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Abstract 

This thesis investigates novel concepts for the realization of vertical cavity surface emitting 

lasers (VCSEL) for the blue spectral range. Among them are the p-doping scheme at the p++-

contact layer for low contact resistance, different lithographic processing strategies for 

homogeneous current injection as well as GaN tunnel junctions. Further, conducting 

AlInN/GaN Bragg mirrors were developed for application in vertical cavity devices. Parameters 

were first optimized in conventional LED structures with and without additional GaN:Ge tunnel 

junction layers to be then applied in VCSEL structures. For p-type doping in MOVPE, 

improved conditions were determined for contact formation to p-GaN layers and for tunneling 

contacts. The best scheme as applied to LEDs had to be modified for VCSEL structures with 

GaN tunnel junctions in order to allow an efficient acceptor activation and to avoid surface 

roughening.  

GaN tunnel junctions were also compared to an established ITO-layer as a current spreading 

layer on top of p-doped GaN:Mg. ITO layers absorb significantly more light than the GaN based 

tunnel junction. For p-side current injection, current confinement schemes based on a lateral 

injection, overgrown TJ structures and selectively deposited ITO layers were compared. In 

these approaches, the spontaneous light emission intensity increased up to 10 times for TJ-GaN 

VCSEL structures as compared to a reference ITO-VCSEL. Injection current densities of up to 

30 kA/cm2 were demonstrated even with tunnel junctions at moderate bias. Yet, lasing could 

not be achieved but the relevant issues are addressed in this work. Besides further improvements 

on current injection by better acceptor activation techniques, an improved interface quality of 

the dielectric DBR forming the upper mirror is required. Moreover, the reproducibility of the 

InGaN/GaN active region must be revised in order to maximize the internal quantum efficiency.   

A concept of conducting Bragg mirrors was investigated in order to enable electron injection 

into the active region through the epitaxial mirror which is expected to homogenize current 

distribution across the active region. Highly conductive and reflective AlInN/GaN DBRs with 

ohmic current-voltage characteristic, a vertical specific resistance of 5x10-4 Ωcm2 and a 

maximum reflectivity of 99 % were demonstrated. While heavy Ge-doping within the GaN 

layers is helpful to reduce vertical resistance of the DBRs, structural degradation of the AlInN 

layers by such heavy doping leads to significantly reduced mirror quality.   
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Kurzfassung 

Diese Arbeit untersucht neuartige Konzepte zur Realisierung von oberflächenemittierenden 

Laserdioden (VCSEL) für den blauen Spektralbereich. Dazu zählen die Dotierung der p++-

Kontaktschicht für die Realisierung eines geringen Kontaktwiderstands, verschiedene Ansätze 

zur lithographischen Prozessierung für eine homogene Strominjektion sowie die 

Implementierung von GaN-basierten Tunnelübergängen. Außerdem wurden elektrisch leitende 

AlInN/GaN-Bragg Spiegel entwickelt, die in vertikalen Resonatorbauelementen angewendet 

werden können. Zunächst wurden die Parameter in konventionellen LED-Strukturen mit und 

ohne zusätzliche GaN:Ge-Tunnelübergangsschichten optimiert, bevor diese dann bei der 

Herstellung von VCSEL-Strukturen verwendet wurden. Bei der p-Dotierung wurden 

verbesserte Bedingungen für die Erzeugung von niederohmigen Metallkontakten zur p-GaN-

Schicht und für Tunnelkontakte ermittelt. Der beste Ansatz, der für LED angewendet werden 

konnte, musste für VCSEL-Strukturen mit GaN-Tunnelübergängen modifiziert werden, um 

eine effiziente Akzeptoraktivierung zu ermöglichen und eine Oberflächenaufrauhung zu 

vermeiden.  

GaN-Tunnelübergänge wurden auch mit einer etablierten ITO-Schicht als 

Stromverteilungsschicht auf p-dotiertem GaN:Mg verglichen. ITO-Schichten absorbieren dabei 

deutlich mehr Licht als der GaN-basierte Tunnelübergang. Auf der p-dotieren Seite wurde ein 

Ansatz zur Erzeugung einer Stromapertur basierend auf einer lateralen Strominjektion mit 

anderen Ansätzen wie überwachsenen Tunnelübergangs-Strukturen sowie selektiv 

abgeschiedenen ITO-Schichten verglichen. Bei diesen Ansätzen erhöhte sich die spontane 

Lichtemissionsintensität für GaN-VCSEL-Strukturen mit Tunnelübergang im Vergleich zu 

einer Referenz-ITO-VCSEL-Struktur um das 10-fache. Injektionsstromdichten von bis zu 30 

kA/cm2 wurden sogar mit Tunnelübergängen bei moderaten Betriebsspannungen erzielt. 

Lasertätigkeit konnte bisher nicht beobachtet werden, aber die relevanten Fragenstellungen und 

verbleibenden Probleme werden in dieser Arbeit diskutiert. Neben weiteren Verbesserungen 

der Strominjektion durch bessere Aktivierung der Akzeptoren, ist eine verbesserte 

Grenzflächenqualität des dielektrischen DBR erforderlich, welcher als oberer Spiegel fungiert. 

Darüber hinaus muss die Reproduzierbarkeit der aktiven InGaN/GaN-Region verbessert 

werden, um die interne Quanteneffizienz zu maximieren. 

Es wurde ein Konzept zur Realisierung von elektrisch leitenden Bragg-Spiegeln untersucht, um 

eine Strominjektion in den aktiven Bereich durch den epitaktischen Spiegel zu ermöglichen. 
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Dies lässt eine homogenere Stromverteilung über den aktiven Bereich erwarten. Demonstriert 

wurden hochleitfähige und reflektierende AlInN/GaN-DBRs mit ohmscher Strom-Spannungs-

Kennlinie, einem vertikalen spezifischen Widerstand von 5x10-4 Ωcm2 und einer maximalen 

Reflektivität von 99 %. Während eine hohe Ge-Dotierung innerhalb der GaN-Schichten 

hilfreich ist, um den vertikalen Widerstand der DBRs zu reduzieren, kann diese zur 

strukturellen Degradation der AlInN-Schichten und damit zu einer deutlich reduzierten 

Spiegelqualität führen.   
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Chapter 1 Introduction 

1.1 Overview of GaN-based VCSELs 

Electrically pumped vertical cavity surface emitting lasers (VCSELs) are a class of 

semiconductor-based lasers that convert electrical energy into a light beam that is emitted 

vertically from the manufactured wafer surface. A VCSEL has a resonant cavity with its optical 

axis perpendicular to the wafer surface consisting of a bottom and an upper highly reflective 

distributed Bragg reflector (DBR). The prime features of GaN-based VCSELs include circular 

beam profile, small size, 2-D array scalability, low power consumption and low-price 

manufacturing [1, 2]. 

The direct bandgap energy of wurtzite GaN and its alloys (commonly InGaN, AlInN and 

AlGaN) varies widely from 0.7 to 6.2 eV depending on the alloy composition, which allows 

emission covering wavelengths from UV to the near infrared region. Therefore, GaN-based 

VCSELs can pave the way to compact full color light sources and new technologies for optical 

storage, high resolution printing, bio-medical sensors, projection devices, and special 

applications in e.g. of headlights of vehicles [3-5]. Despite the unique applications of GaN-

based VCSELs and the progress on device production, it is still very challenging for researchers 

and companies to fabricate devices with a process stable enough for mass production. One of 

many challenges of GaN-based VCSEL production is the realization of highly reflective DBR 

mirrors. Usually III-nitride DBRs suffer from intrinsic lattice-mismatch issues. Yet, lattice-

matched (LM) AlInN has been proven a well-suited material to realize, for example, strain-free 

AlInN/GaN distributed Bragg reflectors (DBRs) [6-9]. Nevertheless, low efficiency light output 

of GaN VCSELs leads to low device performance and prevents some device applications [10, 

11]. Therefore, researchers and companies are interested in the fabrication of GaN-based 

VCSELs using different approaches to increase the device performance. 

1.2 Challenges of electrically pumped GaN-based VCSELs 

The low performance and challenging fabrication of GaN-VCSELs are mainly caused by an 

inefficient current injection into the active region due to non-conducting nitride-based DBRs 

used and absorption loss issues [12]. By realization of conductive n-type AlInN/GaN DBRs, it 

would be possible to inject current through the DBR for VCSEL operation [13]. However, the 
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conductivity of n-type nitride-based DBRs requires a complex growth process and the 

achievable conductivity is still too low. Therefore, in most cases, researchers used intra-cavity 

contacts for current injection [13, 14]. Si has been recently applied to n-type doping of Al(In, 

Ga)N/GaN DBRs. But both Si-doped graded DBRs [12, 15] as well as Si-doping modulation at 

the interface of AlInN/GaN layers [13] require a complex growth process and the reported 

achieved resistances are still relatively high. Higher Si-doping concentrations could be 

necessary for sufficient cancellation of polarization effect between DBR layers, but such high 

Si-doping can lead to severe optical and structural degradation of DBR layers [16]. Recently, 

excellent conductivity of AlInN:Ge/GaN:Ge heterostructures better than for AlInN:Si/AlInN:Si 

structures has been reported [17]. Despite the Ge memory effect and the challenges of LM 

AlInN growth that put limits on the MOVPE growth of highly reflective Ge-doped DBR 

structures, this thesis demonstrates that Ge-doped AlInN/GaN DBRs with high conductivity 

and high reflectivity can be achieved by adjusting Ge-doping in AlInN layers [18].  

The other problem that lowers the efficiency of current injection of GaN-based VCSELs grown 

by metalorganic vapor phase epitaxy (MOVPE) is the low lateral hole mobility in p-GaN layers. 

It is known that high p-doping GaN levels, [Mg] well above 3x1020cm-3 corresponding to carrier 

concentration around 1x1018 cm-3, may cause the formation of inversion domains, pyramidal 

defects, and nitrogen vacancies leading to self-compensation effects and reduce the free hole 

concentrations [19, 20]. In addition, the low hole mobility in p-GaN materials hinders current 

spreading as necessary for lateral current distribution. Indium-tin-oxide (ITO) transparent 

conducting contact layers or semi-transparent metal contact layers, for example oxidized Ni/Au 

layers, are usually employed on top of the GaN:Mg layer to enable current distribution across 

the intended junction area of LEDs and VCSELs. But additional ITO layers or thin film 

oxidized Ni/Au layers limit the performance of blue VCSELs since an embedded optical 

absorbing layer inside of the cavity dramatically increases the threshold current, possibly 

inhibiting lasing action [4, 21]. To alleviate these absorption loss issues, an employment of 

tunnel junction layers on top of GaN:Mg layers that replaces the oxidized Ni/Au layers, has 

revealed a better lateral current spreading and an improved emission intensity [1, 4].  

1.3 Overview of thesis work 

The GaN-based VCSEL structures were grown by MOVPE. A hybrid VCSEL on sapphire 

substrates design was chosen, which is characterized by a single growth process of an epitaxial 

bottom DBR and a cavity region that contains the optically active layers. By optical lithography 
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small-sized diodes with diameters below 10 µm were processed. A dielectric upper DBR mirror 

was deposited in the final processing step. Each component of the VCSEL structure was studied 

and optimized to enable a sufficiently high gain and to observe eventually stimulated emission 

in the final device.   

This PhD work aimed at developing an electrically pumped GaN-based VCSEL in the near UV-

blue spectral range with improved operation characteristics by employing a GaN:Mg/GaN:Ge 

tunnel junction on top of the p-doped region. In contrast to conventionally used oxidized Ni/Au 

and ITO tunnel junction on top of p-GaN as current spreading layers [4, 21], the 

GaN:Mg/GaN:Ge tunnel-junction characteristics allow a superior current spreading, lower laser 

threshold due to lower light absorption and therefore higher optical output power. In this study, 

also the Mg-doping in tunnel junctions and for contact formation was studied to improve current 

injection. To achieve an efficient forward current transport across tunnel junctions, heavily Mg 

doped p-type GaN (p++) and heavily Ge-doped n-type GaN (n++) layers were studied using 

various doping levels and film thicknesses. The p-type GaN activation and surface 

pretreatments prior to metal contact deposition were optimized using simple structures of 

conventional LEDs and tunnel junction LEDs (TJ-LEDs) for later deployment in TJ-VCSELs. 

Different current aperture designs were investigated to enhance the carrier injection efficiency. 

The upper dielectric DBR mirrors were analyzed for their spectral characteristic and interface 

quality. In addition, the n-type doping AlInN/GaN DBRs was studied to enable extra-cavity 

contacts, which would allow for a shorter cavity length and should reduce threshold current.    

The thesis work is organized in 7 chapters as follows.  

After this introduction, chapter 2 reviews the principles for light emission of LEDs and VCSELs 

in the near UV and blue spectral region using group III-nitrides and their alloys. The stimulated 

emission process in the VCSEL, the full design of GaN-based VCSEL with quantum confined 

structures, the basics of Bragg reflectors as well as electrical injection issues connect with p- 

and n-type doping of GaN, and with GaN:Mg/GaN:Ge tunnel junction structures are discussed.  

The employed experimental procedures and material characterization methods are presented in 

chapter 3.  

Chapter 4 describes the processing steps using standard optical lithography and the investigated 

current confinement approaches for intra-cavity contacts in GaN VCSEL structures. 
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In chapter 5, optical and electrical results are compared for conventional and tunnel junction 

LEDs and half-cavity VCSEL structures. Results on full VCSEL structures including a 

dielectric top DBR are also presented in this chapter.  

The results of n-type doping of AlInN/GaN DBRs to achieve both high reflectivity and low 

resistivity are given in chapter 6.  

The last chapter contains a summary and suggestions for future work.  
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Chapter 2 Basic operation principles of GaN-based VCSELs 

2.1 Emission characteristics in LEDs and VCSELs 

There is a variety of optoelectronic semiconductor devices that convert electrical energy into 

optical radiation, namely, light emitting diodes (LEDs) and several types of semiconductor 

lasers including edge emitting lasers (EELs) and vertical cavity surface emitting lasers 

(VCSELs). A schematic comparison of the emission characteristics of LEDs, EELs and 

VCSELs is shown in Fig. 2.1. An LED consists of a semiconductor p-n junction that under 

proper forward-biased conditions can emit spontaneous radiation with large divergence angles 

as indicated by the large spherical spot. LEDs have a large field of applications such as general 

lighting, displays, visible light communication or as light source for optical-fiber 

communication systems [22].  

 

Fig. 2.1 A schematic comparison of conventional emission structures for VCSEL, LED and EEL 

(image adapted from [23]). 

In contrast to LED, EEL and VCSEL operate by stimulated emission of light. The conventional 

EELs (bottom image) are different to VCSELs (top image) by emitting via the end-facets of 

planar waveguide guiding light parallel to the active layer while VCSELs are emitting 

perpendicularly to the plane of the active region which is enclosed in a cavity delimited by 



6 
 

mirrors. Consequently, other parameters like effective length of the gain medium, threshold 

current, and optical losses are different for VCSELs as compared to EELs. While the two facets 

of an EEL are broadband reflecting mirrors, the mirrors of a VCSEL usually formed by 

distributed Bragg reflectors (DBRs) provide high-reflectivity feedback within a narrow spectral 

region only. Laser is the acronym for “light amplification by stimulated emission of radiation”. 

A basic condition for laser amplification is “population inversion” between two energy states 

and stimulated transitions between the states yielding optical gain. An optical gain material of 

a laser diode is typically a multilayer heterostructure embedded in a p-n junction diode. Light 

produced by a spontaneous emission process is incoherent (random in space and time), which 

is the dominant mechanism in LEDs. Contrarily, stimulated emission by light amplification is 

coherent and is the main condition for lasing of VCSELs. If a free electron occupies a lower 

energy level within the conduction band and a hole state (or empty state) is available in the 

valence band, their recombination can be stimulated by an incident photon with a wavelength 

λ matching the electron-hole energy difference, yielding a second photon through electron-hole 

recombination. The two photons have the same wavelength and phase, resulting in a coherent 

laser output, which is the concept of “stimulated emission by light amplification”.  

The wavelength λ of the stimulated emission is determined by the bandgap energy of the active 

material (eq. 2.1), i.e., the energy-difference of the lowest conduction band state and the highest 

valence band state [22].  

hc

λ
= ECB − EVB = Eg                                                                                                               (2.1) 

where c is the speed of light in vacuum, h is Planck’s constant, ECB and EVB are conduction 

band energy and valance band energy respectively.  

The condition for population inversion in a semiconductor laser is derived from the assumption 

of thermal equilibrium conditions and three optical transition processes (absorption, 

spontaneous emission, and stimulated emission) [22, 24]. Thus, the condition for inversion 

population (eq. 2.2) is that the ratio of stimulated emission rate (Rst) and absorption (Rabs) must 

be larger than unity.  

Rst

Rabs
= exp [

(ΔEf − Eg)

kBT
]  > 1                                                                                                         (2.2) 
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where ΔEf = Efe − Efh is the difference of quasi-Fermi levels for electrons in the conduction 

band (Efe) and for holes in the valence band (Efh). Hereby, kB denotes the Boltzmann constant 

and T represents the absolute temperature. Equation 2.2 establishes the necessary condition for 

lasing, with a quasi-Fermi level separation larger than the bandgap energy (Eg):  

Efe − Efh >
hc

λ
> Eg                                                                                                                (2.3) 

Since the quasi-Fermi levels are depending on carrier density and temperature which are 

controlled by carrier injection, the relation in equation 2.3 is much depending on the gain 

material properties and the junction media (layer structure, doping concentrations of the p-n 

junction, bandgap, refractive index variations, etc.). Therefore, the condition for population 

inversion is necessary but it does not equal the condition of lasing which is only possible when 

the net gain exceeds losses. For an electrically pumped GaN-VCSEL, a bias voltage that is large 

enough to inject enough electrons and holes into the respective bands is required in order to 

satisfy the condition for population inversion while highly reflective and absorption-less Bragg 

mirrors are required to provide the necessary optical feedback for stimulated emission.   

2.2 Full cavity design for GaN based TJ-VCSEL 

2.2.1 Multi-quantum-well design and quantum-confined structures 

Multiple InGaN/GaN quantum wells are usually employed as active region for GaN-based 

lasers to allow for fine-tuning of the emission wavelength across the visible spectral range. The 

intensity of the luminescence peak in quantum wells (QWs) is defined as a product of radiative 

lifetime and the number of emitters. While the radiative lifetime is related to electron-hole 

overlap, the number of emitters is proportional to the thickness but may be influenced by carrier 

diffusion across the pn-junction as well.  

For the design of GaN-based LEDs or VCSELs working in the near UV and blue spectral 

region, the indium content and thickness of the InGaN quantum wells have to be adjusted. In 

this work, the indium content in the InGaN optical gain material, except otherwise noted, is 

tuned to about 18 % for light emission in the blue spectral region. This indium concentration 

ensures carrier confinement between InGaN/GaN with an energy bandgap offset between these 

layers of about 0.6-0.7 eV. The strain-free In0.18Ga0.82N bandgap energy calculated by Pereira 

et al. [25] is around 2.75 eV corresponding to the minimum turn-on voltage for forward current 



8 
 

within an ideal InGaN-based LED or VCSEL. Detailed properties of InGaN/GaN multiple 

quantum well (MQW) structures can be found for example in [26, 27]. Fig. 2.2a shows a 

schematic energy band diagram of a 3-fold In0.18Ga0.82N/GaN MQW structure on c-sapphire 

without and with piezoelectric field. The InGaN layer, with relatively high indium 

concentration, on top of GaN experiences a compressive strain resulting in a strong 

piezoelectric field from [0001̅] to [0001] crystal growth direction, which results in a band 

bending of both conduction and valence bands and a reduction of the electron and hole wave 

function (Ψ) overlap (Fig. 2.2b). This band bending effect is known as quantum confined stark 

effect (QCSE) as response of the confined electron and hole states in the QWs to a built-in 

piezoelectric field (Pz) and leads to a red-shift of the emission. Furthermore, due to the indium 

compositional fluctuations in InGaN/GaN quantum wells, substantial inhomogeneous 

broadening occurs [28]. QCSE, slow heat dissipation, defects, and electron leakage from the 

MQW contribute to non-radiative recombination [26]. Besides these issues which maybe partly 

addressed by material improvement during growth, a well-designed cavity is very important to 

achieve lasing operation of VCSEL structure. However, the quality of VCSEL processing, i.e., 

surface damage, can also have an impact on non-radiative recombination and electron leakage, 

consequently reducing the net VCSEL performance.  

 

Fig. 2.2 a) Schematic energy band diagram of a 3-fold In0.18Ga0.82N/GaN MQW structure in 

[0001] growth direction without piezoelectric field b) Band diagram of a quantum well 

including the built-in piezoelectric field. 

Generated photons have to be confined inside the optical cavity of a VCSEL to provide the 

necessary optical feedback for stimulated emission radiation. That way photons pass several 

times through the active region stimulating secondary photons before leaving the laser cavity. 

Constructively added amplitudes of all photons inside the cavity built up the total light intensity 
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propagating out of the laser cavity. Mirror defining the cavity ends lead to resonant cavity 

modes permitting only standing waves. Optical cavities are described by a Fabry-Perot 

resonator satisfying the condition for constructive interference through [22, 24]: 

L = (
λ0

2n
) m                                                                                                                                   (2.4) 

where L is the geometrical cavity length (effective distance between two mirrors), λ0 is the 

resonant wavelength, n represents the reflective index of the cavity material, and m is an integer 

number. The shortest cavity length allows for fundamental longitudinal mode (m=1) operation 

only. As L increases more modes become possible for a given laser. The realization of 

electrically pumped short cavity GaN-based VCSELs is still difficult because of the 

requirement for intra-cavity electrical contacts and current spreading which results in a cavity 

length of multiples of λ0. In addition, due to the finite penetration depth of the optical mode 

into the epitaxial DBR it is also difficult to achieve single mode lasing with extra-cavity 

contacts. The free spectral range or optical mode spacing δλ is defined as 

δλ =
λ0

2

2ncLc
                                                                                                                    (2.5)            

where λ0 is the wavelength, nc and Lc are the effective refractive index and length for the given 

mode, respectively. In a semiconductor laser, the optical gain per unit length is a material 

parameter describing stimulated emission [24, 29]. The optical gain (g) due to stimulated 

emission is offset by the optical losses(αint) due to internal absorption and scattering process. 

Lasing can be achieved only when the gain inside the cavity is greater than a threshold gain gth 

compensating all optical losses. Therefore, a minimum pump energy into the gain region is 

required to saturate the optical losses and to enable amplification along the beam direction (z-

direction) as:   

E(z) ∝ exp[(g − αint)z].                                                                                                              (2.6)        

Considering a complete round trip and no other optical losses other than internal cavity and 

mirror losses, with power reflectances R1 and R2 of the mirrors, the threshold gain (gth) is given 

by 

Γgth = αint +
1

2L
ln (

1

R1R2
)                                                                                                                (2.7) 
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The term 
1

2L
ln (

1

R1R2
) = αm represents the optical mirror loss, while Γ is the confinement factor 

of the optical field in the active layer. Maximum Γ is achieved when the quantum well region 

overlaps with the antinode of the optical field. To reach lasing in VCSELs, the optical field 

must experience gain through many roundtrips and minimum outcoupling loss. For this to 

happen, the mirrors must exhibit very high reflectivites (>99%) [30], which are usually realized 

with distributed Bragg reflectors (DBRs). The optical gain of a laser has a linear dependence 

on injected current. At low current there is only spontaneous emission until population inversion 

is reached. By further increasing the current, optical gain is generated which increases until the 

threshold for lasing is reached. The lasing begins when the injected current is greater than the 

threshold current, Jth, defined as:  

Jth =
J0d

ηin
(1 +

gth

g0
)  

       =
J0d

ηin
{1 +

1

g0Γ
[αint +

1

2L
ln (

1

R1R2
)]}                                                                                           (2.8)              

where g0 is the optical gain of material at injected current density J0, d denotes the active layer 

thickness, and ηin is the internal quantum efficient. Other parameters have their usual meaning.  

Therefore, any lasing device is fundamentally characterized by the threshold current density. 

Low Jth values require an optimization of parameters such as ηin, L, Γ, R1, R2, and αint.  

2.2.2 Distributed Bragg reflectors  

A distributed Bragg reflector (DBR) consists of a periodic modulation of the index of refraction 

usually formed by two different materials with layer thicknesses equal to a quarter of the 

wavelength in the material. At each interface of a DBR, incident light from the first index 

material is partially reflected and the other part of light is transmitted in the second material. 

The resulting phase-change Δφ due to light propagation along geometric distance d of light 

with wavelength λ through a non-absorbing layer with refractive index n is given by:  

Δφ =
2π

λ
nd                                                                                                                                              (2.9) 

where the product (𝑛𝑑) is called the optical thickness of the layer. For d =
λ

4
, the resulting phase 

difference Δφ is 2π, thus the light experiences constructive interference [24]. Each layer fulfils 

Bragg’s condition when their respective layer thicknesses are: 
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dL =
λ0

4nL
  and dH =

λ0

4nH
                                                                                                                                    (2.10) 

dL and dH are layer thicknesses of the DBR layers with low reflective index nL and high 

refractive index nH, respectively. Under such condition (eq. 2.10), all reflected waves from the 

interfaces of the DBR add up in phase, allowing reflectivities above 99% with a minimum 

number of layer pairs. The peak reflectivity always depends on the number of layer pairs and 

the refractive index contrast ratio 
∆n

n
 between high and low index material given by: 

∆n

n
=

(nL−nH)

nH
                                                                                                                                          (2.11) 

The larger  
∆n

n
 is, the fewer Bragg-pairs are required for maximum reflectivity. The stopband 

width ∆λstop depends on the refractive index contrast ∆n between layers of a DBR and is 

calculated by [5]:   

∆λstop =
2λ0∆n

πneff
                                                                                                                                     (2.12) 

where neff is the refractive index given by 

   neff = 2 (
1

nH
+

1

nL
).                                                                                                                               (2.13) 

The effective penetration Leff of the electric field in a DBR cavity can also be approximated as 

Leff =
dH+dL

4
×

nH+nL

nH−nL
≈

λ0

4Δn
.                                                                                                                  (2.14) 

2.2.3 Transfer matrix method 

The transfer matrix method for dielectric layer stacks is used to simulate the optical properties, 

including reflectance and transmittance of a DBR [5, 30-35]. In this method, the expression for 

calculating reflectance and transmittance of a dielectric or semiconductor layer stack is derived 

from the solutions of the optical wave equation allowing also to account for possible optical 

absorption or gain and scattering losses through the imaginary part of the complex index of 

refraction. The formula used for computing the maximum reflectivity and transmittance at a 

given resonance wavelength of a quarter-wavelength layer stack with multi-layer pairs can be 

obtained by the transfer matrix model below as described by MckLeod [34]. 
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Fig. 2.3 shows a single thin film of thickness d and refractive index n coated on an infinitely 

thick substrate with refractive index ns. While ‘a’ represents the interface between the film and 

the incident medium (for example, air with reflective index n0), the interface between the film 

and substrate is denoted by ‘b’. An incident electromagnetic plane wave with an electric field 

amplitude E0 perpendicular to the plane of incidence experiences multiple reflections and 

transmissions at each interface along the propagation direction (z-direction). Reflected and 

transmitted waves at each interface can be summed up yielding one forward-going wave and 

one backward-going wave, respectively.  

 

Fig. 2.3 Electromagnetic plane wave incident at the surface of a single electric layer with 

interfaces a, b to the surrounding media. 

For each layer, a characteristic matrix describing the forward-and backward-going parts can be 

written as   

[
Ea

Ha
] = [

cos (
2π

λ
ndcosθ) j

1

η
sin (

2π

λ
ndcosθ)

jηsin (
2π

λ
ndcosθ) cos (

2π

λ
𝑛dcosθ)

]                                                                      (2.15) 

where j = √−1 represents the imaginary number. The phase shift experienced by the wave as 

it traverses a distance d normal to the interface is given by 𝛿 = −
2π

λ
𝑛dcosθ. The phase factor 

cosθ is unity for normal incidence waves, θ is the angle of incidence at the boundary and 𝜂 =

𝑛𝑐𝑜𝑠𝜃. The refractive index n is a real number only for a non-absorbing (dielectric) material, 

otherwise it is complex and can be expressed in terms of the coefficient of extinction (k) by  
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 n = Re(n) − jk,                                                                                                                                                  (2.16) 

where Re(n) is the real part of the complex index n. From eq. 2.16, reflectance (R), 

transmittance (T) and optical losses can be evaluated. For DBR layer-stacks of periodic q layers 

with thicknesses di, in Fig. 2.4 the characteristic transfer matrix becomes a matrix product as 

follows:  

[
E0

H0
] = ∏ [

cosδi j
1

η1
sinδi

jηisinδi cosδi

] [
Em

Hm
]

m

i=1

 

        =  [M1][M2] … [Mq] [
Em

Hm
]                                                                                                          (2.17) 

Mi is the matrix associated with layer i = 1,2,3, … q. The phase change when the normal wave 

traverses the optical absorbing films is given by,  

δi = − (
2πRe(ni)di

λ
−

j2πkdi

λ
)                                                                                                                 (2.18) 

The negative sign indicates a phase change. The product of M1 to Mq is called the characteristic 

matrix of the stack. 

 

Fig. 2.4 Coherent electromagnetic wave falling onto a quarter wave Bragg reflector with a 

multi-layer stack with refractive indices n1 and n2, from free space of index n0 via the layer-

stack to the substrate of refractive index ns. 
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By normalization of the characteristic matrix to the last matrix at the interface of the film with 

the substrate the eq. 2.17 is written as:  

[
B
C

] = [M1][M2][M3] … [Mq] [
1

ηm
]                                                                                            (2.19)        

where the suffixes 1, 2, …, m equal the number of interfaces, B =
𝐸0

Em
, C =

𝐻0

Em
. Hereby, ηm =

Hm

Em
 is called the optical admittance to the substrate interface. A simple form of characteristic 

transfer matrix is given by the product of the optical matrix Mi for each single interface of one 

layer i and thickness di to the whole length d in the DBR stack. 

 M = [
E0

H0
] = ∏ Mi

q−1
i=0 [

Em

Hm
]                                                                                                     (2.20)  

Mi = [
M11 M12

M21 M22
]                                                                                                                          (2.21) 

The subscripts 0 and m denotes first layer interface with free air and last layer interface to the 

substrate, respectively. Mij, (i ≠ j), are elements of the matrix M. The maximum reflectivity is 

obtained at the resonance wavelength of a quarter-wavelength layer stack with q layer pairs as:  

R = (
1 − 

n1
2

n0ns
(

n1
n2

)

2q

1 + 
n1

2

n0ns
(

n1
n2

)

2q)

2

                                                                                                                   (2.22) 

where n0, ns, n1 and n2 are the indices of the free-space, substrate, high and low index 

materials, respectively. The most important in the eq. 2.22, is how to choose the number of 

layer-pairs in dependance of n1/n2 to reach a reflectivity above 99 %. For negligible absorption, 

the transmission in the whole layer-stack can be calculated using the following expression  

T =
4η0Re(ηm)

|η0B+C|2  =  1 − R                                                                                                                         (2.23) 

where η0 is the optical admittance of the incidence at the boundary defined by η0 = n0cosθ. 

ηm =
Hm

Em
≈ nmcosθ, is the substrate optical admittance.  

Reflectivity simulations of quarter-wave stacks for GaN-based and dielectric DBRs for visible 

spectral range are discussed in the next subsection 2.2.4. Several ways to design Bragg 

reflectors are discussed in different publications and books [6, 24, 36-38]. This thesis work 

discusses a hybrid GaN-based VCSEL cavity, which is formed by an epitaxially grown 
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AlInN/GaN DBR followed by the cavity region and the upper dielectric mirror consisting of an 

oxide based DBR, such as SiO2/HfO2 DBR, deposited in the final processing step. 

2.2.4 AlInN/GaN DBRs and Oxide DBRs 

Using a lattice matched AlInN layer one can achieve strain-free growth and reflectivities higher 

than 99 % for DBRs but more than 40 layer pairs are required [6-9]. The relatively large number 

of DBR pairs is due to the low index contrast of around 7 % for lattice matched AlInN (~18 % 

indium composition) relative to GaN, resulting in significant penetration of the optical wave 

into the DBR layers and a stopband width with a FWHM of about 30 nm wavelength [27].   

The upper dielectric DBRs, usually oxide based DBRs, such as SiO2/Ta2O5 and SiO2/HfO2 

layer-stacks, have been successfully proven for the realization of crack-free highly reflective 

DBRs (~99.99%) and employed in high quality microcavities. Due to their higher index contrast 

they offer a shorter penetration depth and larger stopband width [3, 4, 39, 40]. In contrast to 

AlInN/GaN DBRs, SiO2/HfO2 DBRs have high index contrast of about 26% resulting in a 

relatively wide stopband width of ~100 nm and leading to high reflectance even for less than 

10 Bragg pairs. Therefore, a SiO2/HfO2 multi-layer stack is suitable for the fabrication of GaN-

based hybrid cavities for blue vertical emitters. However, both epitaxial growth of the lattice 

matched AlInN in group III-nitrides based DBRs as well as sputtering of HfO2 in dielectric 

DBRs proceed at very small rate requiring long process times of at least 24 hours. In case of 

AlInN/GaN DBRs, the low growth rate (0.12 µm/h) of AlInN is due to the necessary conditions 

for growth of sufficiently smooth and homogeneous AlInN layers. For HfO2 in SiO2/HfO2 

stacks, the maximum sputtering rate is only about 0.026 µm/h in the available system for this 

thesis. Fig. 2.5 shows the reflectivity simulations of quarter-wave stacks for AlInN/GaN DBRs 

and various oxide based DBRs. Here, the stopband is set to have a maximum reflectivity at a 

wavelength of 405 nm. In Fig. 2.5 a and b, a reflectance close to 100 % is possible for a number 

of Bragg-pairs above 45 for AlInN/GaN DBR or above 11 for SiO2/HfO2 DBR, respectively. 

On either side of the stopband, the reflectance decreases abruptly and shows oscillatory 

behavior. The width of the stopband width depends on the refractive index contrast between the 

two layers. With the thickness of an additional layer on top of the DBR one can tune the 

reflectance to a specific value. Fig. 2.5c shows the optimum reflectance of 45xAlInN/GaN 

DBRs compared with those of 14xSiO2/Si3N4, 11xSiO2/HfO2, and 11xSiO2/Ta2O5 DBRs. 
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Fig. 2.5 Simulated reflectivities at about 405 nm wavelength for a) AlInN/GaN DBRs and b) 

SiO2/HfO2 DBRs for increasing numbers of layer-pairs, c) Simulated reflectance spectra for 

oxide DBRs and AlInN/GaN bottom DBR.   

Reflectivities of a full 7λ cavity comprising 45xAlInN/GaN bottom DBR and 9xSiO2/HfO2 

upper DBR with QWs inside are presented in Fig. 2.6. For the QWs, the imaginary part of the 

refractive index controls absorption or gain within the active region. Similarly, one can 

introduce losses into the DBR mirrors by adjusting the complex index of refraction. In DBRs, 

losses are either due to absorption or due to scattering at non-perfect interfaces. For the black 

curve, the reflectivity of a full cavity with QWs inside is simulated, where the material gain of 

the InGaN layers was set to be about 1000 cm-1 corresponding to a positive coefficient of k = 

0.0032. For the red curve, this positive gain is offset by an optical absorption of 0.0016 

(α𝑚 ~500 cm−1), where for example scattering within HfO2 layers in the SiO2/HfO2 DBR 

layer stack was assumed. In this case, a reflectivity dip at the resonance wavelength is found. 

No lasing can be expected unless a sufficiently higher pumping power is applied to compensate 

the losses. The long cavity is necessary because of intra-cavity contacts that will be used in such 

GaN-based VCSEL. 
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Fig. 2.6 Simulation of the full 7-lambda cavity of 45xAlInN/GaN bottom DBR and 9xSiO2/HfO2 

upper DBR with QWs inside. 

2.2.6 Optical loss effects in DBRs 

If lossless materials are used, then the required reflectance can be achieved by a quarter-wave 

stack solely depending on the number of layer-pairs. For suitable transparent layers, the 

absorbance in the visible region of the spectrum can be negligible (less than 0.01%) [34] but in 

practice, the ultimate reflectance is limited by losses in the layers. The origin of optical losses 

in dielectric DBRs can be associated with scattering and absorption. Sources for absorption 

losses can be free carriers in doped materials or at heterojunctions whereas scattering maybe 

introduced by rough interfaces or inhomogeneous layers [34]. In this work it is experimentally 

demonstrated (see chapter 6), for example, that optical absorption and scattering losses can be 

associated with n-type doping in AlInN/GaN DBRs. These loss mechanisms reduce the 

reflectance of the stack, leading to a reduction of the whole cavity performance and usually 

impair or inhibit lasing.  

The simulation of the DBR reflectivity stopbands related to different values of absorption 

coefficients α show a rapid drop of the maximum reflectivity value at the stopband when 

absorption is increased as shown in Fig. 2.7. The effect of optical absorption on the maximum 

reflectivity for an AlInN/GaN DBR is represented in Fig. 2.7a while Fig. 2.7b shows a similar 

effect for oxide DBRs, SiO2/HfO2 as an example. As it can be seen, the peak reflectivity of the 

reference DBRs drops from maximum reflectance of ~100 % to about 86 % at α = 1000 cm−1 

when applied to the AlInN layers in 45xAlInN/GaN DBR stack (Fig. 2.7a). A similar 
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reflectivity drop is observed in 9xSiO2/HfO2 DBR stack when an absorption coefficient of α =

2200 cm−1 for HfO2 layers is applied (Fig. 2.7b). In addition, at each side of the peak 

reflectivity, the Fabry-Perot oscillations are significantly damped as absorption coefficients are 

increased. The large loss in reflectivity of about 15 % at α = 1000 cm−1 is experimentally 

verified in highly Ge-doped AlInN/GaN DBRs (see chapter 6), where the quality of the DBR 

was strongly disturbed.  

325 350 375 400 425 450 475 500 525
0.0

0.2

0.4

0.6

0.8

1.0

R
e

fl
e

c
ti
v
it
y

Wavelength (nm)

 ref. DBR (a = 0)

 a ~100 cm-1

 a ~500 cm-1

 a ~1000 cm-1

 a ~2000 cm-1

a)

45xAlInN/GaN DBR with various losses

 

325 350 375 400 425 450 475 500 525 550
0.0

0.2

0.4

0.6

0.8

1.0

R
e

fl
e

c
ti
v
it
y

Wavelength (nm)

 ref. DBR, a=0 

  a=100 cm-1

  a=500 cm-1

  a=1000 cm-1

  a=2200 cm-1

9xDBR (n1=1.4, n2=1.97) with absorptions

b)

 

Fig. 2.7 The effect of absorptions and scattering losses in a) 45xAlInN/GaN DBR and b) 

9xSiO2/HfO2 DBR. 
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2.2.6 Current transport and carrier injection for electrically pumped GaN 

VCSELs  

For a well-designed GaN-based VCSEL, efficient carrier injection schemes must be developed 

enabling current densities of the order of several kAcm-2. For an electrically pumped GaN-

based VCSEL, carriers are injected by forward-biasing a p-n junction of a laser-diode. The 

electric field applied via the metal contacts must force the carriers into the center of the cavity 

region between the contacts. As the lateral hole transport is very limited due to the low hole 

mobility, any injection scheme without additional lateral current distribution mechanisms will 

most likely lead to strong lateral inhomogeneity of the current distribution and, therefore, to 

reduced optical gain. As one of such option, tunnel junctions can be employed on the p-type 

region whereby the lateral current distribution is achieved by the high electron mobility within 

the n-doped layer of the tunnel junction.  

The current injection scheme of a TJ-GaN-based VCSEL with a dielectric top DBR is discussed 

in Fig. 2.8. Positive voltage is applied to the n-side of the TJ which puts the tunnel junction into 

reverse bias while the pn-junction across the MQW region is biased in forward direction as 

shown in the figure. Due to their high effective mass, holes have much lower mobility as 

compared to electrons. In p-n diode with a MQW active region, the hole transport reaches not 

very far from p-type region while electrons may overshoot from the n-side to the p-side region.  

 

Fig. 2.8 Lateral and vertical current transport in a TJ-GaN-based VCSEL using intra-cavity 

electrical contacts. 
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This difference in electron versus hole transport, results in an optical emission from the QW 

nearest to the p-doped side but may also lead to potential optical losses in the QWs closer to 

the n-side due to insufficient population inversion. Also, the electron overshoot is known to 

cause electro-hole recombination in the p-region of the junction which lowers the injection ef-

ficiency as well. The design of the MQW region as well as the pn-junction itself has to take 

care of all these effects. Our design approach uses GaN barriers (~ 7 nm) that are slightly Si-

doped to improve interfacial quality between well and barrier layers and also partially screens 

the QCSE [41-43]. An electron blocking layer (EBL) is implemented to account for the electron 

overflow over the barrier into the p-GaN. 

2.3 Doping issues  

The doping profile of the p-n junction is crucial to improve the light output of the quantum well 

region by avoiding absorption losses and to enable high injection levels, by allowing carrier 

transport with low series resistance. The basic theory of p-n junctions and tunnel diodes can be 

found in [22, 44]. This section of the work wants to discuss the Mg-doping of the p-type GaN 

in conventional LED devices and of GaN:Mg/GaN:Ge tunnel junction structures to be used in 

advanced LEDs and in VCSELs.  

In GaN bulk material, Si and Ge have been proven well-suited shallow donor impurities with 

similar low activation energies between 17-19 meV below a doping level of 1019 cm-3 [45], 

leading to the ionization of all impurities at room temperature. A donor impurity concentration 

of about 1019 cm-3 corresponds therefore to a free electron concentration of Ne ~1019 cm-3, which 

is suitable for the n-side of a pn-junction device. However, for many GaN-based power 

electronic devices and optoelectronic devices a heavily n-doped GaN layer well above 

1019 cm−3 is desirable, for example, for current spreading layers in tunnel junction devices, to 

reduce contact resistances or for conductive coatings. An option provides stress free GaN:Ge 

layers with carrier densities well above 1019 cm-3 that can be grown by MOVPE, while a doping 

concentration around 2x1019 cm-3 marks the upper limit for Si-doping, since higher doped 

GaN:Si layers usually tend to degrade [46-48]. In this work GaN:Si is used for the n-side region 

of LEDs and VCSELs while heavily Ge-doped GaN-layers (n++) are grown on top of heavily 

Mg-doped p-GaN (p++) realize tunnel junctions with excellent lateral current spreading on the 

p-side of the pn-junction device.  

Mg is the only suitable acceptor impurity for p-GaN doping in group III-nitride based light 

emitting devices. However, the low hole mobility and maximum free hole concentrations well 
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below 1018 cm-3 for a Mg doping level of 1019 cm-3 are still problems to solve for MOVPE grown 

layers. These limiting properties of p-type GaN are caused by a large acceptor activation energy 

of about 170 meV and self-compensation effects at doping concentrations above 1019 cm-3 [19, 

20, 49-51]. In addition, the low hole mobility and the comparably low electrical conductivity σ 

of p-GaN material hinders good current spreading for lateral injection [52, 53].  

2.4 Tunnel junctions in GaN-based optoelectronic devices: Survey 

To date, GaN-based tunnel junctions are largely used as an alternative for homogeneous current 

injection in many devices to improve performance [54]. Tunneling in semiconductor devices is 

a mature technology in many narrow bandgap devices with very thin depletion layer at the pn-

junction interface enabling electrons to tunnel through it with large tunneling probability [22, 

44]. However, tunneling is only little understood in wide bandgap devices [1, 4, 54, 55].  

While it is difficult to obtain low resistivity values for GaN tunnel junctions (TJ) regardless of 

the used growth system (either MOVPE or molecular beam epitaxy or hybrid approaches), an 

InGaN-based tunnel junction increases absorption of visible light [54]. This tradeoff to achieve 

low resistivity and high transparency of the GaN-based tunnel junction complicates the device 

fabrication process. However, due to the advantages that tunnel junctions offer regarding 

current distribution in GaN-based devices, many research groups apply different approaches. 

Some combine heavy doping with InGaN heterojunctions [56, 57], others rely solely on heavy 

doping of GaN homojunctions [58-60]. The standard model for calculating the tunneling 

probability in such devices yield only very small values. For example, Neugebauer et al. [19] 

have calculated for a measured small depletion width of 10.7 nm a tunneling probability of 

about 10-27 in GaN:Ge/GaN:Mg tunnel junction diodes assuming Ge-donor and Mg-acceptor 

ionization energies of 19 meV and 185 meV [45, 61], respectively. This probability value is 

obviously too small to allow for substantial current transport. Nevertheless, demonstrated 

tunnel junction devices perform much better than to be expected from such basic model.  

To date, a small number of reports on TJ-VCSELs based on GaN materials can be found [1, 4, 

55] and none of these reports used GaN:Ge/GaN:Mg homojunctions. Aiming at a fabrication 

process of VCSELs employing GaN:Ge/GaN:Mg tunnel junctions, this work tries to take 

advantage of the feasibility of very high Ge doping concentrations in GaN in combination with 

engineered p-type doping to improve the tunneling process. The challenge is to grow a heavily 
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Ge-doped GaN layer on top of heavily Mg-doped p-type GaN in MOVPE, resulting in abrupt 

profiles. Previously, GaN:Ge/GaN:Mg tunnel junctions were applied to LEDs [19]. For the 

intended application in VCSEL devices, these tunnel junctions have to operate at current 

densities >10 kAcm-2 without large bias offset.  
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Chapter 3 Experimental procedures and material 

characterization methods                                       

3.1 Materials growth  

All samples for this thesis were grown on 2-inch c-plane sapphire substrates in an AIXTRON 

AlX200/4 RF-S metalorganic vapor phase epitaxy (MOVPE) reactor (Fig. 3.1). During growth, 

a LayTec EPI-curve® TT AR in-situ sensor monitors reflectance, temperature, and wafer 

curvature [18]. Apart from NH3 as group-V precursor, the organic or inorganic sources of the 

standard precursors for III-nitride compounds and dopants are TMGa, TMIn, TMAl, SiH4, 

Cp2Mg, IBGe or GeH4, for growth of GaN, InN, AlN, and doping with Si, Mg, and Ge, 

respectively. The schematic gas flow in the MOVPE reactor is shown in Fig. 3.1 a and b.  

 

Fig. 3.1 (a) A photography of an AIXTRON MOVPE reactor and b) a scheme of gas flow in the 

reactor [27] 

The buffer structure consists of a low temperature AlN nucleation layer followed by 200 nm 

AlN grown at high temperature, a 100 nm AlGaN compositionally graded layer, an in-situ SiN 

mask for defect reduction and a 3 µm thick undoped GaN buffer layer. A scheme of the epitaxial 

structures for GaN-based LEDs and VCSELs is presented in Fig. 3.2. For growth of 

conventional LEDs (Fig. 3.2a1), Mg-doped p-type GaN is grown on top of MQW structures 

following a Si-doped n-type GaN layer. For TJ-LEDs, an additional Ge-doped GaN cap layer 

is grown on top of GaN:Mg (Fig. 3.2a2). For VCSELs, a similar active region as for LED-

layers is grown on top of AlInN/GaN DBRs but its spectrum tuned to overlap with the desired 

cavity resonance and the vertical position of the quantum wells chosen to be at the antinodes of 
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the wave function (Fig. 3.2b). The laser structures were designed as hybrid VCSELs with an 

epitaxial bottom DBR and a dielectric top DBR that is deposited in the final processing step.  

 

Fig. 3.2  Epitaxial layer structure for typical a) GaN-based LEDs and b) GaN-based VCSELs.  

3.2 Characterization methods  

Before fabrication of devices, samples were characterized by different methods. The surface 

morphology and the structural quality are, for example, analyzed using atomic force microscopy 

(AFM) and scanning electron microscopy (SEM). High-resolution X-ray diffraction (HRXRD) 

measurements are used to determine layer thicknesses, composition, and crystalline quality. 

The reflectivity spectra of the DBRs are measured by a Shimadzu UV-VIS-NIR-

photospectrometer using a calibrated mirror with reflectivity higher than 99.8 % for 

wavelengths between 310 and 450 nm as reference.  

To analyze the electrical properties of the p- and n-region such as doping concentrations, sheet 

resistivity, and mobility Hall effect measurement was used. Photoluminescence (PL) and 

electroluminescence (EL) were used to assess the emission characteristics of the samples. Hall 

effect measurements were called out for the assessment of carrier transport namely carrier 

mobility, conductivity, and carrier concentrations in doped material. Transmission line 

measurements (TLM) were conducted to study the metal-semiconductor contact behavior and 

to extract specific contact resistance material resistance. 

In addition to the study of surface morphology and layer structures quality of samples by SEM, 

the latter and other surface profile-meter equipment were also used to measure qualitatively the 
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etching depth after mesa fabrication. A complete device is characterized either by continuous 

wave I-V measurement using Keithley 4200-SCS semiconductor parameter analyzer or by 

pulsed I-V measurements at room temperature. In addition, EL measurements at various 

injection current densities were conducted to study the emission wavelength spectra and 

linewidths of fabricated VCSELs.   
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Chapter 4 Approaches for current injection  

4.1 Current distribution: ITO vs. GaN:Ge 

After growth of the GaN-based VCSEL structure, micrometer sized devices were processed by 

photolithography. For this, contact areas and electrical injection paths have to be defined and 

the top mirror layers must be deposited above the cavity. This is performed step-by-step by 

lithographic processing using different layers of lithographic masks. Structural features like 

mesas are transferred onto the wafer by coating the wafer with photoresist and subsequent UV-

exposure. However, due to the multiple alignment steps and limited resolution of the 

photoresist, the positioning of accuracy of the succeeding steps is about 1 µm, thus limiting 

perfect alignment for smaller device structures. Nevertheless, it is possible to reproducibly 

process a device with an injection area diameter of 2 µm and larger, which is a good range for 

GaN-based VCSEL fabrication.  

The processing was done on quarter piece of 2-inch wafers. p-GaN for conventional devices 

was activated in a rapid thermal annealer (RTA) before further processing while for tunnel 

junction devices activation was done after mesa etching because the n-type GaN:Ge-capping 

layer inhibits hydrogen diffusion so hydrogen can only pass via the side-walls of an etched 

mesa [19]. The next step was cleaning in acetone, isopropanol and DI-water using an ultrasonic 

bath. The sample was then spin-coated either with positive resist for mesa masking or with 

negative resist for material deposition. A so-called soft bake was done prior to the UV-light 

exposure (see parameters on Appendix A).  

Before exposure, the wafer was aligned to the previous lithography layers using alignment 

markers. For steps involving negative photoresist post-bake step was applied. Lithography 

ended with a developer chemical to remove resist from exposed areas, as an example see Fig. 

4.1. Upon developing exposed areas, either etching or material deposition followed. For the 

formation of mesa structures and alignment markers (Fig. 4.1a), structures are etched by 

inductively coupled plasma reactive ion etching (ICP-RIE). Contact metals are deposited by 

electron-beam and thermal evaporation after lithographic steps defining the n- and p-type 

contact areas (Fig. 4.1b). In this work, ohmic-metal contacts to n-GaN layers and to indium-

tin-oxide (ITO) layers were realized using Ti/Al/Ni/Au (14 nm /30 nm /10 nm /60 nm-thick, 

respectively) while ohmic contacts to p-GaN were realized by oxidized Ni/Au (10 nm /10 nm-

thick) contacts. In some cases, different pretreatment types prior to metallization or TJ 
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overgrowing were investigated such as O2 plasma treatment of p-GaN layer for passivation. 

Tetramethyl ammonium hydroxide (TMAH) was used for treatment of GaN:Ge sidewall-etch 

facets prior to ITO layer deposition for lateral current injection. The upper dielectric mirror is 

deposited using a reactive magnetron sputter process (for SiO2/HfO2 DBR). 

 

 

 Fig. 4.1 Photography to illustrate alignment procedure. a) Alignment marker structures on a 

quarter wafer (2-inch) with mesa etching and b) final structures realized after several 

consecutive alignment steps (e.g., alignments 1b, 2b, …6b to the markers 1a, 2a, …6a for 

formation of apertures (1), passivation (2), … TJ-contact metals (6), respectively). Zoomed 

view of the first alignment to design apertures for lateral current injection (top image). 

4.2 Current aperture design approaches  

Different current confinement schemes for lateral and vertical injection in tunnel junction 

VCSELs were explored in this work in order to determine their suitability for VCSEL 

fabrication  and to compare their characteristics to that of oxide-confined current aperture 

approaches for conventional ITO VCSEL [1, 4, 21, 60]. The processing steps of these apertures 
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are illustrated in Fig. 4.2. Since ITO is an n-type semiconductor with a carrier density of up to 

n ~1020 cm-3, also ITO on top of p-GaN can be regarded as a tunnel junction contact like 

epitaxial GaN:Ge on top of p-GaN. For the first approaches (Fig. 4.2a), the current is vertically 

injected through the small aperture region within either an insulating SiN-layer or SiO2-layer. 

The additional GaN:Ge cap layer can be added on top of p-GaN layer in two ways. For a current 

aperture formed by a selective area growth process (SAG-approach) for the tunnel junction 

VCSEL, a GaN:Ge cap layer is overgrown on top of a plasma passivated GaN:Mg surface 

forming a thin oxide aperture (Fig. 4.2b). The plasma passivation allows vertical current only 

to pass the GaN:Ge/GaN:Mg interface within the unpassivated area of the aperture. For a 

second passivation approach in TJ-VCSELs, the additional GaN:Ge layer is directly grown on 

top of the GaN:Mg layer without any growth interruption. An aperture can be formed by etching 

GaN:Ge layer and additional passivation of the GaN:Mg layer. In this approach, the passivation 

is such that lateral current only passes through the sidewalls of the etched GaN:Ge and then 

reaches the GaN:Ge/GaN:Mg interface of the aperture as presented in Fig. 4.2c. An ITO layer 

on top of passivated GaN:Mg layer is used to form the contact to the etched GaN:Ge sidewalls. 

Positive voltage is applied to the n+ ITO-layer (for approaches in Fig. 4.2 a and c) or to the n+ 

tunnel layer (for SAG-approach, Fig. 4.2b) which puts the TJ into reverse bias while the pn-

junction across the MQW region is biased in forward direction in all approaches.  

Even though the oxide aperture methods in Fig. 4.2a and SAG-approaches for TJ (Fig. 4.2b) 

are practical for most VCSEL confinement structures, several reports demonstrated that the 

oxide apertures increase thermal resistance inside the device, causing internal strain which 

degrades device reliability [62-64]. Other thermal effects include the cavity resonance shift to 

longer wavelengths (red shifts). Current aperture methods as investigated here for TJ-VCSELs 

take advantage of highly transparent n-GaN cap layers [1, 4] opposite to the light absorbing 

ITO-layers typically employed for GaN-VCSELs [4, 21].  

A high accuracy of the aperture size is extremely important for the lateral injection approach in 

order to properly connect to the sidewalls. In addition, a smooth sidewall of the etched facets 

(see Fig. 4.2c) is required to further improve metal-sidewall contacts and probably to reduce 

current crowding issues due to inhomogeneity of current injections. Therefore, different 

approaches were investigated to reduce sidewall defects induced by etching and to smoothen  
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Fig. 4.2 Current injection schemes for GaN-based VCSEL and fabrication steps for a) ITO-

VCSEL, b) SAG-approach and c) passivation approach for TJ-VCSELs. 
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sidewalls such as increasing the ICP power used for dry etching and an additional wet chemical 

treatment after etching by tetramethyl ammonium hydroxide (TMAH) [64]. The lithography to 

achieve smooth sidewall facets of the p-GaN mesa for lateral injection is very challenging. The 

TMAH treatment (Fig. 4.3a) requires the use of a hard mask (e.g., Ni-mask) to protect the 

aperture surface because TMAH reacts with any exposed GaN material, resulting in decorated 

defects which may increase scattering losses. The additional masking leads to a slight increase 

of the aperture size as compared to the initial aperture size, which must be taken into account. 

The aperture size increases by around 0.5 µm in diameter. In the first experimental test, the top 

p-GaN surface was covered with a 100 nm thick SiN passivation layer after mesa etching, which 

covers the sidewall as well. However, after aperture opening by etching with SF6 as dry etching 

gas, the SiN layer on the aperture-edge was not etched, resulting in a coating of the sidewall 

facet and an aperture ring 𝑑𝑥 (see dark contrast of Fig. 4.3b). The additional steps required to 

obtain smoother sidewalls are mainly sources of dimension losses of the aperture size during 

processing.  

 

Fig. 4.3 a) A side view SEM image of an etched aperture after TMAH treatment. b) SEM image 

showing size reduction of an original aperture due to the processing conditions and c) SEM 

image for optimized process parameters to fit an aperture opening with the original aperture 

by dry-etching for lateral current injection scheme. 

Nevertheless, the aperture size increase of 0.5 µm could be counterbalanced by a small 

adjustment of lithographic parameters (Fig. 4.3c). For satisfactory results, the exposure time 
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was increased from 1.5 to 2 s at 22 mW/cm2, while the development time was decreased from 

30 to 25 s for negative resist. Subsequently, after SiN passivation, the lithography for aperture 

opening employed positive photoresist (Ma-P1240) at the standard exposure parameter (70s at 

22 mW/cm2) and an increased development time (from 40 to 60 s in Ma-D331 developer).  

4.3 Summary 

This chapter discussed different lithographic steps used to process GaN-based structures on 

quarter pieces of 2-inch wafers by including current injections confinement, contact metal 

deposition and upper mirror deposition for GaN-based VCSELs. Different current confinement 

schemes for lateral and vertical injection in TJ-VCSELs were discussed and compared with the 

oxide-confined current aperture approach for conventional ITO-VCSELs. The aperture 

designed by passivation approach for TJ-VCSELs can be more beneficial for current 

distribution as compared to the oxide-confined current aperture for ITO-VCSELs or to selective 

area overgrowth approaches for TJ-overgrown VCSEL structures. The additional approaches 

to reduce sidewall defects as induced by dry etching and to smooth sidewalls require a high 

accuracy of aperture size, which can be realized using optimized process parameters.  
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Chapter 5 Development of VCSEL structures  

5.1 GaN:Mg/GaN:Ge tunnel junctions 

5.1.1 Optimization of Mg-doping in p-type GaN for tunnel junctions 

The electrical characteristics of GaN-based TJ-LEDs depend on several factors like hole 

concentration in the p-type GaN layer, the doping profile of the p++/n++ tunnel junction, or the 

contact resistance of the metal contacts. Maximum light output can only be obtained with 

optimized I-V characteristics. The optimization strategy was relying on a study of the electrical 

and optical properties in dependence of the growth sequence and of the acceptor activation 

within the Mg-doped layers within the tunnel junction region. Mg-doping was done by supply 

of the metalorganic precursor (Bis-)cyclopentadienyl-Magnesium (CpMg).  

Table 5.1 and Fig. 5.1 summarize results of Hall effect measurements such as the sheet 

resistivity (R), hole concentration (p) and hole mobility (µ) of p-GaN layers for varying CpMg-

fluxes. The GaN growth rate was kept at 0.6 µm/h which ensures smooth surface morphologies 

for growth temperatures around 800-850 °C. Around 1 sccm CpMg flow, the lowest resistivity 

and highest hole concentration was obtained while the carrier mobility slightly decreases with 

increasing doping concentrations. A hole concentration of 5.5x1017 cm-3 and a low resistivity 

of 0.84 Ωcm were achieved with Mg-concentration of around 2x1019 cm-3. The observed hole 

concentration values of the p-GaN layers are in good agreement with the previously reported 

values by Kaufmann et al. [51] and Kozodoy et al. [66]. 

Improved contact resistances to p-GaN layers were achieved by exceeding the optimum 

precursor flow for bulk GaN layers by a factor of 4 for about the last 15 nm layer thickness. 

This p++ contact layer does not change the results of the Hall-effect measurements but improves 

the linearity of the I-V curves across the metal contacts for the Hall measurements. For thicker 

layers doped at such CpMg flows, an abrupt increase in series resistance and a decrease of the 

carrier concentrations were observed accompanied by the appearance of inversion domains.  

As shown in Fig. 5.2, photoluminescence features in the spectra of GaN:Mg are characteristic 

for specific Mg-concentrations and can be related to free hole concentrations by comparison to 

measured Hall data for the same sample. The absolute intensity of a blue luminescence (BL) 

band around 400 nm wavelength is a fingerprint for free hole concentrations as confirmed by  
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Table 5.1 Sample series to optimize Mg-doping in p-type GaN layer. 

CpMg-flow 

(sccm) 

R 

(𝛀𝐜𝐦) 

µ 

(cm2/Vs) 

P 

(cm-3) 

0.25 1.03 18 3.3x1017 

0.75 0.95 14 4.6x1017 

1 0.84 13 5.5x1017 

2 1.14 12 5.0x1017 

4 1.5 10 3.8x1017 
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Fig. 5.1 Hole concentration, mobility and resistivity of p-GaN versus CpMg-flow rate. The 

dashed line connecting data points are only guides to the eye. The optimum values for bulk 

GaN:Mg layers are found for an CpMg-flow of 1 sccm. 

the Hall effect measurements addressing the maximum intensity to [p] = 5.5x1017 cm-3 and 

[Mg] ~2x1019 cm-3. A broader luminescence band at longer wavelengths (~450 nm) appears 

when the Mg concentrations in thicker layers exceeds the optimum value. It is also connected 

with the inversion domains that start to appear (see Fig. 5.3).Different explanations for the 

origin of the blue luminescence (BL) in highly p-doped GaN layers ([Mg]>1019 cm-3) were 

discussed in various reports, addressing it to a recombination between deep donors and Mg 

acceptors (donor-acceptor pair transitions) [67-69]. 



34 
 

350 400 450 500 550 600

1k

P
L
 i
n
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
)

Wavelength (nm)

 0.25 sccm ([p] ~3.3x1017cm-3)

 0.75 sccm ([p] ~4.6x1017cm-3)

 1 sccm ([p] ~5.5x1017 cm-3)

 2 sccm ([p] ~5.0x1017 cm-3)

 4 sccm ([p] ~3.8x1017 cm-3)

T = RT

 

Fig. 5.2 PL intensity of p-GaN doped with various Mg concentrations.  

 

Fig. 5.3 Nomarski microscope image of the GaN:Mg surface for Mg-doping (at high CpMg-

flow) of a bulk GaN layer as used for the contact region. Zoomed view of an inversion domain-

related pyramidal defect.  

5.1.2 Comparison of large-area LEDs and TJ-LEDs 

In tunnel junction LEDs, the GaN:Mg layer is buried underneath a GaN:Ge layer ([n] ~1020 cm-

3) which prevents hydrogen diffusion towards the surface. For efficient p-GaN activation, the 

buried GaN:Mg layer in TJ-LEDs must be thermally activated after etching in order to allow 

hydrogen diffusion through the etched mesa-sidewall [19]. Conventionally, GaN:Mg of 
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standard LED can be activated before mesa-etching since hydrogen can be released via the 

wafer surface. Here, a rapid thermal annealing (RTA) was used for acceptor activation. For the 

metal contacts to p-GaN, e-beam evaporated Ni/Au (10 nm / 10 nm) layers and RTA-treated 

for 5 min in O2 atmosphere were used. Note that this contact exhibits significant light 

absorption. A Ti/Al/Ni/Au (14/33/10/60) nm metal stack was deposited on n-GaN as a 

surrounding frame around the mesa for the n-contact. In case of TJ-LEDs, the n-contact to the 

top GaN:Ge layer of the LED structure was also only a frame covering a small outer area hereby 

avoiding absorption losses. The thickness and doping parameters for the p-region of all LEDs 

in this study are presented in Table 5.2.  The full LED structure is shown as inset of Fig. 5.4.  

For optimization of TJ-LEDs, first the L-I-V characteristics for various CpMg-flows at the 

p++/n++ junction were analyzed using the sample series as described in Table 5.2. This is 

necessary as the details of the dopant distribution were only vaguely accessible by depth 

resolving methods such as SIMS. In this series, the CpMg-flow during growth of the buried 

200 nm thick p-type GaN was fixed at 0.75 sccm ([p] = 4.6x1017 cm-3) while the doping during 

growth of the 15 nm thick GaN:Mg layer at the junction were corresponding to CpMg-flows of 

0.75, 1.5 and 3 sccm for TJ-LED1, TJ-LED2, TJ-LED3, respectively. The IBGe flow in the 

subsequently grown 100 nm thick GaN:Ge cap layer was fixed at 0.75 sccm ([n] >1020 cm-3) 

for all TJ-LEDs. The CpMg-flow at the contact layer of a reference standard (std) LED was 

also 3 sccm (cf. TJ-LED3).  

For all LEDs in this sample series, the maximum room-temperature photoluminescence 

intensity from the MQW region was found to be at about 450 nm wavelength. The L-I-V 

characteristics of LEDs in this series (std-LED, TJ-LED1-3) are presented in Fig. 5.4. Light 

output of TJ-LEDs was always larger than for the std LED since an oxidized Ni/Au contact is 

less transmissive than GaN:Ge layers at these wavelengths. The additional thin p-GaN region 

with increased Mg concentration decreased the forward series resistance and lowered the turn-

on voltage (Von ~ 4 V) for TJ-LED3 as compared to (Von ~ 5 V) of the other two TJ-LED1,2. 

However, the light output power of TJ-LEDs also decreased by about 25 % (at 0.1 A) when the 

CpMg-flow was increased by a factor of 4 (from 0.75-3 sccm). As can be seen in Fig. 5.4, the 

thin layer with increased Mg-doping at the TJ-interface is crucial for the efficiency of the 

tunneling process. By comparing std-LED devices with TJ-LED3 devices, the similar Mg-

doping (3 sccm) at either the interface to the Ni/Au metal contact or at the tunnel junction to  
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Table 5.2 Sample structures to optimize Mg-doping in 1 mm2 std-LEDs and TJ-LEDs. 

 

Fig. 5.4 The L-I-V characteristic of 1 mm2 LEDs for an increased CpMg-flow either at the 

interface to the Ni/Au contact (std-LED) or at the TJ-interface to the GaN:Ge layer (left). 

Images of the LED emission at 450 nm wavelength at 40 mA current (right).  

GaN:Ge, leads to a comparable turn-on voltage of ~ 4 V in the I-V characteristic for std-LED 

devices and TJ-LED3 devices but with nearly 20 % more brightness for TJ-LED3 devices (also 

visible by the microscopic images in Fig. 5.4, right side). In addition, both LEDs have similar 

low series resistances, resulting at a current of 0.1 A in operating voltage of 6 V for the std-

LED devices and 6.5 V for the TJ-LED3 devices, respectively. Furthermore, a better I-V 

characteristic of LED was achieved for further increase of CpMg-flow at both buried p-GaN 

layer and p++-contact layer. The additional LEDs, std-LED2 and TJ-LED4, were grown with 

CpMg-flow of 10 sccm at the buried p-GaN layer and high Mg concentration (400 sccm flow) 

at the p++-contact layer. At this doping scheme, both LEDs exhibit a low turn-on voltage of 2.8 

Sample 

number 

Buried GaN layer 

structure, p 

Contact layer 

structure, p++ 

GaN:Ge capping layer 

structure, n++ 

 
Thickness 

(nm) 

CpMg-flow 

(sccm) 

thickness 

(nm) 

CpMg-flow 

(sccm) 

thickness 

(nm) 

IBGe-flow 

(sccm) 

std-LED 200 0.75 15 3 none none 

TJ-LED1 200 0.75 15 0.75 100 0.75 

TJ-LED2 200 0.75 15 1.5 100 0.75 

TJ-LED3 200 0.75 15 3 100 0.75 
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V and 3.4 V for std-LED2 and TJ-LED4, respectively, with a similar series resistance of about 

1x10−4 Ωcm−2 (Fig. 5.5). This showed both the contact resistance and the tunneling can be 

strongly improved by excessive Mg doping in thin layer regions. Although TJ-LED4 is still 

brighter than std-LED2, the respective light output for both types of LEDs drops to around half 

of the intensity of the previous samples (Fig. 5.4), probably due to the change of the GaN-

crystal quality at the p++/n++-layer interface due to the increased Mg-doping at the p++-contact. 
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Fig. 5.5 I-V characteristics for 1 mm2 std- and TJ-LEDs exhibiting a reduced resistance at the 

tunnel junction contact using excessive CpMg-flow within a thin GaN:Mg region at the 

junction.  

The L-I characteristic is dependent on the internal quantum efficiency (IQE) and external 

quantum efficiency (EQE) of an LED. The EQE of an LED is defined as the ratio of the number 

photons emitted from the surface of an LED to the number of electron-hole pairs as generated 

by the injected current and can be therefore calculated as:  

EQE =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑎𝑛 𝐿𝐸𝐷

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒 − ℎ 𝑝𝑎𝑖𝑟𝑠 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛
  

=
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑙𝑖𝑔ℎ𝑡 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑡ℎ𝑒 𝐿𝐸𝐷 𝑑𝑒𝑣𝑖𝑐𝑒

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
                                                                      (5.1) 
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Fig. 5.6 shows the EQE of reference LED structures presented in Fig. 5.4 with the CpMg flows 

as presented in Table 5.2. The peak IQE is calculated using the experimental data for the EQE. 

The calculation is based on an interpolation of the recombination rate equation at maximum 

EQE with ABC + f(n) model by Dai et al. [70] and Nippert et al. [71, 72] which yields the 

following expression.  

IQEpeak =
Q−value

Q−value +2
                                                                                                              (5. 2) 

where the value of the parameter Q can be found by a least-square fitting of the interpolated 

ABC + f(n) data [70]. As expected, the EQE of TJ-LED3 at the current density of 10 Acm-2 is 

also 30 % higher than the EQE of reference std-LED (Fig. 5.6a). The increase of EQE for the 

TJ-LEDs is caused by a higher light extraction efficiency (LEE) due to a lower light absorption 

of the GaN:Ge spreading layer and lower optical loss by thermal quenching. The absorption 

coefficients of GaN:Ge layer and oxidized Ni/Au contact layer in the spectral range of 420-450 

nm wavelength were determined from separate optical measurements to be around 115 cm-1 for 

GaN:Ge layer ([n] ~ 1x1020 cm-3) corresponding to an absolute absorption value < 1 %  by a 

100 nm GaN:Ge layer, while about 50 % absorption losses occur for a Ni/Au contact.  

 

Fig. 5.6 a) EQE-L-J characteristics for std- and TJ-LEDs according to table 5.2 b) AFM image 

of these LEDs illustrating the size increase of V-pits upon GaN:Ge growth. The EQEs for std-

LEDs are mainly lowered by the absorption of Ni/Au contacts. 

In addition, V-shaped pits present on GaN:Ge surfaces grown in nitrogen ambient may increase 

the escape probability of photons. Interestingly, the IQE is almost equal for both LEDs 
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indicating a similar carrier injection into the MQW region. The remaining slight reduction of 

the IQE for TJ-LEDs is perhaps due to the increase of the width of the pits by the GaN:Ge layer 

grown under nitrogen. Dislocations manifest in AFM images (Fig. 5.6b) where growth steps 

disappear or coalesce (mixed and screw dislocations) or where depressions occur (edge 

dislocations) [73-75]. During GaN:Ge growth under nitrogen these V-pits grow in size with 

increasing layer thickness. While it is possible to avoid the size increase of V-pits by growing 

GaN:Ge in hydrogen and/or at a temperature above 1000 °C its applicability has to be checked 

with regard to the MQW properties.      

5.1.3 Tunnel junction micro-LED structures combined with current aperture approaches   

The current aperture methods designed for lithographic processing of intra-cavity contacts of 

GaN-based VCSELs (discussed in section 4.2) were tested first for conventional ITO-µLEDs 

and for TJ-µLEDs with different doping concentrations in the tunnel junction layers (Table 

5.3). The current injection in these micro-LEDs (aperture sizes between 2 and 10 µm) reached 

several kA/cm2 which represents an important step towards VCSEL operation. The first sample 

series consisted of different types labelled ITO-µLED1, TJ-µLED1 and TJ-µLED2 and are 

characterized by oxide-defined aperture structures (Fig. 5.7). The two TJ-µLEDs were grown 

using the same parameters as for the reference ITO-µLED1, except that a GaN:Ge cap layer 

was added on top. In the case of TJ-µLED1, the GaN:Ge was overgrown on top of an oxygen 

plasma treated GaN:Mg surface of a std-LED while for TJ-µLED2 the additional GaN:Ge layer 

was directly grown on top of the GaN:Mg layer without any growth interruption. For the TJ-

µLED2 current injection occured only through the sidewalls of the etched GaN:Ge layer. 

CpMg-flows of 10 sccm in the main p-GaN layers and 400 sccm in the top p-GaN contact layers 

were used for this first sample series.  

Typical I-V curves of ITO-LED1, TJ-LED1, and TJ-LED2 with 10 µm feature size of circular 

current injection areas are presented in Fig. 5.7a, along with the different current aperture 

diagrams shown in Fig. 5.7b. As an ITO layer is n-type (n ~1020 cm-3), it can be regarded as a 

TJ contact to the p-GaN layer, i.e. n++/p++ tunnel junction contact, (Fig. 5.7b1) and it may form 

an ohmic n-contact to the sidewalls of the GaN:Ge layer of the GaN:Ge/GaN:Mg tunnel 

junction, Fig. 5.7b3. The ITO-µLED1 and TJ-µLED1 have comparable I-V characteristic at   



40 
 

Table 5.3 Summary of growth parameters for GaN layers in the micro-LEDs for test of the 

various current aperture approaches as described in section 4.2. 

 Sample 

name 

CpMg-flow 

(sccm) 

Cap layer 

(sccm) 

With 

EBL 

Aperture design   

(Also see Fig. 5.7b) 

S
er

ie
s 

1
 

ITO-µLED1 10+400 none No oxide aperture (b1) 

TJ-µLED1 10+400 IBGe, 0.33 No SAG-approach for TJ (b2) 

TJ-µLED2 10+400 IBGe, 0.33 No 
passivation approach for TJ 

(b3) w. metal-sidewall contact  

S
er

ie
s 

2
 

ITO-µLED2 20+400 none Yes oxide aperture (b1) 

TJ-µLED3 10+40 IBGe, 0.33 Yes 
passivation approach for TJ 

(b3) /with ITO-sidewall contact 

TJ-µLED4 20+20 GeH4, 0.1 Yes 
passivation approach for TJ 

(b3) /with ITO-sidewall contact 

TJ-µLED5 20+80 
GeH4, 0.1 

SiH4, 1 
Yes 

passivation approach for TJ 

(b3) /with ITO-sidewall contact 

TJ-µLED6 20+400 GeH4, 0.1 Yes 
passivation approach for TJ 

(b3) /with ITO-sidewall contact 

1 kAcm-2 of 5.8 V and 6.3 V, respectively, but the latter has much more light output. Also, with 

TJ-µLED2 current injection and reasonable light emission is achieved demonstrating the 

general feasibility of this approach. While TJ-µLED2 has the lowest operation voltage of 3.8 

V, this reduction is likely due to a leakage in the metal contacts and aperture sidewall. The 

current leakage and absorption losses at the edges of the apertures (Fig. 5.7b3) may have 

reduced the light output of TJ-µLED2 as compared to TJ-µLED1. Theses leakage and light 

absorption losses were reduced in the next sample series by optimized sidewall treatments and 

by replacing the metals with the ITO to form the contact to the etched GaN:Ge sidewalls. The 

ITO-µLED1 is instable and, even though its light output is lower than that of TJ-µLED1, 

devices started to degrade at current densities above 3 kAcm-2. In contrast, TJ-µLEDs 1 and 2 

could be driven at very high current densities and operated under continuous wave (CW) 

conditions up to 30 kAcm-2 without failure. The inset of Fig. 5.7a shows a homogeneous 

emission of TJ-µLED1 at this current density of 30 kAcm-2 through an aperture diameter of 10 

µm. In addition, the capability of these µLEDs to operate at very high current densities with 

very high light output power densities render them useful for novel LED applications in 
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Fig. 5.7 Typical I-V characteristics of 10 µm-LEDs (a) processed in 3 different current aperture 

methods (b). The inset is photograph image of the homogeneous emission of the 10 µm TJ-

LED1.  

particular for µLED displays [38]. An example of an alphabetical display with 3 letters on a 1 

mm2 mesa of GaN TJ-LED1 was tested at a current of 40 mA (Fig. 5.8). In this diode, the area 

of the 3 letters A, B, and C was protected by positive photoresist during O2 plasma passivation 

process (see parameters of the treatment in the Appendix A). After removal of the photoresist, 

the sample was overgrown with GaN:Ge. The passivation allows current only to pass the 

GaN:Ge/GaN:Mg interface in the unpassivated area of the letters. 
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Fig. 5.8 A photograph image of an alphabetical display out of a 1 mm2 mesa for TJ-µLED1. 

Using the same approaches for the current apertures, the second micro-LEDs series was studied 

for the impact of doping on the I-V and emission characteristics (cf. Table 5.3). Fig. 5.9 shows 

the L-I-V characteristics of TJ-µLEDs 3-6 and ITO-µLEDs 1 and 2. The doping in the buried 

p-GaN layer and at the interface is relatively low for TJ-µLED3, whereas the p-doping was 

doubled (20 sccm CpMg-flow) for the buried p-GaN layer in TJ-µLED4 but without high Mg-

doping at the TJ interface. For TJ-µLEDs 5 and 6, the doping in the buried p-GaN layer is 

similar to TJ-µLED4 but increased by a factor of 4 at the TJ interface layer for TJ-µLED5 and 

20 times (400 sccm) for TJ-µLED6, respectively. The latter doping is repeated for the p-GaN 

contact layer in ITO-µLED2. TJ-µLED5 features another 260 nm thick GaN:Si (SiH4, [n] 

~3x1018 cm-2) layer which was grown on top of the GaN:Ge tunnel junction layer in order to 

reduce the width of the V-pits on the surface which is crucial for the upper mirror deposition. 

However, this additional layer needs further optimization as it has implications on the tunnel 

junction properties and therefore the current injection.  

In this series, TJ-µLED4 (highest Mg-doping for the buried p-GaN, but moderate Mg-doping 

concentrations in the contact layer yields the best I-V characteristic and highest light output 

compared with TJ-µLED5 and TJ-µLED6 (both with increased Mg-doping in the p-GaN 

contact layers). TJ-µLED4 has an I-V curve comparable to the I-V curves of reference ITO-

µLED1 and ITO-µLED2 with slightly higher light output. The turn-on voltage for the best TJ-  
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Fig. 5.9 The I-V characteristics of 10 µm ITO-µLED devices and TJ-µLED devices with various 

Mg-doping schemes employing 3 different current aperture methods (a), AFM images (3x3 µm2 

scans) of respective µLED surfaces (b), and comparison of I-V curves of the ITO-µLED2 

devices for apertures varying from 2 to 10 µm (c). 

LED4 is 4.5 V, ~ 1 V lower than the best ITO-µLED2. However, an increased series resistance 

is found for TJ-µLED4 leading to higher operating voltage of 7.7 V at 4 kAcm-2. This higher 

series resistance is likely due to the lateral contact formation between GaN:Ge and ITO (Fig. 

5.7b3).  
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Unlike the ITO-µLEDs, an additional excessive Mg-doping concentration at the contact layer 

in combination with an increased Mg-doped in the buried p-GaN for TJ-µLED6 led to increased 

defect densities as can be seen in AFM pictures (Fig. 5.9b). These increased defect densities 

could be avoided by adjusting to the CpMg flow at the p++ layer and adding an additional 

GaN:Si layer on the top of GaN:Mg/GaN:Ge tunnel junction layers (TJ-µLED5). At low current 

densities, the light intensity measurements show variations (oscillations) for TJ-µLED4-6 (all 

with increased Mg- doping in the buried p-GaN layer, Table 5.3) which is connected with a 

spotty emission around the aperture edges. A possible cause is current crowding at the aperture 

sidewall and current leakage paths in case of the lateral current injection scheme. 

It is likely that the intensity variations are influenced by the type of doping scheme. For 

comparison, TJ-µLED3 devices with Mg-doping of 10+40 sccm showed a stable output. Those 

TJ-µLED devices with higher CpMg flow in the buried p-GaN layer, albeit being much 

brighter, were also very fragile as they easily showed breakthrough behavior at higher current 

flows. This may have been caused by strong thermal heating or a short-circuit at higher electric 

fields correlated with the observed filamentation of the current paths. Poor contact schemes on 

the aperture sidewalls are also a possible cause.  

The combination of high p-doping in the buried p-GaN layer and high p-doping at the buried 

p-GaN contact layer resulted in lower quality of the TJ-µLEDs when an oxygen plasma treated 

p-GaN surface was overgrown with GaN:Ge. These devices also showed instable operation. To 

explain this, one could argue that the plasma treatment reduced the effective p-doping in the 

contact layer or that the oxide layer introduced a small charge capacitor (e.g., GaO) in between 

the p-GaN and the overgrown layer. Furthermore, the plasma induced passivation layer might 

have been too thin allowing for leakage from the overgrown GaN:Ge to the p+-GaN layer.  

5.2 Half-cavity VCSEL structures  

5.2.1 Tuning of cavity resonance 

Fabrication of half-cavity VCSEL structures started with a 45-fold AlInN/GaN DBR epitaxially 

grown on sapphire substrates. Within the DBR, the GaN layers were grown at a temperature of 

1100 °C and 200 mbar reactor pressure using H2 carrier gas while AlInN layers were grown at 

a temperature of 780 °C and 70 mbar pressure using N2 carrier gas. These growth conditions for 

AlInN ensured lattice-matched growth to GaN with an indium content of around 18 %. The 

nominal layer thicknesses of the AlInN and GaN quarter-wavelength layers were 44 nm and 40 
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nm, respectively, to yield a stopband position at around 415 nm and a theoretical stopband 

reflectivity of 99.9 %.  
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Fig. 5.10 Properties of a 45xAlInN/GaN DBR. a) Measured and simulated reflectance b) AFM 

images c) SEM cross-section images d) HRXRD θ/2θ-scans around GaN (0002) reflection and 

respective simulation. 
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Fig. 5.10 shows the spectral properties of such AlInN/GaN DBR which served as bottom mirror 

in the VCSEL structures. The maximum measured reflectivity amounts to 99.8 % with a 

stopband FWHM of about 34 nm. High optical and structural quality of the DBRs confirmed 

by the simulated spectrum (Fig. 5.10a). The reduced Fabry-Pérot-oscillations at both sides of 

the stopband is caused by a layer thickness gradient across the wafer in combination with the 

averaging effect of a relatively large measurement spot size (~2x8 mm2). Both surface 

morphology and interface quality were qualitatively assessed by AFM and SEM measurements. 

A smooth surface with a root mean square (rms) roughness of ~ 0.44 nm for a 5x5 µm2 size 

scan was revealed by the AFM image (Fig. 5.10b). Fig. 5.10c depicts a cross-section SEM 

image of the DBR showing the periodic structure with the AlInN layers (bright contrast) and 

the GaN layers (dark contrast). Constant layer thicknesses and smooth interfaces, prove a good 

quality of the AlInN/GaN DBR.  

Also, constant compositional quality, constant periodicity, and smooth interfaces of bottom 

DBR was confirmed by a high-resolution X-ray diffraction (HRXRD) measurement as well 

(Fig. 5.10d). Superlattice fringes were observed across a large angular range. According to 

respective simulation of the diffraction pattern, an indium content of 18 % in AlInN and a layer 

thickness of 46 nm/41 nm for AlInN and GaN, respectively, was determined.  

5.2.2 Optimization of the p-doped region in half-cavity structures 

To assess the impact of p-doping on the electrical and optical properties of GaN-based VCSELs, 

the I-V characteristics of standard LED structures and half-cavity were compared (Fig. 5.11). 

These devices had a circular aperture of 30 µm. Thereby, two different doping schemes for the 

p++-contact layer were tested. For the basic diode structures refer to section 3.1 (Fig. 3.2). For 

LED1 and VCSEL1 the CpMg flow as compared to the bulk GaN:Mg growth was increased by 

a factor of 4 during growth of the p++-contact layer while for LED2 and VCSEL2 the CpMg-

flow was increased by a factor of 40. The stopband of VCSEL1 had a maximum reflectivity of 

about 99 % at a wavelength of around 415 nm. With the lower doping for the p++-layer, LED1 

and VCSEL1 devices operated with comparably high turn-on voltages of 5 and 6 V, 

respectively, and with a similar operating voltage of 7.5 V at a current density of 1 kAcm-2. For 

higher forward current densities, the high series resistance caused breakthrough of the diodes. 

For the higher doping of the p++-contact layer, the turn-on voltage was reduced by 2 V. Thus, 

turn-on voltages of 3 V and 4V were observed for LED2 and VCSEL2 devices, respectively, 

while the voltages measured at 1 kAcm-2 were 3.7 V for LED2 devices and 6 V for VCSEL2 
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devices. VCEL2 devices showed a 10 times higher light output as compared to VCSEL1 

devices.   

 

 Fig. 5.11 I-V characteristics for standard LEDs and half-cavity VCSEL diodes with different 

CpMg-flow during growth of the p++-region. LED1 and VCSEL1 had 4x increased flow, LED2 

and VCSEL2 had a 40x increased flow as compared to the bulk GaN:Mg growth.  

5.2.3 Growth related issues of cavity properties 

In the small research-type MOVPE reactor, layer structures like highly reflective AlInN/GaN 

DBR usually exhibit a radial thickness gradient across the wafer. This is due to temperature 

gradients across the wafer (caused by wafer curvature) and due the different depletion of the 

reacting species in the gas phase. This is a great challenge for the growth design of DBRs, since 

already a small lateral thickness gradient with thickness changes of ± 2 % would lead to a 

stopband wavelength shift of ± 8 nm [14]. It therefore was unavoidable to observe spectral 

matching of the specified cavity resonance with the MQW spectral properties only within 

limited radial distance from the center of the wafer. 

Fig. 5.12 shows a schematic drawing of two VCSEL structures, from which one (VCSEL diode 

3) is characterized by a non-intentionally detuned cavity, while the other (VCSEL diode 4) was 
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corrected to match MQW emission and cavity resonance. Experimentally, VCSEL diode 3 had 

a stopband red-shifted by 26 nm with respect to the MQW emission wavelength (Fig. 5.13a). 

The photoluminescence (PL) peak was at 407 nm wavelength while the maximum reflectivity 

of 98% was measured at 433 nm. Unfortunately, a particle issue (Fig. 5.13b, inset) within the 

reactor during growth negatively impacts the reflectivity measurement. Due to the large 

measurement spot of the photospectrometer, the measured stopband reflectivity was reduced 

92 % (Fig. 5.13b, inset) and the sideband oscillations were smeared out. 

 

Fig. 5.12 A schematic layer structures for conventional VCSEL diodes 3 and 4. 
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Fig. 5.13 Reflectivity and PL emission spectra for a) detuned and b) resonant VCSEL diode 

structures. Insets are Nomarski microscopy images of the wafer surface after growth revealing 

a large number of particles in b). 

The FWHM of the emission peak for VCSEL diode 3 was 38 nm while it was reduced to 33 

nm for VCSEL diode 4. This narrowing of the emission spectrum is the effect of the matched 
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cavity resonance. Fig. 5.14 shows the I-V characteristics of the half-cavity VCSEL diodes 3 

and 4 with oxidized Ni/Au metal contacts covering the full diode area. The I-V curves for 

VCSEL diode 3 showed lower operation voltage than VCSEL diode 4 devices (Fig. 5.14a). The 

increased voltages for diode 4 might have been caused by a disturbed p-type doping due to the 

high particle defect density on the surface (see Fig. 5.13b, inset). The maximum current 

densities in the I-V curves were limited by the maximum current of the setup (100 mA). While 

the light output from mesas with diameters of 100 µm were comparable for both diode types, 

for smaller VCSEL diode 4 devices with diameter of 50 µm or 30 µm were significantly brighter 

(despite the high particle density) than VCSEL diode 3 devices (Fig. 5.14b), which might be 

attributed to the better resonance matching of the microcavity.  

 

Fig. 5.14 a) I-V characteristics for half-cavity VCSEL diode 3 type with detuned cavity and for 

VCSEL diode 4 type with resonant cavity b) light output for VCSEL diode 3 type (solid lines) 

and for VCSEL diode 4 type (doted). 

5.2.4 ITO-VCSELs vs. TJ-VCSELs 

In this section, results from half-cavity VCSEL structures with an ITO layer or with GaN:Ge 

tunnel junctions to laterally distributed current injection are presented. The growth conditions 

were tuned to ensure a good structural quality, resonance of stopband and emission for all 

VCSELs. The growth of the active region was first tested by growing conventional ITO-LED 

and GaN TJ-LEDs 1 and 2 as reference diodes. Subsequently, a 7λ-cavity ITO-VCSEL 

reference and TJ-GaN VCSEL1-3 were grown with similar p-doping schemes. Table 5.4 shows 

an overview of the sample structures used in this series. While the CpMg-flow in the buried 



50 
 

bulk p-GaN layer was 20 sccm for all samples, the CpMg-flow for the p++-contact layer was 

400 sccm for ITO-LED, ITO-VCSEL, TJ-LED2 and TJ-VCSEL3. TJ-LED1 had no p++-layer 

while for TJ-VCSEL2, the p++-layer was doped with a moderate CpMg-flow of 80 sccm. TJ-

VCSEL2 features a 260 nm thick GaN:Si cap layer ([n]~3x1018 cm-3) grown on top of the 

GaN:Ge layer to smoothen the surface. A GeH4 flow of 0.1 sccm ([n]~ 1x1020 cm-3) was used 

for GaN:Ge layers in TJ-diodes.  All samples of this series employed a 20 nm thick AlGaN:Mg 

(CpMg-flux of 200 sccm) electron blocking layer (EBL) positioned at 17 nm above the MQW 

to block electron-overflow into the p-region. All VCSEL cavities had a peak reflectivity at 

about 415 nm wavelength which was in resonance to the emission of the InGaN QWs at least 

in some parts of the wafer.  

Table 5.4 Overview of half-cavity VCSEL structures with either ITO layers or TJ structures for 

current distribution.  

Sample 

name 

Mg-flow in 

buried GaN 

Mg-flow in upper 

contact layer (p++)  

Doping flow in TJ-layer 

(n++) / cap layer 

ITO-LED 20 sccm 400 sccm none 

ITO-VCSEL  20 sccm 400 sccm none 

TJ-LED1 20 sccm 20 sccm GeH
4
, 0.1 sccm 

TJ-LED2 20 sccm 400 sccm GeH
4
, 0.1 sccm 

TJ-VCSEL1 20 sccm 20 sccm GeH
4
, 0.1 sccm 

TJ-VCSEL2 20 sccm 80 sccm GeH
4
, 0.1/ SiH

4
, 1 sccm 

TJ-VCSEL3 20 sccm 400 sccm GeH
4
, 0.1 sccm 

Fig. 5.15 shows AFM images of the respective surfaces of structures. For TJ-LED2 and TJ-

VCSEL3 with maximum CpMg-flow the subsequent grown GaN:Ge layer surfaces suffer 

strong roughening. In contrast to these TJ-diodes, a comparably doped ITO-VCSEL still shows 

a smooth surface. However, the surface morphology already appears different to typical GaN 

surfaces which are characterized by step-flow growth. It might be that first inversion domains 

were formed by the heavy Mg-doping and that those inversion domains were responsible for 

the significant roughening when the growth continued with GaN:Ge. The AFM images of the 
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other TJ-diode types show that these diodes also can have a smooth surface with comparable 

rms values to that of conventional diodes (TJ-LED1 and TJVSEL1,2).  

 

Fig. 5.15 AFM images, 3x3 µm2 scans, of ITO-VCSEL, TJ-LED1,2, and TJ-VCSEL1,2,3 with 

varied high p-doping concentration at the interface layer. 

The roughening for TJ-diodes with maximum CpMg-flow for the p++-layer can be also observed 

by in-situ reflectivity measurements at 405 nm wavelength (Fig. 5.16). During growth of the 

TJ-VCSEL3 the reflectivity suddenly drops indicating a severe surface degradation whereas 

this drop is not present during the growth of TJ-VCSEL1. Accordingly, the surfaces were 

completely different with rather smooth morphology for TJ-VCSEL1 and a very rough 

morphology for TJ-VCSEL3. The surface of TJ-VCSEL1 also exhibits the V-pits which are 

typical for GaN:Ge grown under nitrogen atmosphere and at low temperature.  
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Fig. 5.16 In-situ reflectivity data of two different CpMg-flows of 20 sccm (left) and 400 sccm 

(right) during growth of the p-GaN interface layer in TJ-VCSELs structures. A significant drop 

in reflected intensity was observed in the subsequently grown GaN:Ge layer when a high 

CpMg-flow was chosen, indicating surface roughening, as confirmed by AFM (bottom row). 

The HRXRD analysis of the conventional ITO-VCSEL diode showed that the structural quality 

of the DBR and the active region were comparable to the reference DBR structure (described 

above in 5.2.1) and to the InGaN/GaN MQW properties of reference LED structures (Fig. 5.17). 

Pronounced superlattice fringes originating from the periodic MQW and DBR structures were 

visible over a large angular range. This implies that the interface quality and periodicity of the 

DBR were similar in the VCSEL structures. 
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Fig. 5.17  HRXRD (0002) θ/2θ-scans for conventional half-cavity ITO-VCSEL structures 

compared to 45xAlInN/GaN DBR and 5xInGaN/GaN LED reference structures. 

Fig. 5.18 shows the PL (a) and reflectance (b) spectra of the conventional VCSEL reference 

diode (ITO-VCSEL). The reflectivity measurement at the center and towards the edge (spot 

center was set ~ 0.5 inch off center position) revealed a blue-shift of the stopband from 414 to 

405 nm comparable with the PL peak shift of 9 nm from the wafer-center to the wafer-edge 

(Fig. 5.18a). Since no variation of the indium content in the QWs was detected from HRXRD 

measurements, the PL wavelength shift is caused by the shift of the cavity resonance. In 

proximity of the wafer-center no significant shift of the stopband or PL was observed due to 

the similar optical properties. The peak and integrated intensities as function of current injection 

for a 6 µm aperture diameter are presented in Fig. 5.19a. The intensity linearly increases as a 

function of the current, that increases roughly from 8 µA (10 Acm-2) up to a maximum of 6.4 

mA (22.5 kAcm-2). At current densities above 22.5 kAcm-2 diodes were destroyed. The inset 

shows an electrically driven half-cavity ITO-VCSEL with 6 µm device at a current density of 

22.5 kAcm-2. The bright spots that are visible around the aperture are artifacts from the mesa 

facets. Fig. 5.19b shows EL measurements at different injection current densities. As can be 

Seen, the EL emission peak in this device was measured at around 411 nm. The FWHM of the 

EL spectra of 6 µm aperture half-cavity ITO-VCSEL increased from 5 nm to 8 nm when current 

density was increased from 10 Acm-2 to 22.5 kAcm-2, respectively. 
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Fig. 5.18 a) PL and b) reflectivity mapping across a wafer of a conventional half-cavity ITO-

VCSEL diode structure. 

Fig. 5.20a shows the room temperature cw L-I-V characteristics of ITO-LED, ITO-VCSEL, 

TJ-LEDs 1 and 2, and TJ-VCSELs 1, 2, and 3 devices (as described in Table 5.4) with an 

aperture diameter of 10 µm. The devices were processed as schematically shown in Fig. 5.20b. 

For standard pn-diodes, SiN passivation was used to confine the current within the aperture 

diameter and ITO was deposited on top of the aperture as current spreading layer (Fig. 5.20b1). 
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In tunnel junction diodes, the first mesa-etch defined the basic device size and went down to 

the n-GaN below the active region. This step was followed by a second etching step that defines 

the aperture size. Here, the etching process went through the (n++/p++)-TJ ending in the bulk p-

GaN layer. Afterwards, the surface of the p-GaN layer was passivated with a thin SiN layer 

(~15 nm). In the next step an ITO layer was deposited with thickness corresponding to the 

etching depth (~100 nm). The ITO layer formed a lateral contact to the “aperture mesa” 

sidewalls permitting current injection through the sidewalls of the etched n++ GaN tunnel 

junction layer (Fig. 5.20b2).  

 

Fig. 5.19 a) Operating voltage and EL intensity as function of current-density for a 6 µm 

aperture device of half-cavity ITO-VCSEL. The inset shows spontaneous emission at a current 

density of 22.3 kAcm-2. b) Typical EL emission spectra of a 6 µm device at various current 

densities from 10 Acm-2 to 3 kAcm-2.  

For a current density of 100 Acm-2, a 10 µm-aperture conv. ITO-VCSEL structure required a 

bias voltage of 4.3 V. This is 1 V lower than for the best TJ-VCSEL1 devices. However, the 

TJ-VCSEL1 devices had the highest optical power at 8 kAcm-2 injection current with 40% more 

light output than ITO-VCSEL devices. At 8 kAcm-2 the operating voltage was 8 V for ITO-

VCSEL devices and 10 V for TJ-VCSEL1 devices. Unfortunately, only ITO- VCSEL diodes 

showed good I-V characteristics and light output for all aperture diameters (Fig. 5.21). For the 

other diode types, with increased p-doping at the interface layer, early breakthrough occurred 

at current densities of around 1 kAcm-2. Comparing the morphological and structural properties 

of the tunnel junction diodes as determined by AFM and HRXRD better I-V characteristics and 
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higher light output correlated with better surface morphology and crystallinity. VCSEL devices 

with an additional GaN:Si layer (TJ-VCSEL2) on top of the TJ-region to cover the surface of 

V-pits also showed worse I-V characteristics and light output as well as early breakthrough. 

with lower emission and failed at low current density.  

 

Fig. 5.20 a) I-V characteristics of ITO-VCSEL and TJ-VCSEL diodes compared with reference 

LEDs. b) Schematic view of the current aperture approaches for b1) standard ITO-diodes 

processing and b2) TJ-diodes processing. 

 

Fig. 5.21 The I-V characteristic of the conventional ITO-VCSEL reference diode with (a) 

relative light output for apertures between 2 and 10 µm and (b) Normalized light output to the 

area of the aperture. 
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5.3 Fabrication and characterization of full-cavity structures   

5.3.1 Fabrication of the dielectric top DBR  

For the fabrication of the upper DBR, SiO2/HfO2 𝜆 4⁄  layers were investigated. Fig. 5.22 shows 

measured reflectivity and transmission of a 9-fold SiO2/HfO2 upper DBR deposited by reactive 

RF-sputtering on a double side polished (DSP) sapphire substrate. The DBR exhibited a 

maximum reflectivity of the stopband of 98 % at a wavelength of 415 nm with a FWHM of 

about 100 nm. The calculated losses within the DBR (by eq. 2.23) at the center of the stopband 

was 2 % which is high value considering the expected transparency of the materials at this 

wavelength. The high optical loss together with the averaging measuring spot set up and 

database values in the software caused a non-well fitted measured reflectivity by simulation 

(Fig. 5.22a). The simulation of transmission in Fig. 5.22b shows that at shorter wavelengths the 

losses even increased to higher values due to strong optical absorption in (at least) one of the 

DBR layers. At higher wavelengths pronounced oscillations are observed for measured 

reflectivity and transmission, showing a reduced absorption but with increased scattering losses.  

 

Fig. 5.22 a) Reflectivity (Rs) and b) transmission (Ts) of a 9-fold SiO2/HfO2 DBR test structure 

for a resonant wavelength of 415 nm.  

In the SEM image shown in Fig. 5.23 the SiO2 and HfO2 layers exhibit rough interfaces. While 

the initial layers of the DBR were smooth the roughness increased with the number of deposited 

layers. Since the HfO2/SiO2 interface always represented the rougher interface the sputtered 

conditions of the HfO2 needs to be improved. Additional X-ray reflectivity (XRR) 
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measurements also failed as no Kiessig-oscillations could be observed. SiO2/Ta2O5 dielectric 

DBR structures provide another approach and were deposited by e-beam evaporation in past 

investigation. However, this deposition was even more challenging due to the difficulty for 

evaporating stoichiometric and smooth SiO2 layers. The electron beam tends to burn holes in 

the SiO2 pellets leading to very unstable deposition rates and non-uniform films.  

 

Fig. 5.23 Cross sectional SEM image of the 9-fold SiO2/HfO2 DBR test structure. 

Despite the imperfections of the top dielectric DBR, a full-cavity VCSEL structure was 

processed using a lift-off process to define the cavity area. For lift-off process, a combination 

of an O2 plasma asher and BOE pretreatment step was developed. Without this pretreatment the 

deposited mirror layers peeled off from the aperture. In a first step, the surface of the processed 

wafer including the metal contact was cleaned in a plasma asher with an O2 plasma for 24 s at 

a power of 50 W to remove any residuals from the previous lithography. After the following 

lithography to define the deposition area for the top DBR, same O2 plasma asher cleaning 

process was used again. Prior to the DBR deposition, BOE was applied for 25 s to remove 

residual oxides. The BOE process should be kept short enough to maintain the undercut of the 

photoresist openings and to avoid possible structural degradations of the ITO layer.  

5.3.2 Optical and electrical characteristics  

The sample structure of the 7λ-cavity TJ-VCSEL1 and a cross sectional STEM image of this 

VCSEL are shown in Fig. 5.24. In Fig. 5.24b several V-pits defects on the GaN surface are 
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visible. Fig. 5.24c shows electron microscope image of a TJ-VCSEL1 structure including the 

top DBR. The deposition of the SiN layer to passivate the etched surface was imperfect as there 

remained an elevation of the boundary to mesa region which leads to a disruption of the 

subsequent ITO layer and some of the DBR layers. The upper DBR also showed significant 

roughness. 

 

 

Fig. 5.24 a) Schematic of the layout of the 7𝜆-cavity TJ-VCSEL1 structures including a device 

photograph. b) Large view of the cavity structure. c) Closer inspection of the transition region 

from the cavity area to the contact region showing the disruption of the ITO layer due to an 

elevation in the first SiN layer. 
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Light-current-voltage-measurements for full-cavity ITO-VCSEL and TJ-VCSEL1 devices 

were performed at room temperature under continuous wave (cw) operation. Fig. 5.25 a and b 

show typical L-I-V characteristics for 8 µm and 6 µm aperture diameter devices, respectively. 

Both VCSEL structures have a comparable I-V curve but the light output of the TJ-VCSEL1 

devices at ~25 kAcm-2, 8 µm aperture, (Fig. 5.25a) or at 10 kAcm-2 (6 µm aperture) (Fig. 5.25b) 

was twice that of ITO-VCSEL devices. The light intensity for TJ-VCSEL1 was even up to 10 

times higher for devices with 10 µm aperture (see Fig. 5.25c and d). The higher brightness of 

TJ-VCSEL1 devices demonstrates the higher transparency of the GaN:Ge current spreading 

layer. One can see that the I-V curves and optical emission for the ITO-VCSEL devices were 

strongly dependent on the aperture diameter (Fig. 5.25c) while the I-V characteristics of TJ-

VCSEL1 devices were more or less independent of the aperture diameter (Fig. 5.25d). The 

scattering of the ITO-VCSEL devices can be related to the ITO deposition process. 

 

 

Fig. 5.25 Room temperature cw I-V characteristics and light output for a) 8 µm aperture and 

b) 6 µm aperture TJ- and ITO-VCSEL devices. Aperture diameter dependence of the light 

output of ITO-VCSEL (c) and TJ-VCSEL1 (d) devices. 
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Pulsed I-V measurements were conducted to extend the limit of the applicable current density 

and to possibly achieve lasing conditions (Fig. 5.26). Using 1 % duty cycle, diodes operated at 

current density up to 30 and 65 kAcm-2 depending on aperture size (2-10 µm). Similar 

measurements on TJ-VCSEL1 devices (not shown) failed already at current densities below the 

cw maximum value of 14 kAcm-2. It might be possible that the oxide passivation layers of these 

devices do not withstand the spikes in the electric field amplitudes that are present under the 

pulsed operating conditions.  
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Fig. 5.26 Pulsed I-V measurements, 1 % duty cycle, for ITO-VCSEL devices. 

Under pulsed operation the ITO-VCSEL devices withstand current densities up to 60 kAcm-2. 

The onset of lasing could not be deduced from the L-I curve as there is no transition to a steeper 

L-I characteristic. At high current densities, the slope of the light output even decreased (Fig. 

5.25c). For some of the TJ-VCSEL1 devices (see Fig. 5.27), the light output showed a transition 

at current density of 0.5 kAcm-2 where the light output shows a steeper light output, which 

might be associated to the onset of the superluminescence.  

A superluminescent diode (SLD) is produced when a laser gain medium is in its population 

inversion state, however the feedback is not sufficiently to switch to laser operation, resulting 

in much larger spectral emission width [77-79]. It is not easy to distinguish laser operation from 

the superluminesce regime taking only L-I measurement. Therefore, additional measurements 
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on the spectral linewidth above threshold current were conducted (Fig. 5.28) to confirm if the 

observed transition also corresponds to the onset of spectral linewidth narrowing [14, 77].  
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Fig. 5.27 L-I-V characteristics for a 6 µm diameter TJ-VCSEL1 showing an estimation for the 

threshold current densities for spontaneous (SE) and amplified spontaneous emission (ASE). 

As can be seen in Fig. 5.28, both types of VCSEL-structures exhibited spectral broadening. The 

emission spectra of a 10 µm aperture ITO-VCSEL (Fig. 5.28a) are compared with that of a 4 

µm aperture TJ-VCSEL1 (Fig. 5.28b). The spatially averaged spectra clearly showed a cavity 

mode for both VCSEL devices. At current density of 200 Acm-2, devices showed a broader 

emission of 5 nm FWHM. For comparison, the spectral FWHM of half-cavity ITO-VCSEL 

devices was around 7 nm. For TJ-VCSEL1 devices, many peaks emerged after the first emission 

(at 100 Acm-2) (Fig. 5.28d, inset). It maybe that many peaks of these devices are related to the 

fluctuations of the EL measurement conditions or could be the different cavity modes which 

can be distinguished if lasing in many modes would be achieved. In addition to a too low quality 

of the dielectric top mirror, it can be argued that the V-pits present on the surface of TJ-VCSEL1 

structures cause the reduction of the cavity quality. Q-quality factor of the cavity in these 

VCSEL devices was calculated to be around 84.  
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Fig. 5.28 Current injection dependent emission spectra of a) ITO-VCSEL device b) TJ-VCSEL1 

device. In c) and d) individual spectra taken at 200 Acm-2 are compared.  

Fig. 5.29 shows that these threshold current densities for superluminescence were slightly 

dependent on the aperture diameter. Each data point in the figure represents an average of four 

values measured in different VCSEL devices. For 6 µm and 4 µm aperture diameters, the 

VCSELs have threshold current densities values of 0.5 kAcm-2 and 4 kAcm-2, respectively.  
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Fig. 5.29 Superluminescence threshold current density for ITO- and TJ-VCSEL devices in 

dependance on the aperture size. 

5.4 Summary 

In this chapter, different doping schemes for the p-side region with regard to current-voltage 

characteristics and processing strategies were investigated for ITO-LEDs and TJ-LEDs to find 

the best approach for VCSEL fabrication. However, the best scheme for LEDs is not generally 

ideal for TJ-VCSELs due to surface roughening. TJ-VCSEL devices with better light output 

than conventional ITO-devices at current densities up to 22 kAcm-2 could be realized which is 

a consequence of the lower absorption of the GaN:Ge layers. Although lasing could not be 

observed due to quality issues of the top dielectric mirror, the onset of superluminecsence at a 

threshold current density of 0.5 kAcm-2 (7.2 V) was observed. Issues to be solved remain for 

the top DBR deposition, surface morphology and the passivation of the p-side region. 
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Chapter 6 Highly reflective and conductive AlInN/GaN DBR  

6.1 N-type doping of AlInN/GaN multilayer stacks 

In the previous chapter, VCSEL structures with low turn-on voltage were demonstrated, 

although stimulated emission could not be observed most likely due to a too low quality of the 

upper dielectric mirror. In these structures, the lower reflector was realized by an undoped 

AlInN/GaN DBR that is highly resistive. Therefore, intra-cavity electrical contacts had to be 

applied which required a rather large thickness of the cavity to ensure effective current 

spreading. The longer optical cavity of VCSEL devices the smaller gets the longitudinal optical 

confinement factor which increases the threshold current density [30]. Therefore, GaN-based 

VCSELs with an extra-cavity contact on the backside of a n-doped AlInN/GaN DBR would 

allow for a reduction of the cavity thickness.  However, the electrical resistance of AlInN/GaN-

based DBRs increased by large polarization fields and a significant conduction band offset of 

about 1.0 eV between GaN and AlInN [11, 14].  

Few studies about the vertical electrical conductivity in n-type AlInN/GaN layers have shown 

that Si and Ge dopants are suitable donor species to address the band offsets and to screen the 

polarization fields at the transition from AlInN to GaN [12, 17, 80]. Thereby, e.g., to achieve 

ohmic characteristics and a high reflectivity in n-doped AlInN/GaN DBRs, Si-modulation 

doping at the interfaces of AlInN and GaN layer stacks was applied in one report [13]. 

Additionally, composition grading at the interfaces in combination with modulation doping by 

Si was suggested [12, 81]. However, such n-type AlInN/GaN DBRs require a complex growth 

process and the achieved resistance is still relatively high. In previous work, our research group 

reported on Ge-modulation doping to realize GaN/GaN:Ge DBRs [82]. This approach takes 

advantage of the refractive index change occurring at very high carrier concentrations due to 

the Burstein-Moss-effect and it was developed to avoid issues related with lattice mismatch and 

the very different growth conditions of AlInN and GaN. Although an efficient vertical current 

transport was achieved for GaN/GaN:Ge DBRs, the small refractive index contrast between 

GaN and GaN:Ge leads to a narrow stopband width and very long effective cavity length. 

Therefore, GaN/GaN:Ge DBRs are not suited for the realization of GaN-based VCSELs. In this 

chapter, highly reflective and conductive AlInN/GaN DBRs are demonstrated by adjusting Ge-

doping in the AlInN and GaN layer stacks. First, the impact of Ge- and Si-doping on a simple 

GaN/AlInN/GaN stack was studied to determine a suitable doping range for detailed 
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investigation. Then periodic AlInN/GaN heterostructures were experimentally investigated to 

achieve high vertical conductivity in 10 pairs of n-type AlInN/GaN layer [17]. Finally, 

optimized Ge-doping values were applied to achieve both highly conductive and reflective 

AlInN/GaN DBRs suitable for GaN-based VCSEL applications [18].    

To study the effects of Ge- and Si-doping on the vertical conductivity of lattice-matched 

AlInN/GaN DBRs, a simulation of the conduction and valence band profiles according to 

different doping levels in GaN and AlInN based on a self-consistent solution of the 

Schrödinger-Poisson-equation using the commercial software Nextnano was performed. From 

this simulation, doping concentrations well above 1019 cm-3 are determined in both AlInN and 

GaN layers to reduce the polarization charge induced enhancement in barriers heights at the 

AlInN/GaN interfaces [17]. Empirically, a carrier density above 1019 cm-3 can be achieved for 

GaN:Ge [46, 82], while a doping concentration around 2x1019 cm-3 marks the upper limit for 

Si-doping in MOVPE, since at higher doping levels GaN:Si layers usually tend to degrade [47]. 

Here, the Ge-doping and Si-doping concentrations necessary for conductive AlInN/GaN DBRs 

were experimentally assessed.  

The growth of samples was performed in the MOVPE system described in section 3.1. For Ge-

doped DBRs, an 800 nm thick GaN:Ge buffer layer was grown below the AlInN:Ge/GaN:Ge 

DBR. Isobutylgermane (IBGe) was used as precursor for Ge-doping while silane (100 ppm 

SiH4) diluted in hydrogen was used for the growth of short multilayer stacks (short DBRs, s-

DBRs). GaN:Ge and GaN:Si layers were grown at a temperature of 1100 °C at 200 mbar 

pressure using H2 carrier gas while Ge- or Si-doped AlInN was grown at a temperature of 745 

°C at 70 mbar pressure using N2 carrier gas. These growth conditions for AlInN ensured lattice-

matched growth to GaN with an indium content around 18 %. The generally low stability of 

AlInN and known Ge-memory effects [30] during MOVPE growth put limits on the n-doping 

in AlInN stacks. The determination of the resulting carrier concentration in AlInN is also not 

straightforward since the two-dimensional electron gas that forms at the GaN/AlInN interface 

complicates reliable Hall-effect measurements. In addition, the growth of thick homogeneous 

AlInN layers is not possible, since layers with thicknesses above 100 nm tend to degrade by 

changing to a columnar growth mode [83]. Nevertheless, the IBGe and SiH4 fluxes in n-doped 

AlInN layers were optimized during MOVPE growth of a first simple sample series with their 

I-V characteristics presented Fig. 6.1. Nominal thicknesses of these GaN/AlInN/GaN 

heterostructures were 800 nm/40 nm/200 nm, respectively. The doping concentration of the 

GaN layers was chosen at a constant level around 1x1019 cm-3, while the doping of AlInN was 
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varied. The electrical measurements were performed by measuring the vertical current transport 

through separated mesas with a size of 200x100 µm2 and a lateral spacing of 20 µm (Fig. 6.1, 

insets). In Fig. 6.1a, the impact of Si-doping of AlInN was investigated.  Initially, increasing 

the SiH4 flow from 1 to 25 sccm the current transport monotonously improved across the 

heterostructure, while a further increase of SiH4 flow to 42 sccm increased the resistivity again.  

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

-4 -3 -2 -1 0 1 2 3 4

Voltage (V)

C
u
rr

e
n
t 
(A

)

 GaN:Si buffer

 AlInN - undoped

 AlInN - 1 sccm

 AlInN - 6 sccm

 AlInN - 12.5 sccm

 AlInN - 25 sccm

 AlInN - 42 sccm

Vert. TLM measurements 

20 µm  spacing

a) Si-doping variation of AlInN

 

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

-4 -3 -2 -1 0 1 2 3 4

b) Ge-doping variation of AlInN

Voltage (V)

C
u

rr
e

n
t 

(A
)

 GaN:Ge buffer

 AlInN - undoped

 AlInN - 0.025 sccm

 AlInN - 0.1 sccm

20 µm spacing

thickness: 40 % 

Vertical TLM measurements

 

Fig. 6.1 I-V characteristics for (a) Si-doped and (b) Ge-doped GaN/AlInN/GaN 

heterostructures. Insets show the sample layout for vertical electrical TLM measurements with 

a lateral spacing of 20 µm between terminals.  
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Although the conductivity can be controlled by a variation of the AlInN:Si doping, even the 

structure with the lowest resistance still showed a slight S-shape in the I-V curve, i.e. non-ohmic 

behavior. Additional experiments were carried out using DTBSi as precursor for Si-doping of 

AlInN. The same trend was observed in the IV-characteristics with slightly higher resistivities. 

Subsequently, it was studied if better results can be achieved by the application of Ge-doping 

(Fig. 6.1b). Interestingly, a structure with nominally undoped AlInN sandwiched by GaN:Ge 

layers already showed a significant conductivity, which could be related to a Ge-memory effect 

occurring after growth of the GaN:Ge buffer. The origin of the Ge memory effect is not fully 

resolved but most likely promoted by the much lower growth rate of AlInN. While no 

significant change in the I-V curve for a small IBGe dopant flow of 0.025 sccm during AlInN 

growth was observed, ohmic current-voltage characteristics were realized when the doping flow 

was increased to 0.1 sccm. Therefore, Ge-doping appears to be better suited for the realization 

of low-resistive AlInN/GaN interfaces.  

In the next step, the potential of Si- or Ge-doping for the fabrication of conductive AlInN/GaN 

superlattices was investigated by growing AlInN/GaN multilayers with 10 or 45 periods. Based 

on the results on single AlInN/GaN heterostructures, sample structures as shown in Table 6.1 

were grown with different dopant flows. In a first sample series, n-type doping of 10-fold 

GaN/AlInN/GaN DBRs (s-DBRs) was studied for the type of dopant (Si or Ge, or a combination 

thereof). Thereafter, a second sample series aiming at high reflectivity mirror properties studied 

45-fold AlInN/GaN DBRs labeled as samples A, B, C, and D. While sample A is an undoped 

reference AlInN/GaN DBR where the optical properties were unaffected by doping, the 

GaN:Ge layers of the other samples were grown with a constant IBGe flow of 28 µmol/min 

corresponding to a carrier concentration of 1.6x1019 cm-3. AlInN layers in samples A and B, 

were not doped while the IBGe flow during growth of the AlInN layers of samples C and D 

was 87 nmol/min and 350 nmol/min, respectively. As the reflectivity is the most critical 

parameter in VCSEL design, the ideal DBR reflectivity spectra were calculated using the 

AnalysR software from Laytec. With refractive indices of nGaN = 2.54 and nAlInN = 2.3, the 

nominal layer thicknesses of the AlInN and GaN quarter-wavelength layers were chosen to 43 

nm and 40 nm respectively for initial targeting of a stopband center wavelength of around 400 

nm and a theoretical stopband reflectivity of 99.9 %. 
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Table 6.1 Overview of nominal dopant species and GaN carrier concentration or molar flow 

rate for the AlnN part in 10-fold DBRs (s-DBRs) and 45-fold DBRs.  

Sample [Si] in GaN [Ge] in GaN SiH4 in AlInN IBGe in AlInN 

s-DBR1 1.1x1019 cm-3 - 110 nmol/min - 

s-DBR2 - 1.4x1019 cm-3 110 nmol/min - 

s-DBR3 - 5.8x1019 cm-3 - - 

s-DBR4 - 5.8x1019 cm-3 110 nmol/min - 

s-DBR5 - 5.8x1019 cm-3 - 350 nmol/min 

DBR A - - - - 

DBR B - 1.6x1019 cm-3 - - 

DBR C - 1.6x1019 cm-3 - 87 nmol/min 

DBR D - 1.6x1019 cm-3 - 350 nmol/min  

For multilayers with 10-layer pairs, Fig. 6.2 shows the corresponding I-V characteristics when 

measuring vertical current transport. As vertical transport is measured from the top, the current 

flows vertically through 20 layer pairs and laterally through the highly conducting GaN:Ge 

buffer layer. For a Si-doped multilayer stack (s-DBR1), the GaN:Si layers were doped to the 

maximum possible carrier concentration before layer degradation occurs (1.1x1019 cm-3) while 

the AlInN layers were doped with a SiH4 flow of 110 nmol/min. The I-V-curve of the 10-fold 

stack showed non-linear behavior. When the GaN:Si layers were replaced by GaN:Ge with a 

comparable electron concentration (n = 1.4x1019 cm-3), while the AlInN:Si doping remained 

unchanged, a comparable non-ohmic I-V-curve resulted (s-DBR2). These non-linear I-V curves 

imply that the maximum achievable Si-doping concentrations for AlInN in s-DBR1 and s-

DBR2 structures is not sufficient for efficient current transport [17]. According to the band 

profile simulation the free electron concentration in AlInN can be assumed below 1.1019 cm-3. 

To improve the electrical conductivity, the carrier concentration of the GaN:Ge layers was 

increased to 5.8x1019 cm-3 which would not be possible with Si-doping in a MOVPE 

environment. While no intentional doping during growth of the AlInN layers was applied for s-

DBR3, the AlInN layers of s-DBR4 were doped with a SiH4 flow of 110 nmol/min and for s-

DBR5 AlInN was doped with a IBGe flow of 350 nmol/min. Remarkably, similar linear I-V 

characteristics with strongly reduced resistance were observed for all three s-DBRs (Fig. 6.2). 

The minor impact of doping the AlInN on electrical characteristic can be explained assuming  
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Fig. 6.2 I-V-characteristics of Ge- or Si-doped 10-pair AlInN/GaN DBRs (s-DBRs) when 

current is injected vertically through the DBR. The samples description can be found in table 

1. The inset shows corresponding photographs of quarter wafers. Note that particles induce an 

additional darkening of the sample. 

again a pronounced Ge memory effect. The lowest vertical resistance was observed for s-

DBR5with intentionally doped AlInN:Ge layers using an IBGe flow of 350 nmol/min. 

However, the wafer showed a brownish appearance, as shown in the inset of Fig. 6.2. This onset 

of the brownish color change was already observed for s-DBR3 and s-DBR4 which have the 

same Ge doping concentration in the GaN layers. Since this color change was not observed 

even for thick GaN:Ge layers with carrier concentration exceeding 1x1020 cm-3, one can mainly 

attribute it to light absorption or scattering in the Ge-doped AlInN layers, eventually caused by 

point-defects like Ge-atoms at interstitial sites or Ge induced change in In-incorporation. Carlin 

et al. also observed a brownish appearance of undoped AlInN layers [9]. By increasing the 

carrier gas flow, the authors were able to remove the brownish color. Interestingly, the Si-doped 

structures appeared transparent. Additional experiments are required to clarify if the brownish 

appearance is either related to the growth conditions for AlInN layers itself or to other 

mechanisms as, e.g., a modified In-incorporation by a Ge-adlayer during growth.   
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6.2 Structural properties of Ge-doped AlInN/GaN DBRs 

Fig. 6.3 shows photographs, AFM and SEM images of the series of DBR structures described 

in the preceding chapter (Table 6.1). While the undoped structures DBR A and DBR B, with 

Ge-doping only in the GaN layers, had a transparent appearance, the slight brownish color 

change was visible for structure C with moderately doped AlInN layers. When the doping of 

the AlInN layers was further increased for sample D, the color of the DBR even turned black 

indicating a strong absorption and/or scattering of light within the structure (Fig. 6.3a). 

Interestingly, the AFM images showed a comparable surface morphology characterized by step-

flow growth mode for all samples (Fig. 6.3b), with root-mean-square (rms) roughness values 

of 0.5, 0.6, 1.0 and 1.5 nm for DBRs A, B, C and D on 10x10 µm2 surface areas, respectively.  

The fact that the uppermost layer in each structure was GaN, implies that the surface 

morphology of structure D is not deteriorated thoroughly by the Ge-doping. However, there 

was a small increase of the rms-value from 0.5 nm for the undoped DBR A to 1.5 nm for the 

highly doped DBR D likely correlated with an increased AlInN/GaN interface roughness [6]. 

SEM images of the four DBRs confirmed the periodic sequence of the multilayers (Fig. 6.3c). 

The DBRs A, B and C have a high structural quality with smooth interfaces. However, the 

highly doped DBR D was characterized by blurred, undefined interfaces and by an apparent 

thickness increase of the AlInN layers (dark contrast) as well as a thickness reduction of the 

GaN layers (grey contrast). In addition, small voids were seemingly generated within the 

AlInN:Ge layers. The degradation of AlInN already started within the very first AlInN layers 

but was not increasing within the subsequently grown layers so that a curing effect by GaN 

growth with regard to surface roughness can be deduced. Nevertheless, it could be concluded 

that the IBGe-doping flow of 350 nmol/min during AlInN layer growth in DBR D is too high 

to maintain a high structural quality. 

In Fig. 6.4, the in-situ reflectivity signals at a wavelength of 405 nm and the wafer curvature 

for the undoped DBR A, the moderately doped DBR C and highly doped DBR D were 

compared. The reflectivity signature looks very similar for DBR A and DBR C (Fig. 6.4a). 

Therefore, no detrimental influence of the adjusted Ge-doping on the DBR properties was 

deduced. However, the highly doped DBR D showed a reduced amplitude and modulation 

height of the reflectivity signal during growth of the upper DBR periods. This implies a  
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Fig. 6.3 a) Photographs (wafer lying on quad paper with 5 mm line distance), b) AFM images 

(10x10 µm2) and c) SEM cross-section images of AlInN/GaN DBRs A, B, C and D. 

significant loss of light due to light absorption within the AlInN:Ge layers and/or scattering at 

the deteriorated AlInN:Ge/GaN:Ge layer interfaces. Regarding the in-situ curvature transients 

(Fig. 6.4b), again DBR A and C were comparable, while DBR D exhibited an increased 

evolution of compressive stress after growth of the first layer pairs (leading to a more negative 
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slope during AlInN growth). One would expect that this stress was caused by compositional 

changes in the AlInN layers associated with an increased indium  

 

Fig. 6.4 a) In-situ reflectivity at 405 nm and b) in-situ curvature monitored during growth of 

45-fold AlInN/GaN DBRs A, C, and D. 

incorporation. However, X-ray diffraction data yielded a comparable indium-content for all 

samples. Therefore, the compressive stress might have been caused by excessive incorporation 

of Ge into the lattice. The pronounced curvature change when switching from AlInN to GaN 

conditions for the doped DBRs (as well as the curvature increase at the end of the GaN buffer 

during growth of the doped DBRs) was caused by higher growth temperature of the GaN:Ge 

layers. Nevertheless, no generation of tensile stress was observed during growth of the Ge-

doped layer opposite to Si-doping of thick GaN layers where edge and mixed type dislocation 

movement may occur [46]. This is an additional advantage of using Ge as dopant as it helps to 

prevent crack formation in the DBRs structures. 

Fig. 6.5 shows high resolution XRD θ/2θ-scans around the GaN (0002) reflection for all 

samples. Superlattice (SL)-peaks caused by the DBR periodicity were visible for all samples. 

Their distance is related to the thickness of one AlInN/GaN layer pair. In comparison to DBRs 

B and C (with undoped or moderately doped AlInN layers), the SL-peaks of the DBR A were 

present over a wider angular range. Therefore, DBR B and C exhibited a slightly increased 

interface roughness due to Ge-incorporation, either by unintentional doping due to a Ge-

memory effect (DBR B) or by intentional Ge-doping of AlInN (DBR C). Interface roughening 

was even more evident for the highly Ge doped DBR D. Here, SL-peaks are strongly damped 
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and vanished quickly for higher orders (larger angles). Both a disturbed DBR periodicity and a 

reduced homogeneity of layer thicknesses can be made responsible for the change.  
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Fig. 6.5 High-resolution X-ray diffraction (0002) θ/2θ-scans for DBRs A, B, C and D. 

6.3 Electrical and optical properties of Ge-doped AlInN/GaN DBRs 

The resistivity of the DBRs was determined by TLM on mesa structures defined by standard 

photolithography and ICP-RIE. Fig. 6.6 illustrates the measurement geometry and the resulting 

current path for this type of measurement. After etching through the whole DBR structure down 

to the GaN:Ge buffer layer, standard n-contact pads (Ti/Al/Ni/Au) were deposited on top of the 

mesas. By probing two consecutive contact pads, the current passed two times vertically 

through the whole 45x AlInN/GaN DBR and crosses the GaN:Ge layer in the buffer structure 

in lateral direction as shown in Fig. 6.6a. Therefore, the total resistance (RTotal) measured by 

using four contact probes was composed of the sheet resistance (RS) of the GaN:Ge layer 

between the two mesas, two times the contact resistance (RC) of the metal/semiconductor 

interface, and two times the vertical series resistance of the DBR (Rvert). The current thereby 

crossed in total 180 AlInN/GaN and GaN/AlInN interfaces. Thus, the total resistance in 

dependence of the distance d between two consecutive mesas can be expressed as follows: 

RTotal = (
RS

w
) d + 2RC + 2Rvert                                                                                                                        (6.1) 
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where w is the width of the mesa structure. The effective area of the TLM contact pad is the 

product of width (w) and transfer length (ℓ) of the mesa by 200 x 100 µm2, respectively. Fig. 

6.6b shows the current density in dependence of the applied voltage for the DBRs when 

contacting two adjacent mesas with a distance of 20 µm. The undoped DBR was highly 

resistive, whereas the Ge-doped DBRs showed ohmic behavior. Here, DBR D exhibited the 

lowest resistance while the undoped reference DBR A had virtually no conduction within a bias 

range of 10 V. While DBR C also had ohmic I-V characteristics with slightly increased 

resistance (compared to DBR D), DBR B exhibited a reduced conductivity with a resistance 

that was approximately two orders of magnitude higher. In comparison to the highly conductive 

10-pair GaN:Ge/AlInN short DBR with a GaN:Ge doping of 5.8x1019 cm-3 (see Fig. 6.2, s-

DBR3), the GaN:Ge doping of the 45-pair DBR B was only 1.6x1019 cm-3. Apparently, the 

reduced GaN:Ge doping led to a higher resistivity but also to a higher transparency of the DBR 

structure B as marked by image of this DBR B in Fig. 6.3a and by the high reflectivity stopband 

in Fig. 6.7. Therefore, the Ge-memory effect did not provide sufficiently high electron 

concentration in the AlInN layers and intentional Ge-doping was necessary. 

A typical evaluation by TLM of the total resistances is given for DBR C (Fig. 6.6c). After 

determination of the contact resistance RC between the n-contacts and the uppermost GaN:Ge 

layer by measuring surface TLM structures without isolated mesas, the specific vertical 

resistances of the DBR stacks of DBRs C and D were calculated to 5 × 10−4 Ωcm2 

and 1 × 10−5 Ωcm2 respectively according eq. 6.1. Although the resistance of DBR D was the 

lowest, this structure is not suited for devices due to its high optical losses (Fig. 6.7). 

Nevertheless, the specific resistance of the moderately doped DBR C was still lower than of a 

previously reported n-type AlInN/GaN DBR by Ikeyama et al. [13], and good optical 

characteristics suitable for GaN-VCSEL fabrication were achieved.  
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Fig. 6.6 a) Illustration of the fabricated TLM structures for vertical current measurements b) 

J-V characteristics for DBRs A, B, C and D. c) Total resistance versus distance between 

adjacent TLM contacts for DBR C. 

Fig. 6.7 depicts the reflectance spectra of the DBR structures. The undoped sample A exhibited 

a well-pronounced stopband with a center wavelength of 397 nm and a maximum reflectivity 

above 99.8 %. The stopband height was slightly reduced to 99 % for DBRs B and C together 

with a slight reduction of the stopband width in comparison to DBR A. It is likely that the 

growth process of Ge-doped AlInN/GaN DBRs can be further improved to eliminate the small 

impact on the optical properties while maintaining a superior current transport through the 

mirror. As expected, DBR D showed a strong reduction of the maximum stopband reflectivity. 

Despite its black appearance, the maximum reflectivity of sample D was still at 86%. 

In the following, transfer matrix simulations were conducted to get an estimation of the 

absorption coefficient and the interface roughness within the DBR structures [5, 30, 33, 34]. 

From previously performed transmission measurements on thick Ge-doped GaN layers with a 

carrier concentration of 2x1019 cm-3, we found an absorption coefficient of approximately         

40 cm-1 for GaN:Ge. Taking this absorption coefficient into account, the simulation predicts a 

reduction of the maximum stopband reflectivity by 0.1 %, only. Therefore, we concluded that 
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the main cause for the reduced reflectivity of the doped DBRs was the deterioration of the 

AlInN layers.  
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Fig. 6.7 Reflectivity spectra of DBRs A, B, C, and D. 

Fig. 6.8 shows the simulated reflectance spectra of all DBRs used in this study. Assuming no 

additional absorption within the AlInN layers, the simulation of the undoped DBR A fits well 

to the measured reflectivity confirming its high optical and structural quality. For a better 

agreement between the measured and simulated stopbands, a spectral broadening parameter of 

4 nm was implemented, corresponding to a layer thickness gradient of 1 % across the measuring 

spot, which is a reasonable value for layers grown in our system. This parameter had to be 

considered due to the large measurement spot (~2x8 mm2). However, the measured intensities 

of the side band oscillations were slightly lower than the simulated intensities for DBR C while 

they are much lower for DBR D. This confirms the slight degradation of the interfaces in DBR 

C and strongly degraded interfaces in DBR D as confirmed by HRXRD measurements (Fig. 

6.5). For a satisfactory simulation of DBR B with nominally undoped AlInN and DBR C with 

moderately doped AlInN layers, the loss coefficient of AlInN had to be increased to 10 cm-1 

and 40 cm-1, respectively. In addition, an increased  



78 
 

360 380 400 420 440 460 480
0.0

0.2

0.4

0.6

0.8

1.0

360 380 400 420 440 460 480
0.0

0.2

0.4

0.6

0.8

1.0

360 380 400 420 440 460 480
0.0

0.2

0.4

0.6

0.8

1.0

R
e

fl
e

c
ti
v
it
y
 

Wavelength (nm)

 Measurement

 Simulation 

a) DBR A

4 nm rms

a= 0 cm-1

R
e

fl
e

c
ti
v
it
y

Wavelength (nm)

DBR C

8 nm rms

a= 40 cm-1

c)

R
e

fl
e

c
ti
v
it
y

Wavelegnth (nm)

b) DBR B

5 nm rms

a= 10 cm-1

360 380 400 420 440 460 480
0.0

0.2

0.4

0.6

0.8

1.0

R
e

fl
e

c
ti
v
it
y

Wavelength (nm)

d) DBR D

10 nm rms

a= 1000 cm-1

 

Fig. 6.8 Transfer matrix simulations of experimental reflectivity spectra for DBRs A, B, C and 

D. 

interface roughness of the AlInN/GaN interfaces must be considered. This was done in the 

simulations by an increase of the spectral broadening by 1 nm (DBR B) and 4 nm (DBR C) in 

addition to 4 nm spectral broadening of the undoped DBR A. The reduced height and width of 

the stopband, as well as the black appearance of DBR D was considered by higher loss 

coefficient of approximately 100 cm-1 for the AlInN:Ge layers. The significant roughening of 

the AlInN/GaN interfaces was taken into account by a spectral broadening of additional 6 nm 

in comparison to DBR A.  

6.4 Analysis of conductance mechanisms 

The temperature dependence of the DBRs were compared to study the impact of doping on the 

resistivity. In this study, temperature-dependent I-V curves were recorded in a liquid nitrogen 

cooled cryostat over a temperature range of 77- 400 K in 20 K steps. Electrical connections 
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were realized by wire bonding in four-point-probe geometry onto 2 adjacent mesas with a size 

of 1 mm2, excluding the influence of wire resistance in all measurements.   

Fig. 6.9 shows the resistivity as a function of temperature for DBRs A, B, C and D. The highly 

conductive DBRs C and D showed an increase of the resistance with temperature. This can be 

explained by a very weak temperature dependence of the carrier concentration n and reduction 

of the mobility µ with increasing temperature according to the following resistivity relation:  

ρ =
1

e∗n∗µ
.                                                                                                                                 (6.2) 

Furthermore, capacitance-voltage (C-V) measurements showed no bias dependence of 

capacitance for all samples which excludes the existence of any potential barriers or space 

charge regions.  
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Fig. 6.9 Temperature-dependent I-V resistivity for DBRs A, B, C, and D. 

Therefore, this behavior was likely caused by degenerately doped GaN/AlInN/GaN layer and 

low interface barriers. For the undoped reference DBR (DBR A), the resistance was about 3 

orders of magnitude higher than for DBRs C and D and slowly increased in a temperature range 

between 77 K and approximately 230 K, while it decreased when the temperature is further 

increased to values up to 400 K. This is typical for undoped semiconductors. For DBR B, with 

undoped AlInN layers, the resistivity was about 3 times higher as for DBRs C and D and 

decreased within the whole temperature range. This can be explained by a better electron 
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transport across the barriers of the heterointerfaces and also by an increasing carrier 

concentration in the nominally undoped AlInN layer.  

A typical I-V characteristic as a function of temperature of DBR C is shown in Fig. 6.10. Only 

a weak temperature dependence with a less than 6 % decrease in resistance towards lower 

temperatures was found. This is very similar to metallic behavior and indicates the presence of 

degenerated semiconductor layers.  
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Fig. 6.10 Temperature dependence of the vertical I-V characteristics of low doped DBR C. The 

inset shows the sample scheme with a 1mm2 mesa of the DBR C in four-point-probe geometry. 

6.5 Summary  

In this chapter, highly conductive and reflective Ge-doped AlInN/GaN DBRs were 

demonstrated. Simulations of the Bragg mirror's reflectivities together with structural analysis 

by X-ray diffraction reveal an increased optical loss mechanism within the doped AlInN layers 

and interface roughening as major causes for the observed reduction of the optical reflectivity. 

By adjustment of the Ge doping level of the AlInN layers, this structural degradation was 

minimized and a highly conductive 45-fold DBR with a maximum reflectivity of 99 % and 

ohmic current-voltage characteristics with a vertical specific resistance of 5x10-4 Ωcm2 was 

realized. Therefore, Ge has the potential to be used as n-type donor to realize highly reflective 

and low-resistive AlInN/GaN DBRs that are suited for GaN-based VCSELs using extra-cavity 

metal contacts.  



81 
 
 

Chapter 7 Summary and outlook 

Goal of this thesis was to study novel concepts for the realization of GaN-based VCSELs in the 

blue spectral range. For better current spreading across the p-GaN region with reduced light 

absorption, GaN-based homoepitaxial tunnel-junctions were studied as alternative to highly 

absorbing ITO layers. In order to facilitate current injection through an extra-cavity n-contact 

which can enable shorter cavities, highly conductive and highly reflective AlInN/GaN Bragg 

mirrors were realized.  

For GaN tunnel junction implementation, their growth and processing were first studied and 

optimized using LED type devices. By an optimization of the growth parameters in the p-type 

doping profile, low-resistive tunnel junctions were realized that are characterized by low 

voltage offset, high transparency and superior current-spreading. Low turn-on voltages of 2.8 

V and 3.4 V for standard LEDs and tunnel-junction LEDs, respectively, and similar series 

resistance of about 1x10−4 Ωcm−2 were demonstrated. 

Subsequently, three different approaches for the formation of current-apertures in GaN-

VCSELs were developed and tested on µm-sized ITO-LEDs and TJ-GaN-based LEDs using 

tunneling contacts. The realization of devices with aperture sizes between 2 and 10 µm with 

good I-V characteristics under room temperature continuous wave operation opened the door 

for the fabrication of GaN-based VCSELs. Improved electro-optical properties of intra-cavity 

ITO-VCSEL structures and TJ-GaN VCSEL structures under room temperature continuous 

wave operation were demonstrated. In a direct comparison of TJ-GaN VCSEL-structures and 

ITO-VCSEL-structures, similar I-V characteristics but higher light output of TJ-GaN VCSEL-

structures were obtained. However, both types of VCSEL-structures still exhibited strong 

spectral broadening due to significant interface roughness in the upper SiO2/HfO2 DBR. The 

quality factors (Q-factor) were calculated to be around 84 for specific VCSEL devices with 

either ITO or TJ configuration on the p-region at an operating wavelength of about 420 nm. 

The resulting increase of light intensity above threshold current in a typical 6 µm aperture 

VCSEL showed at a threshold current density of 0.5 kAcm-2 (7.2 V) the possible onset of 

superluminescence for TJ-VCSEL devices and 2.5 kAcm-2 (6.6 V) for ITO-VCSEL devices.  

In this work, highly conductive and reflective 45-fold AlInN/GaN DBRs with of ohmic current-

voltage characteristics, a vertical specific resistance of 5x10-4 Ωcm2 and a maximum reflectivity 

of 99 % were successfully developed by adjusting the Ge doping level in the AlInN layers. 
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From the direct comparison of Si and Ge doping, Ge is undoubtedly better as n-type donor to 

realize simultaneously highly reflective and low-resistive AlInN/GaN DBRs.   

With major improvements of the upper dielectric mirror fabrication, VCSEL operation of TJ-

VCSELs is anticipated. Furter progress can be expected from the use of Bulk GaN substrates 

which improves the reliability of the devices but also reduces the photonic disorder of the 

optical cavity. Other processing and growth-related issues such as for the fabrication of the 

current aperture or the properties of the electrons blocking layer must be considered as well. 

With the now feasible conductive epitaxial DBR structures, one might be able to realize shorter 

cavity lengths and, therefore, to reduce the threshold current density and increase light output 

of such VCSELs.    
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Appendix A 

 

Lithographic processing parameters 

Mg activation in a rapid thermal annealer (RTA) 

▪ Activation of p-GaN for standard pn-junction diodes (std-LEDs and std-VCSELs):  

800 °C for 5 minutes in N2 ambient  

▪ Activation of p-GaN for tunnel junction diodes (TJ-LEDs and TJ-VCSELs):  

800 °C for 60 minutes in N2 ambient  

▪ Oxygen precondition or p-contact annealing 

550 °C for 5 minutes in O2 ambient  

Lithography 

After cleaning of quarter wafers by rising them with ultrasonic in acetone, isopropanol and DI 

water they were processed as: 

Positive photoresist 

(MA-P1240), T = RT 

Negative photoresist 

(nLoF2020), T = RT 

▪ Spin coating: 1000/3/5s 

                     3000/5/40s 

▪ Soft bake: 3´ @100 °C 

▪ UV-exposure: 70´´ @22 mWcm-2 

(using MA14 mask aligner system) 

▪ Post bake: none 

▪ Development: MA-D331, 40s  

▪ Spin coating: 1000/3/5s 

                                 3000/5/40s 

▪ Soft bake: 1´ @110 °C 

▪ UV-exposure: 1.5´´ @22 mWcm-2 

(MA14 mask aligner system) 

▪ Post bake: 1´ @110 °C 

▪ Development: AZ826, 30s  

 

ICP-RIE (etching) 

GaN-etching Si3N4 or SiO2-etching 

▪ RF-power 15 W, ICP-power 50 W 

(etching rate: ~50 nm/min) 

▪ Process: GaNs75 st JH 3mT 

▪ Cl2, 42 ccm and Ar, 14 sccm plasma           

▪ RF-power 15 W, ICP-power 50 W 

(etching rate: ~24 nm/min) 

▪ Process: GaNs75 st JH 3mT 

▪ SF6, 70 sccm and O2 5 sccm plasma           
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Metallization (in e-beam)  

▪ Ti/Al/Ni/Au (14 nm/33 nm/10 nm/60 nm) for n-contacts deposition 

▪ Ni/Au (10 nm/10 nm) for p-contacts deposition 

Stripping 

▪ Stripper chemicals for negative photoresist: NI555 or SH5 and acetone 

▪ Stripper chemicals for positive photoresist: P1316 or SH5 and acetone  

p-GaN surface treatments 

▪ SAG-approach for TJ-overgrow: O2 plasma asher flow (200 W, 5 min, 3.5 mbar) 

                                                      BOE 3 min before TJ-overgrown 

▪ O2 plasma asher cleaning prior to n-contact deposition: (50 W, 30s, 2.5 mbar) 

GaN:Ge sidewall-etch facets treatment 

▪ TMAH: 70 °C, from 10 to 15 min for 100 to 350 nm sidewall-etch depth, respectively 

▪ Aqua regia to remove Ni-mask: 20 seconds  
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across AlInN/GaN interfaces. Jpn. J. Appl. Phys. 60, 010905 (2021).  

▪ C. Seneza, C. Berger, P. Sana, H. Witte, J. Bläsing, A. Dempewolf, A. Dadgar, J. 
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Conferences and workshops 
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