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III   Abstract 

Abstract 

 

The absence of internal polarization fields in cubic group III-nitrides is a significant ad-

vantage compared to their hexagonal counterparts, especially considering low dimensional 

structures like quantum dots (QDs). 

In this work, cubic GaN (c-GaN) QDs embedded in cubic AlN (c-AlN) layers are fabri-

cated by plasma assisted molecular beam epitaxy on 3C-SiC/Si (001) substrates. An analy-

sis of the QD size and density distributions as a function of the GaN coverage reveals the 

strain-driven Stranski-Krastanov process as the main QD formation mechanism. Single 

isolated QDs and first insights into the structural properties of overgrown QDs are obtained 

by transmission electron microscopy experiments. To integrate the QDs in microcavities, a 

structuring technique, based on dry chemical etching steps, is developed to fabricate free-

standing c-AlN photonic structures on the 3C-SiC. Microdisks are produced and investi-

gated by micro-photoluminescence (µ-PL) studies. Whispering gallery modes are observed 

and analyzed by mode spectra calculations. Micro-PL studies at various excitation powers 

are performed to analyze the lasing emission of c-AlN microdisks. 

The high QD quality enables the measurement of single c-GaN QD emission lines with 

narrow linewidths down to 500 µeV. Short radiative lifetimes in the order of 300 ps are 

obtained independent of the QD emission energy. Photon correlation experiments show 

single photon emission of c-GaN QDs with a 𝑔(2)(0) of 0.25 at liquid helium temperature. 
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 Introduction 1
 

Recently, much research effort pushed the group III-nitrides devices ready to market. 

Major progress in deposition techniques like molecular beam epitaxy (MBE) and metal 

organic chemical vapor deposition (MOCVD) as well as the development of structuring 

processes for resistant nitride material enabled the first blue light emitting diode (LED) 

and laser diode (LD) in the 1990s [1]. Today GaN alloyed with In and Al allows efficient 

solid state lighting from the visible up to the ultra violet (UV) spectral range.  

Within the last decades one focus in semiconductor research was put on the investiga-

tion of quantum dots (QDs). Such nanometer scale quantum emitters are very promising 

active materials in optoelectronic devices for quantum information technology. One pre-

dicted application is a quantum computer. Compared to a classical bit with the two possi-

bilities 0 and 1, the quantum mechanics analogue - a quantum bit (qubit) - can occupy not 

only pure |0⟩ and |1⟩ states but also any linear superposition state. This can be described 

by a quantum mechanical wave function |𝜓⟩, superimposing the eigenstates |0⟩ and 

|1⟩ [2]: |𝜓⟩ = 𝑎|0⟩ + 𝑏|1⟩. The numbers a and b denote amplitude coefficients. To real-

ize qubits, two level systems with distinguishable states can be used. One approach is to 

employ confined excitons of semiconductor QDs. Those allow to encode the quantum 

information into a flying qubit by the emission of a single photon after recombination of a 

confined exciton. Isolated single QDs are promising candidates for single photon sources, 

initiated by external optical or electrical pulses. The major advantages of QDs are provid-

ed by their compatibility to modern semiconductor technology, their mechanical stability, 

their wide operational range as well as their tunability. Unfortunately, the electronic prop-

erties of QDs are strongly affected by their crystalline environment [3]. Therefore, the 

properties of individual QDs must be known exactly to address them. 

Todays commercially available optoelectronic and electrical GaN devices are based on 

hexagonal GaN (h-GaN). However, in naturally stable h-GaN a Quantum Confined Stark 

Effect (QCSE) arises by internal piezoelectric and spontaneous polarization fields along 

the polar [0001] c-direction. These strong internal built-in electric fields influence the 

behavior of charge carriers, especially in low dimensional structures like QDs or quantum 

wells (QWs). The recombination probability of electrons and holes is reduced due to a 

spatial separation of the electron and the hole wave functions of confined states. As a 

consequence, the radiative lifetimes of h-GaN QDs are strongly size-dependent and vary 

from 100 ps up to several µs [4]. These electric fields can limit the performance of optoe-

lectronic devices. To reduce internal fields of h-GaN the growth in semi-polar crystal 

orientations on m- and a-planes is investigated.  

A alternative approach to avoid internal spontaneous polarization fields is the growth 

of metastable cubic group III-nitrides in [001] direction on 3C-SiC substrates [5, 6]. Re-
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cently, important progress has been made regarding the growth of cubic GaN (c-GaN) 

and cubic AlN (c-AlN) crystals by means of MBE. First applications based on cubic ni-

trides like a “normally off” and “normally on” hetero-junction field-effect transistor [7], 

resonant tunneling diodes [8] as well as QW infrared photodetectors [9] have been 

demonstrated.  

Due to the reduced internal electric fields in the cubic phase, c-GaN QDs are less af-

fected by their environment than their hexagonal counterparts. Thus, they offer good pro-

spects to be employed as single photon emitters. Furthermore, the large band offset and 

the strong exciton binding energy of c-GaN QDs with c-AlN barriers (> 25 meV [10]) are 

promising advantages for such devices, as operating at high temperatures is feasible. An 

experiment towards single photon emitters is to prove the single photon emission from 

individual c-GaN QDs by photon autocorrelation measurements. Therefore, single QD 

emission lines have to be separated in luminescence experiments, ideally by low QD den-

sities (<1*10
10

 cm
-2

). Furthermore, low QD densities can reduce the background stray 

light in autocorrelation experiments, thus improving the evidence for single photon emis-

sion.  

Significant progress has also been achieved regarding the growth of c-GaN QDs con-

fined by c-AlN barrier layers. The development of a c-AlN growth model similar to the  

c-GaN growth model enables the epitaxial growth of high quality c-AlN confinement 

layers [11]. Two methods have successfully been applied to fabricate self-assembled  

c-GaN QDs. First, the QD deposition by means of droplet epitaxy has been analyzed in 

detail in terms of density control and luminescence intensity [12]. The second fabrication 

method is the formation of QDs employing the Stranski-Krastanov (SK) growth mode. 

The c-AlN buffer layers (~30 nm) are pseudomorphic strained on the 3C-SiC substrate. 

Therefore, a lattice mismatch of -3.2 % between c-GaN and the c-AlN buffer layer ena-

bles the strain-driven SK QD creation.  

Based on the results presented in Ref. [11, 12], the growth of c-GaN QDs in the SK 

mode has been investigated in detail. The QD density of uncapped samples is measured 

by atomic force microscopy (AFM) and correlated with the integral photoluminescence 

(PL) intensities of overgrown samples. Both results vary over one order of magnitude 

with the amount of deposited GaN. Comparing an analytical model with the experimental 

data, the critical layer thickness for the c-GaN QD formation is determined to be 

1.95 monolayers (MLs) and the SK process is revealed to be the dominating QD for-

mation mechanism. Transmission electron microscopy (TEM) investigations are per-

formed to gain further insights into the structural properties of overgrown QDs and dis-

closed individual single c-GaN QDs. 

Another topic of this work is the integration of c-GaN QDs into microcavities. There-

fore a process, mainly based on two dry chemical etching steps, is developed to fabricate 

freestanding c-AlN microdisks. Numerical calculations are carried out to optimize appro-

priate resonator geometries. A comparison of micro-photoluminescence (µ-PL) results 

obtained for various microdisks with calculated mode spectra identify whispering gallery 
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modes (WGMs) of the microdisks. Calculated field distributions attribute the observed 

WGMs to correspond to the first and second radial order. A detailed analysis of the 

WGMs towards lasing emission is performed by power-dependent µ-PL studies. Indica-

tors of lasing emission, like a nonlinear output intensity increase, a linewidth narrowing 

as well as a good agreement of the experimental data to an analytical model for microcav-

ity lasers, are found for microdisks with a 2.5 µm and a 4 µm diameter.  

The high structural quality of the fabricated c-GaN QDs enables the isolation of indi-

vidual QDs emission lines and offers the possibility to study their optical properties by  

µ-PL experiments. Due to the absence of spontaneous polarization fields in c-GaN QDs, a 

limited spectral diffusion as well as a resolution-limited QD linewidth of 500±50 µeV are 

obtained. A positive impact of the weak built-in fields are radiative lifetimes of c-GaN 

QDs <390 ps, independent of their emission energy. Single QD emission lines are meas-

ured at temperatures up to ~205 K, indicating their potential for future applications oper-

ated at high temperature.   

An important demand for single photon sources in quantum information technology is 

the generation of non-classical antibunched light. Therefore, the emission of single pho-

tons from individual c-GaN QDs is proven by second order correlation measurements in a 

Hanbury Brown-Twiss (HBT) setup. A 𝑔(2)(0) of 0.25 is obtained at ~4 K. If background 

stray light is taken into account, the value can be corrected to 0.05. Due to the non-polar 

nature of c-GaN QDs, the observed 𝑔(2)(0) is considerably lower compared to their hex-

agonal counterparts at liquid helium temperature [13]. Furthermore, single photon emis-

sion is observed at elevated temperatures of ~100 K (𝑔(2)(0) = 0.47) proving the poten-

tial of c-GaN QDs for high temperature single photon sources.  

This work deals with the investigation of c-GaN QDs. Based on the epitaxial growth, a 

detailed analysis of individual QD emitters is performed. Additionally, the integration of 

c-GaN QDs in microcavities is realized. The results confirm the predicted advantages of 

c-GaN QDs compared to their hexagonal counterparts and pave the way towards future 

device applications, like single photon sources or low threshold microcavity lasers operat-

ing at high temperatures.  
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This chapter introduces fundamental properties of group III-nitrides, followed by low 

dimensional semiconductor systems with a special focus on QDs. Essential properties are 

compared for hexagonal and c-GaN QDs. Additionally, basics of photonic microresona-

tors are presented with a detailed analytical description of microdisk waveguide struc-

tures.  

2.1 Group III-Nitrides 
 

Group III-nitrides like Gallium Nitride (GaN), Aluminum Nitride (AlN) and Indium Ni-

tride (InN) offer enormous potential for high power electronic and optoelectronic devices. 

Today, efficient solid state lighting from the green up to the UV spectral range is mainly 

based on group III-nitride compounds. Their high thermal and mechanical stability as 

well as the chemical inertness enable applications in harsh environments.  

In the last decades, new developments in deposition techniques of epitaxial layers by 

MOCVD and MBE have pushed the group-III nitride semiconductors ready to market. 

GaN and its ternary alloys (AlGaN, AlInN, InGaN) crystallize in the stable hexagonal 

wurtzite structure. Figure 2.1 (a) displays schematically the atomic arrangement in a 

wurtzite crystal of GaN with alternating layers of N and Ga atoms along the [0001]  

c-axis.  

 

 
 

Figure 2.1: Crystal structures of GaN. (a) Hexagonal wurtzite structure and (b) cubic zinc-blende 

structure. N atoms are illustrated by blue spheres and Ga atoms are indicated by green spheres. 

The main crystal directions are marked by arrows for each structure (after [14]). 
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The Ga and N atoms exhibit different bond lengths causing an inhomogeneous charge 

distribution along the c-axis. The result is a spontaneous polarization field in the wurtzite 

crystal. Internal piezoelectric fields are related to strain distributions of the crystal and can 

appear in the cubic as well as in the hexagonal phase. A major drawback of such fields is 

that they limit the performance of optoelectronic devices like LEDs or LDs.  

To avoid internal polarization fields, group III-nitrides can alternatively be grown in 

the metastable cubic zinc-blende phase along the [001] direction on adequate substrates. 

Figure 2.1 (b) depicts the crystal structure of c-GaN, consisting of a face centered unit 

cell with a two atomic base. State of the art high quality, single crystalline c-GaN and  

c-AlN layers are deposited on 3C-SiC substrates by MBE [5, 6]. Important material pa-

rameters like lattice constants and bandgap energies for c-GaN, c-AlN and 3C-SiC are 

listed in Table 2.1. 

 

 

Table 2.1 Lattice constants and band gap energies of c-GaN, c-AlN and 3C-SiC at 

room temperature. 

Semiconductor Lattice constant   Bandgap energy 

c-GaN 4.50 Å [15] 3.23 eV (direct) [16] 

c-AlN 4.37 Å [17] 
5.3 eV (indirect) [18] 
5.93 eV (direct) [18] 

3C-SiC 4.36 Å [19] 
2.4 eV (indirect) [20] 
6.7 eV (direct) [20] 

 

2.2 Low Dimensional Structures 
 

The miniaturization of electric and optoelectronic devices and the research of na-

noscale semiconductor structures enable new generations of high performance applica-

tions. Especially, devices containing low dimensional structures like QDs are promising 

candidates for low threshold and high gain lasers, single photon sources for secure quan-

tum cryptography, transistors with a few nanometer scale or efficient LEDs [3].  

Recently, many efforts have been made in research of nanoscale science focusing on 

the fabrication, the characterization and the control of semiconductor nanomaterials. Re-

garding nanostructures, the mobility of the charge carriers is confined in one or more di-

mensions leading to changes in the electronic density of states [21]. If the size of semi-

conductor nanostructures is reduced to the excitonic Bohr radius  
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𝑎B
ex = 𝑎B

H𝜀
𝑚0

𝜇
 (2.1) 

 

quantization effects occur. 𝑎B
H represents the Bohr radius of the hydrogen atom, 𝜀 the die-

lectric constant, 𝑚0 the mass and 𝜇 =
𝑚𝑒⋅𝑚ℎ

𝑚𝑒+𝑚ℎ
 the reduced exciton mass.  

In this context, Figure 2.2 illustrates the modification of the electronic density of states 

by reducing the semiconductor’s dimensionality. In a 3D bulk system the density of states 

D(E) for free electrons scales with the square root of the energy √𝐸. In the 2D QW the 

spatial movement is limited in one direction and the density of states is described by con-

stant steps. The confinement of charge carriers in two dimensions (e.g. a quantum wire) 

results in a density of states proportional to (√𝐸)
−1

. A low dimensional system which is 

confined in three dimensions is called QD and characterized by discrete delta peaks in the 

density of states. Due to their sharp density of states, QDs are also known as “artificial” 

atoms [3]. 

 

 

 
 

Figure 2.2: Top: Schematic drawing of a bulk semiconductor (3D), a QW (2D), a quantum wire 

(1D) and a QD (0D). Bottom: The corresponding electronic density of states D(E) for each struc-

ture (after [3]).  

 

The discrete energy levels of QDs enable the detection of sharp emission lines in lumi-

nescence experiments. Today, QDs are usually produced by MBE and MOCVD self-

assembled growth processes [22], suitable to grow high quality epitaxial crystal layers by 

depositing single MLs. 
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2.3 GaN Quantum Dots (QDs) 
 

The fabrication of nitride semiconductors has pushed the industrial application of light 

emitting devices in the blue up to the UV spectral range. Unfortunately, optoelectronic 

devices based on nitride QWs or QDs are often limited in their performance by internal 

electric fields of polar h-GaN, influencing the charge carrier distributions in low dimen-

sional structures. A work of Fonoberov and Baladin [10] considers this topic by numeri-

cal calculations of the internal fields in hexagonal and c-GaN QDs. They employ a com-

bination of finite difference and finite element methods to calculate strain, as well as pie-

zoelectric and Coulomb fields. The following subchapter is based on Ref. [10] and con-

tains results of theoretical and numerical investigations.  

Figure 2.3 displays significant results of the calculations for hexagonal (top) and cubic 

(bottom) GaN QDs embedded in AlN barrier layers. On the left side assumed shapes of 

both QD types are shown. Hexagonal QDs are modeled as a truncated hexagonal pyra-

mid, whereas cubic QDs are shaped like truncated, square shaped pyramids. In both cas-

es, a wetting layer of w = 0.5 nm is taken into account. In the center of Figure 2.3 the cal-

culated piezoelectric potential 𝑉𝑝 for QDs of 3 nm in height are depicted. Dark shades 

represent positive values, whereas negative potential values are indicated by bright grey 

shades. The magnitude of the piezoelectric potential in the hexagonal QD  

(𝑉𝑝 = ±0.57 V) is about one order of magnitude higher compared to the cubic QD  

(𝑉𝑝 = ±0.06 V). Considering hexagonal QDs, besides the strain-induced piezoelectric 

fields, additional spontaneous polarization fields are present, leading to stronger internal 

fields [10] (see subchapter 2.1). Furthermore, the maxima and minima of the piezoelectric 

potential are located at the top and the bottom of the hexagonal QD. For a cubic QD the 

piezoelectric potential is located in its corners, resulting in minor influence on the charge 

carriers.  
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Figure 2.3: Results of numerical investigations regarding (a) hexagonal and (b) cubic GaN QDs: 

On the left the proposed shapes of the QDs are shown. In the center calculations of the piezoelec-

tric potential and on the right isosurfaces of probability densities for the lowest electron (E1) and 

highest holes states (H1) are illustrated for each QD (after [10]). 

 

On the right side of Figure 2.3 the calculated isosurfaces of the probability densities 

for the lowest electron (E1) and the highest hole energy levels (H1) are illustrated for 

each QD shape. For the calculations strain and piezoelectric potentials are taken into ac-

count. Due to the centered piezoelectric potential in h-GaN QDs the electrons and holes 

are pushed to its top and bottom, respectively. As a consequence, the charge carriers are 

spatially separated. A closer look at the expansion of the probability densities for the first 

electron- and hole-states in the cubic QD reveals a spatial overlap. The weak piezoelectric 

potential at the cubic QD edges has less impact on the charge carriers, facilitating the 

electron propagation in the entire QD.  

The corresponding band structure for hexagonal and cubic QDs is schematically illus-

trated in Figure 2.4 (a) and (b). Both GaN QDs are embedded in AlN confinement layers. 

In the case of h-GaN QDs the internal electric fields induce a QCSE resulting in a bend-

ing of the conduction and the valence band. This bending leads to a decrease (redshift) of 

the exciton transition energy [10]. The spatial separation of electrons and holes causes a 

weak oscillator strength and thereby decreases their recombination probability. Conse-

quently, the spontaneous emission rate of h-GaN QDs is low, whereas the radiative decay 

time strongly depends on the QD size. In h-GaN QDs the radiative lifetimes range from 

100 ps up to several µs [4]. 

probability density(a) hexagonal QDs
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Figure 2.4: Schematic band structure of a (a) h-GaN and (b) c-GaN QD embedded in AlN barrier 

layers. The wave function for each charge carrier is indicated by red lines. 

 

In contrast, the cubic phase features no spontaneous polarization fields and no QCSE 

in [001] direction due to its symmetric crystal structure. The wave functions of the elec-

trons and holes are not separated in space and have a large overlap. As a consequence, the 

exciton recombination probability is much higher compared to the wurtzite crystal. Due 

to the absence of internal polarization fields, a two orders of magnitude lower recombina-

tion time of c-GaN QDs (0.3 ns, QD height 35 Å) compared to h-GaN QDs (30 ns, QD 

height 35 Å) is observed [23, 24]. As a result of these advantages, c-GaN QDs provide 

key requirements for efficient and fast optoelectronic devices.  

 

2.4 Photonic Microresonators 
 

Optical resonators (or optical cavities) confine light by resonant recirculation. If the 

size of an optical cavity is shrinking to the dimensions of the emission wavelength, it is 

known as an optical microresonator or microcavity. Microresonators have successfully 

been implemented into a wide range of applications for various semiconductor materials. 

For example, modern telecommunication via optical fibers is based on III-V semiconduc-

tor LDs [25]. Mass data storage on blue ray disks became possible by the development of 

the blue LD [1]. Recent research enables the control of light for quantum cryptography or 

logical photonic circuits for future quantum computing applications [26]. Microresonators 

enhance light - matter interactions and enable the control of light at the single photon lev-
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el. In this context, optical resonators play a major role in studying quantum electrodynam-

ics (QED) effects [2].  

The following subchapter briefly describes basic features of microresonators and is 

mainly based on Ref. [25, 26, 27]. 

 

 

 
 

Figure 2.5: Resonator modes as standing waves with the corresponding resonant frequencies for a 

large resonator (a) and a microresonator (b) (after [27]).  

 

Figure 2.5 (a) illustrates two resonator modes as standing waves for a large resonator 

built by two mirrors with a distance d. A large distance (𝑑 ≫ 𝜆) results in a high density 

of resonant frequencies with small spacings. In the case of microresonators the dimen-

sions are shrunk to the order of the wavelength (𝑑~𝜆) leading to a small number of al-

lowed standing waves and therefore resonant frequencies with larger spacings  

(see Figure 2.5 (b)). A resonator without losses features delta function-like resonant fre-

quencies. Mirror losses as well as absorption losses in the waveguiding areas lead to a 

broadening of the emission lines, as indicated by the enveloped functions around the 

sharp resonant frequency graphs. 

An optical resonator can be classified by several parameters. The quality of a resonator 

mode is characterized in the same way as its electrical analogue in a LCR circuit. Gener-

ally, the quality factor (Q-factor) describes the loss of the stored energy per cycle in the 

resonator [27].  

 

𝑄 = 2𝜋
stored energy

energy loss per cycle
. (2.2) 
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A more practicable definition of the Q-factor is the ratio between the resonant mode 

frequency 𝜈𝑐 and the full-width at half maximum (FWHM) 𝛿𝜈 of the mode 

 

𝑄 =
𝜈𝑐

𝛿𝜈
. (2.3) 

 

Another crucial key parameter is the modal volume V, which is the volume occupied 

by the confined optical mode. Large resonators (e.g. used in gas lasers) have a large mode 

volume and a relatively low photon density in the cavity. In contrast, microresonators 

offer a high photon density and a small mode volume. Usually, the photonic density of 

states of a microresonator is strongly modified in one or more dimensions. Figure 2.6 

depicts the comparison between the photonic density of states in free space 𝜌𝑉(𝜈) (dashed 

line) and in a resonator 𝜌𝑐(𝜈) (thick solid line).  

 

 

 
 

Figure 2.6: Modification of the photonic density of states in a microcavity C() (thick solid line) 

compared to the free space V() (dashed line). Emission line of QD A is resonant with the pho-

tonic cavity mode, whereas QD B is out of resonance. The emission of QD A can be enhanced by 

the Purcell factor (after [25]). 

 

On the one hand, this modification avoids the appearance of resonant modes in extend-

ed spectral bands accompanied by an inhibition of emission of light within the microreso-

nator (see Figure 2.5). But on the other hand, if the light emitter (e.g. QD A in Figure 2.6) 

is in resonance with a particular cavity mode, the light emission in a small volume micro-

cavity can be greatly increased [27]. The enhancement of the spontaneous emission is 

described by the Purcell factor P. It expresses the ratio of the photonic density of states in 

free space and the photonic density of states in a cavity [26, 28]. 
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𝑃 =
3

4π2
 (

𝜆𝑐

𝑛
 )

3 𝑄

𝑉𝑒𝑓𝑓
 𝜂. (2.4) 

 

Where 𝜆𝑐 denotes the wavelength, 𝑛 the refractive index of the cavity material, 𝑄 the 

Q-factor and 𝑉𝑒𝑓𝑓 the effective volume of the mode. The Purcell factor is defined by cavi-

ty parameters and describes an ideal emitter perfectly coupled to the cavity mode. Devia-

tions from the theoretical case are considered by a factor 𝜂 smaller than one.  

Many different types of microcavities (e.g. micropillars, microdisks and photonic crys-

tals) have been realized up to now [26]. Each resonator is characterized by specific mode 

volumes, fabrication complexities, incorporation of active emitters and optical losses. 

Microresonators have two principal design objectives to reach adequate Purcell factors 

(see equation 2.4): the reduction of the effective mode volume and the enhancement of 

the Q-factor [27]. 

Another feature of microcavities is the possibility of low threshold lasing [25]. Usual-

ly, microcavities are characterized by a small volume of the active material. Since the 

energy which is necessary to reach inversion, scales with the active material, microcavi-

ties can provide very low thresholds. Furthermore, the angular acceptance of any resonant 

mode in a microcavity is enhanced. A figure of merit for the coupling between the emitter 

and the mode is given by the spontaneous emission coupling factor -factor. It describes 

the fraction of the total spontaneous emission rate that is emitted into a resonator mode. 

For an efficient coupling spectral and spatial overlaps between the emitter and the cavity 

modes are needed to reach high -factors, as indicated by QD A in Figure 2.6. The basics 

of microcavity lasers are introduced in subchapter 5.4.1. 

 

2.5 Microdisk Waveguides 
 

In the scope of this work, microdisks and photonic crystal waveguide structures (see 

appendix) based on c-AlN containing c-GaN QDs are fabricated, as well as structurally 

and optically characterized. The main focus lies on microdisk resonators. Therefore, the 

following subchapter presents fundamental properties of microdisks and an analytical 

description of microdisk waveguides. 

A microdisk is a freestanding, circular highly reflective optical cavity with an active 

material inside. Microdisks yield a strong confinement due to internal total reflection of 

WGMs at the disk boundary. Since acoustic WGMs have been discovered by Lord Ray-

leigh in the last century [29], considerable efforts have been made towards the generation 

of WGMs in dielectric semiconductor microdisks [30]. Microdisks are featured by 

straight forward fabrication processes, in-plane emission characteristics and low thresh-

olds regarding laser applications. The light inside the cavity can be generated by an opti-
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cal active material (e.g. QWs or QDs). Circulating waves are formed which can propagate 

several roundtrips along the disk edge (see Figure 2.7 (a)).  

In the following, a two part analytical description of the wave propagation in a micro-

disk is presented. The active layer consists of a thin dielectric slab with a thickness d in  

z-direction (see Figure 2.7 (b)). The xy-plane (disk plane) is not limited and the mode 

propagates along the x-axis (see Figure 2.7 (a)).  

 

 

 
 

Figure 2.7: (a) Schematic top view of the optical waveguide of a microdisk with internal total 

reflected WGMs at the disk boundary. (b) Schematic side view of a freestanding microdisk with a 

finite thickness d on a substrate post.  

 

The mathematical description is mainly based on Ref. [31, 32, 33] and starts from the 

Maxwell equations in matter 

 

𝑑𝑖𝑣(𝐷⃗⃗ ) = 𝜌, (2.5) 

𝑟𝑜𝑡(𝐸⃗ ) = −
𝜕𝐵⃗ 

𝜕𝑡
, (2.6) 

𝑑𝑖𝑣(𝐵⃗ ) = 0, (2.7) 

𝑟𝑜𝑡(𝐻⃗⃗ ) =
𝜕𝐷⃗⃗ 

𝜕𝑡
+ 𝑗 . (2.8) 

 

A light wave propagating in x-direction is described by  

 

𝐸⃗ = 𝐴 𝑒𝑖(𝜔𝑡−𝛽𝑥𝑥). (2.9) 

 

Where 𝛽𝑥 denotes the propagation constant, 𝐴  the amplitude and 𝜔 the angular fre-

quency. Due to the symmetry of the microdisk an analytical solution can be derived. If 

absorption, currents and electrical charges are neglected and with a magnetic permeability 

of 𝜇𝑟 = 1 the Maxwell equations 2.6 and 2.8 can be simplified using 𝐷⃗⃗ = 𝜀0𝜀𝑟𝐸⃗  and 

𝐵⃗ = 𝜇0𝐻⃗⃗  to  
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𝑟𝑜𝑡(𝐸⃗ ) = −𝑖𝜔𝜇0𝐻,⃗⃗⃗⃗  (2.10) 

𝑟𝑜𝑡(𝐻⃗⃗ ) = 𝑖𝜔𝜀0𝜀𝑟𝐸⃗ . (2.11) 

 

By applying the rotation to both Maxwell equations the wave equation can be calculat-

ed for an electric and a magnetic component to 

 

Δ𝐸⃗ − 𝜇0𝜀0𝜀𝑟

𝜕2

𝜕𝑡2
𝐸⃗ = 0, (2.12) 

Δ𝐻⃗⃗ − 𝜇0𝜀0𝜀𝑟

𝜕2

𝜕𝑡2
𝐻⃗⃗ = 0. (2.13) 

 

The guided mode (equation 2.9) is a solution of the wave equation leading to the ex-

pression  

 

(
𝜕2

𝜕𝑦2
+

𝜕2

𝜕𝑧2
) 𝐸⃗ (𝑦, 𝑧) + (𝑘0

2𝑛2 − 𝛽𝑥
2)𝐸⃗ (𝑦, 𝑧) = 0. (2.14) 

 

Where 𝑘0 =
2𝜋

𝜆0
=

𝜔

𝑐0
 represents the vacuum wave number, 𝜆0 describes the vacuum 

wavelength and 𝑐0 stands for the speed of light in the vacuum.  

Furthermore, the polarization of light leads to the distinction between transverse mag-

netic (TM) and transverse electric (TE) modes. TM modes (𝐸 ⊥ xy − plane) consist of 

𝐻𝑥, 𝐻𝑦 and 𝐸𝑧, while TE modes (𝐸 ∥ xy − plane) feature the  𝐸𝑥, 𝐸𝑦 and  𝐻𝑧 field com-

ponents. In the following, trapped TE modes are taken into account as an example.  

 

 

 
 

Figure 2.8: Schematic field distribution of a trapped fundamental mode in a microdisk with 

thickness d (grey colored area). The maximum of the field is located in the center of the wave-

guide, whereas it decays exponentially outside of the waveguide. 
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Therefore, specific functions for part I-III in the cross section of the microdisk have to 

be defined (see Figure 2.8) 

 

𝐸⃗ (𝑧) = {

𝐴𝑒−𝑝𝑧                                        𝑧 > 𝑑/2   

𝐵cos(𝑞𝑧) + 𝐶sin(𝑞𝑧)         |𝑧| > 𝑑/2 
𝐷𝑒𝑟𝑧                                           𝑧 > −𝑑/2

 . (2.15) 

 

Here the letters A-D are constants. The insertion of each part from equation 2.15 in 

2.14 results in 

 

 I          − 𝑝2 = 𝑛1
2𝑘0

2 − 𝛽𝑥
2

II               𝑞2 = 𝑛2
2𝑘0

2 − 𝛽𝑥
2

III           −𝑟2 = 𝑛3
2𝑘0

2 − 𝛽𝑥
2

  . (2.16) 

 

Due to the symmetric environment of a microdisk is 𝑛1 = 𝑛3 and therefore 𝑝 = 𝑟 =: 𝛾. 

The parameter 𝛾 describes the exponential decay of the evanescent field outside of the 

waveguide. Furthermore, the definition of 𝑘𝑥 = 𝑞 lead to the symmetrical solutions 

 

𝐸⃗ (𝑧) = {

𝐴𝑒−𝛾𝑧              𝑧 > 𝑑/2    

𝐵cos(𝑘𝑥𝑧)  |𝑧| > 𝑑/2   

 𝐴𝑒𝛾𝑧                 𝑧 > −𝑑/2 
   (2.17) 

 

and asymmetrical solutions 

 

𝐸⃗ (𝑧) = {

 𝐴𝑒−𝛾𝑧              𝑧 > 𝑑/2    

𝐵sin(𝑘𝑥𝑧)   |𝑧| > 𝑑/2   
−𝐴𝑒𝛾𝑧               𝑧 > −𝑑/2 

 .  (2.18) 

 

The amplitudes A and B in equation 2.17 and 2.18 can be calculated considering the 

boundary conditions 𝑧 =
𝑑

2
 and 𝑧 = −

𝑑

2
. Thereby, a set of four equations is obtained. 

These equations can be employed to eliminate A and B. Finally, the solutions are given 

for the symmetrical case by 

 

𝛾𝑑 = (𝑘𝑥𝑑)tan(𝑘𝑥𝑑/2) (2.19) 

 

and for the asymmetrical case by 

 

𝛾𝑑 = −(𝑘𝑥𝑑)cot(𝑘𝑥𝑑/2). (2.20) 

 

Using – cot (α) = tan (
𝜋

2
+ 𝛼) both equations can be simplified to  
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𝛾𝑑 = (𝑘𝑥𝑑)tan (
𝑘𝑥𝑑

2
+ 𝑚

𝜋

2
)    𝑚 = 0,1,2, …. (2.21) 

 

Where 𝑚 describes the different solutions of equation 2.21 and corresponds to the 

mode order of the microdisk in z-direction. Equation 2.21 cannot be solved analytically, 

but it is easy to visualize the solution graphically. The subtraction of equation 2.16 I and 

II determines 𝛾 and 𝑘𝑥 and a further multiplication with 𝑑2 results in 

 

(𝛾𝑑)2 + (𝑘𝑥𝑑)2 = (𝑛2 − 𝑛1)(𝑘0𝑑)2. (2.22) 

 

This equation defines a quadrant with radius 𝑢 = 𝑘0𝑑√(𝑛2 − 𝑛1). The active wave-

guide layer consists of 60 nm c-AlN surrounded by air (see subchapter 5.1). The light is 

generated by a single c-GaN QD layer. Hence, the refractive indexes are given by 

𝑛2 = 2.2 [18] and 𝑛1 = 1. The QDs emit at 3.6 eV (𝜆0 =
2𝜋

𝑘0
= 345 nm). The intersection 

points between the array of tan curves and the quadrant of equation 2.22 are the solution 

of the problem, as shown in Figure 2.9. 

 

 

 
 

Figure 2.9: Graphical solution of equation 2.21 and 2.22. The grey colored intersection point 

between the red circular function (m = 0) indicates the fundamental mode. 
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Figure 2.9 reveals only one point of intersection at 𝑚 = 0 (grey colored point). There-

fore, the 60 nm c-AlN slab acts as a monomode waveguide in z-direction confining only 

the fundamental mode. Higher order modes become possible by increasing the refractive 

index contrast or the thickness of the waveguide. Furthermore, a shortening of the wave-

length increases the radius of the quadrant, thus enabling the appearance of higher order 

modes.  

To describe the mode propagation in the xy-plane an infinite cylinder with radius R 

and refractive index n is assumed. For TE modes the component  𝐻𝑧 of the electromagnet-

ic field is considered. The transformation of the 2D Helmholtz equation  

 

Δ𝐻𝑧(𝑥, 𝑦) + (𝑘0
2𝑛2)𝐻𝑧(𝑥, 𝑦) = 0 (2.23) 

 

into cylindrical coordinates  (𝑥, 𝑦) → (𝑟, 𝜙) is realized by applying the product ansatz 

 

 𝐻𝑧(𝑥, 𝑦) → 𝐻𝑧(𝑟, 𝜙) = Φ(𝑟)𝑒±𝑖𝑀𝜙 (2.24) 

 

to separate the variables 𝑟 and 𝜙. By writing the two-dimensional Laplace operator in 

polar coordinates  

 

Δ(x, y) → Δ(𝑟, 𝜙) =
𝜕2

𝜕𝑟2
+ (

1

𝑟

𝜕

𝜕𝑟
) +

1

𝑟2

𝜕2

𝜕𝜙2
 (2.25) 

 

the Helmholtz equation can be transformed to 

 

[
𝜕2Φ(𝑟)

𝜕𝑟2
+

1

𝑟

𝜕Φ(𝑟)

𝜕𝑟
+ (𝑘0

2𝑛2 −
𝑀2

𝑟2
)Φ(𝑟)] 𝑒±𝑖𝑀𝜙 = 0. (2.26) 

 

Where ±𝑀 describes the azimuthal mode number featuring a twofold degeneracy with 

respect to a mode propagating clockwise and counterclockwise. The variable 𝑟 is substi-

tuted by 𝑟 =
𝑐0

𝑛𝜔
𝜌. The first and second derivation result in  

𝜕Φ(𝑟)

𝜕𝑟
=

𝑛𝜔

𝑐0

𝜕Φ(𝜌)

𝜕𝜌
 and 

𝜕2Φ(𝑟)

𝜕𝑟2 =
𝑛2𝜔2

𝑐0
2

𝜕Φ2(𝜌)

𝜕𝜌2 . Thereby, the Bessel differential equation for the radial field compo-

nent can be expressed as a function of the effective radius 𝜌 by 

 

𝜕2Φ(𝜌)

𝜕𝜌2
+

1

𝜌

𝜕Φ(𝜌)

𝜕𝜌
+ (1 −

𝑀2

𝜌2
)Φ(𝜌) = 0, (2.27) 

 

with 𝑘0 =
𝜔

𝑐0
. Solutions of the Bessel equation are given by Bessel functions 𝐽𝑀(𝜌) inside 

the cylinder (𝜌 ≤ 𝑅). Outside the cylinder (𝜌 > 𝑅) the solutions are Hankel functions 

𝐻𝑀(𝜌) = 𝐽𝑀(𝜌) + 𝑖𝑌𝑀(𝜌), a superposition of the first 𝐽𝑀(𝜌) and second kind 𝑌𝑀(𝜌) of 
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Bessel functions. The Hankel function can be approximated by an exponential decay 

term [34]. Depending on the solution different radial orders 𝑛𝑟 are obtained, taken into 

account by the effective radius 𝜌.  

A schematic top view of the electric field distribution of a WGM (radial mode order 

nr = 1, azimuthal mode order M = 12) in the xy-plane is shown in Figure 2.10. The high-

est field intensity is located close to the rim of the microdisk for a first order WGM. The 

azimuthal mode order can be determined by counting the maxima of the field distribution 

intensities and subsequently dividing by a factor of 2. 

 

 

 
 

Figure 2.10: Top view of a schematic electric field distribution of a WGM (radial mode order 

nr = 1, azimuthal mode order M = 12) in the xy-plane. The black circle indicates the microdisk 

edge. 

 

In summary, a microdisk resonator is described by three different mode numbers. For 

the 60 nm thin c-AlN slab only the fundamental mode appears in z-direction (see  

Figure 2.9). Therefore, the WGMs are mainly characterized by the radial mode number 

𝑛𝑟 and the azimuthal mode number 𝑀.  
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 Growth and Characterization Methods of 3

Cubic Group III Nitrides  
 

At the beginning of this chapter essential growth modes are described in the context of 

epitaxial layer deposition. Additionally, the principle of plasma assisted molecular beam 

epitaxy (PAMBE) as the main growth technique for the fabrication of cubic group III-

nitride epilayers, followed by basic characterization methods like PL and AFM are intro-

duced. Finally, the fundamentals of TEM are presented.  

3.1 Epitaxial Growth Modes 

 

The following subchapters, introducing the fundamentals of epitaxial growth and the 

basics of MBE, are mainly based on Ref. [35]. 

An important topic of this work is the epitaxial growth of c-GaN QDs embedded in  

c-AlN layers on 3C-SiC substrates via PAMBE. Depending on the used substrate the 

crystal growth can be divided in homoepitaxy and heteroepitaxy. For homoepitaxy the 

deposited material and the substrate are identical. In the case of heteroepitaxy the deposit-

ed material differs from the substrates by different lattice constants and (or) chemical 

properties. A difference in lattice constant can lead to significant strain and crystal disor-

ders of the deposited epitaxial layers. But regardless of such challenges it offers the pos-

sibility of creating sophisticated material compositions and alloys. The crystal growth of 

thin films on crystalline surfaces can be divided in three specific modes, as depicted in 

Figure 3.1 [35].  

 

 

 
 

Figure 3.1: Schematic drawings of the Frank-van der Merve, the Volmer-Weber and Stranski-

Krastanov epitaxial growth mode (after [35]).  

Frank-van der Merve Stranski-KrastanowVolmer-Weber

substrate substrate substrate
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A 2D layer-by-layer deposition is described by the Frank-Van der Merwe (FM) growth 

mode [36]. The atoms are more strongly bound to the substrate than to each other. The 

FM mode occurs if the deposited crystal is almost lattice-matched to the substrate, like 

the prominent growth of AlGaAs on GaAs. In the Volmer-Weber (VW) mode small clus-

ters are nucleated directly on the substrate and grow into larger islands by increasing 

amount of the deposited material [37]. This growth mode occurs in large lattice mismatch 

systems featuring high interface energies.  

The intermediate case is the Stranski-Krastanov (SK) mode [38], characteristic for lat-

tice-mismatched systems with low interface energies. At the beginning of the SK growth, 

the substrate is completely covered by a 2D wetting layer deposited in the FM mode. A 

further nucleation of the impinging atoms increases the elastic strain energy in the 2D 

film. An unstable condition is reached beyond the critical layer thickness. The energy of 

the pseudomorphically strained layer is reduced by the formation of 3D islands on the 

wetting layer. During the 2D-3D formation a minimization of the total energy, the sum of 

surface and elastic energy, is achieved [39]. Additional material deposition leads to an 

increase of the island size and to a higher island density. The SK growth mode can be 

used to realize QDs on a nanometer scale. A well-known example is the crystallization of 

InAs QDs on GaAs substrates. Usually, the QDs are randomly distributed on top of the 

wetting layer [40].  

The employment of the three growth modes strongly depends on the interface and vol-

ume free energies. Switching between the growth modes can be achieved by varying the 

growth conditions [41]. Therefore, an in-situ monitoring of the MBE growth process (e.g. 

by reflection high energy diffraction (RHEED)) is crucial.  

 

3.2 Principle of Molecular Beam Epitaxy (MBE) 

 

Modern growth techniques such as MBE enable the fabrication of multilayer com-

pound semiconductors with low background impurities and high crystalline qualities. All 

samples mentioned in this work are fabricated in a Riber 32 MBE system, configured as 

schematically illustrated in Figure 3.2. The substrate is mounted on a heated sample hold-

er inside an ultrahigh vacuum (UHV) chamber. A pressure of ~10−9 mbar prevents sur-

face contaminations by background atoms in the chamber during crystal growth. Fur-

thermore, growth under vacuum conditions increases the mean free path of the evaporated 

elements and ensures that the molecular beams reach the substrate without interactions 

with residual atoms. Effusion cells (Riber ABN35 standard cells) evaporate the metals 

Ga, Al and In. N-type doping is realized by a Si effusion cell, whereas p-type doping is 

performed by a CBr4 cracker cell. Atomic nitrogen is provided by an Oxford Applied 

Research HD-25 radio frequency (RF) plasma source. A shutter as well as temperature 

controlling of each evaporation cell facilitates a precise modulation of the molecular 
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beams. The beam equivalent pressure (BEP) is calculated by measuring the beam flux 

with a Bayard Alpert gauge mounted at the back of the sample holder. Therefore, the 

Bayard Alpert gauge has to be swiveled into the direction of the molecular beam. The 

substrate manipulator can be tilted to align the sample in its growth position. Further-

more, the sample can be deposited under constant rotation to assure a uniform growth. To 

capture undesirable background residues, the MBE chamber is cooled by a N2 cryogenic 

shroud.  

 

 

 
 

Figure 3.2: Schematic illustration of the Riber 32 MBE system with installed attachment parts 

(after [42]). 

 

Many surface processes occur if the evaporated atoms impinge on the substrate. Im-

portant processes are the adsorption and desorption of species, the incorporation of con-

stituent atoms and the surface migration and dissociation of adsorbed atoms [35]. The 

surface kinetics depend on parameters like cell and substrate temperatures, flux of the 

arriving species, diffusion lengths of adsorbed atoms, agglomeration and interdiffusion 

processes and incorporation of atoms into the crystal. A crucial parameter for MBE 

growth is described by the sticking coefficient s, representing the ratio between the arriv-

ing atoms and the atoms adhering to the substrate [35] 

 

𝑠 =
𝑁adh

𝑁tot
. (3.1) 
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Due to the metastability of cubic group III-nitrides the optimal “growth window” is 

very narrow and several parameters have to be monitored and adjusted during growth. 

Therefore, an in-situ, RHEED monitored growth process is essential for high quality epi-

layer deposition [43]. Figure 3.3 depicts a schematic illustration of the RHEED geometry. 

The high energy electron beam (16 keV, 1.6 mA) hits the sample under grazing incident 

(< 1°) and penetrates only a few MLs of the surface. Hence, RHEED is a very surface-

sensitive method. The generated diffraction pattern is projected onto a fluorescent screen 

by the impinging, diffracted electrons. In reciprocal space the 3D lattice points of the 

crystal layer are turned into reciprocal rods at the 2D surface. Utilizing the Ewald con-

struction, constructive interference occurs if the Ewald sphere cuts the reciprocal rods. 

The radius of the Ewald sphere is determined by the reflected wave vector. The Laue 

rings are a projection of intersection points between the Ewald sphere and the reciprocal 

rods onto a flat fluorescent screen. 

 

 

 
 

Figure 3.3: Schematic illustration of the RHEED geometry. 

 

A RHEED pattern contains information about the crystal orientation, the surface mor-

phology and the Ga/Al coverage on the surface. Intensity oscillations allow to calculate 

the growth rate of the deposited crystal. Further details of MBE and especially of cubic 

group-III nitride epitaxy can be found in Ref. [35, 44].  
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3.3 Photoluminescence (PL) Spectroscopy 
 

Luminescence techniques are powerful contactless methods to determine the electronic 

structure and optical properties of semiconductors [45]. Basic properties, like band gap 

energy Eg, recombination mechanisms, impurity detection/levels, and material quality can 

be investigated nondestructively. In luminescence experiments the material can either be 

excited by the illumination of laser light (PL), by accelerated electrons in cathodolumi-

nescence (CL) experiments or by electrical current in electroluminescence (EL) meas-

urements.  

Excited electrons are pushed from the valence band EV into excited states in the con-

duction band EC, as shown in Figure 3.4. The missing electrons in the valence band are 

called holes. The semiconductor returns to its equilibrium state either by non-radiative or 

radiative processes. An important radiative decay process is the recombination of bound 

electron hole pairs, so-called free excitons (FX). In c-GaN the excition binding energy 

exceeds 25 meV and therefore allows the observation of excitonic emission at room tem-

perature [46]. Due to the large confinement of c-GaN QDs in c-AlN layers, the excitonic 

binding energy is expected to be significantly larger, leading to dominating (FX) recom-

binations (see subchapter 2.3) [10]. Further recombinations can occur via excitons bound 

to donor (D
0
,X) or acceptor (A

0
,X) impurities. An intrinsic band-to-band transition is de-

scribed by (e,h). (D
0
,h) and (e,A

0
) represent transitions between free charge carriers and 

holes/electrons bound to impurities. (D
0
,A

0
) indicates donor to acceptor recombinations.  

 

 

 
 

Figure 3.4: Sketch of radiative recombination mechanisms in a semiconductor with an energy 

band gap Eg. (e,h) indicates an intrinsic band-to-band transition between the conduction band EC 

and the valence band EV energy levels. (FX) describes a free exciton; (D
0
,X), (A

0
,X) a donor and 

acceptor bound exciton; (D
0
,h) and (e,A

0
) free charge carriers to holes/electrons bound to donors 

or acceptors and (D
0
,A

0
) donor to acceptor transitions.  
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Regarding PL experiments, the excited luminescence is collected and guided to a spec-

trometer for spectral analysis. A photomultiplier tube (PMT) or a charged coupled device 

(CCD) can be used to detect the emitted photons. Microscope objectives are often used to 

focus the laser light onto the sample and to collect the excited luminescence light. Usual-

ly, the light is guided between the basic setup components by free space optics. For PL 

experiments with spatial resolution in the micrometer range the sample can be mounted 

on a piezo-adjustable holder. Low temperature PL measurements are realized by integrat-

ing the sample in a helium cooled cryostat.  

In this work, various setups and excitation sources have been used for luminescence 

investigations and are briefly mentioned at the beginning of each section.  

 

3.4 Atomic Force Microscopy (AFM) 
 

AFM is a microscopy method to analyze the surface morphology of epitaxial lay-

ers [47]. The surface roughness as well as QDs on top of uncapped samples can be visual-

ized by scanning with a sharp probe in the proximity of the sample surface. In general, 

two main types of scanning operations are applied. In contact mode the probe touches the 

surface while in non-contact mode a small distance between the sample and probe is 

maintained. If the probe approaches the surface, interactions between the tip and sample 

surface atoms occur. These interactions can be characterized by the empirical Lennard 

Jones potential, describing the interplay of forces for neutral atoms [14]. Depending on 

the atom distance, the Lennard Jones potential can be divided into a repulsive and an at-

tractive contribution, as illustrated in Figure 3.5. For AFM scans in contact mode a repul-

sive Coulomb interaction between the tip and the sample occurs. In the case of non-

contact measurements Van-der-Waals forces are dominating, resulting in an attractive 

interaction. The regimes for contact and non-contact investigations are in grey in  

Figure 3.5.  

The contact mode may damage the sample surface and is therefore only suitable for 

hard materials. Due to the high mechanical stability of cubic group III-nitrides, all pre-

sented AFM images were obtained in the contact mode.  
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Figure 3.5: Lennard Jones potential for the interaction of the probe and the sample surface. The 

working regimes for contact and non-contact AFM scans are grey (after [14]).  

 

The basic components of an AFM setup are schematically displayed in Figure 3.6. The 

specimen is placed on a vibration isolated sample holder, whereas the probe is located 

below the front of the cantilever. A laser beam is focused onto the cantilever tip and re-

flected to a fourfold divided position sensitive photodetector. Any change in the surface 

morphology results in a bending of the cantilever and thereby influences the reflection 

and detection of the laser beam. By considering every line scan of a defined area, a sur-

face topography image is created. A typical cantilever for contact mode consists of a sili-

con tip coated with a reflection layer (e.g. Al) on the detector side. The utilized AFM sys-

tem is a Nanosurf Mobile S device. For further details about AFM refer to Ref. [47].  

 

 

 

 

Figure 3.6: Schematic illustration of basic AFM setup components (after [47]). 
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3.5 Transmission Electron Microscopy (TEM) 
 

The following subchapter describes the TEM fundamentals and is mainly based on 

Ref. [48, 49]. 

The structural characterization of semiconductors by TEM is an important method in 

material science to investigate sample lamellas in the submicron range. Basic components 

of a TEM system are depicted in Figure 3.7. Accelerated electrons are generated by a 

source (e.g. a tungsten hairpin or a LaB6 crystal) and focused by condenser lenses through 

a condenser aperture onto the sample. Typical acceleration voltages are in the range of 

80-300 keV. A TEM specimen is very thin, since the electrons have to interpenetrate the 

sample lamella. Typical specimen thicknesses are in the order of ~50-100 nm for conven-

tional TEM and ~10-20 nm for high resolution transmission electron microscopy 

(HRTEM). The sample is mounted on a specific sample holder attached to a goniometer, 

thus facilitating tilts and rotations. After pervading the sample, the transmitted electrons 

enter the imaging part of the microscope. Objective lenses, apertures and projector lenses 

are used to map the electrons on a fluorescence screen. To record an image by a CCD 

detector or a photo plate the viewing screen can be folded upwards. The TEM column 

operates under UHV conditions to prevent interactions of the electrons with their envi-

ronment and to spare the electron cathode.  

A TEM can also be run in a scanning mode (STEM) quite similar to an SEM providing 

very high contrast images. Furthermore, chemical information of the material can be 

gained by applying energy-dispersive x-ray spectrometry (EDS), electron energy-loss 

spectrometry (EELS) or STEM-CL for example [48].  
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Figure 3.7: Basic components of a conventional TEM setup (after [48]). 

 

Additionally, TEM provides different imaging techniques. Figure 3.8 (a) illustrates the 

basic electron beam alignment in a conventional TEM. The parallelized electrons pene-

trate the sample. Along their path, they can be scattered and diffracted by sample atoms. 

An objective lens collects the transmitted electrons and focuses them to a diffraction pat-

tern in the back focal plane. After reaching the image plane the electrons are focused by 

intermediate and projector lenses onto the viewing screen.  

 



Growth and Characterization Methods of Cubic Group III Nitrides   30 

 
 

Figure 3.8: (a) General electron beam alignment and (b) bright-field imaging configuration in a 

conventional TEM (after [48]). 

 

The bright-field imaging method is illustrated in Figure 3.8 (b). An insertion of an ob-

jective aperture in the back focal plane leads to crossings of undiffracted, forward trans-

mitted electrons. This results in high contrast images compared to images created without 

an objective aperture [48]. The contrast in the resulting image is related to the absorption 

of electrons induced by thickness fluctuations in the illuminated region and to different 

atomic masses of the scattering centers. With heavier atoms like Ga or In the probability 

of scattering processes is increased. They appear dark compared to elements like Al or Si 

causing bright areas. Furthermore, strain fields within the crystal can influence the scat-

tering probability of electrons and reduce the number of forward transmitted electrons. 

Another reason for unlighted areas in a TEM image is the out-of-axis electron diffraction. 

This feature is known as diffraction contrast and becomes important using objective aper-

tures. A more detailed description of TEM fundamentals, as well as several operation and 

imaging modes can be found in Ref. [48]. 

In the case of epitaxially grown semiconductors the samples have to be prepared in 

specific procedures to thin them down. In this work, the samples are prepared conven-

tionally in cross-section geometry. An overview of different TEM sample preparation 

methods for c-AlN/c-GaN on 3C-SiC/Si substrates is provided in Ref. [49].  
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 MBE of Cubic AlN and Cubic GaN QDs 4
 

The following chapter gives an introduction of the MBE growth of c-AlN and c-GaN 

QDs on 3C-SiC substrates. Surface kinetics are analyzed by appropriate RHEED transi-

ents and interpreted by a c-AlN growth model. The fabrication of c-GaN QD heterostruc-

tures with c-AlN barrier layers is demonstrated. An analysis of the self-assembled SK QD 

formation process investigates the QD size and density distributions in detail and deter-

mines the critical layer thickness for the c-GaN QD formation on c-AlN. In the last part 

of this chapter, results of TEM experiments provide insights into the structural properties 

of c-GaN QDs buried in c-AlN layers.  

 

4.1 MBE of Cubic AlN  
 

Before the 3C-SiC substrates are transferred into the MBE chamber any contamination 

must be removed. Therefore, a procedure consisting of 2 min dips in acetone, propanol 

and deionized water (DI-water) is applied using an ultrasonic bath. A subsequent 8 min 

etching step in buffered oxide etching (BOE) solution containing NH4F, H2O and HF in 

the ratio of 4:6:1 (also in an ultrasonic bath) is applied to remove oxide compounds from 

the substrate surface.  

The final cleaning step is performed within the MBE chamber by Al flashes to remove 

natural oxides and other residues from the 3C-SiC substrate surface. Therefore, Al is de-

posited at an Al beam flux of ~3 ∗ 1014 cm−2s−1 on the 3C-SiC surface at a temperature 

of 𝑇𝑠 = 910 °C  and is subsequently evaporated. These Al flashes consist of 5 s Al deposi-

tion followed by 30 s evaporation interrupts to desorb the deposited Al. After the cleaning 

processes the substrate surface is free of disturbances, which is indicated by thin streaks 

in the RHEED pattern [11]. The substrate is held at 𝑇𝑠 = 910 °C for additional 60 s to 

ensure excess Al to be desorbed. Subsequently, the substrate is cooled down to the c-AlN 

growth temperature 𝑇𝑠 = 760 °C. In this subchapter, all temperatures are displayed values 

of the temperature controller.  

Due to the metastability of c-AlN, the MBE growth has to take place within a “narrow 

growth window” (see subchapter 3.2). Therefore, a growth model for c-AlN [11] has been 

introduced similar to the growth model of c-GaN [50]. Optimum growth conditions for 

high quality cubic group III-nitride epilayers have been found if the surface is covered by 

one ML Ga for c-GaN [5] and one ML Al for c-AlN [51].  

During the c-GaN growth excess Ga can easily be desorbed within deposition interrup-

tions, due to a Ga sticking coefficient of 𝑠 ≈ 0.5 (see equation 3.1) at the growth tempera-

ture [50]. In contrast, Al exhibits a rather low desorption rate at 𝑇𝑠 = 760 °C, due to its 
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sticking coefficient of 𝑠 ≈ 1 (see equation 3.1) [11]. The deposition of Al on the sample 

surface significantly thicker than one ML cannot be evaporated during the c-AlN growth. 

If c-AlN growth takes permanently place under too rich Al conditions, Al droplets can be 

formed on the sample surface. These droplets act as traps for excess Al and stabilize the 

c-AlN growth [11]. It is not possible to completely desorb these Al droplets at a growth 

temperature of 𝑇𝑠 = 760 °C.    

Appropriate start parameters for c-AlN growth are achieved with an Al beam flux of 

~2 ∗ 1014 cm−2s−1 and a N2 flux of 1.5 sccm at a power of 260 W of the plasma source. 

In the first step, one ML Al is deposited on the 3C-SiC surface at 𝑇𝑠 = 760 °C to ensure 

an appropriate Al surface coverage before the growth starts. A simultaneous opening of 

the Al and N shutter induces the c-AlN nucleation. After deposition of the first ~5 MLs of 

c-AlN the RHEED pattern features dot shaped spots, revealing a 3D surface. This can be 

a result of 3D VW island growth of c-AlN on 3C-SiC. Due to the small lattice mismatch 

between c-AlN and 3C-SiC (see table 2.1), the SK growth mode is not expected to be 

employed during the nucleation of the first MLs c-AlN. By increasing the layer thickness 

the growth mode switches to the FM layer-by-layer deposition exhibiting a flat 2D sur-

face indicated by a streaky RHEED pattern [11].  

Cycles consisting of 20 s c-AlN growth and subsequent interruptions of 30 s enable the 

fabrication of high quality c-AlN layers. Figure 4.1 depicts RHEED intensities of c-AlN 

growth cycles recorded in the 2D (1,0) reflection. In the inset the RHEED pattern of the 

[110] azimuth with the recorded area for the RHEED transient is shown. The growth can 

be monitored in both azimuths. A reconstruction has not been observed in  

c-AlN RHEED patterns. 

After the Al and N shutter are opened, the growth starts for 20 s. During the growth 

period, intensity oscillations of the (1,0) c-AlN reflection indicate a layer-by-layer deposi-

tion [35] with a growth rate of ~5.2 s/ML (~150 nm/h). The slight damping of the 

RHEED oscillations is caused by a simultaneous growth of the first and second ML, lead-

ing to a roughening of the surface. After closing the Al and N shutters diffusion processes 

smooth the c-AlN layer, resulting in an increase of the RHEED intensity during the 30 s 

growth interruptions.  
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Figure 4.1: RHEED intensities representing cycles of the c-AlN growth process. Inset: RHEED 

pattern of the c-AlN surface in the [110] azimuth with the recorded spot of the (1,0) reflection.  

 

In general, under N-rich conditions the cubic group III-nitrides grow preferably in the 

3D VW growth mode, with a tendency to increase the surface roughness. Additionally, an 

increased dislocation density is observed [52]. A N-terminated surface reduces the diffu-

sion length of impinging Al atoms due to strong covalent Al-N bonds. In contrast, a sur-

face covered by a layer of Al increases the Al migration with respect to the weak  

Al-Al bonds [11]. Thus, the surface coverage of one ML Al during the c-AlN deposition 

is decisive. In order to ensure an adequate Al coverage additional Al can be deposited 

before starting the c-AlN growth cycles. An indicator for a sufficient Al coverage is the 

3D/2D intensity ratio of a RHEED reflection [11]. 

Figure 4.2 illustrates the intensity changes between the 2D and 3D RHEED transients, 

appearing by depositing additional Al on a c-AlN surface. The inset indicates the [110] 

azimuth RHEED pattern and the corresponding collection areas (colored rectangles) in 

the (-1,0) c-AlN reflection.   
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Figure 4.2: RHEED intensity of the 2D and 3D spot of the (-1,0) c-AlN reflection before starting 

the growth cycles. Inset: RHEED pattern of the c-AlN surface and collection spots for the transi-

ents in the [110] azimuth.  

 

The opening of the Al shutter at 5 s decreases the 3D spot intensity, whereas the 2D in-

tensity is increased until the surface is covered by one ML of Al. After reaching the one 

ML Al plateau (highlighted by a grey shade) the intensity decreases slightly until the Al 

shutter is closed after 11 s. Then, the 2D intensity slightly increases due to an evaporation 

of excess Al. The c-AlN growth starts at 20 s under optimal conditions of one ML Al 

coverage, indicated by a growth oscillation (local maximum in the 2D intensity at 24 s). If 

the Al reservoir is consumed during a multi growth cycle period (see Figure 4.1), small 

Al portions can be added during the 30 s growth interruptions. In the case of simultane-

ously decreasing 2D and 3D RHEED intensities after an Al deposition, too much Al co-

vers the surface and the risk for Al droplet formations arises [53]. 
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Figure 4.3: RHEED pattern of a c-AlN layer with hexagonal contributions (indicated by green 

arrows) in the [110] azimuth.  

 

Figure 4.3 shows a RHEED pattern of a c-AlN layer in the [110] azimuth grown with 

sub-optimal growth conditions, as an example. The dominant dot-like shapes of the c-AlN 

reflections indicate a 3D surface and originate from electron transitions through islands. 

Between the spotty reflections weak streaks resulting from electron diffraction of 2D sur-

face contributions are observed. Along the diagonal lines additional reflections of hexag-

onal inclusions appear (indicated by green arrows). 

However, c-AlN layers up to ~650 MLs (~142 nm) featuring a low surface roughness 

of ~0.2 nm (obtained from AFM measurements) can be deposited. In the corresponding 

RHEED patterns no hexagonal inclusions are identifiable. Under optimized growth condi-

tions a c-AlN thickness of 300 nm has been realized [51]. For further details concerning 

the c-AlN growth, see Ref. [11].   

 

4.2 MBE of Cubic GaN QDs Embedded in Cubic AlN 
 

Due to the large band offset between c-AlN and c-GaN QDs and to its high structural 

quality, c-AlN is the barrier material of choice to predominantly confine c-GaN QDs. An 

alternative barrier material is c-AlxGa1-xN with a high content of Al. To fabricate QD 

samples, substrates consisting of 10 µm 3C-SiC on top of 500 µm Si (001) are used in 

this work [54]. Prior to the growth the substrates are prepared as described in subchap-

ter 4.1. To control the amount of deposited GaN for the QDs, Ga flashes are employed at 

the growth temperature of c-AlN at 𝑇𝑠 = 760 °C, to calculate the sticking coefficient from 

the deposition and desorption time of the Ga [50] (see equation 3.1). The beam flux of the 

Ga source is adjusted to approximately ~4 ∗ 1014 cm−2s−1. It is tailored until the stick-
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ing coefficient is obtained to be 𝑠 ≈ 0.5. By assuming a growth rate of ~5 s/ML, the 

amount of deposited GaN can be estimated by the deposition time. Taking into account 

delay times of the shutters, as well as a deposition time of 0.2 ML/s, the accuracy of the 

deposited amount of GaN is estimated to ±0.2 MLs. 

Figure 4.4 illustrates the division of the growth into three main steps. First, the growth 

of a 30 nm c-AlN buffer layer on the 3C-SiC/Si (001) substrate is initiated. The streaky 

RHEED pattern reveals a smooth 2D surface which is verified by AFM measurements. 

Due to the small lattice mismatch between c-AlN (aL = 4.37 Å [17]) and  

3C-SiC (aS = 4.36 Å [19]) of  

 

𝑓 =
𝑎𝑆−𝑎𝐿

𝑎𝑆
= −0.23 %, (4.1) 

 

the 30 nm c-AlN buffer layer is pseudomorphically strained on the substrate (see ta-

ble 2.1).  

The lattice mismatch of -3.2 % between c-GaN (a = 4.50 Å) [15] and the buffer layer 

enables the creation of self-assembled QDs by the strain-driven SK process. Prior to the 

QD formation a 2D c-GaN wetting layer is expected to be deposited in the FM growth 

mode [36]. The 3D island formation of the cubic QDs is indicated by the transition from a 

streaky to a spotty RHEED pattern. To obtain surface data from the QDs, reference sam-

ples are immediately cooled down after the QD formation. AFM investigations of the 

uncapped reference samples indicate QD densities in the order of ~10
11

 cm
-2

 and an aver-

age QD height of ~2-3 nm. The QD density and size can be controlled by the amount of 

deposited GaN [55] (see subchapter 4.3).  

For optical characterization, c-GaN QDs are overgrown by a 30 nm c-AlN cap layer. 

The RHEED pattern as well as the AFM image indicates a 2D cap layer surface. The se-

lection of 30 nm as c-AlN barrier thickness accommodates the carrier diffusion length in 

cubic group-III nitrides [56]. Additionally, this thickness is well suited to fabricate micro-

resonator structures (see subchapter 5.2). 
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Figure 4.4: Growth process of c-GaN QDs sandwiched between c-AlN layers. 1. Deposition of 

the 30 nm c-AlN buffer layer. The streaky RHEED pattern indicates a smooth 2D surface which is 

verified by AFM measurements. 2. In the second step a defined amount of GaN is deposited on 

top of the buffer layer and c-GaN QDs are formed by the SK process. The spotty reflections of the 

RHEED pattern reveal the 3D island formation. AFM measurements of uncapped reference sam-

ples indicate QD densities of ~10
11

 cm
-2

 and a QD height of ~2-3 nm. 3. In the last step, the QDs 

are covered by another 30 nm c-AlN layer. The RHEED pattern and AFM image indicate a 2D 

cap layer surface.  

 

4.3 Critical Layer Thickness of Cubic GaN QDs  
 

This subchapter focusses on the formation of self-assembled c-GaN QDs in the SK 

mode between c-AlN layers. Samples, either uncapped or capped, with varying amount of 

deposited GaN are grown by MBE, as described in subchapter 4.2. The morphology of 

uncapped samples is investigated by AFM measurements and correlated to PL results of 

capped samples.  

Since the SK growth mode was published in the late 1930s [38], lots of efforts were 

made to investigate this strain-driven island formation process in semiconductors by epi-

taxial techniques like MBE and MOCVD. Compared to lithographical techniques or the 

RHEED 

patterns

AFM images
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two-step epitaxy on cleaved surfaces, the fabrication of self-assembled QD nanostructures 

requires less technological efforts [3].  

The analysis of self-assembled InAs SK QDs deposited on GaAs substrates reveals a 

QD density variation of 1*10
9
 cm

-2
 to 4*10

10
 cm

-2
 [40]. In the case of group II-VI CdSe 

QDs deposited on ZnSe, the accessible QDs density range exceeds one order of magni-

tude from 1*10
9
 cm

-2
 to 5*10

10
 cm

-2
 [57]. Comparable results are achieved with h-GaN 

QDs grown along the [0001] c-direction on h-AlN [58]. The h-GaN QD density varies 

from 2*10
8
 cm

-2
 to 5*10

10
 cm

-2
. 

In the scope of this work, two sample batches with and without capping layers are fab-

ricated. The amount of deposited GaN varies from 2-4 MLs in both series. The accuracy 

of the deposited amount of GaN is estimated to be ±0.2 MLs, as described in subchap-

ter 4.2. AFM scans are performed to obtain the surface topography. Regarding PL exper-

iments the capped samples are excited by a frequency-quadrupled Nd:YAG continuous-

wave (CW) laser emitting a wavelength of 266 nm with an output power of 5 mW. The 

laser spot is focused to ~200 µm in diameter to collect ensemble luminescence data of the 

QDs. A PMT mounted to a Spex 270 M monochromator is utilized for photon detection.  

The surface topography of three uncapped samples with different amounts of deposited 

GaN is compared in Figure 4.5. The 1x1 µm
2
 AFM image in Figure 4.5 (a) reveals a high 

QD density of 1.2*10
11

 cm
-2

, formed from 3 MLs of GaN. The average width of the QDs 

is ~24 nm with a height of ~2.2 nm. A medium QD density sample (~4.2*10
10

 cm
-2

, 

2.4 MLs GaN) is shown in Figure 4.5 (b). A rough estimation reveals a QD height of 

~2.1 nm and a diameter of ~20 nm. Figure 4.5 (c) depicts the surface topography after 

deposition of 2 MLs GaN with a resulting QD density of 1.5*10
10

 cm
-2

. The average 

width and height of the QDs with the lowest density is ~11 nm and ~1.4 nm, respectively.  

 

 

 
 

Figure 4.5: Surface topographies obtained by AFM scans of (a) high density QDs  

(1.2*10
11

 cm
-2

), (b) medium density QDs (4.2*10
10

 cm
-2

) and (c) low density QDs (1.5*10
10

 cm
-2

) 

formed by 3 MLs, 2.4 MLs and 2 MLs GaN, respectively. 

 

(a) (b) (c)
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Figure 4.6: Image of an AFM linescan on low density QDs (see Figure 4.5 (c)). The inset shows 

the magnification of a particular QD with corresponding dimensions.  

 

In Figure 4.6 an AFM linescan of low density QDs is illustrated (see Figure 4.5 (c)). 

The resolution of the linescan allows to determine the size of the QDs. The inset shows a 

particular QD with the corresponding height and diameter, as an example.  

Capped samples with 2-4 MLs incorporated GaN are investigated to obtain lumines-

cence data from different QD densities. Luminescence was not obtained from uncapped 

c-GaN QDs. It is assumed that charge carriers interact with surface traps which strongly 

reduce the radiative recombination probability (see subchapter 6.4, [59]). By analogy with 

InAs/GaAs QDs [60] an accompanying oxidation of the QD surface is expected to de-

crease the luminescence efficiency. Further investigations have to be performed in the 

future to prove these assumptions.  

Room temperature PL spectra of capped c-GaN QDs in the range of 3 eV to 4.65 eV 

are presented in Figure 4.7. Due to the delta function-like density of states, the optical 

transitions of QDs are expected to be atom like. The observed ensemble PL spectra are a 

superposition of Gaussian shaped emission bands of many individual QDs. A size-

dependent QD emission energy results in an inhomogeneous broadening of the ensemble 

emission band [21]. The confinement energy of c-GaN QDs in c-AlN leads to transition 

energies much larger than the band gap energy of bulk c-GaN [46]. The enhancement of 

the peak intensity by one order of magnitude with increasing GaN deposition can be at-

tributed to an increase of the QD density within the same range (see Figure 4.5). Between 

3 and 4 MLs of GaN deposition, an almost constant peak intensity reveals no significant 

change in the QD density, but an increase of the QD size (decreasing peak emission ener-

gy).  

 

 

QD diameter 

(~11 nm)

QD height 

(~1.4 nm)
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Figure 4.7: Room temperature PL spectra of capped c-GaN QDs in the range of 3 eV to 4.65 eV. 

The amount of incorporated GaN is varied from 2 - 4 MLs corresponding to QD densities ranging 

from ~1*10
10

 cm
-2

 to ~1*10
11

 cm
-2

.  

 

 

By increasing the amount of deposited GaN, a redshift of the emission energy by 

730 meV is observed. This decrease of the emission energy indicates an increase of the 

QD size, as obtained by AFM of uncapped QDs (see Figure 4.5). In the PL spectrum of 

the 2 MLs GaN sample (black curve) a low energy tail is observed. This low energy tail is 

attributed to originate from a bimodal QD size distribution. The emission at 4 eV in Fig-

ure 4.7 is related to very small QDs which dimensions are very close to the resolution 

limit of AFM (see Figure 4.5). The FWHM of the Gaussian shaped ensemble emission 

bands can be used to estimate the QD size distribution [21]. The ensemble linewidth de-

creases from 439 meV (2.4 MLs GaN) to 351 meV (3 MLs GaN), indicating changes in 

the QD size distribution. Strained c-GaN QWs with the same amount of c-GaN are much 

thinner than the fabricated QDs and therefore emit at higher emission energies which are 

higher than the excitation energy of the laser. A strained c-GaN QW grown by the amount 

of 1 ML c-GaN emits at 5.57 eV whereas 2 MLs c-GaN results in a QW emission energy 

of 4.82 eV (calculated in Ref. [12]). The wetting layer thickness is expected to be in the 

order of 1-2 ML (see subchapter 2.3). Therefore, no emission from the wetting layer is 

observed in the PL spectra. 

In Figure 4.8 the peak emission energy of the QD ensembles (see Figure 4.7) is plotted 

as a function of the GaN coverage.  
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Figure 4.8: QD emission energy as a function of GaN coverage compared to the calculated QD 

heights in Ref. [10].  

 

The emission energy decreases from 4.25 eV to 3.56 eV. An approximating calculation 

of the QD height versus the emission energy by Ref. [10] (red line) is in good agreement 

with the experimental data. These calculations of the exciton transition energy in c-GaN 

QDs identify the QD height as the main confinement parameter. Due to reduced internal 

electric fields, the decrease of the emission energy for c-GaN QDs in c-AlN is much 

smaller than for h-GaN QDs in h-AlN [10].  

The surface data obtained from AFM profiles can be correlated with the PL results. 

Figure 4.9 illustrates the analysis of the QD density 𝑝𝑖 as a function of the GaN  

coverage Θ. The AFM data (black squares) and the integral PL intensities (red dots) from 

Figure 4.7 are plotted versus the amount of deposited GaN. Both results show an abrupt 

increase above 2 MLs.  

The experimental data are compared to an analytical model developed by Leonard 

et al. [40] to verify the QD formation mechanism. This simple empirical model was origi-

nally developed for the analysis of self-assembled InAs QDs on GaAs substrates. Up to 

now, it has been applied to a variety of QD systems, providing high quality results. It re-

veals the SK process as the main formation process and is also suitable to determine the 

critical layer thickness ΘC. The QD density 𝑝𝑖 is expressed as a function of the surface 

coverage Θ by 

 

𝑝𝑖 = 𝑝0(Θ − ΘC)
𝛼. (4.2) 
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Using 𝑝0 = 1 ⋅ 1011 cm−2 and an exponent of 𝛼 = 0.7 the model matches well with 

the experimental data (solid line in Figure 4.9) and confirms the assumed formation of 

self-assembled QDs by the strain-driven SK mechanism. Furthermore, the critical layer 

thickness ΘC is determined to be slightly below 2 MLs (1.95 MLs) (see extrapolated 

dashed line in Figure 4.9).  

 

 

 
 

Figure 4.9: QD density (black squares) and integral PL intensities (red dots) from Figure 4.7 as a 

function of GaN coverage. The QD densities are obtained by AFM measurements. The solid line 

indicates a fit function according to equation 4.2.  

 

 

After reaching the critical layer thickness, 3D islands are formed to reduce strain and 

surface energy of the pseudomorphically strained GaN layer [38]. The QD density in-

creases abruptly above ΘC from ~1*10
10

 cm
-2

 (2 MLs GaN) to ~1*10
11

 cm
-2

 (3 MLs 

GaN). This observation is in good agreement with the increasing integral PL intensities, 

as well as similar results reported for other semiconductor systems and proves the for-

mation of c-GaN QDs by the SK process [40, 57, 58]. Calculations of a c-GaN layer on 

3C-SiC substrates utilizing the Matthews and Blakeslee equation [61] reveal the critical 

layer thickness to be in the order of 0.7 nm (3.1 MLs). This finding matches the estimated 

critical layer thickness for the c-GaN QD formation, described earlier in this work. Devia-

tions are strongly dependent on the assumed elastic constants and lattice parameters at the 

growth temperature.  

0 1 2 3 4

10
9

10
10

10
11

10
12

c = 1.95 MLs

 QD density

 Fit function

 

Q
D

 d
e

n
s
it
y
 p

i [
c
m

-2
]

GaN coverage  [MLs]

1

10

100

1000

10000

 Integral PL intensity

 I
n

te
g

ra
l 
P

L
 i
n

te
n

s
it
y
 [

a
rb

. 
u

.]



43   MBE of Cubic AlN and Cubic GaN QDs 

Additional parameters, like the growth temperature, the flux of the deposited material 

and the growth stoichiometry can influence shape, size and density distribution of the 

QDs as well [58].  

 

4.4 TEM on Cubic GaN QDs 
 

TEM investigations are performed to gain further insights into structural properties of 

the presented c-AlN/c-GaN QD system. Therefore, a sample containing a single layer of 

c-GaN QDs symmetrically embedded in two c-AlN barriers is fabricated. An amount of 

2.4 MLs GaN is deposited to form the SK QDs. The sample is prepared for conventional 

cross-section TEM imaging, as described in Ref. [49]. The TEM investigations (per-

formed in a JEOL FX2000 microscope) as well as the sample preparation are realized in 

cooperation with the group of Prof. Jörg Lindner at University of Paderborn.  

In Figure 4.10 a bright-field cross-sectional TEM image of the capped QD layer taken 

using an acceleration voltage of 200 keV with X 250k magnification is presented. The 

interface between the 3C-SiC substrate and the c-AlN buffer layer is highlighted by a 

white dashed line. This interface has previously been analyzed by HRTEM and is deter-

mined to be atomically sharp [62]. Between the c-AlN buffer and cap layer (brighter are-

as) a thin single layer of c-GaN QDs (dark areas) is apparent. The red inset provides a 

magnification of a single QD in a defect-free environment. As a guide for the eye, the 

white border lines indicate the truncated pyramid shape for the proposed c-GaN QD simi-

lar to the shape used for the calculations in Ref. [10]. The dimensions of the QD are esti-

mated to 10-15 nm in diameter and 1-2 nm in height. The thicknesses of the c-AlN layers 

are obtained to be ~32 nm. An undulated surface of the cap layer is observed, quite simi-

lar to Ref. [62].  

Stacking faults are extended across the entire active layer without interruption at the 

QDs. These bunches of stacking faults on the {111} planes (orientated 57.4° towards the 

[001] growth direction) induce strain fields and therefore lead to darker stripes. A super-

position of the strain-induced contrast and the material contrast appears at the intersection 

of stacking faults and the c-GaN QDs and results in extended dark spots. These local 

strain fields hamper an undisturbed view of the QDs and prevent an accurate determina-

tion of the QD dimensions, especially considering areas featuring high defect densities.  
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Figure 4.10: TEM image in cross-section geometry of the active c-AlN/c-GaN QD layer. The red 

inset highlights a more detailed image of a single c-GaN QD. The white border lines of the mag-

nified QD indicate the assumed QD shape of Ref. [10]. 

 

Similar stacking fault distributions have also been observed in TEM studies of multi-

QW structures, starting with the nucleation of a c-AlN layer on a 3C-SiC substrate [62]. 

Up to now, the physical origin of the stacking fault formation is not completely under-

stood and requires further investigation. An explanation might be the different surface 

energies of c-AlN and 3C-SiC, which considerably influence the nucleation of the first  

c-AlN MLs [11]. Another possibility is the subsequent relaxation of the entire layer after 

the formation and overgrowth of the QDs, leading to the propagation of stacking faults 

down to the substrate. Furthermore, the lattice mismatch between c-AlN and 3C-SiC is 

modified at the growth temperature of 𝑇𝑠 = 760 °C, due to different thermal expansion 

coefficients, promoting the formation of stacking faults. TEM experiments on c-AlN lay-

ers of the same thickness but without c-GaN QDs can be taken into account to clarify 

these claims.  

Further quality improvements of c-AlN epilayers are expected from a detailed analysis 

of the c-AlN growth conditions. The influence of parameters like substrate temperature, 

beam fluxes or time scales of the growth intervals with interruptions on the formation of 

stacking faults are not evaluated up to now. TEM is the method of choice for such sub-

stantial studies.  
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The existence of a QD wetting layer is indeed predicted by the theory [10, 38], but 

cannot be proved by the presented TEM investigations. HRTEM images are necessary to 

obtain more detailed information about the QD layer, as well as the QD dimensions and 

distributions. Nevertheless, the presented TEM study underlines the existence of the QDs 

and provides a brief insight into the stacking fault distribution of capped c-AlN/c-GaN 

QD systems. Further investigations by HRTEM should identify the strain distribution 

within QDs and reveal the influence of stacking faults on the formation process in detail.  

 

4.5 Summary 
 

High quality c-GaN QDs sandwiched by c-AlN layers have been successfully fabricat-

ed by means of MBE employing the SK growth mode. The growth of c-AlN is performed 

considering a specific growth model, as described in Ref. [11]. The critical coverage with 

GaN for the QD formation is investigated in detail. Therefore, QD density and QD size 

distributions of uncapped samples are obtained by AFM. Furthermore, these surface data 

is correlated with PL results of c-GaN QDs incorporated into an epitaxial c-AlN matrix. 

A comparison between experimental data and an analytical model determine the critical 

layer thickness of c-GaN on pseudomorphically strained c-AlN hosted by a 3C-SiC sub-

strate to 1.95 MLs. Close to the critical GaN coverage limit it is possible to establish QDs 

with a density as low as ~1*10
10

 cm
-2

. The experimental results compared to the analyti-

cal model reveal the SK growth mode to be the main mechanism for the QD formation. 

To get further information about the structural properties of c-AlN/c-GaN QD epilayers, 

TEM investigations are performed. Thus, single isolated c-GaN QDs capped with a c-AlN 

layer and first insights into the stacking fault distributions of the epilayers are obtained.  
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 Microdisks based on Cubic AlN and Cubic 5

GaN QDs 
 

In the following chapter the integration and optical characterization of c-GaN QDs in 

c-AlN microdisks is demonstrated. A process based on two subsequent dry chemical etch-

ing steps is developed to fabricate freestanding mushroom shaped microdisks. Numerical 

calculations reveal an appropriate cavity design with calculated mode spectra and electric 

field distributions. The optical studies of various microdisks by µ-PL experiments identi-

fied WGMs which will be compared to the calculated mode spectra. Furthermore, the 

microdisks are investigated by power-dependent µ-PL studies with regard to lasing emis-

sion. A clear indication for lasing emission has been found. Additionally, the very first 

results on one-dimensional photonic waveguide resonators containing c-GaN QDs, fabri-

cated by a layer transfer technique, are presented in the appendix.  

Parts of the fabrication process and the investigation of WGMs in c-AlN microdisks 

are published in Ref. [63, 64].  

 

5.1 Fabrication of Microdisks 
 

Up to now, only a few papers have been published concerning the fabrication process-

es of photonic structures based on group III-nitrides. Structuring of the nitrides and their 

related materials require much technological efforts with respect to their high mechanical 

and chemical stability. Photonic structures based on wurtzite GaN have been developed 

by photo electro chemical (PEC) etching [65, 66, 67]. This technique needs a chemical 

cell with electrical contacts, a mercury lamp to generate carriers and an electrolyte. In the 

case of Ref. [65] sacrificial epitaxial layers consisting of a multi-period InGaN superlat-

tice are grown to provide a pedestal for a freestanding microdisk resonator.  

Another approach for microresonator structuring is the layer transfer process [68]. 

During this process a Si substrate is bonded to the top h-AlN surface by hydrogen 

silsesquioxane (HSQ). The original 6H-SiC substrate on the backside is then removed by 

an inductively coupled plasma (ICP) - reactive ion etching (RIE) process. After patterning 

the cleared h-AlN layer by lithographic techniques the HSQ layer is etched by hydroflu-

oric (HF) acid to create an air gap below the active layer. Details of this process can be 

found in Ref. [68]. 

Microresonators consisting of c-AlN/c-GaN epilayers grown on 3C-SiC also require 

the separation of active layers to provide sufficient light confinement for the optical 

modes. Since c-AlN has a lower refractive index (𝑛c−AlN = 2.2 [18]) compared to 3C-SiC 
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(𝑛3C−SiC = 2.8 [69]) at 3.6 eV, the substrate has to be removed. Otherwise the resonator 

modes would be strongly damped by the absorbing underlying 3C-SiC substrate. Due to 

the excellent mechanical and chemical stability of epitaxial 3C-SiC, a feasible wet chemi-

cal etching technique, selective to c-AlN/c-GaN layers, is not available to remove the 

substrate [70]. 

PEC etching techniques have been applied to remove c-GaN/c-AlN layers electrolyti-

cally in a potassium hydroxide (KOH) solution [71]. A disadvantage of PEC etching is 

the high resistivity of defects, leading to relatively rough surfaces of the etched layers, 

especially in the cubic phase of GaN. Furthermore, the growth of complex alternating 

sacrificial epilayers, as reported in Ref. [65, 67], is difficult to realize in the metastable 

cubic phase.  

The layer transfer process has been successfully applied to the cubic samples grown on 

the 3C-SiC/Si (001) substrate. One-dimensional photonic waveguide resonators of c-AlN 

containing c-GaN QDs have been fabricated (see appendix). The layer transfer process is 

a very demanding method technologically to realize photonic microresonators. This pro-

cess was carried out in the group of Prof. Yasuhiko Arakawa at University of Tokyo.  

In this work, a top down process has been developed to fabricate microdisk resonators. 

The samples are patterned by electron beam lithography and freestanding microdisks are 

fabricated by two dry chemical etching steps. Electron beam lithography is the method of 

choice for high quality resonator structures in the lower micron range due to its high reso-

lution. 

Figure 5.1 schematically illustrates the basic steps (a) – (h) of the microdisk fabrication 

process. Structuring of the microdisks starts with the deposition of a 80 nm SiO2 etching 

mask employing plasma enhanced chemical vapour deposition (PECVD) with 400 sccm 

SiH4 and 400 sccm N2O at 300 °C (see Figure 5.1 (a)). The RF power is set to 20 W, the 

pressure is 1 Torr and the deposition time 68 s. 
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Figure 5.1: Individual structuring steps (a) – (h) of the microdisk fabrication process. 

 

Prior to the lithography steps, the sample is held for 5 min under hexamethyldisilazane 

atmosphere to transform the hydrophilic into a hydrophobic surface. Afterwards, the SiO2 

surface is covered by spincoating with negative ma-N 2405 photoresist (micro resist tech-

nology) for 30 s at 3000 rpm (see Figure 5.1 (b)). Then the photoresist is post baked for 

90 s at 90 °C (photoresist thickness ~500 nm).  

Electron beam lithography is used to define individual microdisks of various diameters 

(see Figure 5.1 (c)). A schematic mask for the electron beam lithography is exemplarily 

shown for microdisks of 3 µm diameter in Figure 5.2. The array consists of 10x10 micro-

disks defined vertically by numbers and horizontally by letters. The inset provides a clos-

er look at 2x2 microdisks with two corresponding markers. A marker is very helpful to 

retrieve the microdisks in optical experiments (e.g. µ-PL). The hollowed marker shape 

minimizes the electron beam exposure time. The photoresist is developed for 60 s in  

ma-D 525 developer (micro resist technology) and dipped for 5 min into a DI-water stop 

bath. To increase the chemical resistivity, the photoresist is post baked for additional 

10 min at 90°C.  
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Figure 5.2: Electron beam lithography mask of a 10x10 microdisk array with 3 µm disk diameter. 

Every microdisk is defined vertically by numbers and horizontally by letters. The inset provides a 

closer look at 2x2 microdisks with two corresponding markers.  

 

In the subsequent step, the SiO2 mask is etched by RIE using CHF3 (8 sccm) and Ar 

(8 sccm) for 5 min (see Figure 5.1 (d)). The pressure is 2 mTorr and the RF power 75 W. 

An oxygen plasma (O2 = 50 sccm, 50 mTorr, RF 6 W, ICP 200 W, 10 min) is employed 

to ash and remove the photoresist residues (see Figure 5.1 (e)). To transfer the pattern into 

the epitaxial layer, the samples are etched in step (f) for 90 s by an anisotropic RIE pro-

cess by means of SiCl4 (4.5 sccm) and Ar (4.5 sccm) at 3.5 mTorr, RIE 150 W and ICP 

60 W (see Figure 5.1 (f)). The etching rate of ~1 nm/s results in a total etching depth of 

~100 nm to ensure an interpenetration of the active layer. The steps (d) - (f) are carried 

out subsequently in an Oxford Plasmalab 100 etching system without taking the sample 

out of the reactor chamber.  

100 µm

10 µm

Microdisks
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Afterwards, the SiO2 mask is removed from the circular pillars and markers by a 

10 min dip in BOE solution (recipe described in subchapter 4.1, see Figure 5.1 (g)). The 

main challenge of this fabrication process is the lateral etching of the 3C-SiC substrate 

selectively to the c-AlN/GaN layers to produce a freestanding microdisk. The undercut of 

the active layer is realized by a dry chemical etching process. For that purpose, tetrafluo-

romethane (CF4 = 90 sccm) is introduced at a pressure of 1 Torr for 30 min at a tempera-

ture of 375°C in an additional Oxford Plasmalab 100 etching system including a heated 

sample holder (see Figure 5.1 (h)). The lateral etching of 3C-SiC requires further input of 

thermal energy to the substrate. The substrate temperature is the crucial factor for iso-

tropic etching of 3C-SiC in order to activate the chemical reaction [72].  

The morphology of the fabricated microdisks is analyzed by scanning electron micros-

copy (SEM). Figure 5.3 (a) provides a side view SEM image of a freestanding circular 

slab lying on a pedestal. The 60 nm thick slab consists of the active c-AlN layer contain-

ing a single layer of c-GaN QDs and represents the waveguide layer of the resonator. No 

bending of the 60 nm slab is apparent, although the different epilayers are slightly 

strained. The mushroom shaped microdisk has a diameter of ~2.5 µm and is almost com-

pletely undercut. On the 3C-SiC substrate pedestal a double step appears. 

 

 

 
 

Figure 5.3: SEM images of a c-AlN microdisk with a diameter of 2.5 µm fabricated by RIE pro-

cesses. (a) Side view of the microdisk. (b) Close up view of the sidewall. (c) Top view of 

the microdisk.  
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During the 3C-SiC etching a fluorocarbon film is unintentionally formed on the pedes-

tal sidewalls [73]. This passivation layer inhibits the chemical etching rates. The disk acts 

as a mask and prevents the removal of the passivation layer by means of ion bombarding 

on the pedestal sidewalls. Due to the clearly observed undercut, the chemical etching pro-

cess seems to dominate on the disk backside towards its center. A closer view on the 

sidewalls of the disk itself in Figure 5.3 (b) reveals little vertical striations and a slightly 

sloped sidewall. These sidewall imperfections are related to an erosion of the SiO2 mask 

during the dry etching process of the c-AlN/GaN layer (see Figure 5.1 (f)). The top view 

of the microdisk provided in Figure 5.3 (c) illustrates its circularity. Additionally, contrast 

differences in the center of the microdisk indicate the double step 3C-SiC post. The 3C-

SiC post is approximately square shaped due to the selective etching properties of the CF4 

dry etching along the [110] and [-110] crystal orientation. 

After the last etching step a rough surface of the 3C-SiC substrate remains. A small 

amount of additional O2 (2-4 sccm) in the 3C-SiC etching process increases the physical 

etching rate, smoothes the substrate surface and leads to a more isotropic 3C-SiC etching 

behavior [74].  

 

5.2 Electric Field Distributions in Cubic AlN Microdisks 
 

Calculations of the photonic resonator structures are carried out to identify WGMs in 

optical experiments and to optimize the resonator geometry. Various approaches have 

been introduced to determine the energetic position, the spacing and order of WGMs in a 

microdisk. A widely known analytical description utilizes the cylindrical symmetry of the 

waveguide, combined with an effective index method [75, 76]. This quasi-three-

dimensional method reduces the full 3D Maxwell equations and solves the 2D scalar 

Helmholtz equation by using Bessel functions. However, it has been shown by Bittner 

et al. [77] that this analytical solutions failed to accurately predict modes especially for 

very thin disks.  

To avoid potential deviations of these analytical solutions, occurring due to the strong 

approximations involved, numerical calculations are performed in the group of Prof. Jens 

Förstner at University of Paderborn employing a non-uniform finite-difference time-

domain (FDTD) code [78, 79]. The microdisk is modeled with a purely dielectric material 

without resonances. To reduce staircase effects, typical for mapping round structures on a 

Cartesian grid due to partially filled cells with different dielectric media, an EPSILON-

averaging subroutine is applied to smooth down the discontinuity between neighboring 

cells [80]. To ensure numerical precision, the spatial discretization is chosen to be below 

/10 in the regime of interest. Therefore, an in-plane discretization of dx = dy = 12.5 nm 

is used (see Figure 2.10). Since the microdisk has only 60 nm extension in z-direction, a 

non-uniform grid is used to accurately model the microdisk itself, as well as the air clad-
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ding in the direct vicinity (limited to 4 nm cell extension due to computational effort). 

The microdisk eigenmodes are directly excited with a magnetic point dipole source locat-

ed close to the rim, since the eigenmode field energies are concentrated there. Thus, no 

modelling of the standing post of the microdisk is necessary. For the spectral analysis of 

the time domain data obtained by the simulation, the filter-diagonalization method har-

monic inversion is used [81]. Thus, the spectral data are extracted efficiently after a short 

simulation time compared to the largest decay constant of the eigenmodes of interest. 

Therefore, convergence is reached much faster than considering a discrete Fourier trans-

form. For further details of the simulations refer to Ref. [82].  

The strong confinement within microdisks is related to the internal total reflection of 

WGMs at the disk boundary in the xy-plane and to the high refractive index step from the 

dielectric slab (𝑛c−AlN = 2.2 [18]) to the environment (𝑛air = 1) (see subchapter 2.5). 

Although the modes are totally reflected radial radiation losses appear. These losses de-

pend on the azimuthal mode number 𝑀. For small azimuthal mode orders significant 

losses occur, decreasing for large 𝑀 towards zero for 𝑀 → ∞ [25]. Figure 5.4 depicts 

FDTD simulations of the field intensity along the x-axis of a first radial order mode in a 

microdisk of 2.6 µm diameter. 
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The blue colored area highlights the dimensions of the dielectric area in x-direction. 

The inset provides the field distribution of the mode in the xy-plane with the cut direction 

(white line). The mode at 3.57 eV has an azimuthal order of M = 34. The maximum field 

intensity is located close to the microdisk rim. At both edges local maxima appear which 

are attributed to radial radiation losses. Due to the high azimuthal mode order, the fraction 

of the field energy outside the resonator is small compared to the stored energy inside.  

In Figure 5.5 the field distribution within the dielectric slab (blue colored area) along 

the z-direction is plotted. The inset illustrates the side view of the field distribution and 

the cut line taken into account for the mode intensity graph.  

 

 

Figure 5.4: FDTD simulations of the field intensity along the x-axis of a first radial order mode 

at 3.57 eV in a c-AlN microdisk of 2.6 µm diameter. The blue highlighted area describes the 

dimensions of the dielectric area. Inset: Field distribution of the mode in the xy-plane with the 

cut direction (white line). 
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Figure 5.5: FDTD simulations of the field intensity along the z-axis of the mode in Figure 5.4. 

The blue colored area describes the thickness of the dielectric slab. Inset: Side view of the field 

distribution in z-direction with the cut direction (white line). 

 

A comparison between the field intensity inside and outside (evanescent fields) of the 

dielectric area allows an estimation of the stored field energy in the waveguide to be 

~85 %. This definition is known as the confinement factor 𝛤 which is characterized by 

values < 1 [27]. However, the value 𝛤~0.85 is only a rough estimation. In general, mi-

crodisks require a consideration of the confinement factor in three dimensions. Another 

source for possible losses is the highly absorbing substrate post. But in the case of low 

radial orders and high azimuthal order modes the field is mainly concentrated at the rim 

of the circular waveguide. Taking the freestanding slab, presented in Figure 5.3 into ac-

count, a dominant influence of the microdisk post can be neglected for the mode depicted 

in Figure 5.4 and Figure 5.5. These results reveal an appropriate geometry of the micro-

disk structures suitable for further experimental investigations of the WGMs. 
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5.3 Whispering Gallery Modes of Cubic AlN Microdisks 

Containing Cubic GaN QDs 

 

Results of the optical microdisk characterization by µ-PL measurements are presented 

in the following subchapter. The existence of WGMs in several microdisks is demonstrat-

ed by comparing experimental data to model calculations. WGMs of the first and second 

radial order have been identified in PL-spectra of a 2.6 µm diameter microdisk. Further-

more, the mode spacing as a function of the disk diameter d is determined and reveals an 

inversely proportional (1/d) dependence.  

 

5.3.1 Experimental Setup 
 

A confocal µ-PL setup (Prof. Cedrik Meier, University of Paderborn) with a 325 nm 

HeCd laser as excitation source is used for the optical microdisk characterization. The 

normal incident laser beam is focused by an UV microscope objective (80x, numerical 

aperture (NA) = 0.55, diffraction limited spot size dspot~1.22/NA~720 nm). The spec-

trum is separated by a Czerny-Turner monochromator with a focal length of 0.5 m. The 

luminescence detection is realized by an UV enhanced CCD. A piezo-controlled sample 

stage inside a liquid helium cooled cryostat enables spatially resolved PL measurements 

at low temperature. 

The emission characteristic of a microdisk is mostly oriented in the microdisk plane 

(see subchapter 2.5). But in reality, the emission pattern orientation also depends on the 

microdisk sidewall angle and fabrication imperfections that can scatter the light in various 

directions. Therefore, it is possible to observe WGMs of microdisks with significant 

sidewall roughness in confocal setup geometries.  

 

5.3.2 Characterization of 2.6 µm Cubic AlN Microdisks 
 

Figure 5.6 shows PL spectra of a non-patterned reference sample (a) and a microdisk 

with 2.6 µm in diameter (b) measured at ~7 K. The disk diameter is determined by SEM. 

For convenience, the spectra are shifted along the y-axis. The Gaussian shaped emission 

band of the reference sample centered at 3.57 eV with a FWHM of 130 meV is related to 

the QD ensemble luminescence (see subchapters 4.3 and 6.3). Due to the high QD density 

the emission band is correlated to the size distribution of the QDs [21]. Fabry-Pérot oscil-

lations with a period of 22 meV originating from the 10 µm thick underlying 3C-SiC sub-

strate layer superimpose the reference spectrum. 
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Figure 5.6: PL spectra of c-GaN QDs in an unstructured sample as reference (a) and c-GaN QDs 

embedded in a 2.6 µm diameter c-AlN microdisk (black lines) obtained at ~7 K. The grey lines 

indicate calculated modes by FDTD simulations (b). Horizontal arrows indicate the experimental 

mode spacing of the modes with radial mode orders nr = 1, 2. The dashed line visualizes the un-

derlying QD ensemble emission band. 

 

The PL spectrum (b) of the microdisk (black line) is compared to the calculated mode 

spectrum of a 2.6 µm microdisk model (grey lines, see subchapter 5.2). The emission 

band located at 3.58 eV (black dashed line) is attributed to the QDs ensemble lumines-

cence. Since the disk is surrounded by air, no Fabry-Pérot oscillations of the 3C-SiC sub-

strate layer are observed. The size distribution of the QDs, as well as a different coupling 

of the single QDs to the resonator modes cause an inhomogeneously broadened emission 

peak with a FWHM of 120 meV.  

If the QD emission couples to resonator modes of the microcavity, the luminescence 

intensity increases and additional narrow peaks appear in the QD ensemble spectrum. In 

the following, nr and M denote the radial and azimuthal mode number. For mode 1 

(E1 = 3.57 eV) and mode 2 (E2 = 3.55 eV) the Q-factors (Q = E/E) can be estimated to 

approximately 600 and 440, respectively. These two resonant modes match well the cal-

culated resonator modes. The calculated mode spacing of E1,cal = 0.070 eV (nr = 1) and 

E2,cal = 0.072 eV (nr = 2) agree reasonably well with the experimental data of 
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E1 = 0.067 eV (nr = 1) and E2 = 0.067 eV (nr = 2). Composition fluctuations of the ac-

tive layer, the disk geometry, as well as the assumption of a constant refractive index in 

the calculations are possible origins of deviations. The assumption of a perfect disk ge-

ometry in the calculations provide sharp, distinguishable peaks. Calculations including 

the 3C-SiC substrate post reveal no significant change of the mode spacing. The mode 

intensity depends on calculation parameters like the integration time and the excitation 

pulse [78]. 

WGMs with Q-factors larger than 400 are only identified close to the maximum of the 

ensemble emission peak in the range from 3.55 eV to 3.60 eV. A Gaussian shaped emis-

sion band of a QD ensemble represents the size distribution of the QDs. At the maximum 

of the emission peak many QDs contribute to the emission band. Therefore, sufficient QD 

luminescence couples into resonator modes, resulting in the appearance of WGMs. At the 

low and the high energy range of the ensemble luminescence, a significantly smaller frac-

tion of QDs contribute to the emission peak. Thus, only a few QDs couple into the reso-

nator modes, making mode feeding less effective. Therefore, the observation of WGMs is 

hindered. Another possible explanation is the wavelength dependency of the mode scat-

tering at the disk sidewall [83]. Fabrication imperfections lead to the scattering of light in 

all directions. The shorter the wavelength, the more efficient the scattering so that WGMs 

mainly appear on the maximum and the high energy side. Furthermore, an ideal micro-

disk exhibits an in-plane emission characteristic, but the emission pattern of a real micro-

disk particularly depends on the sidewall angle. 

In general, the measured Q value of the WGMs can be described by [75] 

𝑄−1 = 𝑄rad
−1 + 𝑄abs

−1 + 𝑄loss
−1 , (5.1) 

 

where 𝑄rad
−1  is related to radiation loss of a perfect disk, 𝑄abs

−1  is determined by optical ab-

sorption of the active medium and 𝑄loss
−1  characterizes scattering losses due to imperfec-

tions of the disk surfaces and sidewalls. The choice of QDs as the active layer reduces the 

interaction volume of the propagating wave and leads to low absorption losses  

𝑄abs
−1 ≈

𝛼𝜆

2𝜋𝑛eff
 [67, 75]. The effective refractive index 𝑛eff is defined by material proper-

ties and the waveguide design. 𝛼 represents the absorption coefficient of the waveguide 

material. Since the samples contain only a single QD layer, it can be assumed that the 

reabsorption is lower than, e.g., in QW samples. Therefore, the light scattering at the 

sidewalls, as well as the top and bottom surfaces of the microdisk is suggested to be the 

main loss mechanism, limiting the Q-factors [83]. 

For advanced investigations of the resonator modes 1 and 2 presented in Figure 5.6 

FDTD simulations of WGM field profiles are performed. Figure 5.7 displays the calculat-

ed Hz field distributions of mode 1 and 2. The black circle indicates the edge of the 

2.6 µm microdisk. Red corresponds to high and blue to low field densities. Mode 1 

(Figure 5.7 (a)) is attributed to a WGM with a radial order of nr = 1 and an azimuthal 
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mode number of M = 34. A second order WGM, like mode 2 (Figure 5.7 (b)) is propagat-

ing closer to the absorbing 3C-SiC post at the disk center, usually leading to lower lumi-

nescence intensities and Q-factors. The azimuthal mode number of mode 2 is M = 29. 

 

 

 
 

Figure 5.7 FDTD simulations of WGMs at (a) E1 = 3.57 eV (mode 1: nr = 1, M = 34) and (b) 

E2 = 3.55 eV (mode 2: nr = 2, M = 29). The black circle indicates the edge of the 2.6 µm micro-

disk. Red corresponds to high and blue to low field densities. 

 

5.3.3 Size-Dependent Mode Spacing 
 

Figure 5.8 depicts PL spectra of three different microdisks with 2, 3 and 4 µm diameter 

obtained at ~7 K. WGMs at different emission energies are observed. The energy separa-

tion between two modes with the same radial order is indicated by horizontal arrows and 

decreases from 93 meV (2 µm microdisk) to 48 meV (4 µm microdisk) with increasing 

microdisk diameter. Calculated mode spectra for each microdisk are plotted in grey. The 

calculated mode spacing agrees with the PL results, supporting the interpretation of addi-

tional emission peaks as WGMs. Next to the high intensity radial modes of nr = 1, several 

low intensity modes are apparent. They belong to second and third order radial modes. 

Especially in the case of the 4 µm microdisk many additional higher order modes occur. 

The mode types are identified on the basis of calculated field distributions of WGMs, as 

shown in Figure 5.7. The resonator mode at 3.645 eV of the 4 µm microdisk exhibits a  

Q-factor of 1400.  
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Figure 5.8: PL spectra of microdisks with different diameters (black lines) obtained at ~7 K. 

FDTD calculations of the mode spectra (grey lines) are plotted to identify resonator modes. The 

mode spacing (indicated by horizontal arrows) increases with decreasing disk diameter. 

 

 

Comparable WGMs in h-AlN microdisks with 2 µm diameter incorporating h-GaN 

QDs exhibit a Q-factor up to 5000 [84]. However, these hexagonal microdisks are grown 

on Si (111) substrates where the Si under-etching can be performed by a selective wet 

chemical etch. This process usually produces smoother sidewalls and smoother bottom 

surfaces of the microdisk structure. Scattering at the microdisk sidewall and surface, as 

well as absorption processes influence the propagating electromagnetic wave at the disk 

periphery. Further enhancement of the Q-factors is expected by improving the microdisk 

cavity. Optimized etching parameters may lead to smoother disk sidewalls and surfaces 

and thereby lower the scattering probability.  

Figure 5.9 displays the energy separation of the resonator modes as a function of the 

microdisk diameter. The disk diameters are measured in SEM studies with an accuracy of 

100 nm. The error of the experimental mode spacing is estimated to ~10 %. The calculat-
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ed values of the mode spacing (triangles) match the experimental data (dots) very well. 

The experimental results can be fitted by ∆𝐸 ≈
2ℏ𝑐0

𝑑𝑛𝑒ff
, where c0 describes the free space 

wavelength, d the disk diameter and neff the effective refractive index [31]. The fitted 

graph (solid line) illustrates the 1/d dependence of both results.  
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Figure 5.9: Correlation between the mode spacing and the microdisk diameter. The experimental 

results are indicated by dots and the mode spacing of the FDTD calculations by triangles. The 

fitted graph exhibits a 1/d dependence of the data. 

 

 

The fit function in Figure 5.9 allows to determine the effective refractive index for the 

microdisk structure at ~3.6 eV to 𝑛eff = 2.18. This value agrees with the refractive index 

of c-AlN 𝑛c−AlN(3.6 eV) = 2.2 [18]. It demonstrates the minor influence of the single  

c-GaN QD layer on the optical properties of the microdisk waveguide.  

 

5.3.4 Summary 
 

In summary, a process to fabricate undercut mushroom shaped microdisks based on  

c-AlN/GaN grown on a 3C-SiC/Si (001) substrate is introduced. The active layer consists 

of a single c-GaN QD layer which is symmetrically sandwiched between two 30 nm thick 

c-AlN confinement layers. The microdisks are patterned by electron beam lithography 
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and structured by two main dry chemical etching steps. Morphological investigations by 

SEM reveal freestanding microdisks with a low surface and sidewall roughness. Three-

dimensional FDTD simulations are performed to optimize the cavity design and to calcu-

late the mode spectra with corresponding field distributions of particular modes. In low 

temperature µ-PL experiments of 4 µm microdisks a WGM with Q-factors exceeding 

1400 is obtained. The dependence of the mode spacing as a function of the microdisk 

diameter is investigated and reveals a 1/d dependence. The PL results are in good agree-

ment with the calculated mode spectra obtained by FDTD calculations. Furthermore, 

WGMs of different radial orders are identified using calculated mode field distributions. 

 

5.4 Lasing of Cubic AlN Microdisks 

 

A promising application of microdisk resonators in optoelectronics is the operation as 

lasing devices. In general, QDs offer the possibility for low threshold lasing. Furthermore, 

the integration of c-GaN based emitters enables the realization of high temperature mi-

crocavity lasers. The emission wavelength of such laser devices can be extended into the 

deep UV spectral range, employing c-GaN QDs as active material. 

In the scope of this subchapter a brief overview of the basic parameters and input-

output characteristics of microcavity lasers are provided, followed by power-dependent  

µ-PL studies of 2.5 µm and 4 µm diameter microdisks with a view to lasing emission. 

The PL experiments are carried out in cooperation with the group of Prof. Axel Hoffmann 

at Technical University of Berlin. The main results of this subchapter are published in 

Ref. [85, 86]. 

 

5.4.1 Basics of Microcavity Lasers 
 

The fundamentals of semiconductor and microcavity lasers described in the following 

are based on Ref. [25, 32, 87].  

A crucial component of a semiconductor laser is its light emitting gain material, e.g. 

pn junctions or heterostructures, QWs or QDs. In these devices light sources are embed-

ded in a resonator (cavity), enhancing the internal photon density. Thereby, the probabil-

ity for stimulated emission increases, leading to an amplification of light. External electri-

cal or optical pumping energy is needed to generate electron hole pairs within the active 

material. To demonstrate lasing emission in new materials, pulsed optical excitation is 

mainly applied at low temperature to minimize non-radiative recombination process-

es [88]. The emitted laser light is directed, monochromatic and coherent.  

Basically, the electronic structure of a semiconductor system consists of two energy 

levels, the valence 𝐸𝑉 and the conduction band 𝐸𝐶, separated by the band gap energy 
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𝐸𝐺 = 𝐸𝐶 − 𝐸𝑉 (see Figure 5.10 (a)). In thermal equilibrium most electrons are located 

within the valence band 𝐸𝑉. If a photon with the energy ℎ𝜈 ≥ 𝐸𝐶 − 𝐸𝑉 is absorbed, an 

additional electron is raised into the upper conduction band. Thus, a hole is left behind in 

the valence band. This electron will fall back by non-radiative relaxation processes (ther-

malization) to the conduction band edge and recombine with the hole in the valence band 

after the spontaneous carrier lifetime 𝜏𝑠𝑝. Besides the absorption process, photons with 

the energy ℎ𝜈 = 𝐸𝐶 − 𝐸𝑉 can also induce the inverse process: a downward transition 

from the conduction band to the valence band, called stimulated emission (see 

Figure 5.10 (b)) [32]. The induced photon is emitted with the same frequency, phase and 

polarization as the incident photon. If the gain matches the optical losses of the cavity, the 

lasing threshold is reached. Above the threshold the photon density inside the cavity 

strongly increases due to light generation by stimulated emission.   

 

 

 
 

Figure 5.10: Basics of semiconductor lasers. (a) band edge transition and (b) stimulated emission 

(after [32]).  

 

Traditional lasers (e.g. gas lasers or solid state lasers) have spontaneous emission cou-

pling factors (-factors) (see subchapter 2.4) in the order of 10−5. The large dimensions 

of such a cavity lead to a large number of modes and therefore a significant fraction of the 

spontaneous emission coupling into non-lasing modes. The input-output curve of a con-

ventional laser reveals a sharp onset, which is proportional to 1/ (c.f. Figure 5.11 (a)). At 

the threshold, a significant narrowing of the emission linewidth is observed.  

In the case of microcavity lasers the resonator dimensions are reduced to the order of 

the wavelength, resulting in small mode volumes and very thin gain materials (see sub-

chapter 2.4). The spontaneous emission into particular modes can be enhanced by the 

Purcell factor (see equation 2.4), whereas the emission into non-lasing modes can be in-
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hibited [87]. As a consequence, the -factor increases, the onset smears and the laser 

threshold is not well defined (see Figure 5.11 (a)). S-shaped input-output characteristics 

for microcavity lasers featuring increasing -factors are illustrated in Figure 5.11 (b) in a 

double logarithmic scale. Semiconductor microcavity lasers with a small mode volume 

can reach -factors close to 1 [89, 90, 91]. In the case of a linear intensity increase  

(β = 1) the laser is defined to be “thresholdless”.  

 

 

 
 

Figure 5.11: (a) Comparison of the input-output characteristics of a conventional and a microcav-

ity laser with different -factors. (b) Input-output characteristics of microcavity lasers for various 

-factors plotted in a double logarithmic scale.  

 

However, in microcavities indicators of lasing emission are often less pronounced, 

with respect to the cavity design and the small gain medium. To characterize lasing emis-

sion from microcavities, several key signatures besides the significantly increase of the 

output intensity at the threshold should be taken into account [87]. For example, the lin-

ewidth modification as a function of the pump power or the transition to a coherent state 

measured by two photon coincidence experiments can be considered as further indicators 

for lasing emission. The spontaneous emission below threshold has a 𝑔(2)(0) > 1, while 

a laser beam is characterized by a coherent state 𝑔(2)(0) = 1 (see equation  7.1) [2]. Tra-

ditional lasers show a sharp transition from 𝑔(2)(0) = 2 → 1 at the threshold, but in mi-

crocavity lasers with high -factors the transition to coherent emission smears and may 

not be well defined [87]. 

The use of QDs as active material in microcavities is beneficial for many future device 

applications. Due to their small dimensions, QDs provide an efficient 3D carrier confine-

ment and very thin gain materials. Regarding h-GaN QDs the strong internal electric 

fields influence the charge carrier interactions. This results in low oscillator strengths and 

long radiative lifetimes hindering lasing operation. The strong built-in fields in h-GaN 
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QDs lead to QD emission lines much broader than with c-GaN QDs (see subchapter 2.3). 

Furthermore, such fields can reduce the spectral overlap between mode and emitter. A 

detailed analysis for the prospect of lasing emission of h-GaN QDs in h-AlN microdisks 

in Ref. [92] evaluate the QCSE as the main obstacle to achieve lasing operation. Substan-

tial improvements towards lasing emission are expected by using field-free quantum 

emitters. Since the radiative lifetimes are measured to be ~300 ps (see subchapter 6.3) and 

due to the large confinement of c-GaN QDs in c-AlN, large oscillator strengths can be 

expected, which are necessary conditions for high photon densities inside the microcavi-

ty. In contrast to their hexagonal counterparts, c-GaN QDs show the basic requirements to 

provide suitable emitters for lasing operation of microcavities. 

Microdisk cavities are characterized by a large overlap between the small QD volume 

of the gain region and the WGMs. Thus, they provide an efficient coupling of the sponta-

neous emission to the lasing mode. As a result, microdisks containing QDs offer a high 

potential to build low threshold lasing devices predominantly exhibiting an in-plane emis-

sion characteristic. A further advantage of microdisk lasers is the straight forward fabrica-

tion process. The production of other microcavity laser types like micropost lasers, pho-

tonic crystal lasers or vertical cavity surface emitting lasers (VCSEL) require considera-

ble more technological efforts [25]. 

In the following subchapters the power-dependent µ-PL measurements, investigating 

the lasing emission of c-AlN microdisks containing c-GaN QDs are described. 

 

5.4.2 Experimental Setup 
 

The µ-PL setup utilized for microdisk characterization is located at the Technical Uni-

versity of Berlin in the group of Prof. Axel Hoffmann. The fourth harmonic of a Nd:YAG 

laser (Coherent Antares 76s) operating at a wavelength of 266 nm (i.e. 4.66 eV) with a 

pulse length of 60 ps and a repetition rate of 76 MHz (13 ns) is applied as excitation 

source. The laser beam is focused by a microscope objective (NA = 0.4) resulting in a 

laser spot with a diameter of ~1 µm. The luminescence is collected by the same objective 

and dispersed by a 1 m monochromator (Spex 1704) exhibiting a spectral resolution of 

~300 μeV. A piezo-adjustable objective enables µ-PL measurements of single microdisks. 

The optical experiments are performed at liquid helium temperature.  

As the excitation energy (4.66 eV) is below the c-AlN bandgap (direct bandgap: 

5.93 eV, indirect bandgap: 5.3 eV) [18, 93]) carrier excitation in the barriers is negligible. 

The result is a weak absorption limited to the region of the single QD layer. Using dielec-

tric constants of 𝜀1(4 eV) = 7 and 𝜀2(4 eV) = 1.8 [94] the absorption coefficient of  

c-GaN 𝛼c−GaN can be calculated to 
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𝛼c−GaN(4 eV) =
2𝜋𝜀2(4 eV)

√𝜀1(4 eV)𝜆
= 0.012 nm−1 

(5.2) 

 

at 4 eV [94]. Taking into account a height z for the QDs, the absorption is described by 

 

𝐼(𝑧) = 𝐼0 exp(−𝛼c−GaN𝑧). (5.3) 

 

Assuming a height of 𝑧 ≅ 3 nm [95], the absorbed power within the active layer can be 

estimated to ~4 %. Additional loss due to reflection at the sample surface can be calculat-

ed for perpendicular incident by 

 

𝑅 = (
𝑛air − 𝑛c−AlN

𝑛air + 𝑛c−AlN
)
2

≈ 13 % 
(5.4) 

 

using 𝑛air = 1 and 𝑛c−AlN = 2.1 at 4 eV [18, 75]. The excitation powers given in the fol-

lowing subchapters are corrected considering this approximation.  

 

5.4.3 Microdisk with 2.5 µm Diameter 

 

Figure 5.12 displays two µ-PL spectra of an unprocessed reference sample (a) and of a 

2.5 µm microdisk (b) taken at ~10 K. The PL spectrum of an unprocessed part of the 

sample is dominated by an emission band of the QD ensemble peaking at 3.63 eV (see 

Figure 5.12 (a)). Owing to the high QD emitter density the ensemble emission band can 

be correlated to the size distribution of the QDs [21]. Apart from Fabry-Pérot layer oscil-

lations of the 10 µm 3C-SiC substrate, superimposing the reference spectrum, no WGMs 

are identified. A schematic sketch of the reference sample is provided in the inset of Fig-

ure 5.12 (a). 

In Figure 5.12 (b) the microdisk PL spectrum reveals a broad Gaussian shaped emis-

sion band with a FWHM of 228 meV peaking at 3.63 eV. This emission band is attributed 

to the c-GaN QD ensemble luminescence (see subchapter 6.3) [46, 96]. Due to the under 

etching of the active c-AlN/c-GaN QD layer no Fabry-Pérot layer oscillations of the 

10 µm 3C-SiC substrate are observed. Most of the QD emission is not in resonance with 

one of the WGMs of the microdisk, leading to the broad QD ensemble emission band. 

The overall spectrum is superimposed by several sharp peaks assigned to an enhancement 

of the emission of QDs resonant with the WGMs. The most dominant modes occur on the 

high energy side of the emission band, as discussed in subchapter 5.3.2. The inset in Fig-

ure 5.12 (b) depicts a side view SEM image of a microdisk with 2.5 µm in diameter. 
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Figure 5.12: Micro-PL spectra in the range of 3.2 eV to 4.2 eV for reference of (a) an unpro-

cessed part of the sample and of (b) a 2.5 µm microdisk taken at ~10 K. Insets: (bottom) Schemat-

ic structure of the epitaxial layers. (top) Side view SEM image of a 2.5 µm microdisk.  

 

In the following, the evaluation of particular WGMs is described. Figure 5.13 illus-

trates the excitation power dependence of a 2.5 µm microdisk emission within the high 

energy range between 3.88 eV to 4.00 eV. Five different excitation power densities in-

creasing from 5 kWcm
-2

 to 720 kWcm
-2

 are plotted. The analyzed modes at 3.90 eV 

(mode A) and 3.98 eV (mode B) are highlighted in grey. Considering a low excitation 

power density of 5 kWcm
-2

, the resonator modes exhibit weak intensities. A linear inten-

sity increase with increasing power density up to 20-30 kWcm
-2

 is denoted. As the excita-

tion power is further increased, sharp WGMs dominate the spectra.  
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Figure 5.13: Power-dependent µ-PL spectra (high energy region) of the QD ensemble spectrum. 

The excitation power density is increased from 5 kWcm
-2

 to 720 kWcm
-2

. The analyzed lasing 

modes at 3.90 eV (mode A) and 3.98 eV (mode B) are highlighted in grey. 

 

The integrated intensity of the QD ensemble luminescence (see Figure 5.12 (a)) is di-

rectly related to the QD density (~10
11

 cm
-2

 in a single layer of c-GaN QDs) obtained 

from the AFM measurements [95] (see section 4.3). By considering a laser spot of ~1 µm 

diameter, less than 1000 QDs are attributed to contribute to the luminescence of the en-

semble. Consequently, the ratio of the integrated intensity of the lasing modes versus that 

of the QD ensemble allows to estimate the average number of QDs coupling to one lasing 

mode. Thus, the number of QDs is estimated to 1-10 QDs per mode. Therefore, the rela-

tively low intensities of the resonantly enhanced emission compared to that of the QD 

ensemble can be quantified to the small number of QDs coupling to a lasing mode. Nota-

bly in this context, it might be possible to implement a microdisk laser based on a single 

QD. However, in reality, a larger amount of emitters contribute to the lasing mode of the 

microdisk, due to a partial spectral or spatial overlap of non-resonant coupled adjacent 

QDs [97]. The anisotropic line shape of mode A at higher excitation power densities is 

attributed to the degeneracy of the WGMs. The coupling of the opposed propagating 

waves can be lifted up by scattering processes, influencing the Lorentz symmetry of the 

mode [98].   
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Figure 5.14 depicts the integrated mode intensity obtained from mode A and B as a 

function of the excitation power density. The experimental data are indicated by dots, 

whereas the asymptotes for low and high power are drawn in dashed lines. Each mode 

area is determined by a Lorentz fit of the respective lasing mode without the underlying 

fraction of the spontaneous emission [75]. For both modes a S-shaped threshold behavior 

is observed. Such emission characteristics are typical for semiconductor microcavity la-

sers exhibiting a small mode volume [89, 90, 91]. Due to the smeared onset of the lasing 

regime in microcavities, the determination of the lasing threshold Pth is a challenging 

task. Criterions can be the excitation power density at the nonlinear intensity increase and 

(or) the minimum achievable emission linewidth of the mode. Therefore, the transition 

from non-lasing to lasing starts at ~30 kWcm
-2

 and ~15 kWcm
-2

 for mode A and mode B, 

respectively. 

 

 

 
 

Figure 5.14: Plot of the integral mode intensity versus the excitation power of the lasing modes at 

3.90 eV and 3.98 eV in a double logarithmic scale. The experimental results are indicated by dots, 

the solid lines display fits according to the theoretical model (equation 5.5) [90]. The dashed lines 

indicate the low and high power asymptotes. 
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The fraction of the spontaneous emission coupling into the lasing mode is described by 

the -factor (see subchapter 2.4). The -factor is estimated from the offset between the 

high and low power asymptotes. The small offset between low and high power operation 

suggests high values compared to those of conventional lasers, originating from the 

small number of QDs coupling into the WGM. Mode A exhibits a smaller -factor of 

0.12 compared to mode B with a -factor of 0.42.  

Björk and Yamamoto derived a theoretical model to analyze semiconductor microcavi-

ty lasers [90]. Based on this model, the emission intensity can analytically be described as 

a function of the excitation power by  

 

𝐼 =
𝑞𝛾

𝛽
[

𝑝

1 + 𝑝
(1 + 𝜉)(1 + 𝛽𝑝) − 𝜉𝛽𝑝] 

(5.5) 

 

considering negligible non-radiative losses. Here I is the pumping rate, q the electron 

charge and p denotes the mean photon number within the cavity. The properties of the 

cavity and the active material are represented by the cavity photon escape rate . The 

mean number of emitted photons in the cavity is described by . The analytical model 

confirms the experimental results using  = 5 and 15 and  = 0.35 and 0.1 for mode A 

and B, respectively. The fitted curves are indicated by red solid lines in Figure 5.14. 

Furthermore, mode spectra with corresponding mode profiles are calculated by FDTD 

simulations to determine the radial order of mode A and B (see Figure 5.7) [78]. Thereby, 

mode A is assigned to a second and mode B to a first radial order WGM. The second or-

der mode A has a larger mode volume and covers more space of the disk periphery, re-

sulting in a weaker coupling of the QDs to the resonator modes. This becomes obvious by 

comparing the smaller -factor of 0.12 for mode A with the -factor of 0.42 for mode B. 

In Figure 5.15 the spectral linewidth of mode B at 3.98 eV is plotted versus the applied 

excitation power densities. The accuracy is estimated to be ±0.3 meV. At low excitation 

power densities the linewidth of the mode is narrowing until the laser threshold Pth is 

reached. This narrowing is explainable in terms of the Schawlow-Townes model, describ-

ing an inverse dependence of the spectral linewidth compared to the optical output power 

of the lasing mode (∆𝐸~
1

𝑃0
) [99]. The minimum achievable spectral linewidth of a laser 

is known as the Schawlow-Townes linewidth. At threshold a linewidth of 0.8 meV is 

measured resulting in a cavity Q-factor of ~5000. Above threshold the linewidth increases 

to 4.6 meV.  
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Figure 5.15: FWHM of mode B at 3.98 eV as a function of the excitation power density. 

 

This linewidth increase can be attributed to free carrier absorption [100]. The pulsed 

excitation induces large carrier densities, especially at high excitation powers. In contrast 

to a microdisk containing QWs as active material, most of the QDs are not in resonance 

with the WGM. They only contribute to the broad QD ensemble emission band. Conse-

quently, the free carrier absorption is expected to be more decisive for a QD laser com-

pared to a QW laser. Another reason for the FWHM increase is related to the generation 

of heat in the microdisk. The almost freestanding slab enables insufficient heat sinking 

into the substrate post [98, 101]. Furthermore, the coupling of additional partial aligned 

QDs into the resonant mode at high excitation powers can broaden the emission peak. In 

addition, carrier number fluctuations in the active regions cause changes of the refractive 

index, enhancing the linewidth of the WGMs [102, 103, 104].  

A broadening of the mode in power-dependent µ-PL experiments, especially at high 

excitation power densities, is already reported for QDs [89], QWs [65] and fluorine doped 

ZnSe [105] microdisk systems. 

 

5.4.4 Microdisk with 4 µm Diameter 
 

Besides the 2.5 µm microdisk, power-dependent µ-PL experiments have also been per-

formed on a 4 µm microdisk. The optical excitation power density is varied between 

3 kWcm
-2

 and 631 kWcm
-2

. Figure 5.16 displays PL spectra of a 4 µm microdisk in the 

range of 3.92 eV to 3.98 eV for 5 different excitation power densities. The two highlight-

ed modes at 3.930 eV (A) and 3.952 eV (B) are analyzed in detail. Weak intensities of the 

WGMs at low excitation power densities indicate a linear increase of the mode intensity 
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up to ~20 kWcm
-2

. A further increase of the excitation power density up to 631 kWcm
-2

 

leads to dominant WGMs, pointing to laser operation. The inset depicts a side view SEM 

image of a freestanding 4 µm microdisk.  

 

 

 
 

Figure 5.16: Power-dependent µ-PL spectra in the high energy region of the 4 µm microdisk. The 

excitation power density is increased from 3 kWcm
-2

 to 631 kWcm
-2

 as denoted for each spec-

trum. The analyzed lasing modes A at 3.930 eV and B at 3.952 eV are highlighted in grey. Inset: 

Side view SEM image of a 4 µm microdisk. 

 

Figure 5.17 depicts the input-output characteristics of mode A at 3.930 eV and mode B 

at 3.952 eV. The integrated mode intensities, obtained from mode A and B, are plotted by 

full circles as a function of the excitation power density. Dashed lines indicate the offset 

between the spontaneous emission and the lasing regime. S-shaped threshold behaviors 

and smooth transitions from spontaneous to stimulated emission are observed for both 

modes. The typical kink appears at a threshold of ~20 kWcm
-2

 for mode A and at 

~10 kWcm
-2

 for mode B. The small offset between the lasing and non-lasing regime sug-

gests high  values and results in efficient coupling between the QDs and the cavity 

modes. The -factors are determined to 0.26 and 0.58 for mode A and B, respectively. 
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With increasing emission energies the QDs have a small spatial extension (see sec-

tion 4.3). This effect leads to a large overlap between the WGM and the QD emitter and 

results in high -factors. 

To verify the input-output characteristics, the experimental data are compared to the 

theoretical model for semiconductor microcavity lasers described in equation 5.5 [90]. 

The best fit results are obtained using -factors of 19 ( = 0.3) and 23 ( = 0.1) for mode 

A and B, respectively. Solid lines in Figure 5.17 illustrate the fits according to the theoret-

ical model. 

 

 

 
 

Figure 5.17: Input-output characteristics of mode A at 3.930 eV and mode B at 3.952 eV (Inte-

gral mode intensity as a function of the excitation power density). The experimental results are 

indicated by filled circles, the solid lines display fits according to equation 5.5. The dashed lines 

show the asymptotes to low and high power operation. 

 

Figure 5.18 illustrates the modification of the linewidth of mode A with increasing ex-

citation power density. The accuracy of the linewidth is estimated to be ± 0.3 meV. A 

narrowing until the lasing threshold is reached followed by an increase of the linewidth is 
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observed [89, 91, 99]. At ~20 kWcm
-2

 a minimum FWHM of 1.3 meV is found, resulting 

in a Q-factor of ~3000. At the laser threshold, absorption losses of the resonator are com-

pensated by stimulated emission and optical transparency is reached. After reaching the 

threshold the linewidth increases up to 3.2 meV, as discussed in subchapter 5.4.3. 

 

 

 
 

Figure 5.18: Linewidth of mode A at 3.930 eV as a function of the optical pump power density. 

 

5.4.5 Prospects for Further Studies 

 

In this subchapter, aspects of microdisk cavities containing QDs are discussed and 

possible improvements for future experiments are proposed.  

The presented results provide a strong indication for lasing emission of the c-AlN mi-

crodisks. The PL data exhibit a nonlinear intensity increase. This observation is in good 

agreement with an analytical model for microcavity lasers [90]. Additional signatures for 

lasing emission like the narrowing of the emission linewidth at the threshold power densi-

ty are observed as well. Similar input-output characteristics are reported for microdisks 

systems in other spectral ranges [89, 91, 105].  

Taking into account the small number of discrete energy levels in a QD, only a few 

QDs are suggested to be aligned with and to emit into the cavity mode. Therefore, micro-

cavities containing QDs are expected to feature a low intensity increase above the thresh-

old. This differs from a microcavity containing a higher dimensional active material (e.g. 

QWs). By increasing the excitation power densities in QW lasers a particular lasing mode 

grows faster compared to other adjacent cavity modes or to the background. This behav-

ior is due to a continuum of excited states in QWs.  
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To illustrate lasing signatures in QD systems, the number of emitters within the micro-

cavity can be increased by using multiple QD layers (QD stacks). On the one hand this 

leads to higher photon densities inside the cavity. On the other hand absorption processes 

become more decisive, resulting in increased laser thresholds.  

As discussed in subchapter 2.5, an ideal microdisk exhibits an in-plane emission char-

acteristic featuring a far-field emission of the WGMs in form of a narrow cone around the 

disk plane. However, the collection of light from the disk edge is demanding in a helium 

cooled cryostat. A tilted sample holder or a collection via glass fiber can maximize the 

efficiency in future experiments.  

However, it is worth mentioning that some phenomena can be easily mixed up with 

lasing like amplified spontaneous emission (ASE), as reported in Ref. [88]. ASE de-

scribes the enhancement of photons in a single pass through the microcavity and features 

typical properties of laser light, e.g. linewidth narrowing. But the difference to true laser 

operation is the weak resonator influence on the emission. Another feature that has to be 

mentioned is the contribution of several QD configurations (e.g. exciton (X) or biexciton 

(XX)) to the mean photon number within the cavity. For example, an intensity jump in 

the PL spectrum curve can be observed if a biexciton state is occupied at higher excitation 

powers and emits into the cavity mode [88, 106]. 

A direct proof for lasing emission can be found investigating the light coherence by 

𝑔(2)(𝜏) correlation measurements. Below the threshold the spontaneous emission exhibits 

a 𝑔(2)(0) > 1 [2]. After reaching the threshold, a transition to 𝑔(2)(0) = 1 is observed, 

even for microcavity lasers with high -factors [87]. The transition to a coherent state 

represents a strong evidence for the emission of laser light. Up to now it was not possible 

to perform such correlation measurements in an appropriate system setup. 

 

5.4.6 Summary 

 

The lasing emission of c-AlN microdisks containing a single layer of self-assembled  

c-GaN QDs grown by the SK process is investigated. A 2.5 µm and 4 µm diameter mi-

crodisk are analyzed by power-dependent µ-PL studies at low temperatures. While the 

optical pump power density varies over two orders of magnitude, a nonlinear intensity 

increase of particular WGMs is observed. The analysis of the PL data is based on 

an analytical model for microcavity lasers [90] and shows S-shaped input-output charac-

teristics for small volume semiconductor microcavity laser modes. Furthermore, a reduc-

tion of the emission linewidth as a function of the optical pump power is obtained. Con-

sidering the 2.5 µm microdisks, the onset of lasing is observed at a threshold of 

~15 kW cm
-2

 accompanied by cavity modes with Q-factors up to ~5000. Furthermore, the 

fraction of spontaneous emission coupling into a WGM with respect to the radial order is 

determined to   0.12 and   0.42. In the case of the 4 µm microdisk, comparable exci-
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tation powers at a threshold of ~10 kWcm
-2

 and average Q-factors of ~3000 are achieved. 

The -factors are estimated to 0.26 and 0.58.  

These results reveal the strong potential for low-threshold power microcavity lasers 

based on c-AlN and c-GaN QDs in the UV spectral range.  
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 Optical Spectroscopy of Single Cubic GaN 6

QDs 
 

In this chapter the optical properties of single c-GaN QDs are studied by µ-PL meas-

urements. Up to now only one publication describes the emission from a single c-GaN 

QD in CL experiments which show a significant broadening of the QD emission line and 

an intense acoustic phonon sideband [107]. In this work, the possibility for high-

temperature operation, a weak acoustic phonon sideband and a very limited spectral dif-

fusion leading to a resolution-limited linewidth are demonstrated for c-GaN QDs. Fur-

thermore, time-resolved PL investigations show a fast radiative recombination independ-

ent of the QD emission energy.  

In polar h-GaN QDs the presence of strong built-in electric fields leads to an extended 

radiative lifetime (see subchapter 2.3, [4, 23]) and to a broadened spectral linewidth via 

an enhanced spectral diffusion. Additionally, the appearance of an intense phonon side-

band [108] suggests a limitation of the h-GaN QDs employment in quantum information 

applications, due to the destruction of the phase coherence by phonon scattering. The fol-

lowing results illustrate basic properties of c-GaN QDs and reveal their potential for op-

toelectronic device applications, even at high temperatures. This chapter begins with a 

brief introduction of the optical properties of single QDs followed by descriptions of the 

optical setup, as well as the sample preparation. Afterwards, PL studies of single  

c-GaN QDs are presented. The experimental results resulted from a collaboration with the 

group of Prof. Yasuhiko Arakawa at University of Tokyo and are published in Ref. [109]. 

 

6.1 Optical properties of Single QDs 
 

This subchapter briefly introduces fundamentals of single QD spectroscopy and is 

mainly based on Ref. [3, 110]. 

The study of the optical properties of individual QDs is motivated by proposed appli-

cations (e.g. single photon sources) in quantum information technology. Since typical QD 

densities vary from ~1*10
8
 cm

-2
 to ~1*10

12
 cm

-2
, separation techniques have to be applied 

to access single QDs in optical experiments. Figure 6.1 depicts PL spectra of GaAs QDs 

incorporated into AlGaAs barriers [111]. In Ref. [111] electron beam lithography and a 

lift-off process are used to define holes in an Al mask on the sample. The aperture diame-

ter is varied to reduce the number of probed QDs.  
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Figure 6.1: PL spectra of different GaAs QD ensembles in AlGaAs barriers. The excitation spot 

is reduced by apertures. (a) single QD (aperture = 0.2 µm), (b) ~10 QDs (aperture = 1.5 µm) and 

(c) 10
5
 QDs (aperture = 25 µm) (after [111]). 

 

Another approach is to employ mesa structures patterned by electron beam lithography 

and RIE processes to isolate single QDs. These lithography techniques are especially use-

ful to retrieve particular QDs in µ-PL experiments as they enable the patterning of addi-

tional markers. 

The strong confinement of c-GaN QDs in c-AlN leads to large overlaps of the electron 

and hole wave functions. Therefore, a large exciton binding energy is present. As a con-

sequence, the emitted light from c-GaN QDs is dominated by excitonic (X) recombina-

tions (see subchapter 3.3). In addition, multi-particle states, e.g. biexcitons (XX), consist-

ing of two electrons and holes can be formed. The exciton and biexciton are electrically 

neutral. However, charged excitonic states (trions) can also be created by binding an addi-

tional electron or hole to an exciton [112].  

The homogenous FWHM of a QD emission line can be inhomogeneously broadened 

by scattering of charge carriers at acoustic or optical phonons, or other charge carriers. 

The scattering at phonons is considered to be the main broadening mechanism. Conse-

quently, a broadening of the emission linewidth can be observed with increasing tempera-

ture. Another effect leading to a broader appearance of QD emission lines in PL spectra is 

the spectral diffusion. The spectral diffusion results from charging and discharging of 

defect, interface and surface states close to the QD. This induces a synchronously chang-

ing electric field in the QD vicinity and can shift the QD emission energy on a short time 

scale [113]. The magnitude of spectral diffusion depends on the semiconductor material, 

the sample structure and the excitation source [3]. Detailed descriptions of the mentioned 
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broadening mechanisms of the QD emission line and multi-excitonic complexes can be 

found in Ref. [3, 110, 114].   

 

6.2 Sample Preparation and Optical Setup 
 

The samples for single QD spectroscopy consist of one layer c-GaN QDs grown by the 

SK process embedded into the middle of a 60 nm thick c-AlN matrix (c.f. subchap-

ter 4.2). In order to reduce the number of excited QDs (QD density ~10
11

 cm
-2

) for optical 

experiments, sub-micrometer mesas with nominal diameters ranging from 200 nm to 

500 nm are processed. Therefore, electron beam lithography is employed to define the 

different mesa structures. A Cl2/Ar ICP-RIE process is applied to remove the active layer. 

Figure 6.2 shows a SEM image depicting a section of the fabricated mesa array. Each 

mesa is coordinated by horizontal and vertical marks to retrieve them in µ-PL experi-

ments.  

 

 

 
 

Figure 6.2: SEM image of a section of the mesa array for single QD spectroscopy. Each mesa is 

coordinated by horizontal and vertical array marks to retrieve them in luminescence experiments.  

 

The QD samples are placed in a helium cooled cryostat and excited in grazing inci-

dence geometry by a frequency-quadrupled CW laser or the third harmonic of an 80 MHz 

Ti-Sapphire pulsed laser, both emitting a wavelength of 266 nm. The µ-PL signal is col-

lected by a microscope objective (NA = 0.4), dispersed on a grating with 

2400 grooves/mm and collected by a nitrogen cooled CCD. The spectral resolution of the 

setup is ~0.5 meV at 4 eV. Unless specified otherwise, the integration time of the spectra 

is 10 s. The time-resolved PL experiments are conducted by time-correlated single photon 

40 µm

Mesas Array 
marks
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counting. Therefore, the signal is spectrally filtered by a slit after dispersion on the grat-

ing and collected by a PMT. The time resolution is 200 ps and corresponds to the re-

sponse time of the setup. The detector is connected to a time interval counter measuring 

the time delay between a trigger generated by the pulsed laser and a photon impinging on 

the PMT. The structuring of the mesas as well as the optical characterization is performed 

in the group of Prof. Yasuhiko Arakawa in Japan. 

 

6.3 Single QD Spectroscopy 

 

Figure 6.3 (a) depicts a µ-PL spectrum of the QD ensemble (dashed line) measured on 

an un-patterned area of the sample. A Gaussian distribution is centered at 3.49 eV exhibit-

ing a FWHM of 187 meV. Time-resolved measurements are performed in the spectral 

range of the QD ensemble emission band at 3.35 eV, 3.44 eV and 3.54 eV. Colored ar-

rows in the top part of Figure 6.3 (a) assign the time-resolved spectra to the detection en-

ergies.  

 

 

 
 

Figure 6.3: (a) Normalized µ-PL spectra of single c-GaN QD emission lines (sharp colored lines) 

measured at ~4 K for various mesas. The dashed line corresponds to the QD ensemble on an un-

patterned area of the sample. (b) Time-resolved PL decay curves of the QD ensemble at 3.35 eV, 

3.44 eV, 3.54 eV and of single QDs emitting at 3.90 eV and 3.95 eV. For each curve, the detec-

tion energy is highlighted by a colored arrow in the top of (a). The decay times vary slightly from 

390 ± 2 ps to 305 ± 2 ps (no deconvolution, time resolution limit: 200 ps). 
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The lifetimes of QDs in the ensemble are 390 ± 2 ps (3.35 eV), 370 ± 2 ps (3.44 eV) 

and 346 ± 2 ps (3.54 eV) (see Figure 6.3 (b)). In general, the time-resolved spectra have 

to be corrected by a deconvolution with the response function of the setup. The response 

function can be determined by measuring the time-resolved spectrum of the excitation 

laser. Due to a large error of the resulting QD radiative lifetime the deconvolution has not 

been considered. Therefore, the time-resolved spectra are analyzed by single exponential 

decays, suggesting the radiative lifetime of the QD ensemble to be shorter than  

𝜏𝑟 ≤ 390 ps. This is close to the setup resolution and in fair agreement with previous 

reports [24]. 

When probing un-patterned areas or sub-micrometer mesas using the CW laser, single 

lines can be found on the higher energy side of the QD ensemble PL between 3.5 eV and 

4.3 eV (see Figure 6.3 (a)). The reason for the sole appearance of single QD emission on 

the high energy side is known from non-polar h-GaN QDs and up to now not clari-

fied [115]. The integrated intensity of most lines exhibits a linear dependence on the laser 

excitation power, suggesting that they to originate from exciton recombination in individ-

ual c-GaN QDs (c.f. Figure 7.3 (c)).  

The radiative lifetimes of excitons, measured by time-resolved µ-PL at higher ener-

gies, are comparable with the decay times of ensemble QDs at lower energies (see  

Figure 6.3 (b)). The lifetimes for the single QDs are 305 ± 2 ps (3.90 eV) and 

313 ± 3 ps (3.95 eV). These lifetimes are in the same order as the lifetimes observed for 

wurtzite non-polar GaN QDs [116]. In contrast, polar h-GaN QDs grown along the [0001] 

c-direction exhibit strongly size-dependent radiative lifetimes up to several µs [4, 23]. 

The slight variation of the radiative lifetimes of ensemble QDs and individual QDs in a 

large energy range confirm the absence of a giant built-in electric field within single zinc-

blende GaN QDs. 

 

6.4 Spectral Diffusion 
 

In semiconductor QDs, the so-called spectral diffusion arises from the trapping and re-

lease of free carriers by defects in the QD vicinity. The subsequent change in the electro-

static environment of the QD leads to time-dependent spectral shifts. Such shifts are espe-

cially large in self-assembled h-GaN QDs because of their giant built-in electric 

field [117]. If the change of the electrostatic environment of the QD takes place on a time 

scale shorter than the integration time, the jitter broadens the measured emission lin-

ewidth. As a consequence, the QD linewidth is not defined by the QD coherence time any 

more. If the change takes place on a time scale longer than the integration time, a spectral 

shift of the QD emission can be observed. As a result of the non-polar nature of c-GaN 

QDs, the spectral diffusion on both scales should be predominantly smaller than in the 

wurtzite phase. 



Optical Spectroscopy of Single Cubic GaN QDs   82 

A study of single c-GaN QDs emission lines on the short-time scale present a large 

number of QDs linewidths close to the resolution limit (see Figure 6.4 (a)). Figure 6.4 (b) 

depicts the PL spectrum of a narrow single c-GaN QD with a resolution-limited linewidth 

of 500 ± 50 µeV. The single QD PL spectra are recorded at low temperature (~4 K) un-

der CW excitation. Every data point in Figure 6.4 (a) is obtained from a Gaussian fit with 

the corresponding errors. The dashed circle highlights a specific data point whose spec-

trum is shown in the inset. The linewidths observed in Figure 6.4 (a) range from 6.5 meV 

to the resolution limit (~0.5 meV at 4 eV). As well known in other semiconductor sys-

tems  [118], a strong broadening of the QD emission lines is likely to be related to QDs in 

close proximity of surface states. These states are created by the mesa processing and act 

as traps for free charge carriers, broadening the QD emission linewidths. However, the 

measured linewidth of 500 ± 50 µeV (see Figure 6.4 (b)) is similar to the narrowest lin-

ewidths observed for non-polar h-GaN QDs [115]. 

Comparing the average linewidth 𝛾200 nm = 1.8 ± 0.8 meV of QDs embedded in the 

smallest mesas to the average linewidth 𝛾∞ = 810 ± 340 µeV of QDs located within un-

patterned regions of the sample supports the claim of charge carrier interactions with sur-

face traps. The linewidth of characterized QDs show a downward trend for increasing 

energies, due to a decreasing QD size (see Figure 6.4 (a)). This size-dependent spectral 

diffusion suggests the existence of a residual exciton permanent dipole in c-GaN QDs. In 

spite of the fact that the piezoelectric potential of c-GaN QDs is one order of magnitude 

smaller than the potential within h-GaN QDs [10]. On the long-time scale, the evolution 

of single c-GaN QDs also reveals spectral fluctuations.  
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Figure 6.4: (a) Linewidths of all observed single QDs as calculated from a Gaussian fit investi-

gated at ~4 K under CW excitation. The Gaussian behavior expresses either the statistical change 

in the QD environment leading to the spectral diffusion or the broadening due to the optical setup 

resolution. The bars correspond to the fit error. The dashed circle highlights a specific data point 

whose spectrum is shown in the inset. The black line is a Gaussian fit to the data. For all meas-

urements, the spectral resolution is ~0.5 meV at 4 eV. (b) Micro-PL spectrum of a single QD ob-

served on an un-patterned area of the sample investigated at ~4 K by 4 kWcm
-2

 CW excitation 

power. The black line is a Gaussian fit. (c) The time-dependence of two single QD emission lines 

observed in a 500 nm mesa (4 kWcm
-2

 CW excitation power, ~4 K). A spectrum is taken every 

3 s. The black dots highlight the central energy of each QD line as deduced from a Gaussian fit. 

 

The µ-PL spectra of Figure 6.4 (c) present the time evolution of two QD emission lines 

from a 500 nm mesa obtained with 4 kWcm
-2

 CW excitation power at ~4 K. A spectrum 

is taken every 3 s. The black dots indicate the central energy of each QD line as deduced 

from a Gaussian fitting. The lines exhibit synchronized fluctuations of the central energy 

as highlighted by the black dots. The average emission energies of each QD line are 
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E1 = 3.9889 eV and E2 = 3.9875 eV. The standard deviation of the central energies for the 

time evolution of the emission lines is 𝜎 = 0.6 meV. This is a representative value of the 

long-time scale spectral diffusion. QDs found in other mesas exhibit a standard deviation 

𝜎 of the central exciton peak energy ranging from 𝜎min = 0.12 meV to 𝜎max = 0.8 meV. 

No distinct dependence on the emission energy or the excitation power is observed. This 

result is of the same order of magnitude as the spectral shifts observed in other non-polar 

GaN QDs [119]. Moreover, as opposed to hexagonal self-assembled GaN QDs studied at 

the same excitation power [117], the c-GaN QDs do not exhibit any discrete spectral 

jump in the meV range. This finding supports the idea of a rather small built-in electric 

field.  

The strong correlation between the energy jitters of the two emission lines reveal both 

peaks to be exposed to the same electrostatic environment. This feature is known from 

multi-excitonic complexes (X and XX) of the same QD [120, 121]. An artefact of the PL 

setup can be excluded, since other QDs emitting at lower energies in the same mesa do 

not show any jitter correlation.  

For most µ-PL spectra measured at low temperature, the QD zero phonon line is sym-

metric (error bars in Figure 6.4 (a)) and can be accurately fitted by a Gaussian curve (see 

Figure 6.4 (b)). The Gaussian behavior expresses either the statistical change in the QD 

environment leading to the spectral diffusion or the broadening due to the optical setup 

resolution. In contrast to single c-GaN QDs [107] and h-GaN QDs [108] previously in-

vestigated by CL studies, a low energy sideband that could be attributed to the inelastic 

scattering of acoustic phonons with charge carriers is rarely observed. On the one hand, 

the low piezoelectric potential calculated in c-GaN QDs [10] should have a significantly 

weaker contribution to the acoustic phonon sideband than for h-GaN QDs [108]. On the 

other hand, a weak acoustic phonon sideband is expected anyway in c-GaN QDs. Here, 

the reduced spectral diffusion increases the relative peak intensity of the zero phonon line. 

The latter argument does not hold for c-GaN QDs exhibiting a significant broadening at 

low temperature. Consequently, the QDs that show a large error bar on the Gaussian fit-

ting and a large broadening correspond to asymmetric line shapes. A sideband which is 

attributed to the coupling of excitons to acoustic phonons, breaks the symmetry of the 

emission line (see inset of Figure 6.4 (a)). It incidentally shows that a quasi-continuum of 

radiative states constituting the final states of the acoustic phonons’ relaxation is assumed 

at energies lower than the exciton state. 
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6.5 Temperature-Dependence of Single QD Emission 
 

Generally, the linewidths of optical transitions are inversely proportional to the life-

time of radiative states. In QDs, high temperatures lead to inelastic scattering between 

excitons and phonons and therefore to a reduced exciton lifetime, as well as a broadening 

of the zero phonon line [122]. Figure 6.5 shows normalized temperature-dependent  

µ-PL spectra of various QDs embedded in a 500 nm mesa (8 kWcm
-2

 CW excitation). 

The dashed lines are guides for the eyes. Single QD emission is identifiable from ~4 K up 

to ~205 K.  

 

 

 
 

Figure 6.5: Normalized temperature-dependent µ-PL spectra of various QDs embedded in a 

500 nm mesa (8 kWcm
-2

 CW excitation). The dashed lines are guides for the eyes.  

 

In Figure 6.6 linewidths of QD emission peaks obtained from two different 500 nm 

mesas are plotted as a function of the temperature. The black circles refer to the QD emit-

ting at 3.99 eV (see Figure 6.5). The gray circles correspond to a QD emitting at 3.97 eV. 

The vertical error bars result from the standard deviation of the Gaussian fit function of 

the QD peaks. 

As the temperature increases, the zero phonon line remains symmetric and for some 

QDs it broadens linearly, up to ~75 K (see Figure 6.6). Beyond ~75 K, the linewidth in-
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creases exponentially. A low energy sideband appears superimposed to the zero phonon 

line and breaking the lineshape symmetry. The latter behavior has been observed in other 

semiconductor systems and is usually understood as the recombination of excitons assist-

ed by the emission or absorption of acoustic phonons [123]. 

 

 

 
 

Figure 6.6: Linewidths of QD emission peaks originating from two different 500 nm mesas as a 

function of temperature. The black circles correspond to the QD emitting at 3.99 eV in Figure 6.5. 

The gray circles correspond to a QD emitting at 3.97 eV. The dashed lines are a fit curve accord-

ing to equation 6.1. The vertical bars are errors of the Gaussian fitting of the QD peaks. 

 

A phenomenological description of the behaviors observed in the low and high tem-

perature ranges can be applied by fitting the temperature broadening of the zero phonon 

line using the following model [124, 125]  

 

𝛾 = 𝛾0 + 𝛼𝑇 + 𝑏 [𝑒
−

𝐸𝑎
𝑘𝐵𝑇 − 1]

−1

  (6.1) 

 

with 𝛾0 the zero phonon linewidth at T = 0 K, 𝐸𝑎 the energy describing an activated cou-

pling to phonons that is predominant in the high temperature range, 𝛼 the broadening ef-

ficiency of the zero phonon line in the low temperature range and b as coupling constant. 

For the two QDs found in two different mesas emitting at 3.97 eV and 3.99 eV (see gray 

and black circles in Figure 6.6) a good agreement to the experimental data is found using 

𝛾0 = 0.58 ± 0.03 meV (resp. 0.84 ± 0.09 meV), 𝐸𝑎 = 48 ± 8 meV (resp. 32 ± 4 meV), 

𝑏 = 138 ± 99 meV (resp. 68 ± 24 meV) and 𝛼 = 3.2 ± 0.8 µeV ∙ K−1 (within the error 

range). The broadening efficiency is of the same order of magnitude as values reported in 
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the literature concerning other QD systems [123, 125, 126, 127]. The dashed lines in Fig-

ure 6.6 are fit curves according to equation 6.1.  

In this context, the spectral diffusion and the spectral setup resolution tend to hide the 

homogeneous broadening of the zero phonon line. The measured value of  actually con-

stitutes a lower limit. Finally, despite the significant broadening of excitonic lines, the 

emission of single QDs can be observed at temperatures as high as ~205 K (see  

Figure 6.5), owing to the large band offsets between c-GaN and c-AlN, as well as to the 

large binding energy of excitons in c-GaN QDs. 

6.6 Summary 
 

In summary, the absence of spontaneous polarization fields limits the spectral diffusion 

of the c-GaN QDs luminescence. A resolution-limited linewidth as narrow as  

500 ± 50 µeV is observed and in good agreement with previously reported CL studies of 

single c-GaN QDs [107]. As expected, the absence of a giant built-in electric field also 

leads to small variations of the radiative lifetimes for various emission energies. Addi-

tionally, the lifetimes of individual c-GaN QDs are much shorter than for h-GaN QDs. 

This is of major importance for the employment of c-GaN QDs in highspeed operation 

devices and applications requiring large oscillator strengths. The absence of an acoustic 

phonon sideband below ~75 K found in some QDs is a further advantage over self-

assembled h-GaN QDs [108]. It should limit the dephasing of quantum processes by pho-

non scattering and might allow quantum applications operating at elevated tempera-

tures [128]. Excitonic recombinations in single c-GaN QDs can be observed up to 

~205 K. Thus, c-GaN QDs are a prospect active material suitable for optical devices, such 

as single photon sources, operating at high temperature. Overall, the high optical c-GaN 

QDs’ quality will allow further studies to investigate a larger set of fundamental proper-

ties, like polarization properties, fine structure, behavior of excitonic, and multi-excitonic 

complexes. These studies can open the path to the fabrication of a wide spectrum of effi-

cient and fast optoelectronic devices based on c-GaN QDs. 
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 Single Photon Emission from Cubic GaN QDs 7
 

In this chapter the single photon emission from c-GaN QDs embedded in c-AlN barri-

ers is presented. The antibunching of photons emitted by single c-GaN QDs is proven by 

second order photon correlation measurements in a Hanbury Brown-Twiss (HBT) setup. 

The single photon nature of the emission is observed at liquid helium temperature and 

even up to ~100 K. At the beginning of this chapter a brief introduction of HBT experi-

ments based on Ref. [2], as well as the employed setup is provided. The measurements 

were performed in cooperation with the group of Prof. Yasuhiko Arakawa at University 

of Tokyo and published in Ref. [129]. 

 

7.1 Hanbury Brown-Twiss (HBT) Experiment  
 

The basic HBT experiment has been introduced by R. Hanbury Brown and R.Q. Twiss 

in the 1950s to investigate the diameter of stars [130]. They correlate light intensities of 

two detectors by calculating the second order correlation function 𝑔(2)(𝜏). Furthermore, it 

became obvious that the HBT experiment is of fundamental interest for the development 

of research in quantum optics. For novel devices in the quantum information technology 

the generation of non-classical antibunched light is a crucial challenge. The stream of 

antibunched light is characterized by regular gaps between the emitted photons. There-

fore, antibunched light sources should regularly emit single photons e.g. induced by ex-

ternal trigger pulses. The HBT experiment is used to prove the emission of single photons 

and reveals the antibunching of photons. In the case of individual photon counts in HBT 

experiments the second order correlation function 𝑔(2)(𝜏) is given by [2] 

 

𝑔(2)(𝜏) =
〈𝑛1(𝑡)𝑛2(𝑡 + 𝜏)〉

〈𝑛1(𝑡)〉〈𝑛2(𝑡 + 𝜏)〉
  

(7.1) 

 

where 𝑛1,2(𝑡) describes the number of detected counts, which is proportional to the in-

tensity on the two detectors at the time 𝑡. The time 𝜏 = 𝑡2 − 𝑡1 denotes the time delay 

between the photon registration on the first detector at 𝑡1 and the second detector at 𝑡2. 

The 〈… 〉 brackets symbolize the time average over the integration period. Figure 7.1 

schematically shows the HBT setup employed in this work. 
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Figure 7.1: Schematic setup of the HBT experiment. The incident photon stream is divided by a 

50/50 beam splitter and detected by a PMT 1 or a PMT 2. An output pulse from PMT 1 starts the 

TAC, while another incident on PMT 2 induces the stop signal. The number of counts, as well as 

the time elapsing between the pulses is recorded by a MCA board connected to a computer.  

 

The incoming stream of photons is divided by a 50/50 beam splitter and detected by 

the PMT 1 or the PMT 2. Each impinging photon induces an electrical output pulse. The 

signal from PMT 1 starts the time to amplitude converter (TAC) measurement, counting 

the total number of pulses during the elapsed time 𝜏 = 𝑡2 − 𝑡1 until a photon detected by 

PMT 2 induces a stop pulse. The histogram of the time delay is recorded by a multichan-

nel analyzer (MCA) connected to a computer.  

The main result of the HBT experiment is the 𝑔(2)(𝜏) function in the photon interpre-

tation of light. It describes the probability for the detection of a second photon on PMT 2 

at the time 𝑡2 = 𝜏, correlated to a photon detection at 𝑡1 = 0. 

Figure 7.2 illustrates 3 different types of photon streams. Coherent light has random 

gaps between the photons and a 𝑔(2)(0) = 1. The probability of detecting a photon on 

PMT 2 is the same for all times 𝜏 [2].  

For bunched light the photons are bundled and the correlation function at 𝜏 = 0 is 

𝑔(2)(0) > 1. If there is a photon registration at time 𝑡 = 0 on PMT 1, the probability of 

detecting a second photon at the same time on PMT 2 is high. Therefore the 𝑔(2)(0) is 

> 1 for small times 𝜏 [2].  
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Figure 7.2: Schematic illustration of different types of photon streams. Coherent light has random 

gaps, for bunched light the photons are bundled and antibunched light is characterized by regular 

gaps between the individual photons (after [2]). 

 

Antibunched light has no classical description and is only explainable as a phenome-

non of quantum optics. Due to the large regular gaps between the individual photons of 

the stream, the probability for the detection of a second photon at PMT 2 is low for small 

times 𝜏. The probability increases with larger time delays 𝜏 [2]. Therefore, the second 

order correlation function 𝑔(2)(0) is characterized by values less than   

 

𝑔(2)(0) < 𝑔(2)(𝜏)  and 𝑔(2)(0) < 1 (7.2) 

 

To ensure the emission of a single photon the measurement should reveal  

𝑔(2)(0) < 0.5.  

Correlation measurements have been carried out for various light emitters. The first 

photon antibunching experiment has been realized by light emission of sodium atoms in 

1977 [131]. Later, fluorescent dye molecules, color centers in diamond, and QDs (colloi-

dal and SK) have been used as light emitters for 𝑔(2)(𝜏) correlation experiments [110].  

Especially QDs are promising candidates for an application in single photon emitters 

suitable for quantum information technology (e.g. quantum cryptography). They offer a 

high stability, are compatible with the modern semiconductor technology, have a wide 

operational range and feature a high emission wavelength tunability. Furthermore, single 

photon sources based on QDs can be included in optical circuits, driven optically as well 

as electrically [132]. However, the easiest way to realize a single photon emitter is to op-

tically excite an individual isolated QD by a pulsed laser. If the pulse sequence is much 

longer than the excitonic lifetime of the QD, the emission of single photons can be con-

trolled by an optical trigger. In the following experiments the repetition rates for the gen-

eration of antibunched light is 80 MHz (𝜏 = 12.5 ns) and therefore much larger than the 

exciton lifetime in a c-GaN QD, which is in the order of several hundred ps (see subchap-

ter 6.3). Further details of the HBT experiment can be found in Ref. [2]. 

Antibunched light g(2)(0) < 1

Coherent light g(2)(0) = 1

Bunched light g(2)(0) > 1
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7.2 Sample Preparation and Experimental Setup 
 

Submicron scale mesas are fabricated to probe the emission line of a single c-GaN QD 

grown in the SK mode (see subchapter 6.2). The QD density is in the order of ~10
11

 cm
-2

. 

The optical properties of the individual QDs are measured using µ-PL spectroscopy with 

non-resonant excitation, via a frequency-tripled Ti:Sapphire pulsed laser (200 fs pulses at 

80 MHz with an excitation wavelength of 266 nm). The laser is focused to an elliptical 

spot of approximately 10 µm x 40 µm at an angle of 60° to the normal of the sample 

plane. The luminescence of the QDs is collected by a microscope objective (NA = 0.4), 

followed by concave mirrors with a pinhole to spatially filter the collected light from a 

small area of the sample. The QD emission is guided to a monochromator equipped with 

a liquid nitrogen cooled CCD to analyze the spectrum, as well as a HBT setup (a 50/50 

beamsplitter and two PMTs, see Figure 7.1) to perform either time-resolved PL studies, or 

photon autocorrelation measurements. The time-resolved PL studies (230 ps time resolu-

tion) are carried out based on time-correlated single photon counting, by using one arm of 

the HBT setup and a trigger signal from the pulsed excitation laser. A helium cryostat 

with continuous flow enables to control the sample temperature from ~4 K to room tem-

perature. 

 

7.3 Single Photon Emission at Low Temperature 
 

The emission of the c-GaN QD ensemble exhibits a Gaussian distribution centered at 

3.5 eV with 200 meV FWHM (c.f. Figure 6.3). Isolated single emission lines are ob-

served on the higher energy side of the QD ensemble luminescence between 3.5 eV and 

4.3 eV when probing submicron scale mesas (see Figure 6.2). Figure 7.3 (a) shows such 

an emission of a single c-GaN QD peaking at 3.687 eV (20 mW excitation power) and 

featuring a linewidth of 2.1 meV. The broadening of the QD linewidth is due to interac-

tions of excitons with surface states, as discussed in subchapter 6.4. However, this QD 

linewidth is about three times narrower compared to h-GaN QDs (6 meV FWHM) [133].  

Figure 7.3 (b) depicts the PL decay trace measured on the QD described in  

Figure 7.3 (a). The lifetime of this particular QD is 360 ps, which is about one order of 

magnitude shorter than those measured from polar h-GaN QDs (2 ns) emitting at the same 

energy [4]. The lifetime of 360 ps is in fair agreement with the lifetimes discussed in sub-

chapter 6.3.  
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Figure 7.3: (a) The emission spectrum of a single c-GaN QD measured with an excitation power 

of 20 mW. (b) The PL decay time of this particular QD is about 360 ps (no deconvolution; time 

resolution 230 ps). (c) Excitation power dependence of the integral PL intensity of the single QD. 

The red line shows the linear dependence of the PL intensity at excitation powers < 20mW. 

(d) Autocorrelation histogram of this particular QD. The excitation power is 20 mW as indicated 

in (a). The number in the bracket is the background corrected value of g
(2)

(0). All measurements 

are carried out at ~4 K. 

 

The power dependence of the integrated QD emission intensity is illustrated in  

Figure 7.3 (c). The linear dependence suggests the QD emission line to originate from 

single exciton recombinations. A saturation of the intensity begins above an excitation 

power of 20 mW, while the background of the QD emission is still increasing. 
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To confirm single photon emission, photon-autocorrelation measurements employing 

the HBT setup are performed. A histogram of the relative delay (𝜏 = 𝑡2 − 𝑡1) between a 

photon detection event in one HBT arm at 𝑡1 and in the other arm at 𝑡2, is proportional to 

the second order coherence function 𝑔(2)(𝜏) (see equation 7.1). Figure 7.3 (d) displays an 

autocorrelation histogram from the single QD emission line indicated in Figure 7.3 (a), 

measured at ~4 K. The accumulation of the coincidence count histogram is carried out 

applying an excitation power of 20 mW. The appropriate excitation power is adjusted 

using the power dependence of the QD emission in Figure 7.3 (c) in order to optimize the 

count rate and signal to noise ratio. The reduction of the count rate at 𝜏 = 0 observed in 

Figure 7.3 (d) is a clear evidence for the single photon nature of the emission. 

Taking into account the data shown in Figure 7.3, the second order correlation function 

of the peak at zero time delay, 𝑔(2)(0), is calculated to be 0.25. This 𝑔(2)(0) value de-

scribes the coincidence counts (peak area) for −
𝑇

2
< 𝜏 <

𝑇

2
, normalized to the average 

counts of the surrounding peaks, where T is the repetition period of the pulsed excitation. 

The 𝑔(2)(0) value becomes 0.05 when background and detector dark counts are correct-

ed [134]. The measurement of a 𝑔(2)(0) < 0.5 clearly demonstrates the emission to orig-

inate from a single quantum state of the QD, even though the emission linewidth is rela-

tively broad [2]. The actually measured 𝑔(2)(0) value of 0.25 indicates a multi photon 

probability suppression of 25 % relative to an attenuated laser of the same power. This 

residual value of 0.25 probably originates from stray luminescence of an unetched area of 

the sample in conjunction with imperfect spatial filtering. However, the observed 𝑔(2)(0) 

of c-GaN QDs (0.25) is lower than the 𝑔(2)(0) of their hexagonal counterpart (0.42) at 

liquid helium temperature [13]. 
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7.4 Single Photon Emission at Elevated Temperatures 
 

Figure 7.4 depicts the emission spectrum (a) and the autocorrelation histogram (b) of 

another QD emitting at 3.73 eV measured at ~100 K. The excitation power is increased to 

170 mW in order to compensate the decrease in the count rate at higher temperatures. The 

measured 𝑔(2)(0) is 0.47, which might originate from stray luminescence.  

 

 

 
 

Figure 7.4: The emission spectrum (a) and the autocorrelation histogram (b) of a c-GaN QD 

emitting at 3.73 eV, measured at ~100 K. The excitation power is 170 mW.  

 

Taking into account the level of the background counts, this 𝑔(2)(0) seems to be un-

derestimated. That might be due to the low count rate and finite integration time. Fur-

thermore, an estimation of the background level is difficult, because the contribution of 

acoustic phonon sidebands, typically appearing at temperatures above ~75 K, cannot be 

appropriately evaluated (see subchapter 6.5, [109]). However, the suppression of counts 

at 𝜏 = 0 is a clear evidence for the single photon nature of the QD emission [2]. This re-

sult highlights the potential of c-GaN QDs to be employed as single photon emitters oper-

ating at high temperatures. 
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7.5 Summary 
 

In summary, single photon emission from c-GaN QDs is proven. The 𝑔(2)(0) value of 

0.25 is currently limited by background stray light, possibly generated by an unetched 

region close to the mesa sidewall. The background corrected value of 𝑔(2)(0) is 0.05. 

Significant improvement of the 𝑔(2)(0) is expected by employing a low QD density, as 

well as a small number of mesas and large areas with removed active layers. Another fea-

ture to reduce background stray light from unetched areas is the use of shadow masks 

instead of mesas. Due to weaker internal fields, the observed 𝑔(2)(0) of c-GaN QDs is 

lower than the 𝑔(2)(0) of their hexagonal counterpart at low temperatures [13]. Further-

more, single photon emission up to ~100 K is demonstrated (𝑔(2)(0) = 0.47), indicating 

the potential for high temperature single photon operations owing to the strong carrier 

confinement.  
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In the scope of this work, self-assembled c-GaN QDs are investigated and successfully 

integrated into photonic microcavities. The c-GaN QDs, created by the SK growth mode, 

are embedded in c-AlN layers by means of MBE on 3C-SiC/Si (001) substrates. The sur-

face morphology of the QDs is investigated by AFM experiments on uncapped samples. 

PL measurements of similar but capped samples are correlated to the amount of incorpo-

rated GaN. The QD density is varied over one order of magnitude from 1.5*10
10

 cm
-2

 to 

1.2*10
11

 cm
-2

 applying a deposition of 2 MLs and 3 MLs GaN, respectively. A compari-

son of the experimental results with an analytical model determines the critical layer 

thickness for the c-GaN QD formation on c-AlN to 1.95 MLs. Thus, the SK process is 

confirmed as the main QD formation mechanism. TEM investigations of overgrown QDs 

reveal individual c-GaN QDs symmetrically sandwiched between two c-AlN barriers. 

They are additionally employed to gain first insights into the structural properties of the 

epitaxial layers.  

The c-GaN QDs buried in c-AlN layers are subsequently integrated into microdisks. 

Therefore, a top down process to fabricate microresonators of c-GaN/c-AlN grown on 

3C-SiC substrate has been developed. This process is essentially based on two dry chemi-

cal etching steps and enables the production of freestanding membranes for resonator 

structures. The active layers consist of a single c-GaN QD layer sandwiched between two 

30 nm thick c-AlN barriers. Microdisks with different diameters are fabricated and inves-

tigated by µ-PL studies at low temperatures. WGMs of several microdisks are obtained 

and compared to calculated mode spectra. Simulated field distributions of WGMs assign 

particular modes within the PL spectra to the first and second radial order. An analysis of 

WGMs as a function of the microdisk diameter d indicates the mode spacing to be related 

to a 1/d dependence.  

Micro-PL experiments with various excitation powers are performed to investigate the 

lasing emission of the microdisks. Individual WGMs of 2.5 µm and 4 µm microdisks 

show a nonlinear intensity increase as a function of the optical pump power. The PL data 

are analyzed by an analytical model for microcavity lasers. The experimental results re-

veal S-shaped input-output characteristics for microcavity lasers and show good agree-

ment to the analytical model. A significant linewidth narrowing as a function of the exci-

tation power is observed for particular modes. Such observations are further indicators of 

lasing emission. WGMs of the 2.5 µm microdisk show a transition to the lasing regime at 

a threshold of ~15 kWcm
-2

. Q-factors of ~5000 are obtained at the laser threshold, indi-

cating the high structural quality of the resonators. Regarding the 4 µm microdisk, the 

lasing starts at thresholds of ~10 kWcm
-2

 and Q-factors up to ~3000 are observed.  
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To study the optical properties of individual c-GaN QDs, submicron mesas are fabri-

cated. Micro-PL studies of these isolated c-GaN QDs reveal single emission lines. The 

radiative excitonic lifetime is measured independently of the QD emission energy to be 

lower than 390 ps, confirming the cubic phase of the QDs. Since c-GaN QDs are less af-

fected by their environment, due to the absence of spontaneous polarization fields, a small 

spectral diffusion, as well as a linewidth of the QD emission as narrow as 500±50 µeV 

are observed. Temperature-dependent µ-PL experiments reveal single QD emission lines 

up to ~205 K. The single photon emission of these isolated c-GaN QDs is proven by sec-

ond order correlation functions in HBT experiments adapted to a µ-PL setup. A 𝑔(2)(0) 

of 0.25 is measured at ~4 K, but taking background stray light into account the 𝑔(2)(0) 

can be corrected to 0.05. Furthermore, the single photon emission is measured up to 

~100 K with a 𝑔(2)(0) of 0.47, giving evidence of the large potential of c-GaN QDs for 

single photon operation especially at elevated temperatures. 

These results present important properties of c-GaN QDs and show the possibility to 

incorporate quantum emitters into microcavities. Further studies on the basis of these re-

sults can be carried out to develop new building blocks for future applications in quantum 

information technology.  

 

 

Outlook 

 

The high quality of c-GaN QDs presented in this work enables further studies in order 

to gain information on fundamental properties, such as polarization-dependent emission, 

fine structure splitting and information of excitonic, as well as multi-excitonic complexes 

of individual QDs. The temperature-dependent PL studies of single c-GaN QDs reveal a 

broadening of the emission line exceeding ~75 K. To use the c-GaN QDs for room tem-

perature single photon applications, the broadening mechanism of the zero phonon line 

has to be investigated further.  

The use of shadow masks instead of mesas to reduce the number of probed QDs can 

lower interactions with surface states in close proximity to the emitters. Furthermore, 

lower QD densities are expected to contribute weaker background stray light to the PL 

spectra and may dispense with the need of QD isolations. This opens new possibilities for 

the detection of single photon emission with a low 𝑔(2)(0) up to room temperature. Tak-

ing into account the promising advantages like the large band offset and the strong exci-

ton binding energy of c-GaN QDs, a better understanding of the fundamental properties 

provides new perspectives for novel applications in quantum optics and quantum infor-

mation technology based on cubic group-III nitrides. 

HRTEM experiments can reveal the symmetry and shape of QDs with corresponding 

strain distributions. Furthermore, TEM studies on c-AlN/c-GaN QD epilayers can be used 

to understand in detail the stacking fault formation to optimize the structural quality of  

c-AlN. 



99   Summary and Outlook 

The technology for c-AlN photonic resonator fabrication can be optimized by improv-

ing the critical etching processes in order to maximize the Q-factors. An increase of the 

active gain material and therefore the photon generation inside the cavity could be 

achieved by the integration of multiple QD layers or QWs as active material in the micro-

resonators and enable to study cavity effects (e.g. lasing emission) in more detail. The 

insertion of individual c-GaN QDs in microresonators modifies their emission pattern and 

can improve the photon collection efficiency. Furthermore, the light - matter interaction 

can be enhanced and the light can be controlled at the single photon level, paving the road 

to study a wide field of QED effects inherent in group III-nitrides.  
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Photonic Crystals Based on Cubic AlN and Cubic GaN QDs 

 

In this subchapter, a brief overview of the very first results of photonic crystal struc-

tures based on c-AlN layers containing c-GaN QDs is presented. The fabrication as well 

as the optical and structural characterization of the photonic crystals is performed in the 

group of Prof. Yasuhiko Arakawa at University of Tokyo.  

Semiconductors photonic crystals often consist of quasi-periodic arrangements of air 

filled holes, introducing photonic band gaps [135]. Regarding dielectric photonic crystals 

the light is generated by an active material (e.g. QDs or QWs) inside the cavity. Such 

structures are characterized by small mode volumes and high Q-factors. The integration 

of individual QDs in controlled defects of the periodic nanostructure enables the realiza-

tion of single photon emitters and the investigation of quantum electrodynamics (QED) 

effects [136].  

A sufficient light confinement requires released active layer membranes by air gaps. 

However, structuring of group III-nitrides is a challenging issue in view of high quality 

cavities (see subchapter 5.1). Freestanding photonic crystal nanocavities based on h-AlN 

with h-GaN QDs have been successfully fabricated by photo electro chemical (PEC) etch-

ing [137] as well as by a layer transfer process [68]. The layer transfer process enables 

nitride based photonic crystal cavities exhibiting high Q-factors up to ~6900 [138]. Arse-

nide photonic crystal cavities containing InAs QDs fabricated by layer transfer technique 

even show low threshold lasing [139]. This layer transfer method is a complex and diffi-

cult multi step process, requiring lots of technological efforts (for details refer to 

Ref. [68]). In this work, the layer transfer process, developed for h-AlN grown on 6H-SiC 

substrates, has successfully been applied to samples consisting of a single layer c-GaN 

QDs symmetrically sandwiched between two 30 nm thick c-AlN barriers grown on  

3C-SiC/Si (001) substrates (similar to that in subchapter 4.2). 

After the layer transfer process electron beam lithography is performed on the back 

face of the c-AlN buffer layer to define 1D photonic crystal structures. Subsequent etch-

ing steps lead to freestanding c-AlN ladder membranes, as displayed by the SEM images 

in Figure 9.1. A closer top view in Figure 9.1 (b) of the freestanding c-AlN ladder mem-

branes reveals rectangular holes with a = 140 nm periods. The hole spacing taper towards 

the center. The ridge width is w = 2a and the edge lengths of the holes are 0.5w and 

0.24a. The dimensions of the ladder width and the aspect ratio of the holes have been 

optimized by means of FDTD simulations [138].  
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Figure 9.1: (a) SEM overview image of freestanding c-AlN 1D photonic crystal ladder wave-

guides. (b) Closer top view of the waveguide with rectangular holes period of a = 140 nm. The 

beam width is w = 2a and the edge lengths of the holes are 0.5w and 0.24a. The holes are tapered 

towards the center of the ladder. 

 

The advantage of rectangular compared to circular or hexagonal holes in the ridge is 

the additional degree of freedom to scale the cavity modes. By varying the ratio of the 

hole edge lengths the mode can be tuned with high accuracy into resonance with the emit-

ter [138]. Such 1D waveguides are easier to handle than 2D honeycombed photonic crys-

tal membranes in view of high Q modes. In 2D structures for example the Q-factors 

strongly depend on the arrangement of the holes, but in the case of a 1D ladder the  

Q-factors are mainly affected by the roughness of the sidewalls. Furthermore, the large 

refractive index contrast from c-AlN to air at the sidewalls provides a strong light con-

finement.  

 

 

1 µm
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(a)

(b)
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Figure 9.2: Three-dimensional FDTD simulations of the fundamental, first and second order 

mode in the c-AlN photonic crystal waveguide.  

 

In Figure 9.2 electric field distributions of the fundamental, first and second order 

mode in the c-AlN photonic crystal waveguides calculated by 3D FDTD simulations, are 

shown. Further details of similarly simulations can be found in Ref. [138]. 

The optical characterization is performed by a confocal µ-PL setup with a 266 nm CW 

excitation laser at ~4 K. A microscope objective with NA = 0.4 focusses the laser beam to 

a spot of ~2 µm in diameter and collects the luminescence. For spectral separation a 

2400 grooves/mm grating and for detection a nitrogen cooled CCD is used.  

Figure 9.3 (a) depicts three resonant modes within the long wavelength region from 

380 nm to 410 nm. These modes can be assigned to the fundamental, first and second 

order cavity modes, taking into account the targeted resonant modes from FDTD simula-

tions.  

 

 

Electric Field Ex

-Ex,max Ex,max



Appendix   104 

 
 

Figure 9.3: (a) PL spectrum of the cavity reveals three resonant modes at ~4 K. (b) The Q-factor 

as a function of the wavelength obtained from several cavities exhibit a maximum of 530 at 

395 nm. 

 

An overview of the measured Q-factors as a function of the resonant wavelengths of 

the modes is given in Figure 9.3 (b). The Q-factors, determined by Lorentz fits, vary from 

140 to 530 and are still quite low, as indicated by Figure 9.3 (a). Limitations of the  

Q-factors are given by scattering losses at rough sidewalls or surfaces of the waveguides. 

Additional losses can be related to absorption in the c-AlN barriers, usually providing 

higher structural disorders (e.g. point defects, inhomogeneous strain or wurtzite inclu-

sions) than their hexagonal counterparts. Further experiments have to be performed to 

investigate the origin of the cavity losses.  

In some structures a bending of the waveguide occurs, thus cutting resonant modes. 

This bending is expected to depend on a finite thickness of the ladder compared to the 

length and is induced by intrinsic strain of the active layer (see Figure 9.4). Thicker  

c-AlN layers may improve this undesirable effect.  
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Figure 9.4: Side view SEM image of a bended c-AlN waveguide ridge. 

 

The c-AlN/c-GaN photonic crystal waveguides have not yet been developed to such an 

extent as the wurtzite based h-AlN/h-GaN cavities [68]. However, the comparison be-

tween both results reveals high potential for such cubic cavities with embedded QDs tak-

ing into account the absence of spontaneous polarizations fields and its positive impact. 

 

  

2 µm
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List of Abbreviations 

 

µ-PL  Micro-Photoluminescence 

AFM  Atomic Force Microscopy 

BEP  Beam Equivalent Pressure 

BOE  Buffered Oxide Etching 

c-AlN  Cubic AlN 

CCD  Charge Coupled Device 

c-GaN  Cubic GaN 

CL  Cathodoluminescence 

CW  Continuous Wave 

DI-water  Deionized-water 

EDS  Energy-Dispersive X-ray Spectrometry 

EELS  Electron Energy-Loss Spectrometry 

EL  Electroluminescence 

FDTD  Finite-Difference Time-Domain 

FM  Frank-Van der Merwe  

FWHM  Full Width at Half Maximum 

h-AlN  Hexagonal AlN 

HBT  Hanbury Brown-Twiss 

HF  Hydrofluoric Acid 

h-GaN  Hexagonal GaN 

HRTEM  High Resolution Transmission Electron Microscopy 

HSQ  Hydrogen Silsesquioxane 

ICP  Inductively Coupled Plasma 

KOH  Potassium Hydroxide 

LD  Laser Diode 

LED  Light Emitting diode 

MBE  Molecular Beam Epitaxy 

ML  Monolayer 

MOCVD  Metal Organic Chemical Vapor Deposition 

NA  Numerical Aperture 

PAMBE  Plasma Assisted Molecular Beam Epitaxy 

PEC  Photo Electro Chemical 

PECVD  Plasma Enhanced Chemical Vapor Deposition 

PL  Photoluminescence 

PMT  Photon Multiplier Tube 

QCSE  Quantum Confined Stark Effect 

QD  Quantum Dot 

QED  Quantum Electrodynamics 
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Q-factor  Quality-factor 

Qubit  Quantum Bit 

QW  Quantum Well  

RF  Radio Frequency 

RHEED  Reflection High Energy Electron Diffraction 

RIE  Reactive Ion Etching 

SEM  Scanning Electron Microscopy 

SK  Stranski-Krastanov 

STEM  Scanning Transmission Electron Microscopy 

TAC  Time to Amplitude Converter 

TE  Transverse Electric 

TEM  Transmission Electron Microscopy 

TM  Transverse Magnetic 

UHV  Ultra-High Vacuum 

UV  Ultra Violet 

VCSEL  Vertical Cavity Surface Emitting Lasers 

VW   Volmer Weber  

WGM  Whispering Gallery Mode 
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Parameters of cubic group-III nitrides 

 

The following table summarizes parameters for c-GaN and c-AlN for this work.  

 

 

Parameters c-GaN c-AlN 

Lattice constant 𝑎 4.50 Å [15] 4.37 Å [17] 

Bandgap energy 𝐸g (300 K) 3.23 eV (direct) [16] 
5.3 eV (indirect) [18] 

5.93 eV (direct) [18] 

Dielectric constant 𝜀1 (3.6 eV; 300 K) 7 [94] 4.8 [18] 

Dielectric constant 𝜀2 (3.6 eV; 300 K) 1.4 [94] -- 

Γ effective mass 𝑚e/𝑚0 0.13 [140] 0.19 [141] 

X effective mass 𝑚e/𝑚0 0.5 [142] 0.53 [142] 

Effective mass 𝑚hh/𝑚0 0.8 [140] 1.2 [141] 

Effective mass 𝑚lh/𝑚0 0.18 [140] 0.33 [141] 

Atom density 4.3×10
22

 cm
-3

 [143] 4.79×10
22

 cm
-3

 [143] 

Density 6.09 g/cm
3
 [143] 3.26 g/cm

3
 [143] 
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List of Samples 

 

Sample number Substrate Layer sequence Date of growth 

2181 NOVASiC 10-01 25nm AlN; SK QDs uncapped 04.10.2011 

2182 NOVASiC 10-01 25nm AlN; DE QDs uncapped 05.10.2011 

2183 NOVASiC 10-01 25nm AlN; DE QDs uncapped 05.10.2011 

2184 NOVASiC 10-01 25nm AlN; DE QDs uncapped 06.10.2011 

2185 NOVASiC 10-01 25nm AlN; DE QDs uncapped 06.10.2011 

2186 NOVASiC 10-01 25nm AlN; DE QDs uncapped 07.10.2011 

2187 NOVASiC 10-01 25nm AlN; SK QDs uncapped 11.10.2011 

2188 NOVASiC 10-01 25nm AlN; SK QDs; 25 nm AlN 11.10.2011 

2189 NOVASiC 10-01 25nm AlN; SK QDs; 25 nm AlN 12.10.2011 

2190 NOVASiC 10-01 25nm AlN; SK QDs uncapped 17.10.2011 

2191 NOVASiC 10-01 25nm AlN; DE QDs uncapped 18.10.2011 

2192 NOVASiC 10-01 25nm AlN; DE QDs uncapped 18.10.2011 

2193 NOVASiC 10-01 25nm AlN; DE QDs uncapped 19.10.2011 

2194 NOVASiC 10-01 25nm AlN; DE QDs uncapped 19.10.2011 

2195 NOVASiC 10-01 25nm AlN; DE QDs uncapped 20.10.2011 

2196 NOVASiC 10-01 25nm AlN; DE QDs uncapped 24.10.2011 

2197 NOVASiC 10-01 25nm AlN 24.10.2011 

2198 NOVASiC 10-01 25nm AlN 25.10.2011 

2199 NOVASiC 10-01 25nm AlN 26.10.2011 

2200 NOVASiC 10-01 25nm AlN; DE QDs uncapped 26.10.2011 

2201 NOVASiC 10-01 760 nm GaN 03.11.2011 

2202 NOVASiC 10-01 670 nm GaN 07.11.2011 

2226 NOVASiC 10-05 25nm AlN; DE QDs uncapped 08.12.2011 

2227 NOVASiC 10-05 25nm AlN; DE QDs; 25nm AlN 08.12.2011 

2228 NOVASiC 10-05 25nm AlN; DE QDs; 25nm AlN 09.12.2011 

2229 NOVASiC 10-05 25nm AlN; DE QDs uncapped 12.12.2011 

2230 NOVASiC 10-05 25nm AlN; SK QDs; 25nm AlN 13.12.2011 

2231 NOVASiC 10-05 25nm AlN; DE QDs; 25nm AlN 13.12.2011 

2232 NOVASiC 10-05 30nm AlN; DE QDs; 30nm AlN 14.12.2011 

2233 NOVASiC 10-05 30nm AlN; DE QDs; 30nm AlN 15.12.2011 

2234 NOVASiC 10-05 30nm AlN; SK QDs; 30nm AlN 10.01.2012 

2235 NOVASiC 10-05 30nm AlN; SK QDs; 30nm AlN 10.01.2012 

2236 NOVASiC 10-05 100nm AlN 11.01.2012 

2237 NOVASiC 10-05 30nm AlN; SK QDs; 30nm AlN 12.01.2012 

2238 NOVASiC 10-05 30nm AlN; SK QDs; 30nm AlN 12.01.2012 

2239 NOVASiC 10-05 30nm AlN; SK QDs; 30nm AlN 13.01.2012 

2240 NOVASiC 10-05 30nm AlN; SK QDs; 30nm AlN 24.01.2012 

2241 NOVASiC 10-05 30nm AlN; SK QDs; 30nm AlN 24.01.2012 

2242 NOVASiC 10-05 100nm AlN 25.01.2012 
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2243 NOVASiC 10-05 100nm AlN 26.01.2012 

2244 NOVASiC 10-05 100nm AlN 26.01.2012 

2245 NOVASiC 10-05 30nm AlN; SK QDs; 30nm AlN 27.01.2012 

2246 NOVASiC 10-05 30nm AlN; SK QDs; 30nm AlN 30.01.2012 

2277 NOVASiC 10-05 540 nm GaN 03.04.2012 

2278 NOVASiC 10-05 530 nm GaN 04.04.2012 

2279 NOVASiC 10-05 520 nm GaN 05.04.2012 

2299 NOVASiC 10-05 30nm AlN; SK QDs uncapped 09.10.2012 

2300 NOVASiC 10-05 30nm AlN 09.10.2012 

2301 NOVASiC 10-05 30nm AlN 10.10.2012 

2302 NOVASiC 10-05 30nm AlN 10.10.2012 

2303 NOVASiC 10-05 reference 11.10.2012 

2304 NOVASiC 10-05 reference 16.10.2012 

2305 NOVASiC 10-05 25nm AlN; SK QDs; 25nm AlN 16.10.2012 

2306 NOVASiC 10-05 25nm AlN; SK QDs; 25nm AlN 16.10.2012 

2307 NOVASiC 10-05 25nm AlN; SK QDs; 25nm AlN 17.10.2012 

2308 NOVASiC 10-05 reference 17.10.2012 

2309 NOVASiC 10-05 25nm AlN; SK QDs; 25nm AlN 17.10.2012 

2310 NOVASiC 10-05 reference 18.10.2012 

2311 NOVASiC 10-05 reference 19.10.2012 

2312 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 22.10.2012 

2313 NOVASiC C0187 reference 23.10.2012 

2314 NOVASiC C0187 30nm AlN 23.10.2012 

2315 NOVASiC C0187 reference 24.10.2012 

2316 NOVASiC C0187 reference 25.10.2012 

2317 Hoya SHH17AB reference 25.10.2012 

2318 NOVASiC C0187 reference 25.10.2012 

2319 NOVASiC C0187 25nm AlN 29.10.2012 

2320 NOVASiC C0187 reference 30.10.2012 

2321 NOVASiC C0187 reference 31.10.2012 

2322 NOVASiC C0187 reference 07.11.2012 

2323 NOVASiC C0187 reference 07.11.2012 

2324 NOVASiC C0187 reference 07.11.2012 

2325 NOVASiC C0187 25nm AlN 07.11.2012 

2326 NOVASiC C0187 30nm AlN 07.11.2012 

2327 NOVASiC C0187 60nm AlN 08.11.2012 

2328 NOVASiC C0187 25nm AlN; SK QDs; 25nm AlN 12.11.2012 

2329 NOVASiC C0187 25nm AlN; SK QDs; 25nm AlN 12.11.2012 

2330 NOVASiC C0187 30nm AlN 12.11.2012 

2331 NOVASiC C0187 25nm AlN; SK QDs; 20nm AlN 13.11.2012 

2332 NOVASiC C0187 25nm AlN 13.11.2012 

2333 NOVASiC C0187 30nm Al0.8Ga0.2N; SK QDs; 30nm Al0.8Ga0.2N 14.11.2012 

2334 NOVASiC C0187 reference 22.11.2012 
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2335 NOVASiC C0187 reference 23.11.2012 

2336 NOVASiC C0187 30nm Al0.8Ga0.2N; SK QDs; 30nm Al0.8Ga0.2N 26.11.2012 

2337 NOVASiC C0187 25nm Al0.8Ga0.2N; SK QDs; 25nm Al0.8Ga0.2N 26.11.2012 

2338 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 29.11.2012 

2339 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 06.12.2012 

2340 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 06.12.2012 

2341 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 07.12.2012 

2342 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 07.12.2012 

2343 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 08.12.2012 

2344 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 08.12.2012 

2390 NOVASiC C0187 30nm Al0.8Ga0.2N; SK QDs; 30nm Al0.8Ga0.2N 19.06.2013 

2391 NOVASiC C0187 30nm Al0.6Ga0.4N; SK QDs; 30nm Al0.6Ga0.4N 20.06.2013 

2392 NOVASiC C0187 30nm Al0.6Ga0.4N; SK QDs; 30nm Al0.6Ga0.4N 24.06.2013 

2393 NOVASiC C0187 30nm Al0.57Ga0.43N; SK QDs; 30nm Al0.57Ga0.43N 25.06.2013 

2394 NOVASiC C0187 30nm Al0.55Ga0.45N; SK QDs; 30nm Al0.55Ga0.45N 26.06.2013 

2395 NOVASiC C0187 50nm AlN; SK QDs; 50nm AlN 04.09.2013 

2396 NOVASiC C0187 50nm AlN; SK QDs; 50nm AlN 05.09.2013 

2397 NOVASiC C0187 30nm AlN; SK QDs; 3nm AlN 05.09.2013 

2398 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 09.09.2013 

2399 NOVASiC C0187 30nm AlN; SK QDs uncapped 09.09.2013 

2400 NOVASiC C0187 30nm AlN; SK QDs uncapped 10.09.2013 

2401 NOVASiC C0187 30nm AlN 10.09.2013 

2402 NOVASiC C0187 30nm AlN; SK QDs uncapped 11.09.2013 

2403 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 17.09.2013 

2404 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 17.09.2013 

2405 NOVASiC C0187 30nm AlN; SK QDs uncapped 17.09.2013 

2406 NOVASiC C0187 30nm AlN; SK QDs uncapped 18.09.2013 

2407 NOVASiC C0187 30nm AlN; SK QDs uncapped 18.09.2013 

2408 NOVASiC C0187 30nm AlN; SK QDs uncapped 20.09.2013 

2409 NOVASiC C0187 30nm AlN; SK QDs uncapped 24.09.2013 

2410 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 24.09.2013 

2411 NOVASiC C0187 30nm AlN; SK QDs; 30nm AlN 24.10.2013 

2412 NOVASiC C0187 30nm AlN; SK QDs uncapped 24.10.2013 

2413 NOVASiC C0056 30nm AlN; SK QDs; 30nm AlN 24.10.2013 

2414 NOVASiC C0056 30nm AlN; SK QDs; 30nm AlN 28.10.2013 

2415 NOVASiC C0056 30nm AlN; SK QDs; 30nm AlN 28.10.2013 

2416 NOVASiC C0056 30nm AlN; SK QDs; 30nm AlN 29.10.2013 

2417 NOVASiC C0056 30nm AlN; SK QDs; 30nm AlN 29.10.2013 

2434 NOVASiC C0056 50nm AlN; SK QDs; 50nm AlN 15.04.2014 
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