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Zusammenfassung 

Die globale Erwärmung der Erde verlangt eine Reduktion unseres 

Energieverbrauchs und einen Wechsel der Energiequellen hin zu erneuerbaren Energien. 

Der Stromverbrauch des Internets liegt 2020 bei etwa 10 % des globalen Strombedarfs mit 

steigender Tendenz. Eines der Probleme ist die geringe Effizienz der verwendeten Laser 

auf InP-Basis für die Kommunikation via Glasfaserkabel. Die Entwicklung effizienterer 

Laser, basierend auf der GaAs-Plattform stellen eine lang ersehnte Alternative dar. Die 

vorliegende Arbeit könnte in der Zukunft einen Beitrag dazu leisten, den Energieverbrauch 

der Glasfaserkommunikationssysteme zu senken. Basierend auf verdünnt Bismuth-haltigen 

Halbleitern wurden zwei unterschiedliche Ansätze, für die Anwendung in 

Laserbauelementen auf GaAs Substraten, verfolgt. 

Die Untersuchungen zum Wachstum von (Ga,In)(As,Bi) auf GaAs zeigten, dass die 

erreichbare Gitterfehlanpassung von (Ga,In)(As,Bi) limitiert ist. Die kompressive 

Gitterfehlanpassung erhöhte sich nicht durch den Einbau von In, stattdessen sank der Bi 

Einbau, während die Gitterfehlanpassung konstant blieb. Das überschüssige Bi segregierte 

an der Oberfläche, wodurch sich metallische Tropfen ausbildeten. Die beabsichtigte 

Rotverschiebung der Wellenlänge im Vergleich zum ternären Ga(As,Bi) wurde deshalb 

nicht erreicht. 

In Zukunft sollten sich die Experimente auf ein tieferes Verständnis des Ga(As,Bi)-

Wachstums fokussiert werden, vor allem bei niedrigen Temperaturen, bevor Ga(As,Bi) mit 

weiteren Materialien vermischt wird. Die Entwicklung neuer Präkursoren für das 

metallorganische Gasphasenepitaxie-Wachstum bei niedrigen Temperaturen könnte dabei 

helfen. 

Das Wachstum der Typ-II-Strukturen zeigte einen erfolgsversprechenden Pfad für 

weitere Untersuchungen zu Lasern mit Emissionswellenlängen um 1.55 µm auf GaAs 
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Substraten. Eine wesentliche Herausforderung bei der Herstellung dieser Strukturen waren 

die Grenzflächen zwischen den verwendeten Materialien, welche signifikante Anpassungen 

der Wachstumsbedingungen erfordern. Für eine optimale optische Qualität der Ga(As,Bi) 

Schichten wurde eine Benetzung der Oberfläche mit Bi für 60 s vor dem Ga(As,Bi)-

Wachstum eingeführt. 

Die Dauer dieser Benetzung sollte in Zukunft auf der Ga(N,As)-Oberfläche 

untersucht und optimiert werden, um eine ausreichende optische Qualität der WQW-

Heterostrukturen zu garantieren. 

An der zweiten Grenzfläche muss das überschüssige Bi vor dem Wachstum des 

zweiten Ga(N,As)-QW von der Oberfläche desorbiert werden, damit der gewünschte N-

Einbau erreicht werden kann. Deshalb wurde auf der Ga(As,Bi)-Oberfläche die Temperatur 

auf 625 °C erhöht und das Bi für 120 s desorbiert. 

In weiteren Experimenten sollten die Konzentrationen und Dicken der Schichten 

optimiert werden, um spezielle Wellenlängen, wie 1.55 µm oder länger, zu erreichen. Die 

größte Herausforderung wird vermutlich die Optimierung der Benetzung der Oberfläche mit 

Bi sein, welche mit dem RAS in situ untersucht werden kann. 

Die Laseremission bei Raumtemperatur einer (Ga,In)As/Ga(As,Bi)/(Ga,In)As WQW 

Laserdiode ist ein bedeutsamer Durchbruch für Ga(As,Bi) basierte Typ-II Strukturen. Es 

wurde eine Struktur mit einer Emissionswellenlänge von 1037 nm in Kombination mit einer 

optischen Effizienz von 48 mW/A hergestellt. Der Machbarkeitsbeweis rechtfertigt weitere 

Forschung in diesem Bereich. Ausgehend von diesem Prototyp lassen sich in Zukunft, 

durch ausgeklügeltes Anpassen der Kompositionen und Dicken der einzelnen Schichten, 

langwelligere Laser realisieren. 

Obwohl kein Laser mit einer Emissionswellenlänge nahe den technologisch 

interessanten Wellenlängen von 1.3 µm und 1.55µm hergestellt werden konnte, zeigt die 

vorliegende Arbeit aussichtsreiche Möglichkeiten für Ga(As,Bi) basierte Typ-II Strukturen, 

um das lang ersehnte Ziel langwelliger Laser auf GaAs Substraten zu erreichen. 
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 Introduction 

Human beings suffer from various crises since lifetimes. Some of them are more 

life-threatening than others1,2. In the industrial age today´s society faces climate change. 

Drought periods, flooding, and heat waves causing forest fires are only a tiny portion of 

global change expected due to climate change3–7. 

Besides the many contributions to climate change, energy consumption and 

generation require significant change to slow global warming8,9. Telecommunication and 

information technology across the world constitute about 10 % of the total electrical power 

demand in 202010. Information transfer across the world is realized by light transfer through 

fiber optics. For long-haul transmission, the communication process is based on laser 

devices emitting at wavelengths of 1.3 µm or 1.55 µm since the attenuation in the quartz 

glass fibers exhibits local minima at these values11. 

However, the efficiency of the conventionally used laser devices, such as 

(Ga,In)(As,P)/InP, is relatively poor and reduced further by the required cooling of the 

device, mandating alternatives with lower energy consumption. Extensive investigations of 

devices on InP revealed the limiting factors, such as Auger recombination, intervalence 

band absorption and carrier leakage.12–15 

In the last decades, efforts have been made to develop suitable material systems 

and structures to transfer telecommunication technology onto the promising GaAs platform. 

The well-established (Al,Ga)As/GaAs claddings offer superior carrier confinement and a 

higher refractive index contrast compared to InP-based counterparts and are simple to grow 

featuring a low strain to GaAs16,17. 

Incorporating dilute amounts of bismuth into GaAs is suggested to develop more 

efficient laser devices for telecommunication. A tremendous reduction of the band gap 

accompanied by a significant increase of the spin-orbit splitting is observed18–20. At fractions 
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above 10 %Bi, required for 1.55 µm emission wavelengths, the band gap would be smaller 

than the spin-orbit splitting suppressing specific Auger recombination channels21. However, 

the growth of layers with sufficient Bi incorporation using metalorganic vapor phase epitaxy 

has proven difficult due to the metastability and required low growth temperatures22,23. 

Therefore, the additional incorporation of In is investigated in the present thesis in an 

attempt to push the emission wavelength further into the infrared. 

As alternative approach, Type-II structures are suggested for suppression of Auger 

recombination24,25. The electrons and holes in these structures are spatially separated in 

two adjacent layers and ideally recombine across the interface. Such heterostructures 

enable for a more flexible design of the conduction and valance band in the respective 

material. Convincing results have been achieved with (Ga,In)As/Ga(As,Sb) Type-II 

heterostructures26–28. One of the presented devices has shown laser operation at the 

technologically relevant wavelength of 1.3 µm, albeit 1.55 µm remains untouched26. 

In this thesis, the significant impact of bismuth on the valence band is exploited for 

Type-II structures. Besides (Ga,In)As layers, a combination of Ga(N,As) layers with 

Ga(As,Bi) layers is also investigated. The tensile strain of Ga(N,As) allows for strain 

compensation and a significant reduction of the conduction band edge is observed already 

for small molar fractions. However, stacking of (Ga,In)As and Ga(N,As) layers with 

Ga(As,Bi) has proven difficult. Heavy adaptions to the growth recipes are required, let alone 

due to each layer's widely different growth conditions. Considering bismuth segregation is 

crucial for interface formation and designing recipes for high-quality layer stacks in an 

interface-dominated device. 

The present thesis is written in a cumulative format and organizes as follows: 

Beginning in Chapter 2 and Chapter 3 the physical principles of the investigated materials, 

the fabrication, and characterization methods are briefly introduced. Chapter 4 gives an 

overview of the publications arisen from this thesis listed in Chapter 6. A summary and 

outlook are written in Chapter 5. 

 



 

 

 Physical Principles 

The beginning of this thesis tackles the fundamentals of semiconductor physics 

focused on III/V semiconductors that are necessary for understanding the experiments and 

results. Structural properties and models, such as the band structure, which describes the 

semiconductor electronic and optical properties, are complex. Hence, only a brief summary 

will be given. For more details, the reader is motivated to read through standard literature29–

33. The dilute bismide and dilute nitride materials investigated in this work show exciting 

features described at the end of this chapter. 

2.1 Investigated Materials 

 Fundamentals of III/V Semiconductors 

The investigated III/V semiconductors are based on the well-known GaAs platform 

and crystalize in the zinc blende structure. In this structure, two face-centered cubic (fcc) 

lattices are displaced by a quarter in space diagonal. In an ideal case, the group III species 

occupy one sublattice and the group V species occupy the other and, therefore, each 

species is tetrahedrally surrounded by the other species. Atoms form covalent and ionic 

bonds, which is described by sp3-hybridization resulting in a bonding angle of 109.5°. 

The wave functions of the outer electrons of adjacent atoms overlap, leading to 

combined wave functions extended over the whole crystal. Therefore, the higher-lying 

intrinsic states of the single atoms are split up and form continuous bands of allowed energy 

levels. The k·p theory may describe such band structure using an eight-band Hamiltonian34. 

In the case of dilute nitrides or dilute bismides the model is expanded to a ten-band and 

twelve-band Hamiltonian, respectively, to account for the additional states present in these 

material systms21. 
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The most important bands are the upper valance bands and lower conduction 

bands. The valance bands are the last filled bands, while the conduction bands (CB) are 

the first bands without charge carriers at 0 K. For the valance bands (VB), usually three 

bands are considered: the energetically degenerated heavy hole (HH) and light hole (LH) 

bands and the spin-orbit split-off band (SO) that is energetically shifted due to spin-orbit 

interaction. The energetic separation between the upper valence and the lowest conduction 

bands is called band gap energy Eg. Two situations may occur for the relative position of 

the band extrema. For a direct semiconductor, such as GaAs, the extrema of the bands are 

located at the center of the Brillouin zone, the Γ-point. Direct semiconductors benefit from 

easy momentum conservation, making them suitable for light-emitting devices. Indirect 

semiconductors, however, require a momentum transfer for transitions since only the 

valance band extremum is located at the Γ-point. 

Due to the finite nature of a crystal, the symmetry of a bulk is broken on the surface 

resulting in two unsaturated bonds per atom, the dangling bonds. This is also true at the 

vapor/solid interface during growth. Reconstruction via relaxation and distortion of the 

topmost atoms is expected to reduce the surface energy and the number of free bonds. The 

lack of attractive forces at the topmost layers results in a relaxation shifting the atoms normal 

to the surface. The dangling bonds of neighboring atoms may form a bond resulting in a 

dimer. During this dimer formation, one bond of each atom is annihilated, and the surface 

energy is reduced due to charge redistribution in the dimers leading to buckling of the 

dimers.35 The dimer formation is illustrated in Figure 2-1. This so-called surface 

reconstruction leads to a drastically reduced number of dangling bonds and can be modeled 

Figure 2-1: Sketch of the unreconstructed and reconstructed surface of a zinc blende 
structure, such as GaAs. The Dimer formation leads to a reduced surface energy as 
depicted in the reconstructed case. 
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using the electron counting rule. A possibility to describe the symmetry of this 2D lattice with 

respect to the bulk crystal is Wood´s Notation36. 

During metalorganic vapor-phase epitaxy (MOVPE) growth, the remaining dangling 

bonds can be saturated by other species, such as hydrogen, gallium, arsenic, or some 

(metal-)organic decomposition product, in the case of GaAs growth. This saturation of 

dangling bonds can further change the surface reconstruction and allows to prepare specific 

surface reconstructions that are uncommon for a certain temperature37. 

Another vital aspect of III/V semiconductors is the alloying of two or more binary 

compounds. The resulting ternary or quaternary compound shows properties that can be 

described using a linear combination of the properties from the binary constituents with 

respect to their fraction38: 

  	
 𝐸!!""#!# = 𝐸𝑎!# + (1 − 𝑥)𝐸"# . (2.1)	
  	

Vegard´s law allows for a simple calculation of property 𝐸 of a ternary compound 

𝐴$𝐵%&$𝐶, where 𝑥 is the mole fraction of the material AB. Using this rule for the band gap, 

however, the result is not satisfying. For band gaps the virtual crystal approximation (VCA) 

is used, which extends Vegard´s law with a bowing parameter 𝑏 with quadratic dependence 

on the mole fraction 𝑥 39,40: 

  	
 𝐸'(𝐴$𝐵%&$𝐶) = 𝑥𝐸'(𝐴𝐶) + (1 − 𝑥)𝐸'(𝐵𝐶) − 𝑥(𝑥 − 1)𝑏. (2.2)	
  	

The bowing parameter 𝑏 is considered as composition independent itself. The VCA 

approximation allows quick calculation of the band gap energy, for example, of (Ga,In)As, 

in contrast to the whole band structure using the k·p model. Both equations are suitable to 

calculate every property of the alloy depending on if bowing is required or not. 

An overview of some technologically essential semiconductor alloys and the 

materials of this work are shown in Figure 2-2. This figure shows that a wide range of band 

gap energies is accessible through alloying two binaries, which allows a wide range of light-

emitting devices for different applications. However, changing the band gap always results 

in a change in the lattice constant. Therefore, a substrate with an appropriate lattice 

constant is required for the desired band gap. For example, the conventional 

telecommunication lasers with emission energies of 0.8 eV and 0.95 eV (analogous to 

emission wavelengths of 1.55 µm and 1.3 µm) are grown on InP substrates12. 

Going even further to alloy quaternary materials, the band gap and lattice constant 

may vary independently. Giving rise to more degrees of freedom, such quaternary alloys 

are challenging to grow. Efforts have been made to develop quaternary materials on the 

GaAs platform for laser devices in the telecommunication windows to profit from the 
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advantages of the GaAs platform compared to the InP platform16,17. Moreover, quaternary 

alloys allow growing layers with different band gaps but the same lattice constant on top of 

each other, such as in multi-junction solar cells41. 

Some of the materials studied in this work show an even more pronounced influence 

on the band gap that the VCA model does not explain. Incorporating N or Bi into GaAs 

results in highly mismatched alloys (HMA) due to the significant mismatch of the size and 

electronegativity compared to As19. The band gap change for the resulting alloys is 

described by an anti-crossing interaction and will be introduced in the next chapter.  

 Ga(As,Bi) 

First epitaxial growth experiments on Ga(As,Bi) have been carried out by Oe et al. 

using MOVPE at the turn of the millennium23,42,43. A maximum Bi fraction below 3 % has 

been achieved at considerably low growth temperatures below 400 °C. Post-millennial, the 

first molecular beam epitaxy (MBE) experiments have been published by Tixier et al. with a 

maximum Bi fraction of 3.6 %20,44. Later, samples with molar fractions above 4.5 %Bi have 

been presented45. The highest molar fraction obtained by MBE growth is as high as 22 %Bi 

at a growth temperature of 200 °C 46. 

Figure 2-2: Band gap energy in dependence of the lattice constant of some III/V 
semiconductors. The Solid lines indicate the band gap bowing of some ternary alloys. The 
accessible band gap of (Ga,In)(As,Bi) is given for various In and Bi fractions. Parameters 
are taken from Table 1 and ref 39,40. 
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Samples containing high molar fractions of Bi have been an obstacle for MOVPE 

growth for a long time. The formation of metallic droplets has been observed and is required 

to be suppressed. Ludewig et al. have been one of the first to report the successful growth 

of high-quality Ga(As,Bi) layers with over 4 %Bi incorporation without droplet formation 

using flow modulated epitaxy47. Applying a continuous precursor supply allows increasing 

the Bi fraction above 7 %. However, a very narrow growth window is reported48. 

The fast progress of the epitaxial 

growth of Ga(As,Bi) has led to various laser 

devices. The first electrically pumped laser 

with 2 %Bi incorporation has been 

presented in 201449. Still, the laser with the 

longest lasing wavelength of 1.14 µm with a 

Bi fraction of 5.8 % has been processed by 

Liu et al.50. Recently, Liu et al. presented a 

Ga(As,Bi) optically pumped microdisk laser 

and achieved an emission wavelength of up 

to 1.4 µm51. 

Low growth temperatures, where 

surface reactions become relevant, and the 

non-equilibrium growth conditions required 

for Ga(As,Bi) growth, make it challenging to 

grow layers with high molar fractions and 

good optical properties. The equilibrium solubility of Bi in GaAs is relatively low and possibly 

decreases further for increased temperatures52. Moreover, the diffusion length of Bi is 

relatively high and needs to be reduced to allow significant Bi incorporation53. Due to the 

high diffusion length of Bi atoms on the surface, Bi atoms segregate and possibly form a 

metal layer on the surface22. Slight deviations from the optimal growth conditions can lead 

to Bi or (Ga,Bi) droplet formation54–58. 

Moreover, a drastic reduction of the growth rate has been found for the Ga(As,Bi) 

material system48,59. First models suggest a self-limiting layer of methyl groups60 (or Bi 

atoms on the surface) that hinder Ga from sticking to the surface48. Nattermann et al. 

conducted experiments with triisopropylebismuth (TIPBi) and tritertiarybutylbismuth (TTBBi) 

that have shown the same results compared to TMBi61. The saturation of adsorption sites 

by other alkyl groups remains a possible explanation. However, this assumption requires 

further investigation and is not topic in this work. 

 

 

Figure 2-3: Sketch of the reconstructed 
Ga(As,Bi) valance band due to the anti-
crossing interaction of localized Bi levels 
with the GaAs host valance bands. 
Adapted from ref 68. 
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Table 1: This table summarizes the important parameters of the binary zinc blende 
compounds that are alloyed together in this work. The impurity level, bowing parameter, 
and coupling parameter are given for alloying the individual elements with GaAs. Values for 
GaBi and GaN are either calculated or extrapolated. The impurity levels 𝑬𝑩𝒊 and 𝑬𝑵 are 
given with respect to the valance band maximum. If not otherwise cited, the values are 
taken from ref 39,40 and ref 63. 

Exploiting the laws for common III/V´s described above is tricky for dilute Bi-

containing materials. The free-standing GaBi binary is purely hypothetical since phase 

separation would occur during solidification62. However, using the first epitaxial experiments 

of Ga(As,Bi) in combination with the calculation of a hypothetical zinc blende GaBi 

compound helped to obtain the lattice constant of the binary compound44.  

The atomic size and electronegativity differ significantly from the As group V host 

species19. Alloys consisting of species showing such a significant mismatch in properties 

are considered as highly mismatched alloys. The same is true for dilute N-containing 

materials discussed at the end of this chapter. 

The interaction of such a highly mismatched isoelectric impurity is considerably 

different compared to more common impurities. In the case of Bi in GaAs, highly localized 

states are formed that lie 0.183 eV below the valance band63. Localized states below the 

valance band are expected since the electronegativity and ionization energy are lower 

compared to As68. Alberi et al. have been one of the first to introduce the band anti-crossing 

(BAC) model for Ga(As,Bi) valance band68,69. The anti-crossing interaction results in a 

restructuring of the valance bands. As a result, the heavy and light hole bands split up into 

E+ and E- bands, resulting in five valance bands. The restructured valance bands are 

sketched in Figure 2-3. Applying the anti-crossing approach, the band gap is calculated in 

good agreement to experimental findings21,68–70. Besides the restructuring of the valance 

band, a downward shift of the conduction band is observed63,71. The band gap energy 𝐸' 

Binary Compounds at 300 K GaAs InAs GaBi InBi GaN 

Lattice Constant [Å] 5.65 6.06 6.3344
  6.6164 4.5 

Bandgap [eV] 1.42 0.354 -1.4565
  -1.6365

 3.24 

Spin-Orbit-Splitting [eV] 0.341 0.39 2.266 - 0.017 

Elastic Constants C11, C12 [GPa] 122.1, 
56.6 

83.3, 
45.3 

73, 
32.767 

58.5, 
30.467 

29.3, 
15.9 

Impurity Level 𝐄𝐁𝐢,𝐍 [eV] - - -0.183 - 1.65 

Bowing Parameter 𝐛, 𝛄, 𝛋 [eV] - 0.477 2.82, 
1.01 - -1.51, 

1.36 
Coupling parameter 𝐂𝐁𝐢,𝐍 [eV] - - 1.13 - 2.7 
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can be calculated by calculating the conduction 𝐸# 	and valance 𝐸/ band edge and take the 

difference. The equations for Ga(As,Bi) read as follows: 

  	

 𝐸'
01(!3,"4) = 𝐸#

01(!3,"4) − 𝐸/
01(!3,"4), 

 
(2.3)	

 𝐸#
01(!3,"4) = 𝐸#01!3 − 𝛾𝑥"4 , 

 
(2.4)	

 
𝐸/
01(!3,"4) =

(𝐸/01!3 + 𝜅𝑥"4) + 𝐸"4 +=((𝐸/01!3 + 𝜅𝑥"4) + 𝐸"4)6 + 4𝑥"4𝐶"46

2
, 
(2.5)	

  	
With 𝛾(𝜅) the VCA contribution of Bi in the conduction band, 𝐸"4 the Bi energy level, 

𝑥"4 the Bi fraction, and 𝐶"4 the coupling parameter between the Bi and valance band states. 

The used fitting parameters are summarized in Table 1 

Experimentally only the E+ bands have been observed. Calculations using a tight-

binding approach suggest that the E- states in Ga(As,Bi) cannot be observed due to strong 

broadening with the large density of states in the valance bands70. 

 (Ga,In)(As,Bi) 

Originally this material system has been proposed for optoelectronic devices on InP 

substrates72, such as laser devices spanning up to an emission wavelength beyond 3 µm73. 

Intensive work has been performed for the growth of (Ga,In)(As,Bi) on InP substrates using 

MBE45,72,74–83. Bi fractions of up to 7 % have been achieved at growth temperatures below 

300 °C45,81. Gu et al. demonstrated a long-wavelength detector based on (Ga,In)(As,Bi) with 

a 50 % cut-off wavelength as long as 2.1 µm83. 

The growth of (Ga,In)(As,Bi) using MOVPE has not been reported in the literature 

for a long time. More recently, Guan et al. have reported the successful growth of 

(Ga,In)(As,Bi) on InP substrates using MOVPE showing a Bi fraction of up to 2.2 % and In 

fractions between 37 and 59 % at a growth temperature of 380 °C84. However, in this 

particular study the MOVPE growth of (Ga,In)(As,Bi) on GaAs substrates has not been 

demonstrated. Growing (Ga,In)(As,Bi) using MOVPE imposes challenges as will be 

discussed in Section 4.1. 

The growth of (Ga,In)(As,Bi) on GaAs has been explored in the past using MBE at 

very low growth temperatures ranging from 200 – 300 °C85,86. In this particular case, the low 

temperatures are chosen to incorporate As antisites which are beneficial for THz-antenna 

applications. The presented samples showed In and Bi mole fractions in the order of 10 %. 

Determining the composition of quaternary materials itself is challenging as the 

standard XRD technique is not sufficient. In the studies mentioned above Rutherford 
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backscattering spectroscopy has been nominated as the most suited method, as the heavy 

element Bi gives a unique response87.  

For this work, composition determination is conducted employing a method 

combination of HR-XRD and PL. An infinite set of compositions can achieve the lattice 

constant extracted from HR-XRD measurements. However, the actual composition can be 

determined with the band gap measured by PL as the second variable. The band gap is 

calculated depending on the composition for the infinite set of compositions of the 

determined lattice constants. Comparing the band gap from PL with this calculation, the 

actual composition is extracted. 

The calculation of the quaternary material is based on the calculation of the band 

gap from Ga(As,Bi). However, the altering of 𝐸/
(01,78)!3 and 𝐸#

(01,78)!3with In incorporation 

has to be considered in Equations (2.4) and (2.5). The band gap for various In 

concentrations in dependence of the Bi fraction is shown in Figure 2-4. Due to the limitation 

of Bi incorporation in Ga(As,Bi), (Ga,In)(As,Bi) is a suitable candidate to push the emission 

wavelength of devices further into the infrared. 

 Ga(N,As) 

The alloying of GaAs with GaN is investigated since the early 1990s. Similar to Bi, 

the solubility of N in GaAs is relatively low and, hence, non-equilibrium growth techniques, 

such as MOVPE and MBE, are required for epitaxial growth88. 

Figure 2-4: This figure shows the band gap of (Ga,In)(As,Bi) in dependence of the In and 
Bi fraction.  
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The growth using MOVPE has been tricky initially since the conventional N 

precursors N2 and NH3 require plasma cracking due to high thermal stability and comparably 

low growth temperature required for significant N incorporation89. Unsymmetrical 

dimethylhydrazine (UDMHy) has been the precursor of choice since then90. Investigation of 

the N incorporation in GaAs and (Ga,In)As conducted in the same reactor as used for this 

work can be found in ref 91. During the growth of dilute nitrides, it has been observed that 

segregation effects of heavy elements, such as In, Sb and Bi, hinder the N incorporation 

using UDMHy91,92.  

Recently, ditertiarybutylaminoarsane (DTBAA) has been proposed as an efficient N 

source showing an incorporation efficiency enhanced by an order of magnitude compared 

to UDMHy93. Compared to the observations in experiments conducted with UDMHy no 

influence of segregation on the N incorporation has been found94. 

In contrast to Bi incorporation, strongly localized states arise above the conduction 

band upon N incorporation95. Therefore, the reconstruction of the band is happening in the 

conduction band of the GaAs host21,96 and in contrast to Ga(As,Bi), both the E+ and E- bands 

have been observed experimentally97. The conduction band anti crossing (CBAC) works 

well to describe the band reduction in dilute nitride alloys98–100. 

Small molar fractions of 1 %N already lead to a reduced band gap of approximately 

180 meV showing the potential for applications in various devices97. However, for device 

applications quaternary and quintenary alloys, such as (Ga,In)(N,As)91,94,101–108, 

Ga(N,As,Sb)109,110, and (Ga,In)(N,As,Sb)111, received more attention90. 

 Type-II Structures 

In the active region of conventional laser devices, such as (Ga,In)(P,As) on InP the 

minima and maxima of both the conduction and valence band are located in the same 

material. For such a heterostructure, the band alignment is referred to as Type-I band 

alignment or straddling gap. An alternative approach is to separate the electrons and holes 

in two adjacent layers, which may result in charge carrier recombination across the 

interface. Confinement of charge carriers in adjacent layers requires that the valance 

(conduction) band minimum (maximum) of one layer is higher (lower) in energy compared 

to the other layer. Both layers are now involved in the transition leading to a more flexible 

design as the conduction and valance band can be adjusted in each layer independently. 

Moreover, the Type-II band alignment opens the possibility to suppress Auger 

recombination24,25. The third possibility is called broken gap since the band gaps of two 

layers do not overlap. Type-III band alignments are not of interest in this work. The three 

different types of band alignment possible in heterostructures are illustrated in Figure 2-5. 
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Investigated heterostructures with Type-II band alignment on GaAs include 

(Ga,In)As/Ga(As,Sb)26–28,112–118, (Ga,In)As/Ga(N,As)118–121, Ga(N,As)/Ga(As,Sb)122–124. 

More recently, structures exploiting the unique band structure of Ga(As,Bi) have 

been investigated. The Ga(As,Bi) layer acts as a hole confining layer, while (Ga,In)As125,126 

or Ga(N,As)127,128 can be chosen as an electron confining layer. Both kinds of the resulting 

Type-II structures have been investigated in this thesis and will be explained in the next 

part. 

W-Type Heterostructures 

This subsection should give more insight into the desired 

(Ga,In)As/Ga(As,Bi)/(Ga,In)As and Ga(N,As)/Ga(As,Bi)/Ga(N,As) W-Type heterostructures 

investigated for laser applications. The charge carriers in Type-II structures are separated 

in adjacent layers and, hence, the wave function overlap is reduced compared to Type-I 

structures. Enhanced wave function overlap is achieved by adding a second electron 

confining layer and embedding the hole confining layer in a so-called W-Type structure. The 

band alignment of the investigated structures is sketched in Figure 2-6. Embedding the 

electron confining layer between two hole confining layers is considered as M-Type 

structure. However, for heterostructures using (Ga,In)As and Ga(As,Bi) the M-Type 

structure results in a higher wave function overlap but the gain is reduced compared to a 

W-Type structure126. Similar results have been calculated for Ga(N,As)/Ga(As,Bi) structures 

but have not been published yeta. Hence, W-Type structures are investigated in this work 

since the gain is critical for laser devices. 

 
a Calculations performed by Christopher Broderick, Tyndall National Institute, Cork Ireland 

Figure 2-5: Illustration of the three possible band gap alignments in heterostructures. For 
Type-I and Type-II structures one possible transition is sketched. 
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The sketch shown in Figure 2-6 only holds true in the limit of low excitation densities. 

Population inversion required for laser operation is achieved at high excitation densities, 

where band bending effects occur due to spatially separated charge carriers. These effects 

have been investigated thoroughly for (Ga,In)As/Ga(As,Sb) heterostructures129,130. The 

band bending results in a significant blue shift of the emission wavelength with increasing 

charge carrier density. Moreover, the wave function overlap and, thus, the gain is enhanced 

with increased charge carrier density. 

A particular challenge for these structures is stacking the different materials on top 

of each other with high epitaxial quality. The growth conditions, especially the growth 

temperature, of the electron confining materials [(Ga,In)As; Ga(N,As)] differ significantly 

from the hole confining Ga(As,Bi) layer. In and Bi both show segregation effects that need 

to be considered, when designing the (Ga,In)As/Ga(As,Bi) and Ga(As,Bi)/(Ga,In)As 

interfaces22,91. Moreover, segregation effects influence the N incorporation during MOVPE 

growth91,92, which is crucial for the growth of Ga(N,As)/Ga(As,Bi)/Ga(N,As) W-Type 

structures. The established growth interruptions to overcome the peculiarities of the 

proposed structures are described in the results section.  

Since both In and Bi incorporation in GaAs result in compressively strained layers, 

strain-related relaxation must be considered. In the case of N incorporation, tensile strained 

Ga(N,As) can compensate for the strain of Ga(As,Bi), which opens up the possibility to 

balance the strain of the structures allowing to increase the number of W-Type QWs 

(WQWs) in a device127,128. 

 

Figure 2-6: Sketch of the desired structure’s band alignment. The wave functions of the 
charge carriers are indicated as green solid lines. 





 

 

 Methods 

This chapter gives insight into the applied experimental methods beginning with 

metalorganic vapor phase epitaxy (MOVPE), the method used to grow the III/V 

semiconductor materials and the in-situ characterization technique reflection anisotropy 

spectroscopy (RAS). The ex-situ characterization methods are organized as follows: High-

resolution X-ray diffraction (HR-XRD), photo- and electroluminescence (PL and EL) 

spectroscopy, and atomic force microscopy (AFM). 

Figure 3-1: Schematic illustration of the used MOVPE machine with horizontal reactor 
design. The setup is divided into four parts: gas supply, gas-mixing cabinet, reactor, and 
exhaust gas purification. 
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3.1 Metalorganic Vapor Phase Epitaxy 

The MOVPE machine used for this work is of horizontal reactor design. For scientific 

purposes, this reactor design is sufficient with simple sample exchange, cleaning, and 

maintenance. In a production environment where throughput is significant reactors with 

planetary or showerhead design are preferred. However, the processes developed in a 

horizontal reactor can be adapted for a production-focused reactor design. Detailed 

information on the thermodynamics and characteristics of MOVPE can be found elsewhere 

131–133. 

Another non-equilibrium technique worth 

mentioning is MBE134. Since molecular beams are used, in 

contrast to precursors, ultra-high vacuum is required to 

suppress collisions of the molecular beams with the 

ambient. This requirement makes upscaling for production 

as well as maintenance of the systems challenging. 

A commercially available AIXTRON AIX 200 GFR 

machine from AIXTRON SE is used for this work. An 

overview of the MOVPE setup is given in Figure 3-1. 

Bubblers in the gas mixing cabinet are used to store the 

precursors. The highly purified hydrogen (H2) carrier gas 

flows from the gas supply through the bubbler and carries 

the gas phase saturated with the precursor vapor out of the 

bubbler into the reactor. Mass flow controllers (MFC) and 

pressure controllers (PC) adjust the amount of material 

carried into the reactor. To prevent fluctuations of the 

bubbler pressure (PC), an H2 flow through the bubbler (QS) 

and the bypass (QP) are used to keep the flow through the 

pressure controller of the bubbler constant (compare figure 

Figure 3-2). Considering the precursors’ vapor pressure 

(PS) is essential and therefore, the bubblers are stored in 

temperature-controlled water baths. Usually, the precursor supply is given in terms of its 

partial pressure (PP) to the reactor pressure (PR). The PP for a liquid or solid source 

molecule, stored in a bubbler, is given by the following equation: 

  	

 
𝑃9
𝑃:

=
𝑄;
𝑄<

𝑃;
𝑃# − 𝑃;

. (3.1)	

  	

Figure 3-2: Cutaway 
drawing of a Bubbler’s 
inside as well as the MFCs 
and valves required to 
control the gas flow. 
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This equation combines the ratio of the partial pressure PP to the reactor pressure 

PR and the ratio of the source flow QS to the total flow through the reactor (QT). However, 

for a liquid or solid source molecule the ratio of the vapor pressure PS and the pressure of 

H2 in the bubbler (difference of PC and PS) need to be considered. Pp(X) gives the 

abbreviation for the partial pressure of a given precursor X. 

For more stability and fast supply switching, the flow is controlled through a vent/run 

valve. The run line leads the gas flow directly into the reactor enabling the growth of chosen 

material, while the vent line is routed directly to the exhaust gas system for cleaning. Group 

III and group V precursors have two run lines available each, which prevents pre-reactions 

between the precursors. A quartz liner spatially confines the reactor to ensure a laminar gas 

flow, especially above the susceptor. Six infrared heating lamps heat the susceptor and the 

single crystalline substrate placed on the graphite suszeptor. The substrate rotates using 

gas foil rotation (GFR) for a more homogeneous growth across the wafer.  

The input gas stream is supersaturated and mass transport limits the vapor phase 

and solid phase from reaching equilibrium132. Therefore, this technique is referred to as the 

non-equilibrium deposition technique. A simple model to describe this process is the 

boundary layer model132,133. The boundary layer connects the supersaturated vapor and the 

growth interface. The precursors diffuse through the boundary layer, the temperature profile 

above the substrate, absorb heat through collisions and start to decompose depending on 

the substrate temperature. The partly decomposed precursors may adsorb on the surface 

and complete decomposition. The atoms diffuse on the surface to find an energetic 

Figure 3-3: Schematic of the MOVPE growth process in the context of the boundary layer 
model. 
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preferable incorporation site, mostly step edges. A schematic of the growth process in terms 

of the boundary layer model is shown in Figure 3-3. However, it is also possible that residual 

organic groups incorporate into the crystal forming defects. Choosing precursors that 

decompose at lower temperatures can reduce the incorporation of organic groups. The 

reaction products in the vapor phase are transported out of the reactor into the gas 

purification system. 

In this work, GaAs, (Ga,In)As, Ga(N,As), Ga(As,Bi), (Ga,In)(As,Bi), and (Al,Ga)As 

are grown using the precursors trimethylaluminum (TMAl) triethylgallium (TEGa) and 

trimethylindium (TMIn) as well as tertiarybutylarsine (TBAs), unsymmetric 

dimethylhydrazine (UDMHy), and trimethylbismuth (TMBi) as group III and group V 

precursors, respectively. Doping of the (Al,Ga)As/GaAs contact layers is achieved by 

ditertiarybutylsilane (DTBSi) and carbon tetrabromide (CBr4). The (001) GaAs substrates 

have been pretreated by a solution of hydrogen peroxide (H2O2) and water (H2O)135. The 

etch rate of the solution is controlled by the pH value, which itself is adjusted by adding 

dilute amounts of ammonia solution (NH3). After 60 s of etching, the sample is flushed for 

300 s with water, followed by nitrogen passivation for 90 s. 

3.2 Reflectance Anisotropy Spectroscopy 

Using highly mismatched alloys in an interface-dominated device demands precise 

control of the interfaces. Reflection anisotropy spectroscopya (RAS) allows for surface-

sensitive in-situ monitoring of the growth process and, therefore, the interface formation136. 

In this work, a Laytec EpiRAS 200 is equipped to the MOVPE reactor. Light is coupled into 

the reactor using an unstrained window of fused silica (SiO2). A unique liner with a hole in 

the upper part must be used for RAS investigations. This hole prevents deposition on the 

liner wall to ensure that the RAS probe light hits the sample surface. Furthermore, an 

additional carrier gas flow through this hole is needed to ensure that no metalorganic 

escapes from the liner. Investigations on the influence of this flow on the epitaxial growth 

with the applied setup are presented in 137. The light from the surface is reflected onto a 

mirror, back to the surface, and back to the RAS system again. A schematic of the setup is 

shown in Figure 3-4. 

The optical probe is generated by a continuous Xe-lamp with suitable intensity in the 

1.5 eV to 5.2 eV range. The emitted light is polarized using the birefringence of a prism 

polarizer. Upon reflection from an isotropic surface a phase shift by 𝜋 is expected, leading 

 
a Also referred to as Reflectance Difference Spectroscopy (RDS)  
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to linear polarized light. However, reflection from a surface with an anisotropy present, the 

incomplete phase shift leads to elliptical polarization of light. The photo-elastic modulator 

(PEM) modulates the elliptical polarization with a frequency of 50 kHz that is converted into 

an intensity modulation by the analyzer, which is another prism polarizer that is rotated by 

45° with respect to the polarizer. A monochromator and photodiode measure the 

wavelength-dependent intensity modulation.  

The setup allows choosing between two measurement methods. One is more 

commonly used and records the signal over time at a specific wavelength. This principle of 

transients is used for in-situ measurement of the surface temperature for example. In a 

second method, one can measure a spectrum in the energy range of the Xe-lamp from 

1.5 eV to 5.2 eV.  

The time resolution of the setup is restricted by the rotation of the sample during the 

MOVPE process, which leads to a further modulation of the signal that needs to be fitted. 

Since only one measurement is possible per rotation, the time resolution is restricted to 

approximately 1 s. 

The principle of RAS is to measure the anisotropy of the reflectance Δ𝑟. Light with 

orthogonal polarization is sent to the surface under quasi-normal incidence and reflected 

from the surface. In the case of an isotropic bulk structure, which is valid for III/V 

semiconductors in the (001) direction, the symmetry is only broken on the surface. Hence, 

this is a very surface-sensitive technique. The so-called 3-layer model connects the 

dielectric function with the RAS signal138. The three layers considered in this model are the 

infinite semiconductor bulk, the surface layer with thickness 𝑑, and the vacuum on top of 

the growing surface. The anisotropy of the dielectric function gives rise to the RAS signal if 

the probing wavelength is large compared to the thickness 𝑑. From the considerations 

above, the optical probe can be described as: 
  	

 
Δ𝑟
𝑟
=
2E𝑟$ − 𝑟=F
𝑟$ + 𝑟=

=
4𝜋𝑖𝑑
𝜆

Δ𝜖3
𝜖> − 1

. (3.2)	

Figure 3-4: The left side shows an schematic of the RAS setup. The right side depicts the 
3-layer model. 



20 High-Resolution X-Ray Diffraction – Methods 

 

  	
The values 𝑟$,= are called complex Fresnel coefficients and 𝜖>,3 are the bulk and 

surface dielectric functions, respectively. Due to the connection of the dielectric function, 

RAS is sensitive to critical points of the band structure. In contrast to other surface-sensitive 

techniques, such as reflection high energy electron diffraction and low-energy electron 

diffraction, RAS does not image the reciprocal space of the surface reconstruction. 

Therefore, it is not trivial to calculate the surface reconstruction for RAS spectra. The RAS 

spectra are used as “fingerprint” of a surface reconstruction that has been investigated 

beforehand in parallel with a diffraction technique in an MBE environment139. 

3.3 High-Resolution X-Ray Diffraction 

A fast and reliable way to determine the thickness and strain of the grown samples 

is crucial for performing growth studies. High-resolution X-Ray Diffraction (HR-XRD) fulfills 

the requirements and is moreover non-destructive. The HR-XRD setup used is a Panalytical 

X’Pert Pro utilizing a copper (Cu) anode as an X-Ray source. To interact with the crystal, 

the electromagnetic wavelength must be comparable to the lattice constant of the 

investigated crystal. This requirement holds true for the Cu K-𝛼 line (𝜆	= 1.5405 Å). 

The basic principle of XRD goes back to the Bragg equation, which explains the 

interaction as a scattering of the X-Rays from the periodic arrangement of the atoms in a 

crystal. Excitation of the atoms by the incident X-Rays leads to reemission of X-Rays that 

depending on the incident angle, wavelength, and spacing of the lattice planes may interfere 

constructively or destructively. For cubic crystal systems, the equation reads as follows140: 

  	
 𝑛𝜆 = 2	𝑑?@A 	𝑠𝑖𝑛𝜃 =

2𝑎
√ℎ6 + 𝑘6 + 𝑙6

𝑠𝑖𝑛𝜃, (3.3)	

  	
𝑛 ∈ ℕ denotes the diffraction order, 𝜆 the probing wavelength, 𝜃 the Bragg angle 

where constructive interference is expected, 𝑑?@A the lattice spacing of a particular array of 

lattice planes can be calculated through the lattice constant 𝑎 and the corresponding miller 

indices ℎ, 𝑘, 𝑙. The (004) reflex was chosen for this work. From this equation, one can only 

calculate the direction of the diffracted beam, not the intensity. For investigating 

heterostructures, one would expect an additional signal due to it being either compressively 

or tensilely strained. A different lattice constant of the layer gives rise to an additional peak 

according to Braggs law. The experimental setup, pseudo-morphic growth, and the 

measurement principle on an atomic level are sketched in Figure 3-5. 
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Simulation of the experimental diffractograms is conducted using dynamical 

modeling, which accounts for multiple scattering events of the diffractogram to find the 

thickness and composition of the corresponding structure. The basis of such calculation is 

the structure factor, which determines the intensity one would expect for 𝑁 atoms140: 

  	

 𝐹?@A = V𝑓8 expE2𝜋𝑖(ℎ𝑢8 + 𝑘𝑣8 + 𝑙𝑤8)F
B

8C%

. (3.4)	

  	
The structure factor expresses the sum of all individual atoms’ contributions by the 

atomic scattering factor 𝑓8 and the respective phase relation by an exponential function in 

dependence of the atomic position in the unit cell (𝑢8, 𝑣8, 𝑤8). For zinc blende structures 

that contain two elements in the unit cell (giving atomic form factors 𝑓% and 𝑓6) the structure 

factor results in: 

  	
 𝐹DDE = 4(𝑓% + 𝑓6). (3.5)	
  	

Since the scattering factors of the two atoms are adding up, a high diffraction 

intensity is expected for this reflex. 

The evaluation of diffractograms in this work was performed using the X’Pert Epitaxy 

Smooth and Fit modeling program provided by Panalytical. Essential experimental 

parameters to consider are the elastic constants and the lattice constant of the binary 

Figure 3-5: Illustrations explaining XRD the principals of measurements. The upper left 
shows the basic measurement geometry. The lower left shall exemplify the case of 
compressive and tensile strained heterostructures grown pseudo-morphically. The right-
hand side shows the basic principle of XRD of a heterostructure based on the Bragg angle. 
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semiconductors alloyed in the heterostructure. The intensity of the peak is calculated using 

the structure factor. Considering the (004) reflex, the intensity of the group III and group V 

sublattice is summed up (Equation (3.5)), which results in a higher intensity compared to 

other reflexes. Therefore, the (004) is suited to determine the strain 𝜖 of the structure. This 

case is called strain sensitive.  

  	

 𝜖 =
𝑎AF

𝑎3
− 1. (3.6)	

  	

 
Δ𝑎
𝑎
=
𝑎A − 𝑎3
𝑎3

=
𝐶%%

𝐶%% + 2𝐶%6
_
𝑎AF

𝑎3
− 1`. (3.7)	

  	
From the strain 𝜖, the strained lattice constant 𝑎AF can be extracted using Equation 

(3.6). Considering the elastic constants, the relaxed lattice constant 𝑎A and the lattice 

mismatch Δ𝑎/𝑎 defined by Equation (3.7) are obtained. Considering the parameters of the 

alloyed binaries and by applying Vegard´s law (2.1)  on the relaxed lattice constant 𝑎A, the 

semiconductor alloy composition is obtained. In Section 4.1 the lattice mismatch as defined 

in Equation (3.7) is used in the discussion.  

3.4 Optical Characterization Methods 

Photoluminescence Spectroscopy 

The optical properties of the grown semiconductors are of great interest due to the 

urge to use them in semiconductor lasers. Photoluminescence (PL) spectroscopy allows 

the measurement of the emission wavelength determined by the material's band gap. The 

setup used in this work is depicted on the left-hand side of Figure 3-6. Excitation of the 

samples is achieved optically using the 532 nm laser emission of a frequency-doubled 

neodymium-doped yttrium aluminum garnet (Nd:YAG) solid-state laser. The beam is 

focused on the sample resulting in a beam diameter of approximately 129 µm. A grid 

monochromator is utilized to disperse the emitted PL, which is imaged on a liquid nitrogen-

cooled Ge-detector. For signal detection, the probing laser is mechanically chopped by what 

the measured current induced by the luminescence from the sample can be extracted from 

a noisy background by a lock-in amplifier. 

Through excitation, electrons from the valance band are exited into the conduction 

band leaving holes behind (Right side of Figure 3-6). The charge carriers relax through 

phonon scattering into the band structure's extrema and recombine, releasing energy 

emitted as a photon with energy approximately of the band gap. However, in non-perfect 
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crystals defect states, such as disorder in multinary alloys, exist that lead to a broadening 

of the luminescence. Such broadening is characterized by the full width at half maximum 

(FWHM) of the luminescence spectra. Besides radiative recombination channels, there is 

also the possibility of non-radiative recombination. There are several loss mechanisms 

possible, such as Auger recombination141 and Shockley Read Hall recombination142,143. 

Some of the defects can be healed out by thermal annealing of the samples. 

Especially samples containing dilute molar fractions of nitrogen require thermal annealing 

after growth. For this post-growth annealing a JetFirst 200 C rapid thermal annealer (RTA) 

was utilized. Heating ramps as high as 50 K/s are achieved with 20 infrared heating lamps. 

The annealing was conducted at 650 °C for 10 s on every sample that contains more than 

2 %N. Diffusion of the atoms is enabled by the supplied heat that reduces defects, such as 

interstitials and antisites, resulting in a reduced broadening and increased luminescence 

intensity. From the decomposition of TBAs atomic hydrogen (H) may incorporate into the 

crystal creating defects that drastically influence the optical properties. Annealing helps to 

get rid of the incorporated H in dilute nitrides.144–147 

Electroluminescence and Laser Characteristics 

The urge to use electrically pumped laser devices mandates the characterization of 

possible devices under electrical injection. In this case, the charge carriers are injected 

through the diode's n- and p-contact, respectively. The n-contact is connected to the setup 

by placing the sample on a gold-coated copper block, while a custom probe card establishes 

Figure 3-6: Schematic illustration of the used PL and EL setup. The lower part shows the 
setup for electrical carrier injection in diodes. The right side shows a simple band diagram 
around the 𝜞-point with principal processes during PL spectroscopy. 
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the p-contact connection with 25 equally spaced contact needles. Measurements are 

conducted under pulsed operation using a home build electrical pulse source to prevent 

device overheating. Moreover, a Peltier element is employed to enable measurements at 

various temperatures. An oscilloscope (Tektronix TDS220) measures the generated pulses 

that are evaluated experimentally to determine the real injected current. The copper block 

can be placed in front of the cryostat to measure electroluminescence (EL) spectra. In this 

case, the lock-in amplifier is triggered by the pulse source. Since the optical output of a 

laser increases drastically above the threshold, an optical spectrum analyzer (OSA) 

AQ6370B from Yokogawa is used to record laser emission spectra. Laser characteristics 

are obtained by placing a large-area Ge-photodetector (Newport 818-ST2-IR) in 

combination with a power meter (Newport 1835-C) in front of the diode to measure the 

optical output as a function of the current density per facet.  

3.5 Atomic Force Microscopy 

The surface morphology of the samples is of great interest for an interface-

dominated device. Hence, atomic force microscopy (AFM) has been utilized as an 

investigation technique. A small tip, ideally monoatomic, is used to probe the surface 

morphology. This is shown schematically on the left of Figure 3-7. The tip is fixed on a 

cantilever, which oscillates near eigenfrequency. In the applied tapping mode, the prevalent 

Figure 3-7: Schematic setup of the AFM on the left. Sketch of the prevalent forces due to 
Van-der-Waals and electrostatic interaction between the tip and the surface on the right. 
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forces at low tip to sample distance alters the oscillation. Mainly, attractive Van-der-Waals 

and repulsive electrostatic forces are present that affect the tip oscillation. Combining those 

forces is described by the Lennard-Jones potential sketched on the right side of Figure 3-7. 

The oscillation is monitored by a laser reflected from the cantilever onto a photodiode. A 

piezo crystal changes the height of the tip accordingly so that the tip oscillates again near 

the eigenfrequency. 

In this work, a Digital Instruments MultiMode SPM applying the tapping mode at 

constant height has been utilized. With this method, a height resolution in the angstrom 

range can be achieved while the lateral resolution is limited by the sample tip to usually 

above 10 nm. The measurements are evaluated using the freeware Gwyddion and the 

Digital Instruments software Nanoscope. More information on the AFM method can be 

found elsewhere 148. 

 





 

 

 Results 

This chapter summarizes the essential research results gathered in the published 

studies and is organized as follows: 

First, the epitaxial growth of bulk (Ga,In)(As,Bi) layers on GaAs and the peculiarities 

of composition determination are presented. The incorporation behavior of In and Bi is 

discussed concerning the gas phase composition and limiting factors of the material system 

will be revealed. The results of these experiments are published in the Journal of Applied 

Physics. 

Second, the development of recipes for the epitaxial growth of Type-II 

heterostructures is presented. Stacking the highly mismatched alloys is challenging and the 

growth recipes require significant adaptions due to the heavily different growth conditions 

of the single materials. The development of the growth sequence is published in ACS 

Crystal Growth & Design. Room-temperature operation of a (Ga,In)As/Ga(As,Bi)/(Ga,In)As 

based laser diode is published in Electronics Letters. 

4.1 Growth of (Ga,In)(As,Bi) 

Despite the promising experimental and theoretical characteristics, such as reduced 

Auger recombination, it has not been possible to grow laser devices with molar fractions of 

Bi above 10 % to reach the technologically relevant wavelength of 1.55 µm50,149. Hence, the 

incorporation of In is investigated to shift the emission wavelength further into the infrared. 

Determining the composition of quaternary alloys is challenging since the common 

HR-XRD technique is not suited. The lattice constant is changed by two species, which in 

this case is In and Bi incorporation increasing the lattice constant. As will be shown, it is not 

possible to grow ternary test structures and assume a similar incorporation behavior for the 

quaternary alloy. Therefore, the band gap is used as additional information to determine the 
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composition. Determining the lattice constant from HR-XRD measurements gives a set of 

possible compositions of the quaternary material. This composition range is used to 

calculate possible band gaps as described in chapter 2.1 that are compared to the band 

gap determined by PL measurements, leaving one possible composition of the quaternary 

alloy. In the literature, Rutherford backscattering spectroscopy is proposed as the technique 

of choice to determine the composition of dilute bismuthides since the signal is sensitive to 

heavy elements, such as Bi45. However, for the present thesis it has not been possible to 

perform Rutherford backscattering spectroscopy for comparison. 

An exemplary HR-XRD measurement with the corresponding modeling is shown in 

Figure 4-1 a). A distinct layer peak is visible on the substrate's peak left side, showing the 

compressively strained 66.5 nm thick (Ga,In)(As,Bi) layer with a lattice constant of 5.70 Å. 

The thickness fringes are distinctly resolved and, in combination with the excellent 

agreement between experimental data and simulation, this indicates smooth interfaces. 

Figure 4-1 b) shows the corresponding PL measurement showing a rather broad peak 

around 1.19 eV. Inhomogeneous broadening combined with an exponential decay of the 

low-energy flank is typical for dilute bismuthides and explained by alloy disorder and Bi 

clusters150,151. No cap layer is grown on top of (Ga,In)(As,Bi) to allow investigating the 

surface morphology of the samples. Due to the missing cap layer the PL is rather noisy. 

Figure 4-1: a) HR-XRD measurement with corresponding simulation. The good agreement 
between experiment and modelling implies good interface quality. The inset sketches the 
layer structure. b) corresponding PL spectrum with a peak of the quaternary layer at 
1.19 eV. 
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With the predescribed method the composition of the layer is determined to be 1.6 %In and 

2.6 %Bi.  

Künkelhan et al. have presented a method to determine the composition of 

quaternary alloys with two different species per sublattice, such as (Ga,In)(As,Bi), via 

scanning transmission electron microscopy (STEM)152. Voronoi intensities are determined 

for every atomic column and compared to simulations until the composition of the atomic 

column is found. Knowing the thickness and preparing the sample as thin as possible is 

crucial for the high accuracy of the method. Both presented methods work well to determine 

the composition of (Ga,In)(As,Bi). 

To realize (Ga,In)(As,Bi) the influence of TMIn supply on the growth of Ga(As,Bi) is 

investigated. The Pp(TBAs)/Pp(TEGa) ratio is crucial for the growth of dilute bismuthides48. 

Choosing a too low ratio results in a metallic surface and droplet formation may occur. 

Therefore, an increased ratio of Pp(TBAs)/Pp(TEGa) = 1.6 is chosen. In combination with 

Pp(TMBi) = 1.6E-3 mbar this results in ternary Ga(As,Bi) with a molar fraction of 3.8 %Bi. 

Starting from this sample, the supply of TMIn is carefully increased to grow (Ga,In)(As,Bi). 

The Bi fraction, In fraction, and lattice mismatch of this sample series are shown in Figure 

4-2. Upon increasing the TMIn supply the Bi fraction decreases linearly while the In fraction 

Figure 4-2: a) Bi fraction, In fraction and lattice mismatch of (Ga,In)(As,Bi) in the 
dependance of the TMIn supply. The dashed lines are a guide to the eye. While the In 
fraction increases, the Bi fraction decreases. The lattice mismatch is constant up to the 
highest TMIn supply. b) AFM images of the two marked samples. Droplet formation occurs 
for increased TMIn supply. 
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increases. Intriguingly, the lattice mismatch is constant until the point where no Bi is 

incorporated anymore.  

A linear increase of the In incorporation as a function of the percental group III gas 

phase composition is found as expected from an increased TMIn supply. Unfortunately, the 

Bi incorporation is decreased with increasing TMIn supply due to lattice pulling effects and 

a maximum accessible lattice mismatch as explained below in more detail. 

A further explanation for a decreased Bi incorporation is found on the surface of the 

samples. At low TMIn supply, a smooth surface is found as shown in the upper AFM image 

of Figure 4-2 b). Increasing the TMIn supply already leads to droplet formation, which 

drastically increase in size for higher TMIn supply as shown in the lower AFM image of 

Figure 4-2 b). Segregation effects occur for both elements47,91 and the segregation of Bi 

increases the diffusion length of In atoms153. Since In and Bi do not show a miscibility gap, 

the formation of metallic droplets is promoted through Ostwald ripening during cool 

down54,154. 

The constant lattice mismatch is explained by an intrinsic limit of Ga(As,Bi), the Bi 

saturation regime22. The maximum accessible lattice mismatch corresponds to a Bi 

incorporation of 3.8 % for the chosen growth parameters. This limitation can only be 

overcome when Bi incorporation is next to zero and Bi mainly acts as a surfactant, which is 

Figure 4-3: Bi fraction as a function of the lattice mismatch from the ternary (Ga,In)As 
compound. The dashed lines are a guide to the eye. A decreased Bi fraction is observed 
for increased In incorporation. 
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shown by the sample with the highest TMIn supply, exhibiting a negligible Bi fraction and 

an In fraction of roughly 11 %. 

Various sample series, such as variation of the TBAs supply and employing flow 

modulated epitaxy, have been carried out in an effort to increase the accessible lattice 

mismatch but failed. A summary of the samples is shown in Figure 4-3. Here, the Bi fraction 

is plotted as a function of the lattice mismatch if only the In fraction is considered (lattice 

mismatch of (Ga,In)As on GaAs). From this figure, a limitation of the Bi fraction concerning 

the local strain induced by In incorporation is observed for all samples grown. Such lattice 

pulling effects have been observed for dilute bismuthides on GaAs before. Nattermann et 

al. have investigated the influence of P and N incorporation on the Bi fraction155. In this 

study, it was possible to enhance the Bi fraction by incorporating elements that induce 

tensile strain to GaAs, which coincides with the observation above. Incorporation of In 

induces compressive strain and diminishes the Bi fraction. The Bi fraction of (Ga,In)(As,Bi) 

is only unaffected by the TMIn supply when the lattice mismatch is below the maximum 

accessible lattice mismatch, the Bi saturation regime as indicated by the grey dashed line 

in Figure 4-3. 

In summary, the quaternary alloy (Ga,In)(As,Bi) has been realized by MOVPE for 

the first time on GaAs substrates. Upon In incorporation the Bi incorporation is decreased 

and droplet formation occurs for small TMIn supply already. The accessible lattice mismatch 

of the material is limited by the Bi saturation of the ternary Ga(As,Bi).  

  



32 Growth of Type-II Heterostructures – Results 

 

4.2 Growth of Type-II Heterostructures 

This chapter summarizes the investigations performed on Type-II heterostructures 

for long-wavelength laser devices on GaAs. The first part deals with developing growth 

recipes that enable the epitaxial growth of W-Type heterostructures on the example of 

Ga(N,As)/Ga(As,Bi)/Ga(N,As). In the second part, the growth recipes are adapted for 

(Ga,In)As/Ga(As,Bi)/(Ga,In)As W-Type heterostructures resulting in the demonstration of 

the first W-Type laser structure employing Ga(As,Bi) as hole QW. 

 Ga(N,As)/Ga(As,Bi)/Ga(N,As) W-Type Heterostructures 

Stacking metastable materials, such as Ga(N,As) and Ga(As,Bi), directly on top of 

each other in a heterostructure is challenging. The interface formation is crucial and 

sophisticated adaptions are required to reach the high epitaxial quality vital for laser 

devices. 

Challenges of Interface Formation 

The optimal growth conditions of the chosen materials differ significantly from each 

other. As mentioned in Chapter 2.1.2, the required Ga(As,Bi) growth temperature of 400 °C 

is relatively low to reduce the diffusion length and the V/III ratio usually is around unity. The 

TEGa supply is increased compared to GaAs growth to ensure a sufficiently high growth 

Figure 4-4: PL of Ga(As,Bi) samples with varying Bi wetting time. The intensity is increased 
up to a wetting time of 60 s. 
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rate. Nevertheless, segregation of Bi needs to be considered yet. Growth of Ga(N,As) is 

usually conducted at 525 – 550°C to ensure a high optical quality of the material, which 

requires the introduction of growth interruptions (GI) to apply the temperature changes for 

the respective materials. During those GI, the epitaxial surface is stabilized by continuous 

TBAs supply.  

Due to Bi segregation the Ga(As,Bi) growth is delayed and a graded incorporation 

profile may occur22, which is avoided by wetting the epitaxial surface with TMBi beforehand 

(Bi wetting). During the growth of WQWs this would result in a thin GaAs barrier that reduces 

the wave function overlap and, therefore, is required to be avoided. Investigation of the Bi 

wetting has been carried out by growing 4 nm thick QWs with a Bi molar fraction of 

approximately 4 %, with a varying wetting time from 0 s up to 90 s. The PL of this sample 

series is shown in Figure 4-4. Disorder effects and Bi clusters explain inhomogeneous 

broadening and the exponential decay of the low-energy flank150,151. Increasing the wetting 

time leads to a more pronounced peak around 1.2 eV which is contributed to the Ga(As,Bi) 

band gap. The increased PL peak intensity is explained by a sharper GaAs/Ga(As,Bi) 

hetero interface since the growth of Ga(As,Bi) is not delayed. Intriguingly, the Bi wetting, an 

Figure 4-5: The figure shows the necessity of the Bi desorption growth interruption. a)  HR-
XRD simulation and measurement of a Type-II heterostructure without desorption step b) 
sample structure including the Bi wetting and the Bi desorption steps. c) HR-XRD 
experiment and modelling of a Type-II sample with applied Bi desorption. The fraction and 
layer thicknesses in c) agree well to the test structures. 
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indirect increase of the TMBi supply during growth, does not affect the Bi fraction as no 

peak shift is observed. This underlines the importance of the Pp(TBAs)/Pp(TEGa) ratio for 

the composition of the resulting Ga(As,Bi) layer. 

The second hetero interface also requires significant adaption besides the 

temperature increase to 550 °C for Ga(N,As) growth. An HR-XRD diffractogram of a 

Ga(As,Bi)/Ga(N,As) Type-II heterostructure with the corresponding simulation is depicted 

in Figure 4-5 a). Compared to a Ga(N,As) QW test structure grown before a thickness 

reduction of 2 nm accompanies a reduced N fraction from 1.3 % to 0.6 %. Species with 

considerable diffusion length usually segregate on the growth surface working as 

surfactants changing the surface energy. This segregation effect reduces the N 

incorporation drastically91,92. This effect explains the reduced N fraction and thickness 

despite the GI and related temperature increase to 550 °C. Bi desorption begins around 

500 °C156 and the rate is still relatively low at 550 °C. Hence, the GI is extended by an 

additional heating step to 625 °C to significantly increase the Bi desorption rate. The used 

growth sequence is shown in Figure 4-5 b). A red square marks both important GIs. From 

this recipe, a second Type-II sample is grown where the molar fraction and growth rate 

Figure 4-6: The figure shall prove the realization of a symmetric WQW exhibiting the Type-
II transition. a) HR-XRD diffractogram and modelling of a WQW structure The good 
agreement between HR-XRD experiment and modelling shows that the desired 
heterostructure is achieved. b) photoluminescence of the Type-I test structures as well as 
the WQW luminescence. The peak of the WQW shows a clear redshift proving the 
dominance of the Type-II transition. 
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(thickness) agree well with the test structures (Figure 4-5 c)). Furthermore, the desorption 

step is optimized in-situ by RAS measurements to 120 s as published in Chapter 6.1.3. 

Establishing the described GIs above to the recipe of a 

Ga(N,As)/Ga(As,Bi)/Ga(N,As) WQW heterostructure enabled the growth with high epitaxial 

quality. An HR-XRD measurement with the corresponding modeling is shown in Figure 4-6 

a). The fringes are distinctly resolved, and a good agreement between experiment and 

theoretical simulation is found. Hence, the desired heterostructure of a WQW with 1.3 %N, 

4.4 %Bi, and QW thickness of 4 nm each is achieved. The dominance of the spatially 

indirect Type-II transition is proven by PL measurements shown in Figure 4-6 b). Here, the 

PL of the corresponding test structures is shown in red for Ga(N,As) and in blue for 

Ga(As,Bi), with the WQW heterostructure in green. A redshift to 1.1 eV unambiguously 

confirms the origin of the PL from the Type-II transition compared to the Type-I PL of the 

test structures. This WQW heterostructure acts as a prototype for further optimization and 

shifting the emission wavelength further into the infrared. 

Shifting the Emission Wavelength into the Infrared 

There are a few possibilities making technologically essential wavelengths, such as 

1.55 µm, accessible on GaAs substrates through the Ga(N,As)/Ga(As,Bi)/Ga(N,As) WQW 

approach. However, the influence of the device performance must be considered always 

and therefore, increasing the thicknesses of the QWs is an unfavorable approach since this 

will reduce the wave function overlap of the electrons and holes127. Hence, shifting the 

Figure 4-7: PL spectra of WQW heterostructures with increasing N fraction of the Ga(N,As) 
QWs. A redshift up to 0.87 eV from 1.1 eV is observed for a molar fraction of 4.7 %N. 
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emission wavelength is recommended by increasing the molar fractions of N and Bi of the 

group V sublattice.  

Initially, the N fraction was increased from 1.3 %N to 2.6 %N and 4.7 %N in the 

Ga(N,As) QWs to decrease the transition energy. The PL measurements of those WQWs 

are plotted as a function of the energy in Figure 4-7.A clear redshift up to 0.99 eV and 

0.87 eV is observed corresponding to wavelengths of 1.25 µm and 1.43 µm close to 

wavelength necessary for telecommunication application. 

Conclusively, the epitaxial growth of Ga(N,As)/Ga(As,Bi)/Ga(N,As) heterostructures 

requires heavy adaptions to the conventional growth recipes. The interface formation is 

crucial and sophisticated GIs have to be established to enable the growth of desired 

structures. Eventually, heterostructures with emission wavelengths of 1.25 µm and 1.43 µm 

are achieved, showing the potential to shift the emission wavelength to 1.55 µm and 

beyond. 

 (Ga,In)As/Ga(As,Bi)/(Ga,In)As W-Type Heterotructures 

Besides from Ga(N,As) as electron confining layer, (Ga,In)As is a suitable candidate. 

Since (Ga,In)As and Ga(As,Bi) are compressively strained, strain compensation is not 

possible anymore. There have already been some experimental and theoretical 

investigations on (Ga,In)As/Ga(As,Bi) heterostructures showing the potential for application 

for lasers at 1.3 µm and 1.55 µm 125,126,157. However, the room-temperature lasing of such a 

device has yet to be demonstrated. The GIs established in the chapter before are integrated 

into the recipes for (Ga,In)As/Ga(As,Bi)/(Ga,In)As WQWs, which enabled the fabrication of 

laser diodes showing room temperature lasing. However, minor adaptions of the GI at the 

first interface [(Ga,In)As/Ga(As,Bi)] are required due to In segregation that are explained 

Figure 4-8: This figure shows the importance to otimize the Bi wetting for different material 
systems. a) smooth surface of a Ga(As,Bi)/(Ga,In)As Type-II heterostructure. b) and c) 
surface of a (Ga,In)As/Ga(As,Bi) Type-II heterostructure. For a Bi wetting time of 60 s hillock 
formation is observed. Reduction of the Bi wetting time to 30 s results in a smooth surface. 
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before discussing the laser results. The importance of the Bi wetting is discussed in Chapter 

4.2.1. 

Before growing WQWs the interfaces are investigated by splitting the WQW into two 

Type-II test structures. For investigating the first interface a (Ga,In)As/Ga(As,Bi) 

heterostructure is grown, while for the second interface the sequence is reversed. An AFM 

image of the surface of the Ga(As,Bi)/(Ga,In)As Type-II heterostructure is shown in Figure 

4-8 a). In this case the GaAs surface is wetted for 60 s with Bi and a smooth surface of the 

cap layer is obtained. In the case of the (Ga,In)As/Ga(As,Bi) Type-II heterostructure, the Bi 

wetting is conducted on the (Ga,In)As surface. For a Bi wetting of 60 s hillock formation is 

observed as shown in Figure 4-8 b). Segregation of Bi increases the diffusion length of In 

on the growth surface, which may promote droplet formation as explained in Chapter 4.1. 

In contrast to (Ga,In)(As,Bi), where TMIn and TMBi are supplied together, no reduced Bi 

incorporation is observed. The hillock formation is suppressed if the Bi wetting time is 

reduced to 30 s as shown in Figure 4-8 c) and hence, the reduced duration of 30 s is used 

for the growth of the laser diode.  

Demonstration of Room Temperature Lasing 

A three-stage process is used to grow the laser diode. The contact layers and 20 nm 

of the separate confinement heterostructure (SCH) are grown 

in an AIXTRON AIX 2600 G3 reactor with a 24x2” 

configuration. For the growth of the active region, the sample 

was transferred to the AIX 200 machine. 

Carrier confinement is achieved by 1.5 µm (Al,Ga)As 

cladding layers that are p- and n-doped with carbon and 

silicon, respectively. A 175 nm GaAs SCH achieves optical 

confinement to the active region, which consists of a single 

(Ga,In)As/Ga(As,Bi)/(Ga,In)As WQW with 3 nm (Ga,In)As 

and 4 nm Ga(As,Bi) with molar fractions of 25.0 %In and 

3.8 %Bi respectively. To ensure good semiconductor metal 

contact the structure is capped with a highly p-doped GaAs 

layer. The sample structure is sketched in Figure 4-9 together 

with the established growth interruptions described before. In 

every established growth interruption, the epitaxial surface is 

stabilized by TBAs supply. 

After the growth, broad area laser devices of 50 µm 

and 100 µm width and various cavity lengths are fabricated. 

The devices are characterized under pulsed electrical carrier 

Figure 4-9: Sketch of 
the investigated WQW 
laser diode’s layer 
structure. 
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injection and cooled by a Peltier element to 20 °C. Optical output of one facet is plotted as 

a function of the applied carrier density in Figure 4-10 a), showing that the threshold is 

reached at 3.86 kA/cm², and lasing operation is observed with an optical efficiency of 

48 mW/A. 

Though the wavelength is not extended compared to the longest available Ga(As,Bi) 

laser diode, the potential of (Ga,In)As/Ga(As,Bi)/(Ga,In)As WQW heterostructures for laser 

applications is shown51. Compared to other Ga(As,Bi) laser diodes the emission wavelength 

is comparable at reduced threshold current density149. By carefully adjusting the molar 

fraction and thicknesses of the active region laser devices with emission wavelength up to 

1.55 µm are feasible126. 

 

Figure 4-10: a) optical output as a function of current density. The threshold of the device 
is reached at 3.86 kA/cm². b) laser emission spectra recorded at room temperature. 



 

 

 Summary 

Global warming mandates change of our energy budget and sources towards 

renewable energies8,9. The internet has a total consumption of 10 % of the world's electricity 

demand increasing every year10. Poor efficiency of the InP laser device used for optical fiber 

communication is one particular issue12–15. More efficient laser devices on the GaAs 

platform would provide a long-desired alternative. In the future, the present thesis may give 

a contribution to reduce energy consumption in fiber communication systems. Based on 

dilute bismides two approaches have been investigated for laser device application on 

GaAs substrates. 

The growth of (Ga,In)(As,Bi) on GaAs revealed a limitation on the accessible 

compressive lattice mismatch. Instead of increasing the compressive lattice mismatch of 

the layer, the Bi fraction has been reduced upon In incorporation at a constant level of lattice 

mismatch. The reduced Bi incorporation has led to surplus Bi segregating to the growth 

surface, eventually forming metallic droplets. Hence, the desired redshift of the emission 

wavelength compared to ternary Ga(As,Bi) has not been possible. 

Future experiments should focus on a deeper understanding of the Ga(As,Bi) 

growth, especially at lower temperatures to increase the Bi fraction before alloying with 

another material. Development of alternative precursors for low-temperature metallorganic 

vapor phase epitaxy growth can help to achieve the desired composition. 

The growth of the Type-II heterostructures gives a promising path for further 

investigations towards laser emission at 1.55 µm on GaAs substrates. A crucial challenge 

is the interface formation during growth in these heterostructures, which requires significant 

adaptions to the growth conditions at the interfaces. To optimize the optical quality of the 

Ga(As,Bi) layer a Bi wetting of 60 s has been established to account for segregation effects. 

In future experiments, the Bi wetting needs to be optimized on Ga(N,As) layers to 

ensure a high optical quality of WQW heterostructures even at high N fractions.  
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At the second interface of a WQW the surplus Bi must be desorbed before the 

growth of the second Ga(N,As) layer. Otherwise, the N incorporation is suppressed. 

Therefore, a temperature increase to 625 °C has been established with subsequent 

annealing for 120 s to allow all residual Bi to desorb. 

For future experiments, the molar fractions and thicknesses of the respective layers 

should be optimized for particular emission wavelengths, namely 1.55 µm and beyond. 

Challenge will be the optimization of the Bi wetting, which could be performed in-situ using 

RAS. 

Room-temperature laser operation of (Ga,In)As/Ga(As,Bi)/(Ga,In)As WQW laser 

device is a thriving breakthrough for Ga(As,Bi) based Type-II heterostructures, proving the 

concept and justifying further research. An emission wavelength of 1037 nm has been 

achieved with an optical efficiency of 48 mW/A. Starting with this prototype structure, the 

emission wavelength can be shifted further by carefully adjusting the molar fractions and 

thicknesses. 

Even though no laser device with an emission wavelength of the technologically 

essential wavelengths of 1.3 µm and 1.55 µm has been demonstrated, the present thesis 

gives promising paths for Ga(As,Bi) based Type-II heterostructures in achieving the long-

desired goal for long-wavelength lasers on GaAs substrates. 
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 MOVPE Growth and Device Applications of Ternary and 

Quaternary Dilute Bismide Alloys on GaAs Substrates 
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In: Wang S., Lu P. (eds) Bismuth-Containing Alloys and Nanostructures. Springer Series in 
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Abstract 

III/V semiconductors containing bismuth (Bi) show some interesting properties for 

high efficient optoelectronic applications in the near- and mid-IR region. However, the alloys 

are highly metastable due to the large covalent radius of the Bi atom compared to the other 

group V atoms, which are replaced in the cubic zinc-blende lattice. Hence, carefully 

adjusted growth conditions at low growth temperatures are required in order to incorporate 

a significant amount of Bi into the host lattice. In this book chapter, we review our current 

understanding of the growth of dilute Bi-containing III/V semiconductor alloys on GaAs 

substrates, the factors, which limit the Bi incorporation, as well as the application of the 

material in electrically pumped LASER diodes. Bi fractions of up to 4.2% Bi and 7% Bi can 

be achieved using metal-organic vapor phase epitaxy (MOVPE) as growth technique using 

pulsed as well as continuous flow conditions, respectively. The influence of different growth 

conditions, i.e., the growth temperature and partial pressures of the used precursors are 

investigated and the results are discussed in detail. Exceeding a critical Bi concentration, 

accumulation of metal droplets on the surfaces is found which hampers high-quality growth 

of subsequent layers, which is however necessary for devices. This limitation in the Bi 

incorporation makes quaternary alloys, like GayIn1−yAs1−xBix structures on GaAs substrates 

interesting for optoelectronic applications. Optimization of the material quality resulted in 

the demonstration of electrically pumped GaAs1−xBix laser diodes with up to 4.1% Bi 

operating at room temperature. As there is this current upper limit of7%Bi incorporation 

using MOVPE growth, we discuss factors, which might influence and limit the Bi 

incorporation in the host material. The use of alternative Bi precursors is investigated with 

regard to the impact of different carbon (C)-containing radicals on the surface. The impact 

of strain on the Bi incorporation is discussed by adding nitrogen or phosphorus and hence 

tensilely prestraining the layer. Finally, we also investigate the influence of trimethylindium 

(TMIn) on the Bi incorporation in GayIn1−yAs1−xBix and compare its growth to the one of 

GaAs1−xBix. 
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 Metalorganic vapor phase epitaxy growth and characterization of 

quaternary (Ga,In)(As,Bi) on GaAs substrates 

Thilo Hepp, Oliver Maßmeyer, Dominic A. Duffy, Stephen J. Sweeney, and Kerstin Volz.  

J. Appl. Phys. 126, 085707 (2019); doi: 10.1063/1.5097138 

Abstract 

The incorporation of dilute amounts of Bi into the host lattice of a III/V semiconductor 

has a strong influence on its electronic properties. The bandgap is strongly redshifted which 

makes these materials interesting for application in the near- to mid-infrared regime. 

Furthermore, the spin-orbit splitting is increased resulting in suppression of hot-hole 

producing Auger recombination, which makes the fabrication of highly efficient optical 

devices feasible. However, for ternary Ga(As,Bi) grown using metalorganic vapor phase 

epitaxy (MOVPE), it has proven difficult to achieve the desired composition of the ternary 

material. Therefore, the additional incorporation of indium (In) into Ga(As,Bi), which should 

induce a further redshift of the bandgap, is investigated and summarized in this paper. For 

deposition of quaternary (Ga,In)(As,Bi), two different low temperature growth techniques 

using MOVPE are conducted. The strain and photoluminescence peak positions of the 

samples are correlated to estimate the composition of the (Ga,In)(As,Bi) layers. It was found 

that the trimethylindium and tertiarybutylarsine supplies need to be carefully adjusted to 

grow high quality bulk materials and that the incorporation of indium is inversely related to 

the amount of incorporated Bi. 

Author Contribution Statement 

The planning of the growth series and the growth itself was conducted by me as well 

as the characterization of the samples by HR-XRD, PL, and AFM. The necessary 

calculations for determining the composition of the quaternary alloy as well as a code for 

easy execution of the calculations was written by Dominic Duffy. I wrote the manuscript 

except for the part of the calculations. All co-authors were involved in discussions on the 

data and helped to improve the manuscript. 
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 Dilute Bismuth Containing W-Type Heterostructures for Long-

Wavelength Emission on GaAs Substrates 

Thilo Hepp, Julian Veletas, Robin Günkel, Oliver Maßmeyer, Johannes Glowatzki, 

Wolfgang Stolz, Sangam Chatterjee, and Kerstin Volz. 

Cryst. Growth Des. 21, 11, 6307-6313 (2021) doi: https://doi.org/10.1021/acs.cgd.1c00754 

Abstract 

Energy efficiency, superior performance, and longterm reliability are crucial 

advantages of GaAs-based semiconductor laser diodes featuring strained type-I quantum 

wells as active regions. This class of semiconductor structures provides very good 

performance in the near-infrared spectral range. Achieving longer wavelength emission on 

GaAs substrates has proven to be difficult so far. Alloys including nitrogen (N) and bismuth 

(Bi) promise active materials with the possibility to push this accessible emission 

wavelength range toward the telecommunication bands. The alloys show a drastic decrease 

in the band-gap energies already for small fractions of the respective elements. However, 

the strong nonequilibrium nature of such multinary alloys has rendered sufficient 

incorporation with reasonable material quality impossible so far, mandating alternate 

approaches. Here, we embed a Ga(As,Bi) quantum well (QW) between two Ga(N,As) QWs 

in a so-called W-type quantum well heterostructure (WQW). This approach has the potential 

to achieve significant optical gain due to sufficient wave-function overlap, which is enhanced 

compared to type-II heterostructures. In particular, we realize WQWs with emission 

wavelengths around 1.1, 1.3, and 1.4 μm by drastically altering the growth conditions 

compared to standard growth conditions established for type-I QW structures. This 

particularly applies to Bi segregated at the interfaces in the structure. The resulting recipes 

enable the future growth of tailored WQWs for even longer emission wavelengths, e.g., 

extending beyond the telecom bands into the fingerprint region in the midinfrared. 

Author Contribution Statement 

I contributed to this work by developing the growth recipes and conducting the 

growth. The analysis of the samples using HR-XRD, RAS, PL, and AFM was performed by 

me in close collaboration with Robin Günkel. Julian Veletas was significantly involved in 

interpreting the data, especially the data from the PL. All other co-authors were involved in 

discussions on the doping and helped improving the manuscript. 
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 Room-Temperature Laser Operation of a 

(Ga,In)As/Ga(As,Bi)/(Ga,In)As W-Type Laser Diode 

Thilo Hepp, Jannik Lehr, Robin Günkel, Oliver Maßmeyer, Johannes Glowatzki, Antje Ruiz 

Perez, Stefan Reinhard, Wolfgang Stolz, and Kerstin Volz. 

Electron. Lett., 58: 70-72. doi: https://doi.org/10.1049/ell2.12353 

Abstract 

The ongoing pursuit for laser device emitting in the near-infrared spectral region on 

GaAs substrates has led to various material systems and device concepts. Alloys containing 

dilute amounts of Bismuth are promising candidates due to the already substantial band 

gap shift when incorporating low molar fractions of Bi in the GaAs host lattice. However, 

devices emitting at technologically essential wavelengths of 1.3 and 1.55 µm have yet to be 

demonstrated using this material system. Especially the non-equilibrium nature of the 

growth conditions required to grow the metastable material makes epitaxial growth with high 

molar fractions of Bi challenging. An alternate approach to reach the desired wavelengths 

exploits a type-II band alignment between two materials to push the emission wavelength 

further into the telecom bands. Here, room-temperature laser operation of the first type-II 

structure employing Ga(As,Bi) as hole confining layer and (Ga,In)As as electron confining 

layer is demonstrated. Sample growth is conducted by low-pressure metalorganic vapor 

phase epitaxy. Broad area laser devices are processed and characterized by 

electroluminescence measurements. A threshold current density of 3.86 kA/cm² and 

emission wavelength of 1037 nm are observed, showing this device concept's potential for 

future lasers in the telecom bands. 

Author Contribution Statement 

Development of the growth recipes, growth of the test structures, and growth of the 

active region as well as the analysis of the samples was conducted by myself. Electrical 

characterization was performed in close collaboration with Jannik Lehr. Antje Ruiz Perez 

conducted the growth of the contact layers and Stefan Reinhard was in charge for the 

processing of the devices. I wrote the manuscript and all co-authors helped by improving 

the manuscript. 
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 Bismuth surface segregation and disorder analysis of quaternary 

(Ga,In)(As,Bi)/InP alloys 

Julian Veletas, Thilo Hepp, Kerstin Volz, and Sangam Chatterjee. 

J. Appl. Phys. 126, 135705 (2019); https://doi.org/10.1063/1.5111913 

Abstract 

The incorporation of small fractions of bismuth atoms in III–V semiconductors such 

as (Ga,In)As leads to a vast decrease of the bandgap energies accompanied by an increase 

of the spin-orbit splitting energies of the alloy compared to the host material. This effect is 

commonly described by an anti-crossing of the bismuth-level with the valence bands of the 

matrix. Growth and characterization of quaternary alloys like (Ga,In)(As,Bi) remains 

challenging due to the required low growth temperatures, since Bi generally tends to have 

pronounced surfactant properties on the one hand and the similar influence in Bi and In on 

most structural, electronic, and optical properties such as the lattice constant or the 

bandgap energy. In this study, we uniquely identify surface diffusion of the bismuth atoms 

with X-ray photoelectron spectroscopy and relate the finding to growth parameters and 

photoluminescence properties and X-ray diffraction patterns of the material. We show the 

influence of different partial pressures of the MOVPE growth on the bismuth segregation 

process as well as a consequence thereof the disorder properties of those samples 

compared to (Ga,In)As/InP reference alloys. 

Author Contribution Statement 

I was responsible for the growth of the samples, helped interpreting the data, and 

improving the manuscript. 
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 Comparison of carrier-recombination in Ga(As,Bi)/Ga(N,As)-

type-II quantum wells and W-type heterostructures 

Julian Veletas, Thilo Hepp, Florian Dobener, Kerstin Volz, and Sangam Chatterjee. 

Appl. Phys. Lett. 118, 052103 (2021); doi: 10.1063/5.0036073 

Abstract 

The realization of efficient semiconductor lasers on GaAs substrates operating at 

1.55 µm and beyond remains a technological challenge. As a potential solution, epitaxial 

heterostructures with Type-II band alignment are currently discussed as an active region. 

Each individual layer in such heterostructures features a comparably large bandgap energy; 

therefore, spurious effects in laser operation such as reabsorption, multi-photon absorption, 

or Auger scattering are expected to be suppressed. The actual laser operation occurs 

across the internal interfaces as the electron and hole wave functions have their extrema in 

adjacent layers. Hence, a large wave-function overlap is key for efficient recombination. A 

direct comparison of symmetric and asymmetric Ga(N,As)/Ga(As,Bi) Type-II quantum well 

heterostructures reveals that the symmetry of the layer arrangement drastically influences 

the charge-carrier recombination: disorder in the Ga(As,Bi) layer has more prominent 

effects for the asymmetric configuration compared to the symmetric one. The temperature 

dependence of the emission energy is mainly influenced by the Ga(N,As)-electron layers, 

while the temperature dependence of the full width at half maximum and the excitation 

dependence of the emission energy are dominated by the Ga(As,Bi)-hole layers. 

Photoluminescence excitation spectroscopy reveals the corresponding carrier-relaxation 

paths to the Type-II transition. 

Author Contribution Statement 

I conducted the development of recipes, growth, and HR-XRD characterization of 

the samples. Furthermore, I was involved in discussions on the data and helped to improve 

the manuscript. 
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 Simultaneous Determination of Local Thickness and 

Composition for Ternary III-V Semiconductors by Aberration-

Corrected STEM 

P. Kükelhan, A. Beyer, S. Firoozabadi, T. Hepp, K. Volz. 

Ultramicroscopy 201 (2019), pp. 49-57. doi: 10.1016/j.ultramic.2019.03.005 

Abstract 

Scanning transmission electron microscopy (STEM) is a suitable method for the 

quantitative characterization of nano-materials. For an absolute composition determination 

on an atomic scale, the thickness of the specimen has to be known locally with high 

accuracy. Here, we propose a method to determine both thickness and composition of 

ternary III-V semiconductors locally from one STEM image as shown for the example 

material systems Ga(AsBi) and (GaIn)As. In a simulation study, the feasibility of the method 

is proven and the influence of specimen thickness and detector angles used is investigated. 

An application to an experimental STEM image of a Ga(AsBi) quantum well grown by metal 

organic vapor phase epitaxy yields an excellent agreement with composition results from 

high resolution X-ray diffraction. 

Author Contribution Statement 

I performed the MOVPE growth of the sample and the characterization using HR-

XRD. Furthermore, I contributed a small section about the MOVPE growth, sample 

characterization, and overall improvements to the manuscript.  
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 Composition Determination for Quaternary III-V Semiconductors 

by Aberration-Corrected STEM 

P. Kükelhan, T. Hepp, S. Firoozabadi, A. Beyer, and K. Volz. 

Ultramicroscopy 206 (2019), 112814. doi: 10.1016/j.ultramic.2019.112814 

Abstract 

Quantitative scanning transmission electron microscopy (STEM) is a powerful tool 

for the characterization of nano-materials. Absolute composition determination for ternary 

III-V semiconductors by direct comparison of experiment and simulation is well established. 

Here, we show a method to determine the composition of quaternary IIIV semiconductors 

with two elements on each sub lattice from the intensities of one STEM image. As an 

example, this is applied to (GaIn)(AsBi). The feasibility of the method is shown in a 

simulation study that also explores the influence of detector angles and specimen thickness. 

Additionally, the method is applied to an experimental STEM image of a (GaIn)(AsBi) 

quantum well grown by metal organic vapor phase epitaxy. The obtained concentrations 

give good agreement with X-ray diffraction and photoluminescence results. 

Author Contribution Statement 

I conducted sample growth using MOVPE and performed the sample 

characterization by HR-XRD and PL measurements with subsequent composition 

determination. Furthermore, I wrote a small paragraph on MOVPE and the composition 

determination using HR-XRD and PL for the manuscript. 
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6.2 Further Publications 

Peer-reviewed Paper 

My contributions were primarily discussions of the results and improvements to the 

manuscript to the papers listed below. Others mainly performed the experimental work on 

the following papers. 
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Surface Science, 533, 147401 (2020). doi: 10.1016/j.apsusc.2020.147401 
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Summary of the talks and posters I presented at (inter)national conferences, 
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