig. 6.3 b) the average height of the spirals decreases with increasing 7).

6.2.3 Correlation of morphological features with luminescence
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LT-CL-peaks of set E™™,

LT-CL measurements at 5.5 K were conducted on set E™"™ to clarify the influence
of the lateral growth rate non-uniformity observed by AFM on the luminescence.
Spatially integrated LT-CL spectra were measured at 3000x and 10000x magnifi-
cation and spatially resolved monochromatic LT-CL images were taken at the peak
wavelength and at wavelengths on the high and low energy sides of the LT-CL peak
at 10000 x magnification (see Fig. 6.4). The inset in Fig. 6.4 summarizes the FWHM
values of the LT-CL peaks measured at different magnifications. For the lowest T,
the FWHM of the LT-CL peak derived from a small area (10000x: area of 8 X 10 um?)
as well as from a larger area (3000x: area of 30 x 26 ym?) is highest. A minimum
can be found around 780 °C for low as well as high magnification.
Fig. 6.5 shows the scanning LT-CL images for a fixed wavelength for the samples
grown at 760 °C and 840 °C of set E™™. All LT-CL images reveal a luminescence
pattern that can be clearly correlated to morphological features, particularly to the
growth spirals observed by AFM (compare Fig. 3.3.2 and Fig. 6.2). The shorter emis-
sion wavelength originates from the edge (e) or intersection of the spirals. The side
surface (s) emits at the peak wavelength and, therefore, with the highest intensity,
whereas the long wavelength part of the spectra originates from the center (c) of the
spirals. Regions (c), (s), and (e) are also marked in Fig. 6.3 a). While the lateral
distribution of the LT-CL intensity reproduces the pattern of the spirals that have
formed during growth, features which could be related to surface pits seen in AFM

and SE exhibit a very weak contrast.



6.2. Investigation of the crystal perfection of the MQW samples 51

AFM and SEM reveal that indium increasingly accumulates at the surface forming
indium droplets as T, increases. Growth spirals occur at all temperatures with a
density of about 3 x 10”7 cm~2. Their heights are affected by T,,. The spiral height
decreases and the terrace width increases with higher T, ; when z!", is kept constant.
According to Sugahara et al. [113] the growth velocity of the adhesive mode increases
linearly with the driving force Ap to grow a crystal in the BFC model [66], whereas
the velocity for the spiral mode increases with (Ap)? and therefore dominates in the
low T,, regime. The increased surface roughness with decreasing T, is consistent
with the decreased fringe intensity seen in the HR-XRD 2 — 20 scans (see inset in
Fig. 6.1) also indicating rougher interfaces in the QWs grown at low T,.

Analogous to section 5.3.1 the luminescence properties can be related to the mor-
phology of the samples. Samples grown at low T, and % resulting in high growth
spirals show a more than 15 nm red-shifted luminescence of the spiral center with
respect to the edge whereas samples with lower spirals exhibit a decreased red-shift
of about 10 nm due to well thickness fluctuations. Fig. 6.4 shows that the FWHM
of the LT-CL spectra does not change monotonically. The luminescence FWHM de-
creases with the average height of the growth spirals at low T, but increases again at
high T, or high TMIn supply, respectively. At these growth conditions the indium
incorporation in GaN is limited on the one hand. But on the other hand, surface
diffusion of ad-atoms is thermodynamically promoted and furthermore enhanced due
to the high surface concentration of indium acting as a surfactant [114]. Since spi-

Figure 6.5: Scanning CL images at 5.5 K and fixed wavelength for samples grown at 760 °C (first
row) and for 840 °C (second row) of set E™'™. The wavelengths are noted in the upper left corners.
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ral growth and therefore the QW thickness variations are reduced at high T,,, the
results suggest that indium concentration fluctuations are causing the broadening of
the luminescence at high 7,,. This finding is in good agreement with the work of
Musikhin et al. [115], who found a spatially inhomogeneous indium incorporation in
InGaN films for high TMIn/ TMGa ratios. They showed by TEM that the regions
with a higher indium concentration have a spatial extent of about 3 nm and their
density increases with increasing TMIn supply.

6.3 Influence of the crystal perfection on lasing
characteristics

So far, the influence of T,, on the morphology of the active region and the spatial
distribution of the luminescence was discussed. In order to reveal the influence of
these parameters on the devices characteristics, optically pumped lasing was studied

on the sapphire based samples of set EJ™.
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Figure 6.6: 4, for optically pumped lasing of 60
1000 um long laser bars of set E™M™. The solid .
line is a guide for the eye. T (O

Fig. 6.6 shows the threshold power density for stimulated emission measured at
room temperature. The 4, is lowest for the MQW grown at 780 °C , whereas it is
maximum for 7, = 760 °C . These two temperatures were shown to be associated
with the smallest LT-CL and 10K-PL peak FWHM (780 °C ) and the highest AFM
surface roughness (760 °C ), respectively.

The concurrence of the spectrally narrowest luminescence peaks with the lowest
lasing threshold suggests that the population density and thus the density of states
is largest for the MQWs grown at 780 °C . It is noted that a medium temperature
of 780 °C also provides small average height variations on the surface (see Fig. 6.3
a)) indicating low QW thickness variations. The increase of i, for T,, = 760°C
illustrates that i, is strongly affected by the enhanced spiral growth resulting in spa-
tial fluctuations of the luminescence. In contrast to a higher slope efficiency found
in LED structures [116] and reduced non-radiative recombination (see Tab.6.1) , we
found that an enhanced spiral growth of the active region results in a reduced LD
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performance. Moreover, it is concluded that the RT-PL intensity is not a reasonable
figure of merit to optimize the growth conditions of a MQW for optimum laser per-
formance, whereas the LT-CL FWHM (see Fig. 6.4) follows the trend of the 4, fairly
well.
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The optimum 7, of 780 °C obtained from the described studies was employed
for the fabrication of laser diodes (Ef¥™). Fig. 6.7 shows the P-I-characteristic of a
laser diode, operated in pulsed mode with a pulse width of 300 ns and a repetition
rate of 1 kHz. The inset in Fig. 6.7 shows the emission spectra taken below, at and
slightly above the threshold. They exhibit a spectral narrowing of the emission above
the lasing threshold. From the P-I-characteristic an onset of laser operation can be
derived at a current density of about 6.5 kA /cm? for the 40 um wide device when
current spreading is neglected.

6.3.1 Summary and conclusions

By variation of T, and accordingly adjusting the TMIn supply during QW growth
it was possible to realize samples with different material perfection of the active
region but identical heterostructure layout and emission wavelengths around 400 nm.
The experiments revealed a huge sensitivity of the crystal perfection to the varied
growth conditions. Increasing the temperature and In mole fraction reduces interface
roughness of the MQW since spiral growth is suppressed. The spatial band gap non-
uniformities decrease up to a certain temperature. It is believed, that for very high
temperatures the increase of spatial In mole fraction variations in the solid results in
an increase of the band gap non-uniformities.

By reproducing the MQW sample as optically pumpable structures the influence
of the material perfection of L-I-characteristics was revealed. The growth conditions
that result in the lowest spectral width of the luminescence of the MQW sample
also exhibit the lowest threshold for stimulated emission of the optically pumpable
samples. It is assumed that this growth conditions provide the best compromise
between the two counteracting trends of spatial well thickness variations and indium
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concentration non-uniformities. The investigations in this section furthermore showed
that band gap uniformity is crucial for highly efficient LDs emitting around 400 nm.
It turns out that the spectral width of the luminescence is a good figure of merit
when optimizing the growth conditions of the active region.

The achieved 4, of 6.5 kA/cm? for the sapphire based BA-LD is higher than
the values published by the leading groups [117, 118, 119], which are in the 1.5-
4 kA /cm? range. Although a direct comparison of the characteristics is not straight
forward due to different device setups, e.g. cavity length and contact width, lower
laser threshold power densities are in general realized by the growth on GaN sub-
strates with lower defect densities and better cleaveability of the facets. A fur-
ther reduction of the threading dislocation densities and thus the i, is possible
by epitaxial lateral overgrowth (ELO) growth technique [120] on both sapphire and
GaN substrates. Beside the growth optimization of the InGaN quantum structures
(121, 122, 123, 124, 125, 126] the adjustment of the heterostructure, e.g. spacing
between MQW and EBL [127], EBL material [128], EBL doping [45], proved to have a
major influence on the opto-electrical properties of the device. In order to optimize
these parameter it is necessary to both simulate and prepare / characterize sets of
current injection LDs.



Extending the wavelength to 450 nm

In the previous chapters the influence of the epitaxial processes, the heterostructure
layout and the growth parameter on the device characteristics of LDs emitting around
400 nm were discussed. It turned out that spatial homogeneity of the material pa-
rameters in the active region results in a high peak gain and therefore a low threshold
current density of the device. The main cause for band gap non-uniformities are lo-
cal variations of the quantum well growth rate and the indium incorporation due to
spiral growth around threading dislocations. On sapphire based GaN templates the
winding up of the growth edges locally increases the growth rate in the center of the
spiral. Furthermore, the distances between the growth edges on the sidewalls of the
spirals is reduced in comparison to the layer by layer growth mode. Due to the higher
In incorporation at the growth edges the sidewalls exhibit a higher In mole fraction
in the solid resulting in lateral thickness as well as In mole fraction non-uniformities.
Experiments at different active region growth temperatures showed that the bandgap
non-uniformities increase as the growth temperature decreases.

Red-shifting the LD emission to 450 nm requires a higher In mole fraction in the
quantum wells in order to lower the band gap energy. A higher In mole fraction in
the QW is achieved by a reduction of the active region growth temperature and is
accompanied with a degradation of the crystal quality in the active layer as described
above. Additionally, the piezoelectric field strength increases as the strain of the QW
increases. As a consequence of the different piezoelectric properties of GaN and
InGaN [28] the oscillator strength and therefore the material gain is reduced for high
In mole fraction in the QWs. The third challenge at larger wavelengths is to maintain
sufficient optical confinement of the mode. As the wavelength of the mode increases
the difference of the refractive indices between the waveguiding and the cladding layer
is reduced. As a consequence the optical mode is less confined and the modal gain is
reduced.

In summary the following aspects need to be considered: First, how can the
reduced material gain due to a lower crystal perfection of the active region and a
lower overlap of the wave functions be compensated? Secondly, what heterostructure
layout changes are necessary to realize sufficient modal gain at longer wavelengths?
In the following section the improvement of the crystal perfection by transferring
the growth to GaN substrates is addressed. Later on, it will be described how the
waveguiding layout is adjusted in order to increase the modal gain. After that, the

55
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active region heterostructure as well as growth condition modifications with the aim
to improve the material peak gain are discussed.

To distinguish between the influence of heterostructure variations on the mate-
rial as well as the modal gain the optimization scheme was changed in this chap-
ter. In order to reveal the influence of heterostructure parameter variations on the
device characteristics 1D self-consistent device simulations (SILENSe,LASTIP) were
conducted first. After that the results were verified by preparing optically pumpable
LD samples. Beside the determination of the device characteristics the material per-
fection was evaluated according to Sec. 6.2.3.

7.1 Transferring the growth process from sapphire-based
templates to GalN substrate

Dislocations in GaN work as non-radiative recombination centers and therefore reduce
the material gain of a LD structure. Moreover, it was shown in Sec. 3 that the
threading points of the dislocations pin the growth edges and change the growth
mode from layer by layer to spiral growth. The consequential lateral non-uniformity
of the growth rate as well as In mole fraction of the QW was identified in Sec. 6 as
a primary cause for the increase of the optical threshold power density. In order to
reduce pinning of the growth edges at dislocations the growth is transferred from
sapphire based GaN templates (TDD ~ 1-10 x 10? cm~2) to GaN substrate (TDD ~
1-5 x 10" em™2).
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Figure 7.1: a) P-I characteristics of LD heterostructures deposited on either a GaN substrate

or a sapphire-based GaN template (samples FyarP"/“*N) 1) Corresponding variation of the LD
wavelength across the wafer.

When changing the substrate material one has to deal with the different material
properties during epitaxy. For instance the different thermal expansion coefficients
of the materials result in different wafer bowing behavior. This in turn changes the
temperature distribution on the wafer surface. As shown in Fig. 5.1 T, affects the
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emission wavelength by changing the In incorporation and distribution in the active
region. The wavelength on the other hand influences the modal gain (see section 5.5)
and hence the opto-electric device properties. Fig. 7.1 shows the P-I characteristics
and the LD wavelength variation across the wafer for a GaN and a sapphire based LD.
Whereas LDs on GaN substrate feature a lower threshold current and a higher slope
efficiency the structure deposited on sapphire exhibits a lower spatial variation of the
wavelength across the wafer. The wavelength shift across the wafer is determined
among others by the spatially different In mole fraction in the QWs. Such non-
uniformities occur due to local variations of the In supply or the In incorporation
into InGaN. On the supply side optimized flow conditions [129, 130] and nitrogen as
carriers gas [131] are commonly used to achieve a homogeneous composition across
the wafer. The interplay of precursor depletion in the gas phase and averaging by
wafer rotation in a planetary reactor [132] provides a homogeneous supply across the
wafer. Once the In is on the growth surface the incorporation is determined by the
temperature on the wafer surface as has been discussed in Sec. 5.
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Figure 7.2: a) Curvature and temperature transients during deposition of the n-side and the AR
a 405 nm LD heterostructure grown on different substrates (samples G**PP"/S2N) b) Schematic of
the different bowed wafer in the satellite during deposition of the active region.

Fig. 7.2 a) shows the curvature and temperature transients during the growth
of the n-side and the AR of 405 nm LD heterostructures. The sample structure of
type b) in Fig 2.1 involves a tensily stressed AlGaN cladding layer underneath the
AR to confine the optical mode. In an epi-layer on substrate system as described
by Stoney [39], the stress results in a concave wafer curvature, if a flat substrate
is used at the start. As a consequence of the non-uniform thermal coupling of the
curved wafer with the hot satellite the surface temperature decreases at the edges
(see Fig. 7.2 b)). On a GaN wafer in this regions the In mole fraction in the QWs
is enhanced and the corresponding emission wavelength is red-shifted. As shown in
Fig. 7.2 a) the sapphire wafer curvature during active region growth can be fairly low
as the tensile stress from the AlGaN cladding layer is partially compensated by the
thermally induced compression of the substrate during cool down to the AR growth
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temperature. The effect can be utilized to maximize the yield, e.g. the number of

identical devices grown by a single run, during the growth of sapphire based LEDs.
In order to reveal the influence of the substrate material on the surface temper-

and T

surface

ature quantitatively the wafer curvature (x), T are directly measured

pocket
during growth. The results are correlated with the PL distribution across the wafer
obtained after growth. Furthermore, the effects of the growth conditions on verti-
cal and lateral temperature profiles are studied with the aim to improve the lateral

wavelength homogeneity on a GaN substrate.

7.1.1 Sample variation

First, a sample H****" of type b) (see Fig2.1) that corresponds to the n-side of a
laser structure was grown in the Aix2400G3-HT. Since H®*** features all layers that
define the stress state and hence the curvature during AR deposition this structure
is used to investigate the influence of growth parameters on the vertical and lateral
surface temperature profiles during QW deposition. Employing the optimized growth
conditions, that result in a homogeneous surface temperature distribution, sample
H=*?* was reproduced both on a sapphire and a GaN substrate with an AR on top.
The complete structure additionally features a 200 nm thick GaN:Si wave guide and
a MQW consisting of two 1.75 nm thick In,,;Ga, ;N QWs separated by 4.5 nm thick
In, s Ga,osN barriers. In order to prevent surface effects on the PL measurements the
AR was capped with 10 nm n.i.d. GaN. The structures are denoted as I***** and 19N,
respectively.

7.1.2 Determination of the wafer surface temperature

Using the EpiCurveTT sensor on the Aix2400G3-HT machine only the pocket temper-
ature and the wafer curvature is measured. Since GaN and sapphire are transparent
for the 950 nm emission used for the pyrometric temperature determination, the tem-
perature of the emitting satellite is determined rather than the wafer temperature.
Using the effect that GaN absorbs and hence also emits at growth temperature at
wavelengths upto 400 nm, the temperature of the GaN surface can be determined
by measuring the pyro-radiation in this wavelength region. In order to detect the
400 nm pyro-radiation the growth experiments were repeated with a Pyro400 system
mounted instead of the EpiCurveTT system detecting at 950 nm.

The in-situ temperature and curvature transients of sample H®***" are shown in
Fig. 7.3. Since a template is used the curvature changes from -50 km~! convex to
15 km~! concave when heating up to GaN growth temperature. The change can be
attributed to two effects, the different temperatures at the frontside and the back-
side of the wafer and the different thermal expansion coefficients of the materials
of this layer-on-substrate system. Since the wafer is heated from the backside, the
temperature difference between the frontside and the backside of the wafer increases
as the temperature increases. For example, the curvature of the plain sapphire wafer
changes by ~30 km™! during heating for the template production (not shown here).
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The curvature increase is even higher if a GaN epi-layer, with a lower thermal ex-
pansion coefficient in comparison to sapphire, is on top of the sapphire. During the
deposition of the 4 yum thick GaN:Si the curvature increases from 15 to 90 km~!. This
effect is due to the different in-plane GaN lattice constants in the template and the
silicon-doped GaN:Si buffer in sample H=*** [41]. During deposition of the GaN:Si
buffer only a small offset between the wafer surface temperature and the temperature
of the pocket is measured. When changing to AlGaN cladding layer growth conditions
and T

the difference between T bocket

surface
pressure is reduced from 600 mbar for GaN growth to 60 mbar to minimize parasitic
pre-reactions between TMAI and NHj in the gas phase [37]. The curvature change
during deposition of the 1.2 um thick AlGaN(:Si) SPSL increases to ~60 km™!/um
in comparison to ~12km~!/um for GaN:Si growth. The higher curvature change is
due to the lattice mismatch between the AlGaN and the GaN. According to Brunner
et al. [41] the curvature change corresponds to an aluminum mole fraction of 0.06.
HR-XRD RSM around the (105) reflection of sample H***** (not shown here) confirms
that the AlGaN is pseudomorphically grown with an average aluminum mole fraction

of ~0.06.

increases. For AlGaN deposition the reactor

7.1.3 Influence of growth conditions on the wafer surface temperature

In order to examine the influence of the growth conditions on the wafer surface
temperature more closely, sample H*P*" was heated in a separate experiment. At
reactor pressures of 400, 200, 100, and 50 mbar the satellite rotation flow and the
total flux were accordingly varied by a factor of two. As can be seen in Fig. 7.4 a) a
decreasing reactor pressure as well as an increasing satellite rotation flow reduce the
pocket temperature due to a change of the satellite flight height. Changing the total
flux by a factor of two was found to have no influence on the pocket temperature.
Interestingly, the wafer curvature is lower at higher temperatures. x decreases from
50 to 30 km~! as the reactor pressure or respectively temperature increases. This
effect can be explained by a lower vertical temperature gradient in the wafer at
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higher reactor pressures. As can be seen in Fig. 7.4 b) the wafer surface temperature
is affected even stronger than the pocket temperature by the change of the reactor
pressure. E.g. decreasing the reactor pressure from 400 mbar to 50 mbar decreases
the pocket temperature by 50 K but the wafer surface temperature decreases by 75 K.

Since the difference between pocket temperature and wafer surface temperature
is not affected when changing the satellite rotation or total flux, the variations shown
in Fig. 7.4 b) can not be attributed to different satellite flight heights or cooling by
the carrier gas, respectively. Rather, the reduced thermal conductivity of the gas
at low reactor pressure decreases the thermal coupling of the wafer backside with
the hot satellite. Since the wafer is transparent for the thermal radiation and the
contact area between wafer and satellite is rather small, heat radiation and conduction

1 corresponds to a bow of

are negligible. For a 2 inch wafer a curvature of 30 km™
around 10 pgm. Furthermore, due to the wafer bow and the roughness of the pocket
or respectively the wafer backside, the wafer has only punctuated contact with the
satellite. A good estimation of the gap between the satellite surface and the backside
of the wafer is 10pm. At a low reactor pressure of 50 mbar the Knudsen number (ratio
of mean free-path length to characteristic reactor dimension determined by the wafer-
satellite gap) is as high as 0.6 in comparison to 0.07 at 400 mbar. In this regime the
thermal conductivity and molecular viscosity of the gas between satellite and wafer
backside decrease as the pressure decreases. As a consequence of the reduced thermal
conductivity the wafer temperature decreases with respect to the temperature of the

pocket at low reactor pressures.

7.1.4 Improvement of the lateral surface temperature uniformity

In order to investigate which growth conditions result in the highest spatial tem-
perature uniformity temperature line scans across the wafer H®****" were measured
at 400 mbar reactor pressure at various temperatures. Here it was exploited that
the wafer translates under the viewport such that the pyrometry signals at 950 and
400 nm can be measured across the pocket. Fig. 7.5 shows the line scans of the wafer
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surface and the pocket temperature for sample H=**?" at MQW growth conditions but
different temperatures. The wafer curvature corresponding to Fig. 7.5 b) is 0 km™!
resulting in an almost uniform temperature distribution across the wafer. Raising the
reactor temperature by 100 K reduces the uniformity of the surface temperature as
shown in Fig. 7.5 a). In this latter case the wafer curvature has increased to 30 km™!
due to the higher thermal expansion coefficient of the sapphire substrate with respect
to the epi-layer. The concave bow reduces the thermal coupling of the wafer edge to
the hot susceptor which reduces the surface temperature in this area by 10 K.

7.1.5 Reducing the wafer curvature of GalN substrates

Since the wafer curvature has been shown to strongly affect the temperature unifor-
mity of the wafer surface and as consequence the wavelength uniformity across the
wafer a strategy to reduce the wafer bow for GaN substrate is needed. On a GaN
substrate the curvature can not be tuned by the growth temperature because of the
small differences of the thermal expansion coefficients between substrate and epitaxial
layer. The reactor pressure has been shown to affect the wafer curvature in the range
of some 10 km™!. This effect is far too small to compensate wafer curvatures between
100 and 150 km ™! during AR deposition on 400 to 300 pm thick GaN substrates.

An alternative method to reduce the wafer curvature is the usage of higher sub-
strate thicknesses and strain compensating InGaN layer. Fig. 7.6 shows the influence
of the GaN substrate thickness on the wafer bow. Using a simulation based on the
models by Brunner et al. and Feng et al. [41, 133] the substrate thickness depen-
dency of the wafer curvature is calculated. As shown in the simulations in the inset
of Fig. 7.6 the wafer curvature during AR deposition is very sensitive to the sub-
strate thickness. Increasing the substrate thickness from 250 ym to 1 mm the wafer
curvature is nearly zero during AR growth.

The experimental data in the inset of Fig. 7.6 correspond to a heterostructure
with a 200 nm thick In, ,,Ga, N wave guiding layer in order to compensate for the
tensile stress coming from the Al,,,Ga, 5N / GaN:Si SPSL cladding layer. By this
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Another approach to circumvent the non-vanishing curvature on the GaN sub-
strate is the epitaxy on as delivered convexly pre-curved substrates. To obtain a flat
wafer during active region deposition the pre-curvature needs to be in the range of
the curvature change during layer deposition prior to active region deposition. To
predict the wafer curvature the model mentioned above is used. Fig. 7.7) shows the
curvature and surface temperature transients during growth of samples I***?* and
TN Sample TN is grown on a convexly 150 km™! pre-bowed GaN whereas sample
I**** i grown on a sapphire based GaN template using an initially flat sapphire
substrate. At a reactor pressure of 400 mbar a QW deposition temperature was used
at which the sapphire wafer is almost flat (see Fig. 7.5 b)). Since the pre-curvature
of the GaN substrate is compensated in sample 7°*N by the deposition of the tensily
stressed AlGaN, both wafers are almost flat during deposition of the QWs (see Fig.
7.7). Due to the spatially uniform temperature profile the In incorporation in the
QWs is very homogeneous across the wafer. To quantify the uniformity PL line scans
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across the wafer are measured (see Fig. 7.8). By using a convexly pre-curved sub-
strate the standard deviation of the wavelengths across the 2”7 wafers is reduced to
approximately 3.5 nm at 500 nm for both substrates. In contrast the deposition of
a 405 nm LD strcuture on flat substrates results in a standard derivation of around
15 nm on the GaN substrate.

T T T T T
~ 450 nm laser structure

500 L on convexly pre-curved GaN (sample 1Y

E L on flat sapphire (sample I”™")
o
=
W 450 _
o
% L | _ Figure 7.8: Wafer radius dependency of the RT-
2 405 nm laser structure PL Kk lenoth for mol Isapph. 0
Z on flat GaN peak wavelength for samples on a
8 400 - flat sapphire substrate (full circles) and 9N
- O0-0-0-0-0-00-0-0-0—00 on a convexly pre-curved GaN substrate (full
 on flat sapphire . squares). The excitation wavelength was Ac.c
%, = 378 nm, T=300K, 25 W/cm’ = 378 nm (25 W/cm). The open symbols cor-
/O L1 respond to samples (G**PPP/G2N) with initially
0 5 10 15 20 25 ‘ ‘ o
flat GaN (open squares) and sapphire substrate
center _ edge . .
Wafer radius (mm) (open circles), respectively.

7.1.6 Summary and conclusions

Transferring the growth from sapphire-based GaN templates to GaN substrates one
has to deal with a different wafer bow during AR deposition. The wafer curvature has
a strong impact on the wavelength homogeneity of InGaN based light emitters due to
the strong temperature dependence of the In incorporation. Using in-situ curvature
measurements and pyrometry the lateral and vertical temperature distribution across
the wafer and on wafer bow on sapphire and GaN substrates was quantitatively
determined. In order to improve the temperature uniformity across the wafer one has
to increase the reactor pressure. Total flow and satellite rotation were found to have
no impact on the lateral temperature uniformity. To compensate for the strain of the
AlGaN cladding layer higher GaN substrate thicknesses, pre-curved GaN substrates
proved favorable. A convex pre-curvature in the range of the curvature change until
active deposition is required for a lateral uniform luminescence distribution on GaN
substrate. A model is used to predict the substrate and heterostructure dependent
wafer bow during active region deposition. By this it is possible to determine the
appropriate wafer pre-curvature and choose a wafer from the as-delivered differently
pre-curved substrates.

7.2 Adjustment of waveguiding for blue LDs

The emission of LDs is red-shifted by increasing the In mole fraction in the QWs
as described in chapter 5. Beside the issue of the InGaN material deterioration the
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decrease of the modal gain due to less confinement of the optical mode at longer
wavelengths was described (see section 5.4).

1.0 Excitation power: _|
T 6 MW/cm®
7.6 MW/cm” ]
0.8 - 4
below threshold |
0.6 -

Normalised intensity (a. u. )

Figure 7.9: Emission spectra from optical pump-
ing below and above the optical threshold power
for amplified stimulated emission in optically
pump-able laser structure J;°%"™. Wavelength (nm)

375 400 425 450 475 500

Fig. 7.9 shows the luminescence spectra of an early optical pumpable laser struc-
ture emitting in the blue wavelength region (.J*° ). The cladding and wave guiding
structure of this optically pumpable structure is identical with the 405 nm laser lay-
out. Clearly, the spectrum below the optical threshold power density shows multiple
fringes corresponding to multiple vertical modes in the structure. Above threshold
the structure emits at a blue-shifted wavelength associated with lower wave guiding
losses. The high optical threshold power density of about 8 MW /cm? in comparison
to around 150 kW /cm? for the 405 nm structure also indicates insufficient gain in the
structure.

In this section the focus is on the optimization of the wave guiding structure in
order to reduce the mode leaking into the substrate. It will be discussed how the
cladding and wave guiding layers derived from the 405 nm laser heterostructure need
to be adjusted in order to realize low optical threshold power densities at wavelengths
around 450 nm.

7.2.1 Influence of cladding layer aluminum content and thickness

The amplification of a planar wave when passing through an absorbing material with
an optical absorption coefficient () is described by the gain g=-a. Because only a
part of the vertical intensity pattern of the optical mode overlaps with the gain region
of the laser, g__,=Ig is defined. The intensity of the mode is reduced due to several
effects. In the case of nitride based materials such waveguiding losses are primarily
due to modes leaking into the underlying GaN buffer layer (see Sec. 5.4) and sub-band
gap absorption in the p-type doped layer [46]. In order to quantify the mode leakage,
the optical gain as a function of the n-cladding layer thickness and aluminum (Al)
mole fraction in the solid is simulated.

Fig. 7.10 shows g, , in dependence of the Al mole fraction and the thickness for
the standard 405 and 450 nm structure with identical wave guiding layer and cladding
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Figure 7.10: Simulation of g, for the standard 405 nm wave guiding structure for emission wave-
length of 405 (a) or 450 nm (b) as a function of the cladding layer thickness and Al mole fraction
in the solid. A different material gain of 500 and 1000 cm~! was used in order to compensate the
influence of the different well width (see Tab. 7.1) of the 405 (3.5 nm) or 450 nm (1.75 nm) structure
on g respectively.

mod?

layer. The active region of the 450 nm structure has In mole fractions in the QWs of
0.15 and 0.05 in the barriers. The well thickness in the simulation was adjusted to
1.75 nm in order to increase the oscillator strength.

First the simulation of g__, for the 405 nm structure is discussed: The modal gain

exhibits a strong sensitivity to the Al mole fraction in the solid for thin n-cladding

mod

layer thicknesses. Such structures exhibit a non-vanishing electric field strength of the
mode in the buffer layer. The leakage of the mode is reduced as the Al mole fraction
in the solid and hence the refractive index difference between the GaN waveguiding
and the cladding layer increases (see Fig.5.5). The improved confinement of the
mode results in a higher electric field strength in the active region and therefore
higher modal gain of the structure. For n-cladding layer thicknesses above 0.8 pm the
intensity of the mode in the buffer is negligible. Such structures do not significantly
benefit from an increase of the Al mole fraction in the solid .

To quantitatively compare the modal gain of the 450 and 405 nm structure an

identical material gain was assumed for both structures. Additionally, g ., was nor-

malized to the well width in order to eliminate the well-width dependency of the
modal gain. Clearly, the 450 nm structure exhibits a lower modal gain for all Al mole
fractions and thicknesses of the cladding layer. For 450 nm emission wavelength the
intensity of the mode in the cladding layer is higher than for 405 nm emission. The
corresponding lower intensity in the AR is due to a lower effective refractive index
difference between cladding and wave guiding layer (see Fig. 5.5) at this wavelength.
Secondly, the structures show a high sensitivity to the Al mole fraction in the solid
for n-cladding layer thicknesses up to 1.2 um. Due to the high intensity of the mode
in the cladding layer mode leakage occurs for smaller thicknesses. In order to achieve

an identical T" using an Al mole fraction in the cladding layer of 0.06 and 0.10 the
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405 nm 450 nm
Mat. X y d Dop. X y d Dop.
(nm) (cm™?) (nm) (cm™?)
Cap GaN 20 5x10'7 20 5x10'7
CL AlGaN  0.12 2.5 600 2x1017 0.12 2.5 600 2x1017
GaN 2.5 2x1017 2.5 2x1017
WGL GaN 80 2x 1017 80 2x 107
EBL AlGaN 0.2 10 2x1017 0.2 10 2x1017
WGL GaN 10 10
barrier InGaN 0.02 7.5 0.05 7.5
well InGaN 0.08 35 0.15 1.75
barrier  InGaN 002 75 -1x10'8 005 7.5 -1x10'8
well InGaN 0.08 35 0.15 1.75
barrier  InGaN 002 75 -1x10'8 005 7.5 -1x1018
well InGaN 0.08 35 0.15 1.75
barrier InGaN 0.02 7.5 -1x1018 0.05 7.5 -1x1018
WGL GaN 100 -5x 1017 100 -5x 1017
CL AlGaN  0.12 2.51200 -2x10'®  0.12 2.51200 -2x10'8
GaN 2.5 -2x10!8 2.5 -2x1018
buffer GaN 3000 -3x10!8 3000 -3x10'8

430 pm sapphire substrate

Table 7.1: Heterostructure layout for the 405 and 450 nm LD (first approach).

caldding layer thickness has to be 1.2 and 0.75 pm, respectively.

Figure 7.11:

of 100 pm.

Calculation of the critical layer
thickness for the onset of cracking as proposed by
Einfeldt et al. [27]. The inset shows the light mi-
croscope picture of a 1.5 um thick AIGaN layer
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a sapphire-based GaN template (A,,.x)- The
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To find the optimum combination of Al mole fraction in the solid and cladding

layer thickness the influence of those parameters on the heterostructure is discussed.

Pseudomorphic AlGaN grown on GaN cracks above a critical layer thickness, which

decreases with increasing Al mole fraction in the solid, as a consequence of the lattice
mismatch between AIN and GaN [134]. The cracks (seen inset in Fig. 7.11) prevent

the wave propagation in the cavity and provide parasitic current paths and therefore
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make laser operation impossible.

Einfeldt el al. [27] investigated the tensile strain relaxation by crack formation in
epitaxially grown AlyGa(_,)N on sapphire-based GaN templates. Fig. 7.11 shows the
calculated critical AlGaN layer thickness on GaN . By comparing the relief of strain
energy with the increase in the surface energy a critical thickness for AlGaN layer
cracking is estimated. Using this approach the critical thickness of Al ,sGa, o, N and
Aly10Gag N can be calculated to around 1.3 and 0.5 um, respectively. According to
Fig. 7.10 b) 0.75 pm Al,,,Ga, N are necessary to achieve the optical confinement
of an 1.2 pm Al GayoN cladding layer. Since 0.75 pm Al ,,Gag 4N are cracked
cladding layers with an Al mole fraction of 0.10 are not suitable. For this reason a
thicker cladding layer with a lower Al mole fraction in the solid is more suitable.

7.2.2 Adjustment of the waveguide layer

Due to the AlGaN layer cracking at high Al mole fractions the improvement of the
mode guiding by adjusting the cladding layer is limited. Therefore, the influence of
the waveguide layer composition and thickness on the modal gain of LD structures
emitting around 450 nm is analyzed.

s [T T T T T T T T T )

N
o
T
N
N
|

e

=

IS /A _/

—

Sul f/d _

c / GaN wave giude

S |

Lo

S o100 - .

'% L Cladding layer:

Tb: 5L A AlyGaN | | Figure 7.12: Simulation of the cladding layer

_28 — Al uGaN Al mole fraction in the solid and thickness de-
| /{ Al ;62N | 1 pendency of 450 nm LD structures with n-side

ol . 1

Ing 02Gag gsN (grey symbols) or GaN (black
symbols), respectively. A material gain of
dyipea (HM) 1000 cm ™! was assumed.

0.4 0.6 0.8 1.0 1.2 1.4

In a first approach the modal confinement is increased by adjusting the refractive
index of the waveguide layer. Therefore, 450 nm LD structures with In,,,Gag N or
GaN n-side waveguides are simulated. As can be seen in Fig. 7.12 the higher refractive
index of the In,,,Ga, N waveguides results in an increase of the modal gain.

A second approach to increase the modal gain of LDs emitting around 450 nm
is the increased the waveguide thicknesses. On the one hand the vertical extension
of the mode increases as the thickness increases. Consequentially, the intensity of
the electric field in the quantum wells and therefore I" decreases as can be seen in
Fig. 7.13 a). On the other hand the intensity of the electric field in the cladding layer
drops as the distance of the cladding to the gain region increases. As a consequence
of the decreased electric field strength in the cladding layer the mode leakage and the
absorption losses decrease and the modal gain increases.
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Figure 7.13: a) n- and p-side waveguide thickness dependency of the confinement factor of the first
QW of a LD structure emitting around 450 nm. b) Corresponding modal gain.

Fig. 7.13 b) shows that an optimum waveguide thickness exists due to the two
effects that are working in opposite direction as described above. In the case of a
heterostructure layout as described in Tab. 7.1 the modal gain is highest for a n-
and p-side waveguide thickness of 200 and 150 nm, respectively. The ratio of the
thicknesses also depends on the doping level and therefore the absorption in the p-
type doped layer. Since the absorption coefficients are quite uncertain for p-type
doped AlGaN the accurate thickness ratio needs to be experimentally determined by
the preparation and characterization of LD structures.

Experimental verification of the simulated structure variations

Two optical pumpable laser structures (type (c) in Fig. 2.1) with 100 nm (J{*°*™) or
200 nm (J{#°") thick n-side waveguides were grown in the Aix2400G3-HT on sapphire
based GaN templates. Additionally, to the mentioned samples with GaN waveguides
a sample J3°™ with an In,,Gay N n-side waveguide was prepared. The active
regions consist of 3x Ing ;GagssN/Ing osGages N MQW with 1.75 and 7.5 nm thick
quantum wells and barriers, respectively. For barrier growth T

proc

was increased by
75 K with respect to the well in order to improve the crystal perfection of the material.
The MQW growth scheme is identical to sample set B?eW shown in Fig.4.1. The
heterostructure properties of samples J#*0m=  jisonm gand Ji%0»m are noted in Tab. 7.2.

The samples were characterized by light microscopy, AFM, PL, HR-XRD and op-
tical pumping experiments. The measurement results are summarized in Tab. 7.3.
The PL was measured using the 378 nm diode laser with an excitation power density
of around 20 mW /cm?. The noted AFM r___ values correspond to a 5x5 pum? area of
the wafer surface. The roughness of the n-side waveguide was revealed by stopping
the growth after the n-side waveguide deposition. One wafer was taken out of the
reactor for AFM measurements whereas a second wafer was finished to the optical
pumpable structures. For device characterization by optical pumping a 266 nm fre-
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g T T
Mat. b'e y d (nm) X y d (um) b'e y d (nm)

Cap AlGaN 0.2 20 0.2 20 0.2 20

WGL GaN 100 300 300

AR 3% Ing15GagssN / Ingo5Gagos N MQW (1.75 / 7.5 nm)

WGL InGaN 100 200 0.02 200

CL AlGaN  0.12 200x2.5 0.12 240x2.5 0.12 240x2.5
GaN 200x2.5 240x2.5 240%2.5

3 um GaN:Si buffer

430 pm sapphire substrate

Table 7.2: Heterostructure layout for samples J;°0™™, J0™™ and J320 ™.

quency quadrupled Nd:YAG was used for the excitation of a 40 x 1000 ym area on

the wafer.
J45O nm J450 nm J45O nm
I 1T 111
value value value
10 K-)\PL (nm) 464 +2 486 +2 490 +2
10 K-FWHM (nm) 25 +2 30 +2 30 +2
Ao (nm) 431 +5 457 +5 465 +5
" (MW /cm?) 7.6 +1 2.0 0.5 1.75 +0.5
7ome -WGL (nm) 0.4 0.4 1.1

Table 7.3: Characterization results for samples J{°° ™™ J59™™ and J520 ™,

The AlGaN /GaN:Si SPSL was increased to 240 periods in samples J°»™ and
Jisomm in contrast to 100 in sample J*°™™. The HR-XRD and light microscopy anal-
ysis revealed pseudomorphic AlGaN layer deposition without surface cracking for all
samples (not shown here). To reveal the crystal perfection of the active region PL
was measured on the samples. While the A\, varies between 465 (J{°"™) 486 (.J3%0 )
or 490 nm (J&°») the FWHM is around 30 nm for all samples. The variation of the
Ap., despite nominally identical deposition conditions is due to limited reproducibility
over the long time span between the production of the individual samples. Accord-
ing to Sec. 6.2.3 the PL FWHM is a good figure of merit for the crystal perfection of
the active region. Since the FWHM is similar for the samples with similar A\, but
different n-waveguide In mole fraction in the solid the crystal perfection of the active
region does not seem to be sensitive on the composition of the n-side waveguide.

Despite the similar behavior of the samples at low excitation during PL mea-
surements the optical pumping experiments revealed major differences. First the
differences between the samples with GaN waveguides J/*°™ (100 nm) and J3*° "™
(200 nm) are discussed. Different to the spectrum in Fig. 7.9 the spectra below the
threshold of sample J4°"™ exhibit no intensity fringes (not shown here). i, is with
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2 MW /cm? significantly lower in sample J3°™™ in comparison to 7 MW /cm? in sam-
ple J=o»  The lower i,, at higher A
confinement due to the increase of the n-side waveguide layer thicknesses and the
number of AlGaN/GaN:Si SPSL periods in structure J3°»,

Next the influence of the waveguide composition is discussed. In contrast to the

is in good agreement with the improved optical

las

simulation the In,,Ga, N n-side waveguide in sample J2°" exhibits no substan-
tial decrease of the optical threshold power density. i, was determined to around
2 MW /em?; A, is slightly red-shifted to around 470 nm with respect to J&°»™. Tt
is assumed that the low crystal perfection of the active region associated with the
high PL FWHM limits the material gain in the investigated samples. For the 450 nm
heterostructures described as follows GaN waveguides are used since the InGaN waveg-

las

uide layer growth requires elaborate growth optimization.

7.3 Adjustment of the active region

It was shown in the previous section that an improvement of the optical confine-
ment enables lower optical threshold power densities at longer emission wavelengths.
Secondly, it turned out that the material gain of the active material prevents the
laser operation at low power densities. In order to reduce i,, further the influence
of the active region heterostructure layout on the modal as well as material gain is
investigated.

7.3.1 Variation of the QW number

Since the threshold power density of a LD is proportional to the number of QWs, the
reduction of the QW number helps to decrease the threshold power densities.
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Fig. 7.14 shows the influence of the QW-number and the band to band transition
efficiency and the L-I characteristics (inset). The heterostructure design corresponds
to J4°»m in Tab. 7.1. According to the simulation the decrease of the QW number
affects the device characteristics in several ways: First, by decreasing the QW number
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the volume of the material that needs to be pumped and thus i, is reduced. Secondly,
the effective index of the mode decreases as the average In mole fraction in the active
region is reduced. As a consequence the confinement factor and hence the modal gain
is reduced. Thirdly, as can be seen in Fig. 7.14 the band to band gain varies strongly
from QW to QW. The finding is due to a low mobility of the carriers (diffusion
lengths are between 0.1 and 0.3 pm for electrons [135] and holes [136, 137] depending
on the doping level and dislocation density of the GaN) and the resulting inefficient
hole injection in the n-side QW. This QW contributes only little to the gain of
the structure but affects the crystal perfection of the active region as shown in the
following section.

Experimental verification of the simulated structure variations

s Ko Ko (K 50
AR 3xIng 15GaN/ 2xIng.15GaN/ 2xIng.15GaN/

Ing g5GaN Ing o5GaN Ing 005 GaN/

1.75/7.5 nm 1.75/4.5 nm 1.75/4.5 nm
n-side WGL 200 nm GaN 200 nm GaN 200 nm InGaN
10 K-Ap, (nm) 490 +2 490 42 490 (490)  +2
10K-FWHM  (nm) 30 42 22 42 22 (22) +2
RT/10 K-PL int. 0.1 +0.02 0.03 +0.02 0.1 (0.1) +0.02
AL (nm) 465  +5 464 45 465 (455)  +5
T (MW /cm?) 2 +0.1 0.3 - (1.5) +0.5
r, nWGL  (nm) 0.4 0.4 1.1 (0.6)

Table 7.4: Characterization results for sample J220 ™™, K90m - 150mm and K7 {7° ™™, For sample
K "2 the In mole fraction in the wave guide was reduced to 0.01 with respect to 0.02 in sample
K141510 nm

Samples J» and J2°* with 200 nm thick GaN or In,,,Gag N n-side waveg-
uides were reproduced with a DQW instead of a TQW. Furthermore, the barrier
thickness was decreased from 7.5 to 4.5 nm in order to increases the hole injection
in the first QW. The new samples are denoted as K™ (GaN WGL) and K50
(Ing.02GaeesN WGL). The heterostructure properties as well as analysis results are
summarized in Tab. 7.4.

Fig. 7.15 shows the 10 K-PL spectra of samples J3* ™ (TQW) and K/*°»™ (DQW).
Both samples exhibit luminescence at 490 nm. The 10 K-FWHM decreases from
around 30 to 23 nm as the QW number decreases. Furthermore, the temperature
dependence of the normalized PL intensity (see inset of Fig. 7.15) is stronger for the
DQW sample than for the TQW. These findings are attributed to a higher crystal per-
fection of the active region (see Sec. 6.2.3) and less lateral band gap non-uniformities
(also see Sec. 4.3.2) for the DQW than for the TQW.

The optical pumping experiments on sample K *°"™ revealed an optical threshold

power density as low as 350 kW/cm? at )\, ~ 464nm. On sample K3°™ no laser
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operation was achieved. A similar sample with reduced In mole fraction of 0.01 in the
n-side waveguide (K “#°™™) showed lasing with a i, > 1.5 MW /cm? at a wavelength
of 455 nm.
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Figure 7.16: 10K-PL FWHM (a) and optical threshold power density (b) of samples .J;;>° ™™, J30 ™,
Kppomm | [Cas0nm and K 7$52™™ | The 378 nm diode laser(20 W/cm?) and the HeCd laser was used

II1 111
for excitation for the PL or optical pumping experiments, respectively.

The measurement results of the samples with the different number of QWs and
different In mole fraction in the n-side waveguide are summarized in Fig. 7.16. By
reducing the QW number and the barrier thickness the optical threshold power density
was reduced to around 300 kW /cm?. This result is attributed to an increased crystal
perfection of the active region as well as to a reduced volume of gain material. The
simulations suggest that the n-side QW in the TQW structure does not contribute
remarkably to the gain. The optimization criteria developed in Sec. 6.2.3 proved
correct for the samples with the GaN n-side waveguides only. Here, a narrow PL line
width corresponds to a high crystal perfection of the active region and therefore a
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low optical threshold power density.

It was shown that the introduction of an In, ,,Ga, N waveguide has no positive
impact on the device characteristics. The samples with InGaN waveguides show no
correlation between the PL-FWHM and the optical threshold power densities. It is
assumed that the high roughness of the waveguide layer results in a strong carrier

localization in the active regions in these structures. Nevertheless, the r__ rough-

ness of the wave guiding layer correlates the optical threshold power densities. The
optical threshold power densities increase as the morphology of the waveguide layer
underneath the active region roughens. Despite the improved modal confinement
the samples with the InGaN waveguides suffer from a deterioration of the AR. In
summary, the optimization of the InGaN waveguides on the n-sides requires further
effort in order to reduce the roughness associated with spiral growth as reported in

Sec. 3.3.2. For this reason we concentrate on the approach with the GaN waveguides.

7.3.2 Adjustment of the well thickness

By reducing the number of QWs the laser threshold but also the optical confinement
and output power of the laser decreases. To compensate for the gain material reduc-
tion the thickness of the QWs can be increased. This heterostructure parameter was
found to have a huge influence on both the device properties as well as the material
perfection of the active region. As shown in Sec. 4, samples with QW thicknesses
below 1.5 and above 2.5 nm exhibited enhanced spatial band gap fluctuations due to
thickness or In mole fraction variations. On the one hand the thin QWs benefit from
a high oscillator strength due to a low spatial separation of the carriers the QWs.
On the other hand, microscopic modeling of InGaN/ GaN LD devices [138] predicts
an increase of i, as dg, decreases due to a higher spontaneous emission induced
loss current. Furthermore the effective mode index and therefore the I" decreases as
the overall In mole fraction in the active region decreases. Since the described effects
work in opposite direction the optimum QW is determined by device simulations first.
Since the LD emission wavelengths is very sensitive to QW width the In mole fraction
in the QW is adjusted accordingly in order to realize emission around 450 nm.

Fig. 7.17 shows the simulated z,, and d,,, dependency of the LD modal gain.
Superimposed to the color plot the corresponding emission wavelengths are shown
(thick black lines for 440 and 460 nm). The simulated heterostructure layout corre-
sponds to the initial 450 nm LD layout in Tab. 7.1 but 200 nm GaN waveguides and
4.5 nm thin barrier according to the results above. The number of QWs was reduced
to one in order to decrease the simulation time and increase the simulation stability.
Since only one QW primarily contributes to the gain of the whole active region (see
Fig. 7.14) this simplified approach allows the prediction of the LD characteristics.

First the influence of d,, on the emission wavelength at a constant z,, of 0.2
is discussed. At low QW thicknesses around 1 nm the simulated LD wavelength is
410 nm. Increasing dy,, to 3 nm the wavelength is shifted to 450 nm due to a lower
quantization energy of the carriers in the quantum well. Since the intrinsic fields
are not completely screened by the carriers at the carrier density corresponding to



74 7. Extending the wavelength to 450 nm

T — T T %
NIEVEN modal gain (cm’)
0.30 | \\\\O\ 10 kA/cm’ n
0.25
0.20
=
N

0.15
Figure 7.17: 450 nm LD device simulation: d

and z,, dependency of the modal gain at
10 kA /cm?. The corresponding LD wavelengths
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tions of the simulated d, and x,, values rep-
resented by the open circles.
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10 kA/cm?, the emission wavelength is additionally red-shifted due to the QCSE.
According to the simulations no further red-shift is expected as d,, increases to
8 nm. For these thick QWs the sensitivity of A
QCSE is very low.

In order to realize LD emission around 450 nm for all dg, the z., had to be
adjusted in the simulations. Due to the red-shift of the luminescence described above

to the quantization energy and the

las

the In mole fraction in the quantum wells can be decreased from to 0.3 (dqy,=1nm)
to 0.2 (3nm and above). To reveal the optimum combination of z,, and d, for a
450 nm LD the color coded modal gain between the thick black lines in Fig. 7.17 is
analyzed.

For small d,, and high z,, the modal gain at 10 kA /cm? is around 10 cm™". g,
increases to around 40 cm ™" as d, increases to 3 nm (z,,=0.2). The increase is due
to the increase of the confinement factor and the decrease of the spontaneous emission
loss as d,, increases. Furthermore, the piezoelectric field strength decreases as xq,,
decreases. Increasing d,, further g, ., can not be increased any more but slightly
decreases. In this d,, range the reduction of the spontaneous emission loss and the

increase of I" are more than compensated by the lower oscillator strength.

Experimental verification of the simulated structure variations

In order to reveal the optimum combination of z,, and d,, regarding the best crystal
perfection of the active region and the lowest 4, a set of optically pump-able structures
(L#90m) was prepared. By varying the well growth time between 45 and 105 s and
the well growth temperature between 750 and 800 °C d,, was varied between 1.5 and
3.5nm and x4, between 0.1 and 0.2.

Fig 7.18 a) shows the PL wavelength and FWHM of set L%  The emission
wavelength of the samples increases as d,, decreases or the QW growth temperature
decreases. The latter results in an increase of the In mole fraction in the QWs from
around 0.1 at 800 °C to 0.2 at 750 °C. The observed wavelength-shift is due to the

variation of the quantization energy in the different QWs as well as the different
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Figure 7.18: PL wavelength (a) and FWHM (b) at 10 K for sample set L:7}"™ with varying d .,
and QW growth temperature. The contour lines are interpolations of the experimental results
represented by the open circles. A HeCd laser (325 nm) with 25 W/cm? was used for excitation.

manifestation of the QCSE.

The line width in Fig 7.18 b) shows a distinct sensitivity to the QW parameters.
According to Sec. 6 the crystal perfection of the different active regions can be evalu-
ated by analyzing the PL-FWHM. In this case the correlation is not straight forward.
As has been shown by Schubert et al. and Hangleiter et al. [139, 140] in a system
with (statistical) band gap fluctuations the line width naturally increases as the well
width increases. Since it is hard to qualify the crystal perfection in set L*9™ the
device properties are determined by optical pumping experiments.

800

780

Figure 7.19: Color plot of the experimentally
determined d, and x,, dependency of i, of
oLD structures of set L?9™. The correspond-
ing laser wavelengths above the threshold are be-
740 tween 440 and 460 nm for all samples. A 266 nm
/ frequency quadrupled Nd:YAG laser is used for

ra— excitation. The contour lines are interpolations

of the experimental results represented by the

nm) open circles
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Fig. 7.19 shows the experimentally determined d, and z.,, dependency of the

i, for the samples of set L9, All structures show distinct lasing and emission
between 440 and 460 nm above the threshold. The lowest i, of around 300 kW /cm?
was achieved for the sample with the 2nm thick d,, grown at 775 °C. Despite the
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predictions of the simulations discussed above the optical threshold power density
increases as the well thickness increases to 3 nm. The sample with the 3 nm thick
QW (800 °C) exhibits an i, around 700 kW /cm?.

Since the material perfection in the different samples can not be resolved, one
can only speculate on the disagreement between the simulation and the experiment.
In Sec. 4.3 the lateral band gap non-uniformities increase as d;, increases. On the
other hand the spatial homogeneity increases as ., increases (see Sec. 5.3.1) Most
probably the first effect is more dominant and therefore i, is increased for the wide
QW. In order to improve the material quality for the wide QWs with the alleged
highest modal gain the influence of the growth conditions on the material perfection
is investigated further in the next section.

Adjustment of the active region growth conditions for wide QWs

The QW growth conditions are already optimized to provide a high In incorporation
efficiency and low spatial band gap fluctuations (according to the optimization scheme
described in Sec. 6). Since further QW growth condition variations are limited by the
material requirements the growth of the quantum barriers is analyzed. Their crystal
perfection has a huge influence on the device properties for two reasons: First, the
crystal perfection of the QW depends on the morphology of the barrier layer on which
it is grown. Secondly, the barrier material has a high overlap with the part of the
optical mode that has the highest intensity. An improvement of the crystal perfection
will therefore improve the perfection of the QWs and reduce sub-band gap absorption
in the active region.

The samples discussed so far in this section feature the barrier growth scheme
according to Fig. 4.1. After the QW deposition 0.5 to 1 nm thick GaN cap layer is
grown at QW growth temperature. Since the small cap thickness is below the In
segregation length (see. Sec.4.2.2) this nominally GaN layer contains In. After the
QW cap deposition the growth is stopped in order to raise the growth temperature
by 75 K and the barrier layer is deposited using a reduced In mole fraction in the
vapor. The ratio of the In mole fraction in the vapor is 0.2 for barrier / well growth.

To investigate the influence of the barrier growth conditions on the AR crystal per-
fection DQW samples with 3 nm wide wells and but different barrier growth schemes
are prepared. The first sample in the set (M#¢2) follows a barrier growth scheme
as described above. For the second sample the barrier growth temperature was not
increased with respect to the well growth temperature. Also, the complete active
region is grown without a growth interruption and it does not contain a QW capping
layer.

Fig. 7.20 shows the LT-PL spectra and the temperature dependent PL intensity for
set M2 The samples with the LT barriers exhibits a 30 nm blue-shifted emission
with respect to the sample with the HT barriers. The line width drops from 28 to
16.5nm as the barrier growth temperature decreases. As can be seen in the inset
in Fig. 7.20 the sample with the HT barriers exhibits a higher RT/10 K-PL intensity
ratio which is attributed to a stronger localization of the carriers in spatial band-gap
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non-uniformities. Therefore, from the presented data the LT barrier growth scheme
is assumed to improve the crystal perfection of the active region.
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Figure 7.21: a) L-I characteristics of sample set M°2™™ with different QW and barrier growth
temperatures. b) Spectra of the corresponding modal gain. The quadrupled Nd:YAG laser was
used for excitation with an excitation power density of around 5 MW /cm?.

Fig. 7.21 shows L-I characteristics and the modal gain spectra for the optically
pump-able structures of set M*»» By reducing the barrier growth temperature
the optical threshold power density is reduced from 700 to 200 kW/cm?. The gain
spectra exhibits a peak gain of around 90 cm ™! at 443 nm in comparison to 70 cm ™!
at 438 nm for the HT barrier growth scheme. Interestingly, the shift between the gain
maximum and the LT-PL peak is higher for the sample with the HT barriers. The
finding can be explained by the proposed higher band gap non-uniformities in the
sample with the HT barriers. At low excitation conditions the LT-PL luminescence
is dominated by recombination from the band-gap minima. Increasing the excitation

density the band gap minima fill up and the recombination of energetically higher
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In order to analyze lasing through current-injection the sample with the LT-barrier
growth scheme was reproduced as current injection LD on a GaN substrate. The
sample is denoted as M/ ’™ and contains the AR of set M 2™ with the LT bar-
rier growth scheme and optimized waveguiding as described in Sec. 7.2.2. Fig. 7.22
shows the P-U-I characteristics as well as the spectra below and above i,. Lasing is
achieved beyond a diode current of around 7 A. The corresponding current density is
10 kA /cm?.

7.4 Summary

Starting with a heterostructure layout for a 405 nm LD it was investigated how the
heterostructure design needs to be modified in order to realize lasing at longer wave-
lengths. In a first step the heterostructure growth was transferred from sapphire
substrate to GaN substrate. The investigations showed that the advantages of a
lower threading dislocation density, a better cleaveability and higher thermal con-
ductivity are accompanied by an inferior spatial homogeneity of the In incorporation
on a large scale. Due to the lack of different thermal expansion coefficients in the
substrate epi-layer system the wafer is concave during active region deposition. The
resulting different thermal coupling of the wafer with the heating source is reduced
by the usage of concavely pre-bowed GaN substrates or substrates with a higher
thickness.

The next step toward a 450 nm laser structure was the adjustment of waveguid-
ing. Due to the lower refractive index differences at longer wavelengths the optical
confinement of the mode is increasingly reduced as the wavelength is increased. Ap-
proaches to increase the optical confinement by increasing the Al mole fraction in
the cladding layer or the In mole fraction in the waveguides proved not practicable
due to layer cracking and surface roughening. In order to reduce the mode leakage
into the substrate the thickness of the wave guiding layer was increased. This way
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the intensity of the mode in the cladding layer and thus the mode leaking into the
substrate is reduced.

The last section of this chapter dealt with the adjustment of the active region. By
comparing device simulation with growth variations the optimum quantum well width
regarding modal gain and material perfection of the active region was determined to
3nm for emission around 450 nm in comparison to 3.5 nm (405 nm). Furthermore,
the QW number was reduced from 3 (405nm) to 2 (450 nm) in order to improve
the material perfection and the homogeneity of the hole injection into the wells. It
turned out, that the material perfection of the active region can be further improved
by adjustments of the barrier growth scheme. By decreasing the barrier width and
barrier growth temperature both the luminescence line width and the optical laser
threshold power density are considerably reduced. Lasing through current-injection
was proved for a BA-LD laser structure emitting a 440 nm with an i, of around
10 kA /em?.






Summary and Outlook

The presented work describes the MOVPE growth and investigation of InGaN quan-
tum structures for laser heterostructures emitting in the violet/ blue wavelength
region. The work focuses on two aspects of the device development: First, the un-
derstanding of the growth processes and the control of the material properties of the
active region. Second, the establishment of a device development scheme involving
the growth and simulation of different heterostructures and their characterization. By
correlation of the different experimental and theoretical results optimization criteria
for the different aspects of the device development, e.g. the design and the growth
of the active region and the design of the waveguiding structure, were developed.

On the example of the InGaN active region the methodology can be easily ex-
plained. There is any number of designs and possibilities to grow a MQW emitting in
a distinct wavelength. Not uncommonly, the variation of a single parameter affects
different structure properties in different ways. Furthermore, the characterization of
the complex structures gives not necessarily an unique result. For this reason it is
important to exactly understand the growth mechanisms and the influence of the
growth conditions on the material and heterostructure properties. Due to the vast
optimization possibilities a simple and straight forward criterion, that allows the pre-
diction of the improvement or deterioration of the device characteristics is mandatory
for the device development.

It turned out that lateral uniformity of the material properties in the active region,
such as the quantum well thickness and in mole fraction in the solid have a strong
impact on the device efficiency. It was shown that the non-uniformity is mainly due
to the transition from layer by layer growth to 3D growth during InGaN deposition.
By analyzing the line width of the low excitation luminescence as a figure of merit
the lateral uniformity of the InGaN quantum wells was improved. By adjusting the
thicknesses of the InGaN well and barrier layers, optimizing the growth conditions
and changing to substrates with lower defect densities the lateral variation of the well
thickness and the in mole fraction in the solids was reduced. The device data show a
significant reduction of the optical threshold power densities as the uniformity of the
InGaN layer in the active region increases. Reproducing the active region in current
injection device structures and processing them to BA-LD threshold current densities
of around 4 kA /cm? for 400 nm LDs and 10 kA /cm? for 440 nm LDs were achieved.

Using the described optimization methods the perfection of the active region,
the optical confinement of the mode and the electrical properties of the structure

81
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can be further improved in order to decrease the threshold current densities. As
mentioned in the introduction the nitride based LDs are only commercially available
for a limited number of wavelengths or specifications in general. For this reason the
presented work provides the basis technology for the realization of special applications
in the wavelength range between 400 nm and 440 nm. in this range the substitution
of conventional emitters for spectroscopic applications is of big interest. Further
projects that benefit from the work are the realization of a blue femtosecond laser
and a LD emitting at 435.9 nm for laser cooling of mercury atoms.

Future work has to address the optimization of heterostructure design and p-type
doping in order to further increase the output power and lower the threshold current
density. Having optimized the basic laser structure using stripe lasers also more
complex device designs like tapered laser diodes or amplifiers can be developed.
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(2112) semi-polar plane || (2112)
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1D one-dimensional

2D two-dimensional

3D three-dimensional
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a, in-plane lattice constant

a, out-of-plane lattice constant
AFM atomic force microscopy

Aix200-HT horizontal Aixtron AIX
200HT reactor with 1x2 inch
configuration

Aix2400G3-HT horizontal Aixtron AIX
2400G3-HT planetary reactor with
11x2 inch configuration

Al aluminum
Al Ga(oN aluminum gallium nitride
AlGaN aluminum gallium nitride

AIN aluminum nitride

List of Symbols
and Abbreviations

a intensity absorption coefficient
a optical absorption coefficient
AR active region
Au gold
BA-LD broad area laser diode
BFC Burton, Frank and Cabrera
CL cladding layer
Cp2Mg biscyclopentadienyl-magnesium
CsIn cesium indium compound
CW continuous wave
e quantum barrier thickness
. quantum barrier width
., cap thickness

d
d
d,
dqw quantum well width
d

o quantum well width

Ay driving force to grow a crystal
DNA desoxyribonucleic acid

DQW double quantum well

e; elements of the piezoelectric tensor

Ez> band gap energy of fully strained
material

E™™ band gap energy of fully relaxed
material

EBL electron blocking layer

ELO epitaxial lateral overgrowth
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€, lattice mismatch of a

F, net polarization strength

F,, piezoelectric field strength

f... satellite rotation flux

f.o, total flux

fbh Ferdinand-Braun-Institut,
Leibniz-Institut fiir
Hochstfrequenztechnik

FWHM full width half maximum
g optical material gain

J...q Optical gain of the mode

Ga gallium

I’ optical confinement factor

GaN:Mg magnesium-doped p-type
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GaN:Si silicon-doped n-type gallium
nitride

GaN gallium nitride
H atomic hydrogen
Hs hydrogen

h,, critical layer thickness for

crit

pseudomorphic growth
HeCd helium cadmium

HRTEM high resolution electron
microscopy

HR-XRD high resolution x-ray
diffraction

HR-XRR high resolution x-ray
reflectometry

HT high temperature
i,, optical threshold power density

In indium

InGaN:Si silicon-doped n-type indium

gallium nitride

List of Symbols and Abbreviations

InGaN indium gallium nitride
InN indium nitride

J., threshold current density
x wafer curvature

KOH potassium hydroxide

1 distance of the growth steps
Ao, LT-CL wavelength

A.. lasing wavelength

A, PL wavelength

LASTIP Laser Technology Integrated
Program

LD semiconductor laser diode

LED light emitting diode

L-T light output power versus current
LT low temperature

LT-CL low temperature
cathodoluminescence

Mg magnesium
ML monolayer

MOVPE metal organic vapor phase
epitaxy

MQW multiple quantum well

n.i.d. GaN non-intentionally doped
gallium nitride

N nitrogen
N» nydrogen
n refractive index

Nd:YAG neodymium-doped yttrium
aluminum garnet

NH3; ammonia

v, indium incorporation efficiency

oLD optically pump-able laser structure
Q — 20 Omega-2Theta scan

P net polarization

P__ excitation power

exc
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P, piezoelectric polarization
reactor pressure

]9reactor

P,, spontaneous polarization

Pd palladium

P-T light output power diode current
characteristics

PL photoluminescence

P-U-I light output power diode voltage
current characteristic

Q.. reciprocal space x-coordinate
Q, reciprocal space z-coordinate
QCSE quantum-confined Stark effect

QIP quasi 2D semiconductor laser
simulation program by
H.Wenzel [50]

QW quantum well

R relaxation

... Toot mean square roughness

RF radio frequency

RHEED reflection high-energy electron
diffraction

RSM reciprocal space mapping
RT room temperature

RTA rapid thermal annealing

SE secondary electrons

SEM scanning electron microscope
Si silicon

SipHg disilane

o standard deviation

SILENSe software tool for light emitting
diode (LED) bandgap engineering
[51]

SIMS secondary ion mass spectroscopy
SiN silicon nitride

SL single layer
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SPSL short-period superlattice

T\x T,.. for active region growth
T,.. T,.. for quantum barrier growth

t,.. quantum barrier growth time
T, growth temperature

T

e bemperature of the pocket

calculated from the pocket
reflectivity at 950 nm

T ... process temperature measured at

the backside of the susceptor
Tow T,

proc

for quantum well growth
tow quantum well growth time

t., time available for segregation

T. ... temperature of the wafer surface
calculated from the wafer
reflectivity at 400 nm

7.4 Tradiative carrier life time

rad

TD threading dislocation
TDD threading dislocation density

TD-PL temperature-dependent
photoluminescence

TEGa triethylgallium

TEM transmission electron microscopy
Ti titanium

TMAI trimethylaluminum

TMGa trimethylgallium

TMIn trimethylindium

TQW triple quantum well

TR-PL time-resolved photoluminescence
UV ultra violet

W(p,0) strain energy

WGL wave guiding layer

z, converging In mole fraction
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z, diffusion length of an ad-atom
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List of Samples
and Sample Sets

ArgeN o (E1340) 2.5 um n.i.d. GaN on sapphire substrate

templ.

Acan ¢ (E3245-1): 1.5 um AlGaN layer with an Al mole fraction in the solid of 0.06
on a sapphire-based GaN template

Adar : (E1835, E1835) 5xInGaN/GaN:Si MQW samples with 10 or 7.3 nm thick

barriers grown with 75 °C increased T, with respect to Tp,,

ar

AgeN 2 (E1416) 1.2 pm thick n.i.d. GaN template

templ.

AlnGaN . (B2741, B2743) 15 or 120 nm thick InGaN SL with z* = 0.35

vapor

AlGaN - (E1420) 100 nm thick InGaN layer grown at barrier conditions

spiral

Baw : (E1905, E1906, E1907, E1908) 4 xInGaN/GaN:Si MQW structure with varying
tow between 40 and 100 s

BlncaN : (B2743, B2744, B2745, B2747, B2774, B2823) 120 nm thick InGaN SL on
differently oriented GaN surfaces with 2! = 0.2 or 0.35

vapor

Ctaw : (E2334, E2336, E2337) 3xInGaN/GaN:Si MQW structures with varying ¢,
between 30 and 60 s on sapphire based GaN template including a Al1GaN/GaN:Si
SPSL

DTar : (E1868, E1869, E1870,E1871) 3xInGaN /InGaN:Si MQW active regions grown
at different 7, between 850 and 890 °C and constant z®

vapor

DAR ¢ (B2912-1, B2912-2, B2912-3,B2912-4) optically pumpable laser structure with
3xInGaN /InGaN:Si MQW active regions grown at different 7', between 850 and
890 °C and constant z™»

vapor

Dip™ ¢ (B2677-1, B2677-2, B2677-3B2677-4) current injection LD structure with
3xInGaN/InGaN:Si MQW active regions grown at different T,, between 850
and 890 °C and constant z!"

vapor

E™m - (E1319, E1328, E1339, E1342) 5xInGaN /silicon-doped n-type indium gal-
lium nitride (InGaN:Si) MQW samples grown with 7, between 760 and 840 °C
and different z™» _ but identical z™»,, = 0.09 in the QW

vapor
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Erm - (B2193) current injection LD structures with 3xInGaN /InGaN:Si MQW ac-
tive region grown at 7,, = 850 °C

EM - (E1194, E1218, E1221, E1353, E1354) optically pumpable laser structures
with 3xInGaN /InGaN:Si MQW active region grown at T, between 760 and
840 °C and different 2™ _ but identical z™,, = 0.09 in the QW

vapor

Fpppet/6eN 2 (B2184,B2479) 404 nm LD heterostructures with standard layout grown
on either GaN substrate or sapphire-based GaN template

Geevrh/GaN o (F2711-1, E2711-2): standard 405nm LD heterostructure grown on
sapphire-based GaN template or GaN substrate, respectively

Heeeeb 2 (E2907-1): 120 x AlGaN/GaN:Si SPSL on GaN:Si buffer on sapphire substrate
I+ (E2915-1): n-side of LD structure with 450 nm active region on GaN substrate

I=eeh 2 (E2915-3): n-side of laser structure with 450 nm active region on sapphire-
based substrate

Jsonm o (F2339) 450 nm optically pumpable laser structure with 1.75 and 7.5 nm
thick QWs and barriers and standard 405 nm wave guiding heterostructure lay-
out

Jisonm - (F2772-2) 450 nm optically pumpable laser structure with 1.75 and 7.5 nm
thick QWs and barriers and 200 nm thick n-side GaN wave guides

Jigonm - (E2772-1) 450 nm optically pumpable laser structure with 1.75 and 7.5 nm
thick QWs and barriers and 200 nm thick n-side In, ., Ga

00030, 0N wave guides

Kpsomm o (E2771-2) reproduction of J°™ with an InGaN /InGaN DQW as active
region

Kisomm o (E2771-1) reproduction of J&°" with an InGaN /InGaN DQW as active
region

K fgoem . (E2771-3) reproduction of K" with reduced In mole fraction of 0.01 in
the n-side wave guide

Lo (E2889-1, E2890-1, E2896-1, E2888-1, E2897-1, E2895-1, E2892-1, E2891-1,
E2893-1) reproduction of K°™™ with varied d, between 1.5 and 3 nm and
varied z.y, between 0.10 and 0.20

Mpomm 2 (B4031-1C) reproduction of the sample with the high temperature barriers
of set M#9™ as a current injection LD heterostructure

Mo (E2895-1, E2897-1) optically pumpable laser structures with 3 nm thick
QWs but different barrier growth temperatures

Toapcans - (E1729) 240x AlGaN/GaN:Si SPSL on sapphire-based GaN:Si template
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