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IV 

Abstract 

The increasing performance demands for next-generation optoelectronics 

require materials which are capable of efficient light emission at high drive 

currents for all visible wavelengths. Cubic group III-nitrides are promising 

contenders to fulfill this task, because they lack internal polarization fields and 

promise to cover large parts of the electromagnetic spectrum. The ternary 

c-InxGa1-xN alloys are particularly interesting as their band gap can be tuned from 

the near-ultraviolet to the near-infrared. 

Their potential application in semiconductor devices demands the fabrication 

of high-quality thin films with smooth surfaces and low defect densities. 

However, the metastability of the cubic zincblende phase and the lack of 

suitable substrates limit the crystal quality of epitaxially grown c-III-nitrides. In 

addition, the growth of c-InxGa1-xN across the complete composition range has 

been deemed impossible due to an extensive miscibility gap for intermediate In 

contents. As a result, scientific publications investigating c-InxGa1-xN with In 

contents above 30% are scarce. 

The main contributions of this dissertation focus on improving the layer quality 

of cubic III-nitrides and enabling the growth of c-InxGa1-xN with any In content 

using plasma-assisted molecular-beam epitaxy. Publication 1 addresses the 

quality aspect by evaluating the impact of a c-AlN buffer layer on the growth of 

c-GaN on 3C-SiC. The buffer layer significantly improves the c-GaN layer quality 

and reduces defect density, surface roughness and hexagonal inclusions. 

Beyond the mere quality improvement, this is crucial for obtaining good c-GaN 

pseudo substrates for the subsequent growth of other III-nitrides. Subsequently, 

publication 2 achieves the growth of phase pure cubic InxGa1-xN over the entire 

composition range. The experimental results suggest that strain prevents the 

spinodal decomposition and reveal CuPt-like ordering for intermediate alloy 

compositions. Finally, it demonstrates light emission from the thin films ranging 

from ultraviolet to infrared and convincingly determines the emission energy as 

a function of composition.  

These results open up new research avenues towards materials properties of 

previous inaccessible compositions as well as towards device realization. This 

includes the fabrication of multi quantum well structures and the evaluation of 

their emission efficiency. 



V 

Zusammenfassung 

Die steigenden Leistungsanforderungen optoelektronischer Bauteile der 

nächsten Generation verlangen nach Materialien, die bei hohen 

Betriebsströmen zu effizienter Emission von Licht im gesamten sichtbaren 

Spektralbereich fähig sind. Kubische Gruppe III-Nitride sind für das Erfüllen 

dieser Herausforderung vielversprechend, da sie keine internen 

Polarisationsfelder haben und weite Teile des elektromagnetischen Spektrums 

abdecken können. Die ternäre c-InxGa1-xN Legierung ist dabei von besonderem 

Interesse, da ihre Bandlücke vom ultravioletten bis infraroten Spektralbereich 

durchgestimmt werden kann. 

Ihre potenzielle Anwendung in Halbleiterbauteilen erfordert die Herstellung 

qualitativ hochwertiger Dünnschichten mit glatten Oberflächen und geringen 

Defektdichten. Jedoch limitiert die Metastabilität der kubischen 

Zinkblendenphase und der Mangel an geeigneten Substraten die 

Kristallqualität epitaktisch gewachsener c-III-Nitride. Außerdem wird das 

Wachstum von c-InxGa1-xN über den gesamten Zusammensetzungsbereich, auf 

Grund einer Mischungslücke für mittlere In-Gehälter, als unmöglich angesehen. 

Aufgrund dessen gibt es nur sehr wenige wissenschaftliche Veröffentlichungen, 

die c-InxGa1-xN mit In Gehältern oberhalb 30% untersuchen. 

Die wesentlichen Beiträge dieser Dissertation konzentrieren sich auf eine 

Verbesserung der Schichtqualität von kubischen III-Nitriden und darauf, das 

Wachstum von c-InxGa1-xN mit beliebigem In Gehalt mittels plasmaunterstützer 

Molekularstrahlepitaxie zu möglichen. Publikation 1 widmet sich dem 

Qualitätsaspekt und untersucht den Einfluss einer c-AlN Pufferschicht auf das 

Wachstum von c-GaN auf 3C-SiC. Die Pufferschicht verbessert die c-GaN Schicht 

signifikant und verringert Defektdichte, Oberflächenrauigkeit und Anzahl 

hexagonaler Einschlüsse. Des Weiteren ist dies wertvoll, um möglichst gute 

c-GaN Pseudosubstrate für das Wachstum anderer III-Nitride zu erhalten. 

Publikation 2 erreicht das Wachstum von phasenreinem, kubischem InxGa1-xN 

über den gesamten Zusammensetzungsbereich. Die experimentellen 

Ergebnisse legen nahe, dass die Verspannung zur Verhinderung von spinodaler 

Entmischung entscheidend ist und offenbaren CuPt-artige Ordnungseffekte 

für mittlere In Gehälter. Außerdem zeigt die Veröffentlichung eine 

durstimmbare Lichtemission von ultraviolett bis infrarot und bestimmt die 

Kompositionsabhängigkeit der Emissionsenergie. 

Diese Ergebnisse eröffnen neue Forschungsmöglichkeiten sowohl zu 

Eigenschaften der zuvor nicht herstellbaren Verbindungen, als auch zur 

Anwendung in Bauelementen. Dies beinhaltet die Herstellung von 

Multiquantumtopfstrukturen und der Bestimmung der Emissionseffizienz. 
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Introduction 

Group III-nitrides and their alloys are frontrunner materials for a plethora of 

future-shaping applications such as ultra-fast transistors1―3, ultraviolet light-

emitting diodes (LED) for water disinfection4,5 and micro-LEDs6―10. The ternary 

alloy InxGa1-xN sparks particular interest as its emission energy can be tuned 

across the entire visible spectrum11―17. This could enable the fabrication of multi-

color emitters replacing phosphor down-converters towards more efficient 

white LEDs18. Currently, III-nitrides are almost exclusively applied in the 

thermodynamically stable wurtzite phase. However, the radiative 

recombination rate of LEDs based on wurtzite InxGa1-xN is reduced due to 

internal spontaneous polarization fields19―23. The strength of these fields 

increases with the In content and causes a severe efficiency droop for green and 

amber-colored LEDs22,24,25. 

In contrast, the metastable zincblende phase possesses no such fields26―29 

because of its cubic symmetry. This renders cubic InxGa1-xN a prime contender 

for closing the green and amber gap. However, the heteroepitaxial growth of 

cubic III-nitrides faces several challenges: In general, the metastability of the 

zincblende phase results in a narrow window of growth parameters. The lack of 

suitable substrates with a matching lattice constant and high crystal quality 

increases the density of structural defects in the material. For the c-InxGa1-xN 

alloy, the differences of the two binary compounds in interatomic spacing15,30 

and growth temperature add more challenges to the epitaxial growth. 

Furthermore, several publications suggest a miscibility gap for intermediate In 

contents (0.3 ≤ x(In) ≤ (0.7)31,32, backed by reports of spinodal decomposition into  

Ga-rich and In-rich phases33―35. Correspondingly, the In content of previous works 

on c-InxGa1-xN rarely exceeds 30%, leaving more than half of the alloys’ 
compositions unexplored. 

This dissertation advances the growth and characterization of cubic nitrides 

with a focus on the c-InxGa1-xN alloy which embodies both, the biggest 

challenges as well as the greatest potential of cubic nitrides. More specifically, 

this work unlocks the entire composition of c-InxGa1-xN and systematically 

investigates the impact of the In content on the structural and optical 

properties. 

The contributions of this dissertation towards achieving this goal can be divided 

into two parts. Each part explores the optimization of one aspect of the growth 

of c-InxGa1-xN on c-GaN by plasma-assisted molecular-beam epitaxy (PAMBE). 

The first part is dedicated to fabricating ideal c-GaN pseudo-substrates, whereas 

the second part attends to the growth of c-InxGa1-xN.  
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Publication 1 demonstrates the impact of a c-AlN buffer layer on the growth of 

c-GaN on 3C-SiC/Si pseudo substrates. The buffer layer spatially separates the 

change of ionicity and lattice mismatch between c-GaN and 3C-SiC, and 

improves the crystal quality, roughness, and phase purity of c-GaN. This is vital 

for the quality of the c-InxGa1-xN because imperfections of the substrates tend to 

propagate into the epitaxially grown layer above. 

Publication 2 utilizes these c-GaN/AlN/3C-SiC/Si templates and focuses on the 

growth of the c-InxGa1-xN layer. A sophisticated control of the growth parameters 

and strain enables the growth of phase pure c-InxGa1-xN over the entire 

composition range. Structural and optical characterization provides evidence of 

a CuPt-like ordering for those previously inaccessible intermediate In contents. 

Further, this work conclusively demonstrates the tunability of the emission 

energy from the ultraviolet to the infrared spectral range without a miscibility 

gap.  

The achieved full miscibility of c-GaN and c-InN encourages further 

development of c-InxGa1-xN as a material system for multi-color light-emitters. 

Furthermore, the relatively smooth surface morphology is crucial for 

progressing toward the fabrication of quantum well structures. Moreover, the 

concepts leading to the enhanced growth of c-GaN and c-InxGa1-xN, such as 

introducing a buffer layer and the benefits of strain, are universally applicable to 

other materials. A transfer of these approaches could open the synthesis of other 

previously unexplored materials. 

This dissertation is written in cumulative form and structured in the following 

way. First, it describes the basic properties of group III-nitrides and their main 

applications, explains the intrinsic advantage of the cubic crystal structure, and 

summarizes the current state of literature on cubic III-nitrides. Secondly, it gives 

an overview of the concepts of lattice mismatch and strain, and the formation 

of extended defects. Furthermore, it introduces the experimental techniques of 

this work with a focus on molecular-beam epitaxy and X-ray diffraction. The next 

section consists of the original publications that include the results of this 

cumulative dissertation. The last section summarizes and concludes the central 

findings of this dissertation and provides an outlook on future research. 
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Fundamentals 

This chapter covers the fundamental topics of this dissertation. The first section 

introduces cubic group III-nitrides and contextualizes the results of this 

dissertation. The second section briefly explains lattice mismatch, strain and 

defect formation. Those are crucial concepts for interpreting the properties of 

epitaxially grown semiconductor thin films. 

 

Cubic group III-nitrides  

Group III-nitrides such as AlN, GaN, InN, and their alloys are crucial 

semiconductor materials for the current and next generation of (opto-) 

electronic technologies. The relevant crystal structures of the III-nitrides are the 

hexagonal wurtzite and the cubic zincblende modification. This section 

introduces the advantages and limitations of both phases and evaluates the 

status of cubic III-nitrides as a research topic. 

At present, virtually all III-nitride based devices feature the thermodynamically 

stable hexagonal phase, because of its superior crystal quality. Recently, 

h-(Al)GaN based transistors gained popularity because they benefit from high 

breakdown fields1,2,36, high switching frequency3,36 and are more efficient3 than 

conventional Si-based devices for high power applications such as battery 

charging in electric vehicles and mobile devices37. Furthermore, h-InxGa1-xN is 

omnipresent as the active region material of efficient and bright, blue LEDs38―40. 

This breakthrough was awarded the 2014 Nobel prize in physics41. Blue 

h-InxGa1-xN emitter are also used in phosphor down-conversion white-light 

LEDs42. In principle, h-InxGa1-xN based LEDs could cover the entire visible part of 

the electromagnetic spectrum43. Table 1 presents the band gaps and lattice 

parameters of the binary III-nitride compounds.  

Table 1 Properties of cubic and hexagonal group-III-nitrides. Band gap, lattice 
parameters and spontaneous polarization of AlN, GaN and InN. 

III-N h-AlN c-AlN h-GaN c-GaN h-InN c-InN 

Egap [eV] 

 

 6.2543 5.443  3.5143 3.29943 

3.29513 

 0.7843 0.6115  

0.6216 

a [Å]  3.11243 4.37344  3.18943 4.5145 

4.50530 

 3.54543 5.0115 

c [Å]  4.98243 ―  5.18543 ―  5.70343 ― 

Spontaneous 

polarization [C/m2] 

-0.09046 ― -0.03446 ― -0.04246 ― 
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The band gap energies of h-GaN and h-InN range from the near-ultraviolet to 

the near-infrared. However, the radiant recombination rate of those devices 

decreases rapidly with increasing indium content which is necessary for green 

and amber-colored emission25. This leads to a decrease in efficiency for high 

current densities, also referred to as “efficiency droop”. This efficiency droop 

originates in internal polarization fields19,20 of the hexagonal wurtzite structure, 

which separate electrons and holes21, decreasing the wave-function overlap and 

thus the rate of radiative recombination. 

The wurtzite structure consists of two hexagonal close-packed sublattices, one 

for each atom group, which are shifted by 5/8 in [0001] direction (Figure 1a). Every 

group III atom is coordinated by four N-atoms forming a tetrahedron with the 

III-atom in its center. Each III-N bond corresponds to a local dipole moment due 

to the difference in electronegativities. In an ideal wurtzite lattice, the 

orientation of the bonds and thus, their dipole moments are such that the net 

dipole moment of the tetrahedron is zero20. 

However, the ratios of the hexagonal lattice constants a and c of III-nitrides 

deviate from the ideal wurtzite structure47. This causes an anisotropy of the bond 

lengths dz in [0001] direction and generates spontaneous polarization fields48―51. 

The anisotropy and therefore the strength of the internal field in h-InxGa1-xN 

increases with the indium content24,46 (Table 1). Hence, the ratio of radiative 

recombination decreases, resulting in the “green and amber gap”. 

Figure 1b depicts the zincblende structure, which exhibits a higher level of 

symmetry. Like the wurtzite phase, the zincblende structure features two cubic 

close-packed sublattices, shifted by 1/4 along the [111] direction. Here, all bond 

lengths d are equal, and the local dipoles are symmetrically ordered. Thus, the 

zincblende structure has no internal polarization fields and no separation of 

electrons and holes occurs. Therefore, cubic III-nitrides are particularly 

promising for optoelectronic applications, as they are free from internal fields 

and offer the same flexibility in band gap energies as hexagonal III-nitrides 

(Table 1). 
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Figure 1 Crystal structures of group III-nitrides. a) Stick-and-ball model of a III-nitride 
wurtzite structure where the red (green) balls represent group-III (nitrogen) atoms. In III-
nitrides the wurtzite structure is distorted with d > dz, which causes spontaneous 
polarization fields (blue arrow). b) Stick-and-ball model of a III-nitride zincblende 
structure which possess no such internal fields due to its cubic symmetry. This figure was 
created using VESTA 3 software52. 

However, the inferior structural quality of epitaxially grown samples limits their 

application. Major challenges of cubic group III-nitrides are the metastability of 

the zincblende phase, a narrow set of growth parameters and a lack of suitable 

substrates. Overall, the research activity on the topic of cubic nitrides peaked in 

the 1990s21 and declined after several breakthroughs in the field of hexagonal 

nitrides. Nonetheless, the potential benefits of fabricating devices based on the 

cubic phase remain important considering the intrinsic limitations of the 

hexagonal phase. The following section evaluates the state of the research on 

cubic nitrides and the contributions made in this work. 

Cubic GaN is the most researched and advanced material of the c-III-nitrides. It 

is often used as a pseudo substrate for other cubic nitrides or the starting 

material for ternary alloys. Previous research efforts have investigated the role of 

growth parameters53―62,63, the effect of layer thickness30,64,65, as well as impact of 

stacking faults14,64,65 and their origin66―68, to increase the layer quality of c-GaN. 

However, the quality of heteroepitaxially grown c-GaN thin films is still not 

satisfactory and significant hexagonal inclusions are common. 

For the other binary compounds, c-AlN and c-InN the research activity is 

significantly lower. Some publications report the growth of cubic AlN44,57,69―71 and 

sporadically mention its use as a buffer layer for c-GaN56,58,64,72,73. Only recently a 

publication explicitly investigated the impact of such a buffer layer grown by 

chemical vapor deposition74. The fabrication of c-InN requires low process 

temperatures to avoid decomposition15, which hampers the use of some growth 

techniques, such as chemical vapor deposition. Reports that used plasma-
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assisted molecular-beam epitaxy achieved the growth of phase pure 

c-InN15-17,75,76, but the crystal quality is inferior to that of c-GaN.  

The ternary alloy c-InxGa1-xN received substantial attention due to its potential 

application as a light-emitting material. However, the bulk part of c-InxGa1-xN-

related publications does not exceed indium contents of 0.326,27,29,77―84. Only a few 

research papers report c-InxGa1-xN layers with higher In contents85―89, which are 

often very thin86―88 or not phase pure85,89. Other works observe33―35,90 or predict31,32 

spinodal decomposition into Ga-rich and In-rich phases. The spinodal 

decomposition is mainly driven by the difference in lattice constants of 

approximately 10%32. As a result, many composition-related properties of 

c-InxGa1-xN, such as the emission energy or the band gap energy, are not fully 

quantified but remain rather extrapolated. 

Overall, the major roadblocks of the cubic III-nitrides are the inferior layer quality 

compared to the hexagonal phase and the presumed miscibility gap of cubic 

GaN and InN. Publication 1 contributes towards increasing the layer quality of 

cubic III-nitrides, whereas publication 2 demonstrates full miscibility of phase 

pure c-InxGa1-xN. This could rekindle the interest of the nitride community in the 

cubic phase, specifically for c-InxGa1-xN with indium contents whose light 

emission are most affected by the efficiency droop in wurtzite-based devices. 
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Strain and defects 

The relation between the lattice dimensions of the substrate and the epilayer is 

one of the most crucial aspects of heteroepitaxy. Lattice mismatch is usually the 

main cause of structural defects in crystalline thin films with otherwise 

optimized growth parameters. The following section discusses fundamental 

mismatch-related phenomena in a crystal lattice, such as strain and extended 

defects. 

In a heteroepitaxial system consisting of a cubic substrate with a lattice constant 

asub and a cubic epilayer with a lattice constant aepi, the lattice mismatch f is 

defined as91 

 f =  aepi ,  asub

asub
 . (1) 

 

Given sufficient crystallinity of both layers, this mismatch leads to elastic 

deformation of the crystal lattice of the epitaxial layer known as strain. Figure 2 

illustrates three scenarios for the interface of substrate and epitaxial layer with 

aepi > asub: strained, partially relaxed and relaxed.  

 

Figure 2 Epilayer–substrate interface. a) Fully strained, b) partially relaxed, and c) fully 
relaxed epilayer on a relaxed substrate. The lattice of the strained epilayer is 
tetragonally distorted, whereas relaxation occurs under defect formation. 

If the epitaxial layer is fully strained (Figure 2a), the in-plane lattice constant aip 

equals asub. As a result, the crystal lattice of the epitaxial layer is tetragonally 

distorted. aip is smaller and the out-of-plane lattice constant aoop is larger than 

the natural lattice constant aepi. The correlation between the reduction of aip and 
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the expansion of aoop is usually not one-to-one and varies depending on the 

elastic constants of the crystal lattice.  

The uniaxial out-of-plane strain εoop describes the distortion of the epilayers’ 
crystal lattice in the growth direction: 

 εoop =  aoop , aepi

aepi
 . (2) 

 

Naturally, this elastic distortion increases the lattice energy. The crystal lattice 

can relax toward the natural lattice constant aepi under the formation of defects 

to relieve energy. The critical thickness of the epitaxial layer after which 

relaxation occurs mainly depends on the lattice mismatch92. Figure 2c shows the 

scenario of a fully relaxed epilayer, whereas Figure 2b depicts the intermediate 

case of a partially relaxed layer. The degree of relaxation R of the epitaxial layer 

in respect to the substrate is described by91  

 R =  aip ,  asub

aepi ,  asub
 . (3) 

 

This relaxation requires the formation of misfit dislocations at the substrate―
epilayer interface to match the deviating lattice constants. Figure 3a 

schematically depicts a cross-section of such a dislocation.  

 

Figure 3 Defect formation at epilayer–substrate interface. a) Cross-section of a misfit 
dislocations due to lattice mismatch. In 3D, dislocations are either b) edge-type or c) 
screw-type. 

In an extended crystal, dislocations are line defects which are divided into edge-

type (Figure 3b) and screw-type (Figure 3c) dislocations. Threading dislocations 

are dislocations that propagate through the crystal lattice and are the most 

detrimental defect type in hexagonal wurtzite III-nitrides devices93―95.  
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In contrast, stacking faults (SFs) are the predominant defects in cubic III-nitrides 

and have a negative impact on the device performance14,65. A SF is a planar 

defect which constitutes a change of the cubic stacking sequence ABCABC in 

<111> direction. During epitaxial growth, stacking faults are usually introduced at 

imperfect interfaces such as atomic steps or during the coalescence of 

misaligned islands. The stacking sequence of wurtzite ABAB is very similar to 

the cubic sequence. Therefore, stacking faults may result in a wurtzite type 

sequence which can lead to the formation of hexagonal inclusions in the cubic 

crystal. In general, SFs propagate through the entire layer, sometimes 

originating in the substrate. However, two intersecting SFs with different 

inclination can annihilate under the formation of a dislocation64,66,67. A similar 

reaction was predicted for the coalescence of threading dislocations30,96. 

Therefore, the defect density typically declines with increasing film thickness. 

The dislocation densities of cubic nitrides can be estimated using X-ray 

diffraction30,97,98 and are typically in the order of 109―11 cm−2. 

Lattice mismatch, strain and defects play major roles in the publications which 

frame this dissertation. In publication 1, an AlN buffer layer improves the 

substrate―epilayer interface. With buffer layer, SFs are more symmetrically 

distributed which enhances SF annihilation. In publication 2, the lattice 

mismatch between c-GaN and c-InxGa1-xN causes significantly strained 

c-InxGa1-xN layers. This strain stabilizes c-InxGa1-xN with intermediate In contents 

and prompts a CuPt-type ordering of In and Ga without phase separation. 
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Experimental Methods 

This chapter describes the experimental techniques used to obtain the results 

of this dissertation. The first section covers molecular-beam epitaxy which I 

utilized to grow the cubic group III-nitride thin films. The second section explains 

the working principle of X-ray diffraction, as well as the different scan 

geometries used for the structural characterization of the epitaxially grown 

films. The last section briefly describes several other methods that substantially 

contributed towards the interpretation of the results. 

 

Molecular-beam epitaxy 

Molecular-beam epitaxy (MBE) is a physical vapor deposition technique and can 

produce highly crystalline thin films with sharp layer sequences and well 

controlled doping profiles. MBE employs ultra-high vacuum (UHV) conditions 

and uses elementary source materials which are available in high purity to 

ensure low contamination levels. The educt sources are arranged such that the 

reaction of the educts occurs primarily at the heated substrate surface to 

prevent gas phase reactions. The low background pressure and the constant 

supply of educts enable access to crystal phases beyond thermodynamically 

stable ones and achieve kinetically controlled growth. 

The most important physical processes of the growth are desorption, adsorption 

and surface diffusion. Typical experimental setups manipulate these processes 

by controlling the substrate temperature Tsub, the surface properties of the 

substrate and beam flux of the educts.  

Figure 4 shows the schematics of the MBE growth chamber (Riber Compact 12) 

that was used in this work to grow cubic III-nitrides. Three effusion cells supply 

the group III elements Al, Ga and In. The beam fluxes depend on the cell 

temperatures and can be calibrated using a moveable pressure gauge close to 

the sample position. The resulting pressure value is known as beam equilibrium 

pressure (BEP). In this setup, a radio-frequency plasma generator (Oxford 

Applied Research HD25) supplies reactive nitrogen species. Accordingly, this 

subtype of MBE is called plasma-assisted MBE (PAMBE). A turbomolecular 

pump and liquid nitrogen cryo shield ensure UHV conditions in the reaction 

chamber. Besides reducing contamination, the low background pressure allows 

the use of reflection high-energy electron diffraction (RHEED) for in-situ 

monitoring of the sample surface.  
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Figure 4 Schematics of the MBE main chamber. Orange, blue, purple and green 
shading represent the impinging materials fluxes. 

RHEED is helpful for adjusting the metal-to-nitrogen ratio during the growth of 

cubic III-nitrides. For example, an excess of metal at the surface reduces the 

intensity of the diffracted electron beam on the fluorescence screen due to 

diffuse scattering. Therefore, measuring this intensity as a function of time 

during a growth interruption or in adsorption-desorption experiments provides 

a good understanding of the surface stoichiometry59. For the growth of cubic III-

nitrides, slightly metal-rich conditions lead to smoother surfaces and superior 

crystal quality, because a metal adatom layer forms, which favors layer-by-layer 

growth58. Furthermore, the surface-sensitive RHEED pattern reveals the 

morphology of the growth front. A streaky diffraction pattern corresponds to a 

2D like surface, whereas a spotty pattern infers 3D features99. As a result, RHEED 

patterns are a good indication of whether the growth of the epilayer follows a 

layer-by-layer, island or combined island-layer growth mode. 

The choice of substrate is another important aspect of MBE and a significant 

challenge for the heteroepitaxy of cubic III-nitrides. This work uses 

3C-SiC (001)/Si pseudo substrates for the growth of cubic GaN, which generally 
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yield the best results of all substrates100. This is in spite of a lattice mismatch of 

3.4%45,101 and the presence of 3C-SiC anti-phase domains102. However, free-

standing 3C-SiC substrates without anti-phase domains are currently not 

commercially available. Nevertheless, the lattice mismatch of other high-quality 

cubic substrates such as GaAs53,54,103 and MgO104 is significantly higher and the 

layer quality of subsequently grown c-GaN inferior compared to 3C-SiC.  

Overall, the available substrate options are not fully satisfactory, and the 

substrate―epilayer interface is a major cause for defect formation. To improve 

this interface, Publication 1 introduces an AlN buffer layer between c-GaN and 

3C-SiC and investigates its impact on the c-GaN layer quality. It is important to 

point out that the main function of the c-AlN buffer layer is not a reduction of 

the substrate―epilayer lattice mismatch. Indeed, the lattice constants of c-AlN 

and 3C-SiC are very similar44,101. However, the ionicity of AlN105 is higher than that 

of SiC but similar to GaN. Therefore, the buffer layer spatially separates the 

change of ionicity and the lattice mismatch, such that each buffer interface 

features only one kind of transition.  

The lattice constant of cubic InxGa1-xN, and correspondingly the lattice constant 

of an ideal substrate, varies with the indium content. Nonetheless, this work 

utilizes 600 nm thick c-GaN buffer layers for all In-compositions to ensure 

comparability. 

The following subsection describes the growth sequence of the 

c-InxGa1-xN/GaN/AlN/3C-SiC/Si samples fabricated in this work. Prior to the 

growth of any III-nitride, the substrate was heated to Tsub = 850 °C and the so-

called “!l flash” procedure was conducted to deoxidize the surface44,106―108. For 

this procedure, the Al shutter (BEP(Al) = 1.5 ∙ 10−8 mbar) was opened 5 times for 

10 s each. The impinging Al reduces residual surface oxides under the formation 

of Al-suboxides, which decompose at the elevated temperatures. Afterwards, 

the temperature was reduced to Tgrowth = 720 °C for the growth of approximately 

8 nm c-AlN and 600 nm c-GaN with a BEP(Al) ≈ 1.2 ∙ 10-7 mbar and 

BEP(Ga) ≈ 3 ∙ 10-7 mbar, respectively. The nitrogen plasma generator was 

operated at 200 W using a nitrogen flow of 0.7 sccm. For the subsequent growth 

of c-InxGa1-xN, Tgrowth was lowered to 630―460 °C to enable indium incorporation. 

To obtain the target compositions, the metal BEPs were varied between 1.4 ∙ 10-8 

and 1.1 ∙ 10-7 mbar for gallium and 9.2 ∙ 10-8 and 2.5 ∙ 10-7 mbar for indium. The 

thickness of the c-InxGa1-xN layers is 80―100 nm. 
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X-ray diffraction 

X-ray diffraction (XRD) is a fundamental and versatile measurement technique 

for the structural characterization of crystalline materials. It can assess all lattice 

parameters, such as lattice constants, crystal symmetry, preferential orientation, 

phase purity, defects, mosaicity and strain. Furthermore, XRD is an extremely 

robust and reliable method because of its non-destructive nature and high 

instrumental precision. As a result, XRD is very prominent in the epitaxy 

community and is vital for the findings of this work. In Publication 1, XRD is used 

to examine the influence of the c-AlN buffer layer on the crystal quality and the 

number of hexagonal inclusions of the c-GaN epilayers. In Publication 2, XRD 

reciprocal space maps reveal the composition, the state of strain and the phase 

purity of c-InxGa1-xN layers. 

In general, XRD measures the angular resolved diffraction pattern of incident X-

rays which interact with the electrons of the periodic crystal lattice of the 

sample. The irradiated electrons emit their own, radially propagating 

electromagnetic field with the same wavelength and phase as the incident X-

rays. These secondary waves form an interference pattern which is monitored 

by angular detector movements. According to the Laue condition K = q, 

constructive interference occurs when the scattering vector K = kincidend ― kdiffracted 

matches a translation vector q of the reciprocal lattice. Additionally, the 

diffraction of X-rays by the crystal lattice is often described as a reflection of the 

beam at the lattice planes, which are labeled by the Miller indices hkl. For 

constructive interference, the Bragg equation (4) describes the relation of the 

lattice plane spacing dhkl and the angle θ between the lattice planes and the 

incident beam with the wavelength λ. 

 λ =  2dhkl sin(𝜃) . (4) 
 

Further parameters, such as the lattice constants can be derived from dhkl, if the 

Miller indices h,k,l are known. For a cubic crystal lattice, the lattice constant a is 

given by: 

  a =  dhkl√h2 + k2 + l2 . (5) 

 

Basic scans 

This work utilized several XRD measurement modes to obtain comprehensive 

information on the crystal lattice of the epitaxially grown layers. Figure 5 

visualizes the different scan geometries for which θ and ω are the most relevant 

angles. The so-called Bragg angle θ denotes the angle between the incident X-

rays and the lattice planes. To detect the diffracted beam, the angle between 

the incident beam and the detector must be twice this angle and is therefore 
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called 2θ. Additionally, ω is introduced for thin film XRD to describe the angle 

between incident X-rays and the sample surface. If the lattice planes (hkl) are 

aligned parallel to the sample surface, the reflection is called symmetric because 

θ equals ω (Figure 5a). Correspondingly, ω must differ from θ when measuring 

other, asymmetric lattice directions (Figure 5b). This ω-offset equals the angle of 

intersection between the lattice plane and the surface. The reciprocal space is 

convenient to use for the visualization of the diffraction phenomena. In 

reciprocal space, (hkl) lattice planes are represented by a single point. Figure 5 

connects the measurement geometries in real space and the diffraction 

phenomena in reciprocal space. 

The 2θ-ω scan geometry couples the movements of 2θ and ω by a factor of two, 

such that the length of K is varied while its direction remains the same. In Figure 

5, blue arrows represent these movements and visualize how this scan probes 

the reciprocal space in a certain [hkl] direction. For a crystalline thin film with a 

strictly cubic structure, a symmetric 2θ-ω scan allows quick assessment of the 

lattice constant using equation (4) and (5).  

 

Figure 5 Scan geometries of basic XRD scans. a) Symmetric scan to assess lattice 
planes parallel to the surface. Blue (green) arrows indicate the movements to perform 
2θ-ω scans (ω scans). b) Asymmetric scan geometry to measure surface-tilted planes. 

When performing a ω-scan (“rocking curve”), the detector moves in skew-

symmetry corresponding to a variation of the incident angle ω, as indicated by 

green arrows in Figure 5. In the reciprocal space, this changes the direction of K 

but not its length and measures the broadening of the reciprocal lattice point. 

This broadening corresponds to the mosaicity and therefore crystal quality of an 

epitaxially grown thin film. The term “mosaicity” encompasses the spread in size, 
tilt and twist of grains within the thin film30. Furthermore, microstrain and 

compositional inhomogeneities contribute to the broadening of a ω-scan. 
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Overall, measuring the linewidth Δω of the rocking curve is a robust method to 

evaluate the crystal quality of an epitaxially grown layer. In thin films, mosaicity 

is associated with the formation of threading dislocations. Thus, it is common to 

use Δω to estimate the threading dislocation density DTD, assuming random 

orientation of grains, as given by30,97,98 

 DTD =  (∆ω)22π ∙ ln2 ∙ bTD
2  

(6) 

where bTD is the Burgers vector of the dislocation with a value of bTD = a / √2 and 

a is the lattice constant. 

 

Reciprocal space maps 

Reciprocal space maps combine several 2θ-ω scans at different ω angles to 

investigate an area section of the reciprocal space. The maps are either 

displayed in angular or reciprocal coordinates qx, qz
109  

 qx =  2π𝜆 (cos(2𝜃 ,ω) , cos(ω)) (7) 

 

and 

 qz =  2π𝜆 (sin(2θ , ω) + sin(ω)). (8) 

 

The area scans detect misorientation, strain, composition and secondary phases 

which are difficult to find by line scans. In publication 1, reciprocal space maps 

around the (002) c-GaN reflection reveal that the AlN buffer layer drastically 

reduces the number of hexagonal inclusions. The amount is estimated using the 

intensity ratios of the wurtzite {−10−11} and the zincblende (002) reflections. The 

space maps are crucial for this because the weak wurtzite reflections are in the 

vicinity of the c-GaN reflection but not intersecting the (002) 2θ-ω line scan. 
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Figure 6 Reciprocal space of an heteroepitaxial material. a) Reciprocal space of a 
relaxed epilayer on a cubic substrate where blue (orange) dots represent the lattice 
planes of the epilayer (substrate). b) Reciprocal space of a strained epilayer with 
indications of the basic XRD scans that compose a space map. c) Schematic reciprocal 
space map around a (−1−13) reflection of an c-InxGa1-xN layer grown on c-GaN. Geometric 
considerations yield the degree of relaxation R and the indium content x(In). 

Furthermore, reciprocal space maps are particularly useful to understand the 

relation between substrate and an epitaxially grown layer. Figure 6 compares 

the reciprocal space of a relaxed and of a strained epitaxially-grown layer on a 

cubic substrate with aepi > asub. Figure 6a presents the case of a relaxed, cubic 

epilayer. In the 2D projection of the reciprocal space, the points which represent 

the lattice planes (hkl) of the epilayer (blue) and the substrate (orange) both 

form a quadratic grid. The distance between these points in reciprocal space is 

inversely correlated to the lattice constants. In the scenario of Figure 6a, the 

reciprocal points of epilayer and substrate, which correspond to the same (hkl), 

are connected by a dashed line along [hkl]. This is not the case for the strained 

epilayer (Figure 6b), because its crystal lattice is tetragonal distorted. Instead, 

the reciprocal points of the fully strained epilayer (blue) form a rectangular 

pattern. The change of the reciprocal coordinates qx and qz inversely mirrors the 

change of the real space lattice dimensions. In qx direction, the spacing of the 

blue epilayer points increases such that layer and substrate are aligned, whereas 
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their spacing in qz direction decreases. However, the distance in qz between the 

blue epilayer and the orange substrate points increases. 

Therefore, reciprocal space maps are convenient and precise tools for the 

quantification of strain and for determining the composition. In publication 2, 

reciprocal space maps around the asymmetric (−1−13) reflections of the c-GaN 

pseudo substrate and the c-InxGa1-xN epilayer are used for this purpose. The 

reciprocal coordinates of the fully strained and fully relaxed c-InN epilayer can 

be calculated using the elastic constants30,43,91,110. Knowing those coordinates, the 

degree of relaxation and the composition can be obtained from simple 

geometric considerations. These are illustrated in Figure 6c, which overlays the 

position of the (−1−13) c-InxGa1-xN reflection, of the relaxed c-GaN, of the fully 

strained c-InN and of the fully relaxed c-InN. The binary compounds form a 

triangle that confines the position of the c-InxGa1-xN reflection. In Figure 6c, the 

blue line intersecting the c-InxGa1-xN reflection represents all possible reciprocal 

coordinates of c-InxGa1-xN with a certain x(In) and various degrees of relaxation. 

The position of the c-InxGa1-xN reflection on the blue line equals the degree of 

relaxation. Furthermore, the relaxed lattice constant can be obtained from the 

intersection of the blue line with the black line which connects c-GaN and c-InN 

(relaxed). The relaxed lattice constant translates directly to an indium content 

x(In) assuming that Vegard’s law holds true for c-InxGa1-xN.  

Additionally, the in-plane and out-of-plane lattice constants can be directly 

derived from the reciprocal space coordinates, qx and qz, of the c-InxGa1-xN 

reflection:  

 qx =  2π
aip

√h2 + k2 (9) 

and 

 qz =  2π
aoop

√l2. (10) 

Consequently, the state of strain can be calculated using the lattice constants 

and the equations (2) and (3). 

Two measurement instruments were used to acquire the diffraction data used 

in this work. Both instruments use a Cu Kα1 (λ = 1.54056 Å) source with a Ge (220) 

monochromator and can perform additional tilting and rotating movements. 

The Panalytical X’Pert Pro MRD uses a conventional 1.6 kW sealed tube X-Ray 

source and 0D detector. In contrast, the Rigaku SmartLab diffractometer 

operates a 9-kW rotating anode source and a multi-dimensional pixel 

(HyPix3000) detector, which significantly shortens the measurement time for 

areal scans. 
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Additional measurement techniques 

Atomic force microscopy 

Atomic force microscopy (AFM) scans the surface morphology with high 

topological resolution111,112. The measuring probe consist of a horizontal cantilever 

with a 10―50 nm sharp tip which faces the sample’s surface. Piezoelectric 

elements control the cantilever movement in all directions. Attractive forces, 

such as van der Waals, electrostatic and magnetic forces bend the cantilever 

towards the sample. The deflection of the cantilever indicates the strength of 

the attractive forces and is measured by laser reflection. In general, the distance 

between the surface atoms of tip and sample determines the strength of the 

attractive forces and enables high topological resolution. 

The simplest measurement mode is the static contact mode where the probe 

touches the surface and detects either the cantilever deflection or the required 

height adjustment to keep the deflection constant. Alternatively, a dynamic 

mode oscillates the cantilever and detects changes in frequency or 

amplitude111,112 and adjusts the cantilever height accordingly. This can be 

implemented with and without intermittent sample contact and significantly 

reduces the damage to sample and probe. In this work, a Bruker Multimode 8 

was operated in a dynamic, non-contact mode using Bruker SCANASYST-AIR 

probes.  

 

Scanning electron microscopy 

Scanning electron microscopy (SEM) uses a focused electron beam to obtain 

high resolution images of a sample’s surface. A set of magnetic and electrostatic 

condenser lenses, deflection coils and apertures control the shape, size and 

position of the scanning electron beam spot on the sample113. This enables fast 

imaging with a magnification that can be varied over several orders of 

magnitude. The electrons’ wavelength is significantly lower than in optical 
systems due to acceleration voltages of several kV. Hence, the resolution of SEM 

is limited by spot size and the interaction volume but not by diffraction. 

The interaction of the impinging electron beam and the sample produces 

various signals, such as secondary electrons, that are used for imaging. 

Secondary electrons, caused by inelastic scattering, are likely to be reabsorbed 

before reaching the detector and are therefore surface-sensitive. Their intensity 

depends on the topography and the sample’s composition113,114. Overlying the 

measured intensity with the beam position yields the secondary electron image, 

which resembles the sample’s morphology. In this work, a JEOL JSM-7001F 

instrument was used to investigate the surface morphology complementary to 

AFM. Furthermore, images of samples’ cross-section estimate the layer 

thicknesses of c-InxGa1-xN and c-GaN. 
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Photoluminescence spectroscopy 

Photoluminescence spectroscopy (PL) is a fast and nondestructive 

characterization method measuring the sample’s light emission after 

photoexcitation (Figure 7a). The absorption of a photon excites an electron from 

the valence band to the conduction band leaving a hole behind. Under Coulomb 

interaction, electron and hole form an electron-hole pair which is often called 

exciton. After excitation, the electron and the hole undergo various relaxation 

processes, mainly scattering with phonons, until they reach the band edges. 

There, the electron-hole pair can recombine directly or relax even further to a 

defect state with lower energy before recombining115. The electron-hole 

recombination can be radiative under photon emission or non-radiative where 

the transition energy dissipates in the form of phonons or Auger electrons. PL 

spectroscopy measures the emitted photons and assigns their energy signature 

to excitonic transitions, such as free or defect-bound excitons. This is useful to 

detect defects, evaluate their concentration and to determine the main 

emission energy of a material. 

 

Figure 7 Optical spectroscopy. a) Basic principle of photoluminescence where 
radiative recombination occurs after photoexcitation. Full arrows represent optical 
transitions, whereas dotted arrows refer to relaxation processes. b) Energy level 
diagram of elastic and inelastic light scattering. Raman spectroscopy measures the 
difference in photon energy due to phonon interaction. 

Raman spectroscopy 

Raman spectroscopy measures the inelastic scattering of light by a material 

under emission or absorption of a phonon115. Figure 7b shows a simplified energy 

level diagram of the states involved in the Raman scattering process. The energy 

of the inelastically scattered photons can be lower or higher than that of an 

elastically scattered photon (Rayleigh scattering). Stokes scattering refers to a 

lowered photon energy, whereas anti-Stokes scattering denotes an increase in 

photon energy. The difference in energy (Raman shift) corresponds to the 

energy of the phonon involved in the scattering process. In semiconductor 
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physics, Raman spectroscopy investigates structural properties such as 

crystallinity, crystal orientation and composition. 

 

Scanning transmission electron microscopy 

Scanning transmission electron microscopy and energy-dispersive X-ray 

spectroscopy studies were conducted using an JEOL JEM-2200FS microscope 

in cooperation with AG Volz at Philipps-University Marburg. 
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ABSTRACT: Cubic nitrides are candidate materials for next-generation optoelectronic
applications as they possess no internal fields and promise to cover large parts of the
electromagnetic spectrum from the deep UV toward the mid-infrared. Their successful
application demands high-quality epitaxial growth of c-GaN as a base material. This infers
a virtually perfect crystallinity as well as smooth surfaces and interfaces despite the limited
availability of suitable substrate materials. Here, we systematically introduce pre-growth
treatments and c-AlN bu%er layers to optimize c-GaN epitaxial layers. Optimized growth
parameters yield extremely small surface roughness values below 1 nm root mean square of
phase pure c-GaN layers with very limited stacking fault densities as highlighted by
scanning transmission electron microscopy. The crystallinity is monitored by X-ray di%raction and surpasses the current standards.
We study the e%ects of the pre-growth procedures on the optical response by photoluminescence spectroscopy and reconfirm the
high structural quality of the epitaxial layers. The combined optimization of all layer properties through the universally applicable
approach allows for the growth of more complex quantum structures toward device applications.

■ INTRODUCTION

The increasing performance demands for next-generation
electronics foster materials development beyond the well-
established silicon-based technology. Wide-bandgap semi-
conductor materials such as SiC or GaN are prime candidates
for this. They promise e.cient handling of the high power
densities,1,2 which are required for unlocking the full potential
of renewable and sustainable energy sources. Furthermore,
nitrides allow for high switching speeds required by 6G
communications and beyond.3 In optoelectronics, GaN is the
prototypical representative of the hexagonal wurtzite group-III-
nitrides and its alloys, which cover a vast range of emission
wavelengths.4 Such devices are commonly grown along the c-
axis. However, the spontaneous piezoelectric polarization fields
perpendicular to the surface decrease the overlap of electron
and hole wavefunctions and, thus, typically, the device
e.ciencies. This challenge is even enhanced in InxGa1−xN-
based devices. The “green gap” refers to their reduced
e.ciency in green-wavelength LEDs.5 The zincblende phase
of group-III-nitrides possesses no internal piezoelectric fields
due to the inherent cubic crystal symmetry6−9 and is predicted
to be beneficial for optoelectronic applications.
The metastability of cubic III-nitrides results in a small

growth window. Furthermore, the availability of suitable
substrates for heteroepitaxial growth that feature both low
lattice mismatch and satisfying crystal quality is limited. 3C-
SiC (001)/Si pseudo-substrates are the most common choice
for c-GaN epitaxy as free-standing 3C-SiC substrates are

currently not commercially available and the lattice mismatch
of alternate high-quality cubic substrates such as GaAs10−12 or
MgO13 is significantly higher. Regardless, the residual lattice
mismatch of 3.4%14,15 between c-GaN and 3C-SiC causes the
formation of misfit dislocations at the interface. Their
reduction enhances the crystal quality of heteroepitaxial c-
GaN. Therefore, the substrate-epilayer interface needs
optimization because defects such as dislocations and stacking
faults (SFs) originate here and spread through the bulk layer.16

One route to circumvent these issues is the introduction of a
thin c-AlN bu%er layer between the 3C-SiC substrate and the
c-GaN epilayer. Conceptually, the c-AlN bu%er spatially
separates the lattice mismatch and change of ionicity between
the substrate and the c-GaN layers: the cubic AlN is virtually
lattice matched to the 3C-SiC with a residual lattice mismatch
of only 0.3%.14,17 At the same time, its ionicity is very similar
to that of c-GaN.18 As a result, each interface of the bu%er layer
represents a transition of a single lattice property only and
allows for individual optimization thereof. The virtues of such
AlN as a bu%er layer are barely explored for the epitaxy of
cubic GaN, even though the growth of cubic AlN on 3C-SiC
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has already been established.17,19−22 Few works report the
sporadic use of AlN as a bu%er23−27 or as an interlayer28 yet
without explicitly investigating neither the AlN layer itself nor
its impact on a subsequent GaN layer. Only very recently, a
systematic study of cubic AlxGa(1−x)N nucleation layers for the
growth of c-GaN by metalorganic vapor-phase epitaxy
(MOVPE) was reported and may be indicative of an increasing
interest on the impact of the bu%er layer.29

This work systematically explores the potential of such
interfaces and, consequently, growth optimization and presents
smooth, plasma-assisted molecular beam epitaxy (MBE)-
grown c-AlN bu%er layers for the epitaxy of c-GaN on 3C-
SiC/Si pseudo-substrates. The special focus lies on unraveling
the influence of the pre-growth substrate preparation and the
bu%er layer on the layer quality of c-GaN. Thorough
characterization reveals that the c-AlN bu%er significantly
improves the defect density, surface roughness, and phase
purity of the c-GaN layer.

■ EXPERIMENTAL SECTION

Cubic GaN epilayers with a thickness of ca. 600 nm were grown on an
8 nm thin c-AlN bu%er layer at 720 °C by plasma-assisted MBE on
commercially available 10 μm thick 3C-SiC pseudo-substrates
deposited on Si(100) by MOVPE (NovaSiC). The growth rate of
c-GaN is approximately 400 nm/h. The MBE chamber (Riber
Compact12) was equipped with standard e%usion cells yielding
constant beam equivalent pressures (BEP) of ca. 4.5 × 10−7 and 1.3 ×
10−7 mbar for gallium and aluminum, respectively. An Oxford Applied
Research HD25 radio frequency plasma source provided activated
nitrogen atoms. In-situ reflection high energy electron di%raction
(RHEED) monitored the growth to ensure slightly metal-rich growth
conditions30 for both c-AlN and c-GaN. Growing AlN under
nitrogen-rich conditions or increasing the thickness of the AlN layer
leads to 3D growth with the diminishing improvement of the GaN
layer. The substrates were heated to Tsub = 850 °C after a standard
degreasing procedure. The aluminum shutter (BEP(Al) = 1.5 × 10−8

mbar) was repeatedly opened five times for 10 s in order to deoxidate
the surface. This “Al flash” procedure has been introduced using
Ga31−33 and later adopted for the growth of c-AlN.17

Two sets of c-GaN reference samples were grown without an AlN
bu%er layer. These allow disentangling the impact of the Al flash and
of the AlN bu%er layer on the properties of the GaN epilayer. The first
reference was grown without the Al flash, whereas the second GaN
reference was grown after flashing with aluminum.
High-resolution X-ray di%raction (HRXRD) using a Panalytical

X′Pert Pro MRD di%ractometer provides structural insights. The layer
thickness was estimated from cross-sectional images obtained with a
JEOL JSM-7001F scanning electron microscope.
The surface morphologies were investigated by atomic force

microscopy (AFM) with a Bruker Multimode 8 in ScanAsyst Air
mode using Bruker SCANASYST-AIR probes. The root-mean-square
(RMS) roughness was extracted from 6 × 6 μm2 scans using the
Gwyddion software.
The photoluminescence (PL) was measured using a custom setup

featuring a closed-cycle He cold-finger cryostat with the samples at
20 K in a vacuum. A HeCd laser (325 nm, 0.18 mW excitation power)
provided sample excitation. The PL signal was focused by an
achromatic lens on the entrance slit of a 25 cm Cerny Tuner
spectrograph where it was spectrally dispersed and detected by a
thermoelectrically cooled open electrode Si charge-coupled device
camera. All spectra were corrected for background signal and the
spectral response of the experimental setup.
A standard transmission electron microscopy (TEM) lamella

preparation procedure34 has been used by means of the focused ion
beam (FIB) JIB-4601F, whereafter deposition of the protection layer
(with carbon and tungsten) and lifting out of the protected area, the
sample was thinned down to the thickness of 300 nm with 30 kV

energy Ga-ion beam. In order to reduce the damage caused by Ga-
ions, low-energy ion beams (15, 10, and 5 kV) with low currents
(300−30 pA) have been used for fine thinning as well as polishing.
This leads to a few tens of nm thick TEM lamella.
Scanning transmission electron microscopy (STEM) investigations

have been performed using a double-aberrations-corrected JEOL
JEM-2200FS microscope operated at 200 kV. Using the annular dark-
field (ADF) detector, two imaging modes were applied. First, the high
angle ADF (HAADF) mode has been used to obtain high-resolution
images of the structure of the material interfaces. Second, the low
angle ADF (LAADF) imaging mode has been chosen in order to
visualize the defects in the samples. Energy-dispersive X-ray
spectroscopy (EDX) inside the microscope has been used to generate
composition maps.

■ RESULTS AND DISCUSSION

RHEED o%ers in-situ monitoring of the surface during all
stages of the growth process. The initial steps of the growth
procedure leading to a smooth c-AlN bu%er layer are displayed
in Figure 1. The RHEED pattern following the degassing step

is spotty with a 1 × 1 reconstruction (Figure 1a). The Al flash
changes the surface reconstruction such that the spotty 1 × 1
pattern transitions to a streaky 2 × 4 pattern35−37 (Figure 1b).
This indicates a successful removal of residual oxides and an
improvement of the surface roughness. The streaky 1 × 1
pattern after the growth of an optimized 8 nm c-AlN bu%er
layer (Figure 1c) indicates a smooth surface and a 2D growth
regime. Notably, more metal-rich or nitrogen-rich growth
conditions result in higher surface roughness of the AlN bu%er
layer. The RHEED pattern observed during the growth of c-
GaN is similar to that of c-AlN, validating the choice of growth
parameters.
Ex-situ analysis verifies the 2D growth of c-AlN. AFM of the

surface of a c-AlN reference sample shows that the surface is
smooth across an area of 6 × 6 μm2 with an RMS roughness of
0.45 nm (Figure 1d). There is no change in surface roughness
compared to the bare substrate, which strongly suggests
conformal 2D growth. This is corroborated by the boundary
between two anti-phase domains of the 3C-SiC/Si pseudo-

Figure 1. RHEED images of the 3C-SiC surface before (a) and after
(b) the Al flash revealing the emerging 2 × 4 reconstruction. (c)
Streaky 1 × 1 RHEED pattern after the growth of the AlN bu%er
indicating 2D growth. (d) 6 × 6 μm AFM scan of a c-AlN reference
sample preserving the substrate’s surface.
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substrate38 observed in the bottom half of the image, which
suggests that the surface morphology of the AlN layer is
limited by the substrate.
Complementary STEM imaging of a cross-section of a c-AlN

bu%er between c-GaN and 3C-SiC reveals the impact of the
AlN bu%er on the formation and distribution of defects in the
subsequently grown c-GaN layers. Figure 2a shows an LAADF-

STEM image of a c-GaN layer grown without Al flash or AlN
bu%er on 3C-SiC. Figure 2b displays a c-GaN layer grown
using an AlN bu%er. The LAADF imaging method is well
suited to detect defects such as SFs. These are the dominant
planar defects. They are observed as bright lines propagating
through the entire GaN layer.16,39 Two SFs with di%erent
inclinations can annihilate when they intersect. This then
results in the decrease of the overall defect density.27 This
annihilation occurs particularly often during the first 200 nm of
the GaN layer (Figure 2a). Note that more SFs are observable
in the Ga-polar [110] viewing direction compared to the
perpendicular N-polar [110] direction, which is in accordance
with the previous finding in GaP.40 Additionally, in the Ga-
polar [110] direction more SFs are found on one type of {111}
planes (marked in red in Figure 2a) than on the other ones
(marked in blue) in the sample without AlN bu%er. This infers

only a few annihilation opportunities39 and, consequently, a
high defect density throughout the whole GaN layer. The inset
in Figure 2a demonstrates how SFs lead to the formation of
facets on the surface, which increases the roughness. This is
also observable in the AFM measurements. On the other hand,
the GaN layer grown with an AlN bu%er layer (Figure 2b)
features a symmetric distribution of SFs, a lower defect density,
and a smooth surface.
Moreover, Figure 2c provides atomically resolved insight

into the interfaces between the substrate and the c-GaN layer.
HR-STEM (Figure 2d) clearly resolves the smooth interface of
c-AlN and 3C-SiC. The low lattice mismatch fosters extremely
little defect formation at the interface. The inset in Figure 2d
shows the corresponding FFT, which highlights the zincblende
crystal structure of the sample.
Additional EDX analysis (Figure 2f) of the c-AlN bu%er

layer between the substrate and the c-GaN layer confirms a
homogeneous chemical composition of the AlN layer with no
significant intermixing with GaN or SiC on the nanometer
scale.
We assess the impact of the Al flash and the AlN bu%er layer

on the quality of c-GaN epilayers by XRD and AFM. Figure 3a
shows several key quality parameters for the three di%erent
sample designs, which are as follows: (I) c-GaN directly grown
on 3C-SiC without Al flash and AlN bu%er, (II) c-GaN grown
on 3C-SiC after performing an Al flash (without AlN bu%er),
and (III) c-GaN grown on a c-AlN bu%er layer that was grown
on 3C-SiC after an Al flash. The AlN bu%er simultaneously
improves all key performance parameters of the c-GaN layer as
it renders narrow XRD linewidth, small RMS roughness, and
phase-pure material, that is, extremely low number of SFs
which, sometimes, are considered as hexagonal inclusions.
The ω-full width at half maximum (FWHM) of the (002)

GaN reflection is related to the threading dislocation density
and the grain size and should be minimal for reliable device
engineering. The optimized c-GaN layers with a thickness of
about 600 nm show a Δω = 20.0 arcmin. These samples
underwent a pre-growth Al flash procedure and include an
optimized AlN bu%er layer. This is nearly half the width of the
reference sample on untreated 3C-SiC, which shows a Δω =
34.8 arcmin. These values infer a dislocation density in the
order of 109 cm−2.41−43

The RMS roughness is another characteristic layer property
that needs to be minimized for the fabrication of multi-layered
heterostructures. Optimized samples including Al flash and
smooth c-AlN bu%er feature an RMS roughness of 0.75 nm.
This is about one order of magnitude lower than other
reported roughness values of c-GaN layers on 3C-SiC, which
typically vary between 4 and 10 nm.44,45 Notably, already the
slightly Ga-rich growth conditions yield a smooth surface with
a roughness of about 2.6 nm even without flashing or a bu%er
layer.
Furthermore, the phase purity of the cubic phase is

estimated by the intensity ratio of the hexagonal (10−11)
reflection and the cubic (002) reflection from the reciprocal
space maps taking into account the structure factors of each
reflection. In the case of GaN directly grown on untreated 3C-
SiC, about 16.6% hexagonal inclusions nucleate on (111)
facets of the cubic layer. This is significantly reduced to 8.8%
when adding an Al flashing step to the growth procedure. The
combination of Al flash and AlN bu%er layer renders phase
pure zincblende GaN. The residual ratio of hexagonal
inclusions in cubic GaN is now estimated to be less than 0.3%.

Figure 2. Defect-sensitive LAADF STEM measurements of the GaN
layer on 3C-SiC without and with a c-AlN bu%er layer are shown in
(a) and (b), respectively. The inset in (a) highlights the formation of
facets due to SFs penetrating the surface. High-resolution HAADF
images of the same samples are shown in (c) and (d). FFT analysis
[inset of (d)] confirms the zincblende crystal structure. The
corresponding EDX elemental maps in (e) and (f) reveal a
homogeneous chemical composition of all layers.
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PL spectra showcase the impact of Al flash and AlN bu%er
on the optical properties (Figure 3b). GaN grown directly on
untreated 3C-SiC exhibits one broad emission peak centered at
3.18 eV. The intensity modulation of the signal at low energies
is caused by substrate interference. The Al flash and the AlN
bu%er yield two narrow PL peaks at 3.12 eV and 3.24 eV,
respectively. These correspond to the donor−acceptor pair
recombination (DAP) and neutral donor-bound exciton
recombination (D0X), respectively.28 The FWHM of the
D0X peak of the GaN layer with AlN bu%er at 20 K is 16 meV.
The inset of Figure 3b shows the high-energy shoulder in a
semi-logarithmic plot to elucidate the contributions of
hexagonal defects. The emission of hexagonal defects is
minimized due to the AlN bu%er corroborating the low ratio
of hexagonal inclusions presented in Figure 3a.
Conceptually, the c-AlN bu%er spatially separates the lattice

mismatch and change of ionicity between the substrate and the
c-GaN layers: the cubic AlN is virtually lattice matched to the
3C-SiC with a residual lattice mismatch of only 0.3%.14,17 At
the same time, its ionicity is very similar to that of c-GaN.18 As
a result, each interface of the bu%er layer represents a transition
of a single lattice property only and allows for individual
optimization thereof.
The FWHM of ω-scans is suitable data to compare the

quality of the epitaxial layers in this work to literature data on
other cubic GaN layers grown on comparable 3C-SiC/Si
substrates. These values directly reflect the density of structural
defects.41−43 Furthermore, they are extremely robust as they
are reproducibly measured and commonly reported in most
publications featuring epitaxial growth. However, it is
important to consider the layer thickness d when comparing
Δω of thin films as Δω decreases with increasing layer
thickness.27,46,47 This is depicted in Figure 4, by dark gray
symbols representing the samples of this work. The thickest
film shows the narrowest Δω. In general, this phenomenon is
associated with coalescence of threading dislocations, which is
theoretically described by the glide model of Ayers.48 This
trend is empirically approximated by Δω(d) ∝ d−1/3 47

corresponding to the dashed blue line in Figure 4.
The set of 600 nm thick c-GaN layers grown on 3C-SiC/Si

with Al flash but no AlN bu%er (green, crossed square)
compares well with state-of-the-art c-GaN on 3C-SiC/Si
substrates grown by MOVPE (green squares) and MBE
(blue circles). Moreover, the addition of the AlN bu%er yields

an additionally reduced Δω (stars) significantly below the
literature values. Thus, the c-AlN bu%er provides excellent
layer quality of c-GaN on comparable substrates. Figure 4 also
presents the Δω of c-GaN layers with a thickness of 1150 nm,
which is reduced from 25.3 to 17.4 arcmin due to the AlN
bu%er.

■ CONCLUSIONS

Pre-growth Al flash treatment and a thin c-AlN bu%er between
the substrate and epilayer enhance the epitaxial growth of c-
GaN on 3C-SiC. This improves virtually all layer quality
parameters. Thorough characterization with XRD, AFM,
STEM, and PL reveals a significant reduction of the defect
density, surface roughness, and SFs, which are sometimes
referred to as hexagonal inclusions of the c-GaN layers.
Exemplary 600 nm-thick c-GaN layers regularly show Δω of
20.0 arcmin and a RMS roughness of 0.75 nm on 3C-SiC/Si
substrates. The simultaneous improvement of all relevant
quality parameters without any inherent drawback highlights
the progress by a c-AlN bu%er layer for the advancement of
cubic GaN. Our observations infer that the spatial separation
of the lattice mismatch and change of ionicity are instrumental
for the enhanced materials properties of the GaN layer and,
thus, inherently for any successive growth or fabrication and
device properties. In particular, the low roughness enables the

Figure 3. (a,b) impact of the Al flash and of the c-AlN bu%er on the properties of the 600 nm thick c-GaN layer. (a) ω-FWHM of the (002)
reflection, RMS roughness, and intensity ratio of the hexagonal (10−11) reflection to the cubic (002) reflection. (b) cw-PL spectra at 20 K with a
magnification of the high energy shoulder.

Figure 4. Decreasing XRD-Δω of GaN layers with increasing layer
thicknesses. The samples of this work are represented by dark gray
symbols, while green squares and blue circles refer to other c-GaN
layers grown by MOVPE29,47 and MBE27,46,49,50 on comparable 3C-
SiC substrates, respectively.
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use of c-GaN as templates for the growth of more complex
heterostructures, for example, (In,Al)GaN.
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ABSTRACT: The lack of internal polarization fields in cubic
group-III nitrides makes them promising arsenic-free contenders
for next-generation high-performance electronic and optoelec-
tronic applications. In particular, cubic InxGa1−xN semiconductor
alloys promise band gap tuning across and beyond the visible
spectrum, from the near-ultraviolet to the near-infrared. However,
realization across the complete composition range has been
deemed impossible due to a miscibility gap corresponding to the
amber spectral range. In this study, we use plasma-assisted
molecular beam epitaxy (PAMBE) to fabricate cubic InxGa1−xN
films on c-GaN/AlN/3C-SiC/Si template substrates that over-
come this challenge by careful adjustment of the growth
conditions, conclusively closing the miscibility gap. X-ray
di1raction reveals the composition, phase purity, and strain properties of the InxGa1−xN films. Scanning transmission electron
microscopy reveals a CuPt-type ordering on the atomistic scale in highly alloyed films with x(In) ≈ 0.5. Layers with much lower and
much higher indium content exhibit statistical distributions of the cations Ga and In. Notably, this CuPt-type ordering results in a
spectrally narrower emission compared to that of statistically disordered zincblende materials. The emission energies of the films
range from 3.24 to 0.69 eV and feature a quadratic bowing parameter of b = 2.4 eV. In contrast, the LO-like phonon modes that are
observed by Raman spectroscopy exhibit a one-mode behavior and shift linearly from c-GaN to c-InN.

KEYWORDS: molecular beam epitaxy, InxGa1−xN, strain, miscibility, cubic III-nitrides, TEM, optical properties

■ INTRODUCTION

Light-emitting semiconductor devices with su?cient quantum
e?ciencies that are able to operate across the complete visible
spectrum and are based on the same epitaxially grown
semiconductor alloy system will disruptively change the
landscape of optoelectronic applications and devices. They
will eliminate the need for phosphors in white light-emitting
diodes (LEDs) and potentially yield multiple color lasers or
illuminators such as micro-LEDs.1 Zincblende InxGa1−xN is a
prime contender for these tasks, as its direct band gap is
tunable from the near-ultraviolet2,3 toward the near-infra-
red.4−6 Unlike the thermodynamically stable hexagonal
wurtzite phase, the cubic crystal structure is free of internal
piezoelectric fields,7−10 which commonly reduce the radiative
recombination of electrons and holes.11 This advantage
becomes more important with increasing In content, as a
larger In content also increases the piezoelectric fields and
greatly reduces the e?ciency of green and amber h-InxGa1−xN-
based LEDs.

However, growing metastable c-InxGa1−xN films that have
good epitaxial quality is di?cult due to largely di1erent lattice

constants,4,12 significantly di1erent growth temperatures for
the two binary compounds, and a lack of substrates for
homoepitaxy. As a result, reports of the phase-pure growth of
c-InxGa1−xN with more than 30% In content are scarce, and
numerous works predict13,14 and report15−17 spinodal
decomposition with the formation of an additional In-rich
phase. In most cases, c-InxGa1−xN is heteroepitaxially grown on
c-GaN. This interface can induce a significant amount of strain
in the c-InxGa1−xN layers, depending on the indium content
and the layer thickness. As a result, the cubic crystal symmetry
is distorted tetragonally, and in-plane and out-of-plane lattice
constants deviate from each other. Neglecting this distortion
usually leads to an overestimation of the indium content by up
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to 20%. Therefore, it is important to consider such strain in
order to understand the impact indium content has on the
optical properties of c-InxGa1−xN.

In this work, we report phase-pure cubic InxGa1−xN layers
with 0 ≤ x(In) ≤ 1 grown on c-GaN/AlN/3C-SiC/Si(001)
templates by plasma-assisted molecular beam epitaxy
(PAMBE). We demonstrate the continuous tunability of the
indium content by carefully adjusting the growth temperature
and the metal fluxes. Furthermore, we emphasize the role of
strain in enabling full miscibility of c-GaN and c-InN.
Comprehensive characterization of the layers illustrates the
impact indium content has on the nanoscopic crystal lattice
and on the optical response of the cubic InxGa1−xN layers.

■ EXPERIMENTAL SECTION

Cubic InxGa1−xN layers are grown on c-GaN templates at Tgrowth,
ranging from 460 to 630 °C, by PAMBE. All epitaxial layers feature a
thickness of approximately 80−100 nm. The indium contents x(In) of
the various layers grown are 0.11, 0.27, 0.36, 0.47, 0.59, 0.72, 0.92,
and 1. The c-GaN templates, with thicknesses of approximately 600
nm, are grown using an 8 nm c-AlN bu1er18 on commercial 3C-SiC/
Si(001) pseudo substrates (NovaSiC). The MBE chamber (Riber
Compact 12) is equipped with standard e1usion cells and an Oxford
Applied Research HD25 radio frequency plasma source. The growth
surface is monitored by in situ reflection high energy electron
di1raction (RHEED). For c-InxGa1−xN growth, the sensitivity-
corrected beam equivalent pressures (BEP) of gallium and indium
are varied between 1.4 × 10−8 and 1.1 × 10−7 mbar and between 9.2
× 10−8 and 2.5 × 10−7 mbar, respectively.

High-resolution X-ray di1raction (HRXRD), using a Rigaku
SmartLab di1ractometer that operates a 9 kW rotating Cu anode,
provides the initial structural characterization, including the
determination of the indium content. The thickness of the c-
InxGa1−xN layers is determined from cross-sectional scanning electron
microscopy images, obtained with a JEOL JSM-7001F instrument,
and confirmed by X-ray reflectivity measurements. A Bruker

Multimode 8 atomic force microscope (AFM), operating in the
ScanAsyst Air mode and using Bruker SCANASYST-AIR probes,
yields the surface morphology. Gwyddion software is used for image
processing and deriving the root-mean-square (RMS) roughness.

Because the optical properties are of particular interest for potential
future applications, we studied the low-temperature (T ≈ 20 K)
photoluminescence (PL) of the samples. Three di1erent measure-
ment setups are used to cover the large variation in emission energies,
all of which feature a laser diode at 405 nm for excitation. Samples
with x(In) < 0.5 are measured using an excitation power of Pexc,1 = 6.9
mW and a thermoelectrically (TE) cooled, ultraviolet-optimized back-
illuminated CCD camera. Samples with higher In content (0.5 <
x(In) < 0.75) are measured using Pexc,2 = 22 mW and a 1.7 μm TE-
cooled InGaAs array detector. For samples with x(In) > 0.75, a 2.2
μm TE-cooled InGaAs array detector is used with Pexc,3 = 23 mW.

The scanning transmission electron microscopy (STEM) inves-
tigations in the present study employ a double-aberrations-corrected
JEOL JEM-2200FS microscope, operating at 200 kV with an annular
dark-field (ADF) detector. Two imaging modes are used, namely the
high-angle ADF (HAADF) and the low-angle ADF (LAADF) imaging
modes. The former mode is utilized to obtain high-resolution images
of the material’s structure, while the latter mode is used to visualize
the defects in the sample. Energy-dispersive X-ray spectroscopy
(EDX) is used to generate composition maps and determine the local
In concentration.

Raman spectra are recorded at room temperature using a Renishaw
inVia Raman spectrometer combined with a Leica optical microscope
in a backscattering geometry. A 405 nm line from a C-FLEX laser
combiner (HÜBNER Photonics) is used as the excitation source. The
laser power is typically a few milliwatts. A 50× objective is used to
focus the laser light onto the sample and collect the scattered light.
The collected light is dispersed by a 1800 lines per millimeter
di1raction grating in the spectrometer and is then focused onto a
charge-coupled device (CCD) detector.

■ RESULTS AND DISCUSSION

The III/III and III/V ratios are adjusted carefully in order to
grow c-InxGa1−xN across the whole composition range. In

Figure 1. Impact the growth temperature Tgrowth has on the c-InxGa1−xN epitaxial layer. As Tgrowth decreases, (a) the indium content increases
linearly, (b) the growth rate showcases two distinct regimes, and (c) the roughness increases to a maximum (though it is lowest at low
temperatures). Two 1 × 1 μm2 AFM scans show the morphology of (d) the low-temperature regime and (e) the high-temperature regime.
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general, metal-rich growth conditions lead to smooth surfaces
and phase-pure cubic epitaxial layers,18,19 whereas the In/Ga
ratio is vital for tuning the alloy’s composition. However, the
growth temperature Tgrowth governs the maximum In content
of the thin film due to the low binding energy of In−N. The
impact of Tgrowth on the growth rate, the morphology, and the
surface roughness of the c-InxGa1−xN layers is detailed in
Figure 1.

Figure 1a shows that the In content x(In) increases linearly
as the growth temperature decreases. Next, we observe two
distinct growth regimes, where a sharp increase in the growth
rate from 5.2 to 6.6 nm/min occurs at Tgrowth ≅ 550 °C (Figure
1b). Correspondingly, AFM imaging reveals two di1erent
surface morphologies that are dependent on the growth
temperature. For low temperatures (Tgrowth < 550 °C), we
observe small, round crystallites (dcryst ≈ 50 nm, Figure 1d). In
contrast, for high temperatures (Tgrowth > 550 °C), the c-
InxGa1−xN surface exhibits elongated crystallites (Figure 1e).
Additionally, the RMS roughness increases with decreasing
temperature, reaching a maximum value of 5.8 nm at Tgrowth =
538 °C (Figure 1c). However, the height of the round
crystallites decreases rapidly for even lower temperatures and
high In content, yielding smooth surfaces with an RMS
roughness of approximately 2 nm.

The di1erences in morphology are in concordance with in
situ RHEED observations (Figure S1) at the initial c-
InxGa1−xN growth. In the high-temperature regime, the streaky
pattern of c-GaN is retained for several minutes. For lower
growth temperatures, the RHEED pattern immediately shifts
to oval-shaped reflections with the start of c-InxGa1−xN growth.
This indicates di1erent nucleation processes of c-InxGa1−xN on
c-GaN for these two cases. Overall, these results highlight the
crucial role growth temperature plays on the indium content,
growth rate, and morphology.

Mapping the reciprocal space of both the symmetric (002)
and asymmetric (−1−13) reflections by using HRXRD is
essential for investigating and validating the crystal structure of
the c-InxGa1−xN alloys. In particular, any hexagonal inclusions
are important to quantify, as they can nucleate on cubic (111)
facets. Figure 2a shows an exemplary reciprocal space map
centered at the (002) reflection of c-GaN. The red circles mark
the expected position of the (10−11) and (−1011) reflections
of hexagonal InxGa1−xN. The intensity ratio of the hexagonal
{10−11} reflection and the cubic (002) reflection is an
indication of the proportion of hexagonal inclusions. This ratio
is below 2% for all of the ternary c-InxGa1−xN samples in this
study, which confirms the purity of the cubic zincblende phase.
Furthermore, we do not observe any secondary c-InxGa1−xN
reflections on the (002) or (−1−13) space maps, which would

Figure 2. Selected reciprocal space maps of a sample with x(In) = 0.47, centered at (a) the symmetric (002) reflection and (b) the asymmetric
(−1−13) reflection of c-GaN. The space maps reveal a pure cubic phase and a single, but strained, c-InxGa1−xN phase. (c) The degree of relaxation
continuously increases with x(In), whereas (d) the uniaxial strain is highest for intermediate indium content (the dashed line serves as a guide for
the eye). Black squares represent the strain calculated using the 2θ−ω scans, and the blue circles denote the strain derived from the degree of
relaxation using the elastic constants of the binary compounds.
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have implied spinodal decomposition into a Ga-rich and an In-
rich phase, regardless of the In content. This demonstrates the
full miscibility of the c-InxGa1−xN alloys. The line widths of the
ω-rocking curves of the (002) c-InxGa1−xN reflection range
from 30 to 140 arcmin, depending on the composition.20

Strain is another aspect of the crystal structure that requires
consideration, in addition to establishing the phase purity of
the c-InxGa1−xN layers. For example, a standard 2θ−ω scan
along [002] will be misleading in determining the indium
content of partially strained c-InxGa1−xN epitaxial layers. This
is because [002] is only related to the out-of-plane lattice
constant a⊥; thus, this kind of scan can lead to an
overestimation of the In content by up to 20%. Conversely,
measuring the asymmetric reciprocal space maps of the (−1−

13) reflection avoids any overestimation. This is because the
(−1−13) reflections are related to both the in-plane and the
out-of-plane lattice constants. Comparing the position of the c-
InxGa1−xN reflection to the positions of c-GaN, the fully
relaxed c-InN, and the fully strained c-InN (Figure 2b) allows
one to assess the true In content and the theoretical relaxed
lattice constant arelax according to Vegard’s law. Using the in-
plane lattice constant a∥, the degree of relaxation R relative to
the c-GaN substrate is given by21

R

a a

a a

GaN

relax GaN

=

(1)

Furthermore, the deviation of a⊥ from arelax determines the
uniaxial out-of-plane strain ε⊥:

a a

a

relax

relax

=

(2)

Overall, the degree of relaxation increases with increasing
x(In) (Figure 2c) due to an increasing lattice mismatch. This
lattice mismatch causes a decrease in the critical thickness and,
thus, faster relaxation.

In contrast, the uniaxial out-of-plane strain is highest for
intermediate Ga and In contents (Figure 2d). To verify the
consistency of these results, we calculated the out-of-plane
strain by using two di1erent approaches. In Figure 2d, the
black squares represent the measured strain using eq 2, with a⊥

having been obtained via 2θ−ω scans. The blue circles denote

the calculated strain derived from the degree of relaxation
using the linearly interpolated elastic constants21,22 of the
binary compounds.23,24 For intermediate x(In), it was found
that the measured strain is lower than predicted by the elastic
constants. This implies that the c-InxGa1−xN layers with those
compositions are not stress-free and that the elastic medium
approximation is not completely accurate.21 In both cases, the
trend of the uniaxial strain as a function of the In content
resembles that of the miscibility gap in the c-GaN/InN phase
diagram.13,14 Furthermore, theoretical calculations of the
mixing free energy predict that spinodal decomposition is
suppressed in fully strained c-InxGa1−xN layers on c-GaN.13,25

Even though the c-InxGa1−xN thin epitaxial films in this work
are only partially strained (Figure 2c), the uniaxial strain is
highest for the very compositions for which thermodynamics
favors decomposition. This indicates that the strong uniaxial
strain at intermediate x(In) is su?cient to counteract the
predicted spinodal decomposition and is the reason for the
presented full miscibility of our c-InxGa1−xN layers.

The high structural quality of the layers is confirmed by
STEM images in both the [110] and [−110] directions.
Exemplary images of a sample with x(In) = 0.47 reveal its
atomic arrangement, defects, and composition. It is known that
extended defects such as stacking faults are a major cause of
performance loss in device applications.26 Figure 3a,c show
defect-sensitive LAADF-STEM images of c-InxGa1−xN on c-
GaN along the two perpendicular directions. The majority of
the stacking faults (SF) in the c-InxGa1−xN layer in the [110]
direction (Figure 3a) originate in the c-GaN layer and
penetrate the GaN/InxGa1−xN interface. Those stacking faults
form at the interfaces of 3C-SiC/AlN/GaN and propagate
through the entire epitaxial layer if no SF annihilation process
occurs.18,27−29 Therefore, reducing the number of SFs in the c-
GaN substrate should also decrease the SF concentration in
the c-InxGa1−xN layer. Apart from the SFs, the HR-HAADF
image (Figure 3b) of c-InxGa1−xN shows the expected
zincblende structure.

In contrast, the LAADF image of the [−110] direction
(Figure 3c) shows fewer defects in c-GaN, and the c-
InxGa1−xN layer appears to be homogeneous. Nevertheless,
the corresponding HR-HAADF image (Figure 3d) of the c-

Figure 3. (a, c) STEM measurements of a sample with x(In) = 0.47; the defect-sensitive LAADF images show propagating stacking faults in the (a)
[110] and (c) [−110] directions. (b, d) HR-HAADF images that reveal short-range CuPt-type ordering, as indicated by the red and blue dashed
lines. (e, f) EDX imaging that confirms an overall homogeneous chemical composition. (g) Quantitative EDX, performed as a line scan along the
black dashed line in (e), verifies the indium concentration obtained by HRXRD.
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InxGa1−xN layer reveals a parallel periodic arrangement of
darker and brighter contrast along the [111] planes, which are
indicated by the red and blue dashed lines, respectively. These
can be assigned to In- and Ga-rich regions, respectively, based
on the atomic number (Z) sensitivity of the STEM imaging.
Similar arrangements, where every other layer shows brighter
contrast, are known as CuPt-type ordering in the literature.30,31

However, the ordering observed in our samples is less periodic.
Notably, this ordering is visible only in one of the two viewing
directions (Figure 3d), but not in the perpendicular direction
(Figure 3b). This implies the formation of sheets of In-rich and
In-poor regions, rather than chains. The observed contrast
would also be compatible with stacking faults that are buried in
the viewing direction within the TEM sample. However, we
think this is very unlikely, since the TEM sample is rather thin
compared to the extensions of the stacking faults. Thus, the
probability of finding a buried stacking fault would be very low.
Moreover, a corresponding sample with x(In) = 0.21 does not
show these intensity fluctuations on the {111} planes (Figure
S2). CuPt-type ordering has already been observed in other
highly alloyed ternary zincblende III−V materials, such as
InAsxSb1−x

32 and GaxIn1−xP.
33−35 For cubic nitride alloys, this

kind of ordering has not been experimentally observed to date.
Nonetheless, theoretical studies of alloy energies using a cluster
expansion method predict the formation of ordered phase
structures in cubic nitride alloys due to strain.36,37 This
prediction is consistent with the presented data, considering
the strong uniaxial strain for samples with intermediate In
content (Figure 2d).

EDX imaging of a cross section of a 3C-SiC/AlN/GaN/
InxGa1−xN sample with x(In) = 0.47 (Figure 3e) confirms the
homogeneous chemical composition of the c-InxGa1−xN layer
(Figure 3f) on larger scale lengths. Quantitative EDX analysis
(Figure 3g) yields an indium content of 0.49 ± 0.12, which is
in excellent agreement with the value obtained from HRXRD.

So far, the analysis of the XRD reciprocal space maps and
the EDX data gives evidence of the growth of partially relaxed
c-InxGa1−xN films on c-GaN/AlN/3C-SiC/Si templates over
the complete composition range. LAADF investigations reveal
the distribution of the SFs in the [110] and [−110] directions,
and HR-HAADF images reveal an atomistic scale CuPt-type
ordering in the highly alloyed samples (x ≈ 0.5). Next, we
investigate the impact of these features on the optical

properties of the films by low-temperature photoluminescence
spectroscopy and ambient-temperature micro-Raman spectros-
copy.

Figure 4a shows the low-temperature photoluminescence
(PL) spectra of the c-InxGa1−xN films for compositions ranging
from x(In) = 0.11−1.0. All spectra exhibit broad, singular
emission peaks with a full width at half-maximum (FWHM) of
approximately 150−300 meV. Including pure c-GaN,18 the
emission energies range from 3.24 to 0.71 eV, thus covering
the spectral range from the near-ultraviolet (382 nm) to the
near-infrared (1750 nm). The presented PL peak positions and
corresponding literature data are plotted in Figure 4b as a
function of the alloy composition. The presented c-InxGa1−xN
data (filled black squares) are ∼200 meV lower in energy for
low x(In)38 and ∼100 meV lower in energy for intermediate
and high x(In)39,40 compared to data for h-InxGa1−xN films
taken from the literature (green dashed line39,40). This roughly
accounts for the di1erence in the band gap energies between
the two structural modifications.2−6,39 Notably, while several
publications report bulk cubic InxGa1−xN alloys with
compositions up to 45% indium,41−43 data for x > 0.9 are
more scarce.41 We go beyond these state-of-the-art reporting
by obtaining emissions across the entire composition range,
including the range between x(In) = 0.5 and 0.9. A quadratic
bowing coe?cient and the binary emission energies E(GaN) =
3.24 eV3,18 and E(InN) = 0.69 eV4 describe the entire
composition range according to

E E x E x bx x(In Ga N) (GaN)(1 ) (InN) (1 )
x x1 = +

(3)

A bowing coe?cient of b = 2.4 eV yields the best fit (dashed
black line in Figure 4b). This value is slightly lower than the
bowing of the emission energy in hexagonal InxGa1−xN (b ≈

2.8 eV).39,40 Compared to other cubic InxGa1−xN epilayers, the
emission energies reported here for low indium content (x(In)
< 0.3) align rather well with other bulk-like thin film
samples.41,43−50 For larger alloy compositions (0.3 < x(In) <
0.5), reports on the optical properties of c-InxGa1−xN are
sparse. We observe emission peaks at significantly lower
energies than those of other c-InxGa1−xN layers41−43 or multi
quantum wells.51−53 The most recent study, ref 54, determines
a significantly smaller bowing of b = 1.4 eV by ellipsometry
measurements, which might be caused by the somewhat higher

Figure 4. (a) Normalized low-temperature (T ≈ 20 K) photoluminescence spectra of c-InxGa1−xN over the whole composition range, where x
denotes indium content. (b) Peak emission energy vs x(In), where the black squares denote data points of this work, the red symbols refer to the
emission energies of bulk c-InxGa1−xN, and the blue symbols refer to the quantum structures. All data besides the black squares are taken from the
literature. The bowing of the peak emission energy with x(In) is best described by a bowing coe?cient of b = 2.4 eV (dashed black line).
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energy values that are measured in the very highly alloyed
samples with x(In) > 0.9 and the lack of data for x(In) > 0.5
(see Figure 4b). The discrepancies may also arise from the fact
that our emissions may be caused by recombinations that are
localized in the potential valleys of the alloys, which
ellipsometry may be less sensitive to.

Investigating the photoluminescence line shape in more
detail reveals that its FWHM (Figure 5) increases for alloy

concentrations up to x(In) ≤ 0.36 and drops for x(In) = 0.47
and x(In) = 0.59. The line width broadens again for high In
concentrations (x(In) > 0.72). The inhomogeneous broad-
ening of radiative recombination in ternary semiconductor
materials such as c-InxGa1−xN is frequently attributed to
statistical fluctuations in the composition. The spectral
broadening σ0 is given by σ0 = (dEg(x)/dx)σx,

55 with x
representing the indium content and Eg(x) the composition-
dependent band gap. It is known that σx

2 = x(1 − x)/(cVexc),
where c = 4a0

−3 is the cation concentration56 and Vexc =
10πaB,x

2 is the exciton volume.55,57,58 Thus, σ0 then becomes

E x

x

x x
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0
g

B,

=

(4)

where aB,x is the Bohr radius within a hydrogen model for
recombination, modified by the dielectric constant ε and the
e1ective masses present in the semiconductor.59 We expect a
dependence like the one given by the blue dashed line in
Figure 5 if this description holds true for the entire
composition range x. While the model describes the observed
broadening reasonably well for low and high indium content
values, the FWHM values in the intermediate indium content
range (0.47 ≤ x(In) ≤ 0.59) are significantly lower than
predicted. This composition range (highlighted in red)
coincides with the CuPt-type ordering e1ect that was observed
in the HR-HAADF images of the TEM investigation (Figure
3d). Because the ordering e1ect is on the mesoscopic scale, it
has a strong e1ect on only the emission line width, not on the
peak energy. Nevertheless, the results show that the material
quality of our c-InxGa1−xN in the critical composition range of
0.47 ≤ x(In) ≤ 0.59 is su?cient to exhibit radiative
recombination.

Preliminary PL experiments also show the emission of our
In-rich c-InxGa1−xN films at room temperature. The intensities
of the spectra are about an order of magnitude lower than the

ones at 20 K, and the emission maxima shift slightly to lower
energies (approximately by 30 meV). Both properties are
typical for emissions caused by shallow bound recombination.

Raman spectroscopy monitors the e1ect In content has on
the phonon structure in the films. These dynamic properties of
the crystal lattice also reflect the crystal symmetry and, thus,
yield additional information about its structural properties,
possible phase segregation, or phase transitions. Figure 6

depicts the Raman spectra recorded in backscattering geometry
from the (001) surfaces of the series of c-InxGa1−xN layers.
The full range of x(In) is covered, and both binary thin films
are included as references. However, due to the high
penetration depth of the exciting laser light (405 nm), strong
bu1er and substrate modes are also visible for all x(In)
samples, denoted by dashed lines in Figure 6.

The Raman spectra of c-InxGa1−xN epitaxial layers reveal a
Raman signal which shifts linearly with x(In) from c-GaN (737
cm−160 ,61) to c-InN (586 cm−162 ). The frequency of this
Raman signal is consistent with the longitudinal (LO) phonon
frequency in both binary materials. This finding strongly
suggests that this semiconductor alloy system exhibits a one-
mode behavior that is in accordance with theoretical
predictions given by the modified random-element isodisplace-
ment (MREI) model.63 In addition, a second Raman signal,
which also shifts with x(In), is distinguishable in the vicinity of
the LO-like signal for In content values in the range of 0.11 ≤

x(In) ≤ 0.36 (indicated by small black arrows in Figure 6). In
the In-rich samples (0.47 ≤ x(In) ≤ 0.92), either these two
peaks have merged into one broad signal or the LO mode is
considerably broadened. In the case of the binary c-InN

Figure 5. The FWHM values of the low-temperature PL measure-
ments vs x(In). The blue dashed line represents the calculated alloy
broadening due to the statistical occupation of the cation sites with
Ga and In. The intermediate indium content values with narrower
FWHM are highlighted in red.

Figure 6. Raman spectra (λexc = 405 nm) of c-InxGa1−xN (0 ≤ x ≤ 1).
Substrate peaks are denoted by vertical dotted lines. The c-InxGa1−xN
LO-like mode (black dashed line) shifts with the indium content
amount. Black arrows highlight the positions of the secondary peaks
that emerge for the low indium content spectra.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c06319
ACS Appl. Mater. Interfaces 2023, 15, 39513−39522

39518

https://pubs.acs.org/doi/10.1021/acsami.3c06319?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06319?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06319?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06319?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06319?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06319?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06319?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06319?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c06319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


epitaxial film, the mode is narrower again. The most commonly
given (and often correct) explanation for the broadening of the
LO phonon signal is alloy disorder. The origin of additional
broad Raman signals, such as the second signal observed here
in close vicinity to the LO-like mode of the alloy, is often
second-order Raman scattering.64 However, in our case, it
seems unlikely that second-order Raman scattering is the origin
of the additional peaks seen here, based on the phonon
dispersions calculated for c-GaN and c-InN.65,66 In our series
of samples, preliminary experimental evidence suggests that
both e1ects (i.e., the strong broadening of the LO-like phonon
signal at high x(In) and the occurrence of a second signal at
lower x(In)) may be related to short-range CuPt-type
ordering, which yields alternating In- and Ga-rich lattice
planes along the [111] direction. This phenomenon is well-
known from Ga1−xInxP alloys with intermediate x(In).67,68 The
ideal structure that corresponds to the CuPt-type ordering is a
rhombohedral crystal structure, where the cubic [111]
direction acts as a high symmetry three-fold rotational axis
and there is a basis of four atoms (2 N, 1 Ga, 1 In) per unit cell
instead of two atoms, as in zincblende crystals. In the idealized
structure, the alternating (111) planes of the Ga and In atoms
lead to a reduction in the cubic symmetry, accompanied by a
doubling of the real space unit cell along the (111) direction.
The latter corresponds to a first approximation of a bisection of
the zincblende Brillouin zone between the Γ- and L-point. As a
result, the zincblende phonon dispersions along this direction
are basically folded back to the Γ-point. This means that two
LO-like phonons (A1 symmetry in case of the corresponding
rhombohedral structure) become allowed in the presence of
CuPt-type ordering. Furthermore, the theoretical work that has
been done on phonon dispersions of c-GaN and c-InN65,66

reports that the LO phonon dispersion of c-InN between Γ

and L is flatter than that of c-GaN. This suggests that two LO-
like Raman signals are observable at lower In content (as
indicated by the arrows in Figure 6) but then merge into one
broader feature at higher In content. The frequency di1erence
between the two signals can be estimated from the LO phonon
dispersion of the corresponding zincblende material. The
frequency di1erence calculated based on the values for c-GaN
is in reasonable agreement with the frequency di1erence
between the two Raman features observed in the spectra.

Although the transverse (TO) modes of zincblende
materials are forbidden in the backscattering from (100)
surfaces, corresponding modes can be discerned in the spectra
of the binary materials at 551 cm−1 (c-GaN60,61,69) and 458
cm−1 (c-InN62,65,66). No clear signals can be discerned for the
alloy thin films; this is because the anticipated Raman signals
are covered by the strong signals of the LO phonon of the Si
substrate and the TO mode of the c-GaN bu1er layer.

■ CONCLUSIONS

The present work shows that the miscibility gap of c-GaN and
c-InN can be overcome by sophisticated strain management in
the MBE growth of cubic c-InxGa1−xN films on c-GaN/AlN/
3C-SiC/Si templates. The substrate temperature governs the
indium content, the growth rate, and the morphology of the
film. Thorough characterization using HRXRD, Raman
spectroscopy, and EDX confirms a singular, partially strained,
cubic crystal phase. HR-STEM images reveal a modified CuPt-
type ordering in c-InxGa1−xN when x ≈ 0.5, which is further
supported by the FWHM of the emission line width. Low-
temperature photoluminescence demonstrates the tunability of

the emission energy from the near-ultraviolet to the near-
infrared with a bowing coe?cient of 2.4 eV. Our results
encourage further e1orts toward device fabrication including
electrical characterization and thermal stability, as well as the
growth of quantum structures for a higher emission yield and
spectral optimizations.
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This dissertation advances the growth of cubic group III-nitrides using plasma-

assisted molecular-beam epitaxy and reveals previously unreported materials 

properties. The publications of this work address multiple aspects that 

previously limited the application of cubic III-nitrides with emphasis on the 

ternary alloy c-InxGa1-xN. They improve the layer quality of c-III-nitrides and 

overcome the miscibility gap of c-GaN and c-InN.  

Publication 1 enhances the epitaxial growth of c-GaN on 3C-SiC by introducing 

a thin c-AlN buffer layer between substrate and epilayer. The c-AlN buffer 

spatially separates the change of ionicity and the lattice mismatch of c-GaN and 

3C-SiC. Thorough characterization with HRXRD, AFM, STEM and PL proves that 

the addition of the buffer layer improves the crystal quality, surface roughness, 

phase purity and optical properties of cubic GaN beyond current standards. 

These smooth c-GaN layers, with an RMS roughness below 1 nm, are used as 

pseudo-substrates for the subsequent heteroepitaxial growth of other cubic 

nitride compounds. 

Publication 2 demonstrates the growth of c-InxGa1-xN layers on these c-GaN 

templates with x(In) spanning the entire composition range. The substrate 

temperature is the most important growth parameter. It governs the indium 

content, growth rate and surface morphology. Structural characterization 

including reciprocal space mapping confirms a singular, partially strained, cubic 

phase. Further strain analysis reveals that the uniaxial out-of-plane strain is 

especially high for intermediate x(In) and suggests that this strain prevents 

spinodal decomposition into a Ga-rich and an In-rich phase. The alloys in the 

intermediate composition regime and their properties were previously 

inaccessible. STEM images infer a modified CuPt-type ordering along the [111] 

direction for c-InxGa1-xN with x(In) ≈ 0.5. These findings are corroborated by the 

photoluminescence linewidth, which is narrower for intermediate x(In). 

However, Raman spectroscopy suggests the presence of short-range ordering 

independent of composition. Low-temperature photoluminescence 

demonstrates the tunability of the emission energy from the near-ultraviolet to 

the near-infrared. The continuity of data points allows a reliable determination 

of the bowing coefficient (b = 2.4 eV) of the emission energy without the need 

for extrapolation. 

With the successful demonstration of the tunability of composition and 

emission energy, c-InxGa1-xN alloys now fulfill a fundamental requirement for 

their application in multi-color light-emitting diodes. The path towards this goal 

is full of research and developments opportunities: For example, the layer 

quality of c-InxGa1-xN still retains significant development potential. A promising 

approach is employing unconventional growth schemes such as a modulated 

growth sequence where the Ga and In shutters are alternatingly opened116. 
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Using this modulated binary growth could increase stabilization of the cubic 

phase in thicker layers and offers intrinsic advantages for fabricating 

nanostructures117. Another approach is replacing the c-AlN buffer with a 

compositionally graded c-AlGaN multi-layer118,119. This promises a successive 

decrease in lattice mismatch and could lead to additional improvement of the 

c-GaN pseudo-substrate. In addition, GaP/Si (001) could be an alternative 

substrate choice which facilitates the integration in silicon technologies. 

The low surface roughness of the c-InxGa1-xN layers of this work is very 

encouraging for the fabrication of multi quantum well structures which require 

smooth interfaces. If implemented correctly, the quantum confinement in such 

structures enhances the emission yield. Experimentally, this can be verified by 

comparing the excitation power to the integrated luminescence intensity 

captured by an Ulbricht sphere115,120. Ultimately, the path towards device 

fabrication demands control of the carrier population by doping. Si or Ge could 

be used as n-type121,122 dopant, whereas Mg is a p-type dopant123,124. Implementing 

this will require careful evaluation of the carrier concentration and the majority 

carrier polarity, for example by Hall measurements. 

The key concepts of this work are also applicable to other materials beyond 

cubic nitrides. Buffer layers are already commonly used in heteroepitaxy to 

improve crystal quality. Similarly, strain could be purposely utilized to unlock the 

miscibility of other highly mismatched alloys such as BxGa1-xN, BxAl1-xN, InxAl1-xN 

and Ga2(O1-xSx)3 and to synthesize novel materials. 
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Overcoming the Miscibility Gap of GaN/InN in MBE Growth of Cubic InxGa1-xN 
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Reflection high energy electron diffraction (RHEED) 

The growth surface is monitored in-situ by RHEED. The RHEED images presented in Figure 

S1 are taken after 1 min of c-InxGa1-xN growth. Figure S1a) shows a streaky RHEED pattern 

of a sample with Tgrowth = approx. 600 °C, whereas Figure S1b) depicts a spotty RHEED pattern 

of a sample grown at Tgrowth = approx. 475 °C. 

 

 

Figure S 1: RHEED images of c-InxGa1-xN layers approx. 1 min after growth start. A sample 

grown at Tgrowth = approx. 600 °C exhibits a streaky pattern (a), whereas a sample grown at 

Tgrowth = approx. 475 °C shows a spotty RHEED pattern (b). 
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Scanning transmission electron microscopy (STEM) 

High resolution STEM image in high-angle annular darkfield (HAADF) mode of a c-InxGa1-xN 

layer with x(In) = 0.21 (Figure S2) which does not feature intensity fluctuations on 111 planes. 

 

 

Figure S2: HR-HAADF image in [-110] direction of a c-InxGa1-xN layer with x(In) = 0.21 

which does not exhibit CuPt-type ordering along 111 planes. 
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