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Summary 

 

Optically pumped vertical external-cavity surface-emitting lasers (VECSELs), also 

called semiconductor disk lasers (SDLs), benefit from the flexibility and versatility of the 

semiconductor material. With a simple cavity layout, fundamental transverse mode operation 

with a circular output beam and high beam quality is possible. They have excellent heat-sink 

properties and only require inexpensive multimode diode lasers for pumping. The complete 

VECSEL structure is only a few micrometers thick which leads to a strong pump absorption 

during optical pumping. An ultrafast laser can be established by passive modelocking of the 

VECSELs with semiconductor saturable absorber mirrors (SESAMs). Hereby, femtosecond or 

picosecond pulses can be obtained from a simple resonator. By integrating quantum dots (QDs) 

instead of most commonly used quantum wells (QWs) in the gain and absorber region of these 

devices, their optical properties could be tailored over a wide range. 

During this thesis, self-assembled InxGa1-xAs QDs gain material was grown by 

molecular beam epitaxy and optimized towards high dot density (up to  

1.8 × 1011 cm-2) and narrow photoluminescence emission linewidth (26 meV) for the 

integration in VECSEL and modelocked integrated external-cavity surface-emitting laser 

(MIXSEL).  

Complete QD-VECSEL structures were grown by MBE and processed with a solder-

based flip-chip bonding technique. A CW setup was designed and built to characterize the 

fabricated devices. The influence of the number of QD active layers, the heat spreader material 

and the measurement conditions on the threshold and maximum output power was investigated. 

Up to 5.7 W output power with a slope efficiency of 34% was achieved at 4 °C heat sink 

temperature. 

Furthermore, a new approach for QD-based temperature-stable SESAMs has been 

developed, in which high-quality InxGa1−xAs QDs grown at 480 °C and modulation p-type 

doping were implemented. The typically used QD or QW absorber layers grown at very low 

temperature (< 400 °C) will be annealed during long-term overgrowth and lose their high-speed 

performance. This new type of QD-SESAM is temperature-stable and suitable for the 

monolithic integration into MIXSELs. The introduction of recombination centers with p-type 

modulation doping and additional post-growth annealing improves the absorption of the high-

quality QDs. Hence, low saturation fluences below 10 µJ/cm2 and a reduction of the τ1/e 

recovery time to values below 2 ps were achieved. 
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Zusammenfassung 
 

Optisch gepumpte Halbleiterscheibenlaser (engl. semiconductor disk lasers (SDL) oder 

üblicher: vertical external-cavity surface-emitting lasers (VECSELs)), profitieren von der 

Flexibilität und Vielseitigkeit des Halbleitermaterials. Der Betrieb im fundamentalen 

Transversalmodus mit hoher Strahlqualität kann bereits mit einem einfachen Resonatorlayout 

ermöglicht werden. VECSEL verfügen über ausgezeichnete Kühlkörpereigenschaften und 

benötigen lediglich preiswerte, diodenbasierte Multimode-Anregungslaser. Die gesamte 

VECSEL-Struktur ist nur wenige Mikrometer dick, was beim optischen Pumpen zu einer 

starken Pumpabsorption führt. Ein ultraschneller Laser kann durch passives Modekoppeln der 

VECSEL mit Hilfe eines sättigbaren Halbleiter-Absorberspiegels (SESAMs) aufgebaut 

werden. Hierdurch können Femtosekunden- oder Pikosekunden-Pulse mittels eines einfachen 

Resonatoraufbaus erzielt werden. Durch die Integration von Quantenpunkten (QDs) anstelle 

der üblich verwendeten Quantenschichten (QWs) im Verstärkungs- und Absorberbereich dieser 

Bauelemente konnten ihre optischen Eigenschaften über einen weiten Bereich verändert 

werden. 

Im Rahmen dieser Arbeit wurde selbstorganisiertes InxGa1-xAs Quantenpunktmaterial 

mittels Molekularstrahlepitaxie (MBE) hergestellt und bezüglich einer hohe QD-Dichte (bis zu 

1,8 × 1011 cm-2) und einer schmalen Photolumineszenz-Emissionslinienbreite (26 meV) für die 

Integration in VECSEL und MIXSEL (engl. modelocked integrated external-cavity surface-

emitting laser) optimiert.  

Komplette QD-VECSEL-Strukturen wurden mittels einer MBE gewachsen und mit 

einer lötbasierten Flip-Chip-Bonding-Technik prozessiert. Zur Charakterisierung der 

gefertigten Bauelemente wurde ein Testaufbau für den Dauerstrichbetrieb (CW) entworfen und 

aufgebaut. Hiermit konnte der Einfluss der Anzahl der aktiven QD-Schichten, des 

Wärmeleitmaterials und der Messbedingungen auf den Schwellenwert und die maximale 

Ausgangsleistung untersucht werden. Bei einer Kühlkörpertemperatur von 4 °C wurden bis zu 

5,7 W Ausgangsleistung mit einem Wirkungsgrad von 34 % erreicht. 

Darüber hinaus konnte ein neuer Ansatz für QD basierte, temperaturstabile SESAMs 

entwickelt werden unter dem Einsatz von hochwertigen InxGa1-xAs QDs, gewachsen bei 

480 °C, und einer Beryllium p-Dotierung. Die in bisherigen Veröffentlichungen verwendeten 

QD- oder QW-Absorberschichten wurden bei sehr niedrigen Temperaturen (< 400 °C) 

gewachsen, was während eines langfristigen Überwachsens in der MBE zum Ausheilen und 

Verlust ihrer Hochgeschwindigkeitseigenschaftenleistung führte. Dieser neue Typ von QD-

SESAM ist temperaturstabil und eignet sich für die monolithische Integration in MIXSELs. Die 

Einführung von Rekombinationszentren mit p-Typ-Modulationsdotierung und zusätzlichem 

Ausheilen der Proben nach dem Wachstum, verbesserte die Absorption der hochwertigen QDs. 
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Dadurch wurden niedrige Sättigungsfluenzen kleiner 10 µJ/cm2 und eine Reduzierung der 

Erholungszeit τ1/e auf Werte unterhalb 2 ps erreicht. 
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1. Introduction 
 

Since the development of the laser in 1960 by Maiman and his colleagues [1], 

coherent light has become an essential part of our daily lives. The first laser diode, in 1962, 

was a major breakthrough in optics and was based on a gallium arsenide junction [2]. One 

year later, H. Kroemer discovered the concept of the double heterostructure laser, which 

formed the basis for the first continuous wave laser operated at room temperature [3]. Today, 

semiconductor-based light sources are the most efficient light-emitting devices and have 

successfully been used for a huge variety of applications. They are ideally suited for mass 

production since they are based on wafer-scale technology that allows a high degree of 

integration. It is therefore not surprising that already the earliest semiconductor lasers became 

a key component of daily life products and were found in almost every household, e.g. in 

compact disc players.  

Today so-called ultra-short pulse lasers enable many applications in science and 

technology. Experiments with ultrashort pulse lasers have confirmed that they improve 

applications like the data rates in telecommunication [4] as well as computer interconnects 

[5] and clock optical microprocessors [6]. Figure 1.1 compares several laser technologies 

operating in the gigahertz pulse repetition rate regime. 

 

 

 

Figure 1.1:  Overview of competing laser technology in the gigahertz pulse repetition rate 

regime with regards to the peak power. The Ti:Sapphire laser acts as a reference 

(reprinted with permission from [7]). 
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Although semiconductor lasers dominate the optical communication market, new 

activities in the high-capacity coherent communication, the frequency comb generation, are 

mainly relying on bulky conventional solid-state lasers like Ti:Sapphire based systems. 

Nevertheless, there is a realistic chance to realize a semiconductor-based very compact ultra-

short high-power fs laser source which is useable for the frequency comb generation by 

improving the existing lasers. 

This thesis deals with vertical external-cavity surface-emitting lasers (VECSEL). 

They are optically pumped and emit light perpendicular to the semiconductor surface. 

Hereby, a very efficient heat dispersion is possible resulting in high output powers up to 30 W 

[8]. These lasers – more generally called semiconductor disk lasers (SDLs) – combine the 

advantages of a semiconductor-based gain material used in edge-emitting lasers with the key 

benefits of a thin disk-shaped gain medium found in solid-state lasers [9,10]. With 

semiconductor material the lasing wavelength can be engineered over a broad range by 

choosing a suitable material composition. To give some examples, 390 nm was realized with 

InGaN quantum wells (QWs) [11], 660 nm with InGaP QWs [12], 850 nm with AlGaAs 

QWs [13], 980 nm with InGaAs QWs [9], 1.3 µm with GaInNAs QWs [14], 1.5 µm with 

InGaAs QWs [15] and 2.3 µm with GaInAsSb QWs [16]. 

Hoogland et al. demonstrated the first passive mode-locked VECSEL in 2000 with 

21.6 mW average power in 22 ps long pulses and a repetition rate of 4 GHz [17]. Since that 

time, great progress has been made in terms of output power and pulse duration. To date, 

semiconductor saturable absorber mirrors (SESAMs) [18], have been established for passive 

modelocking. They are not only suitable for SDLs [19,20], but are also used in  different laser 

types such as diode-pumped solid-state [21] or fiber lasers [22]. Due to its flexibility in 

design, SESAMs provide operation over a wide range of pulse durations and repetition rates. 

Besides, the average power can be varied from a few mW up to several 100 W at wavelengths 

from visible to infrared. Dual comb spectroscopy [23] or multiphoton microscopy [24] are 

among the applications of these lasers. They can operate in a large spectral range and their 

output beams are diffraction limited.  

To date, the best ultrafast SESAM modelocked VECSELs in terms of output power 

and pulse duration have been obtained by the use of InGaAs QWs [25] for both, the gain and 

absorber section. Nevertheless, compared to lasers with QWs in the active region, quantum 

dot (QD) lasers have shown advantages like high-temperature stability in wavelength [26–

28] and very low threshold current densities [26]. Furthermore, QD based gain material offers 

an inherently larger inhomogeneous gain, therefore many different axial modes can lase at 

the same time, which enables an easier mode selection. In addition, QDs are less sensitive to 

temperature changes [29,30]. The first sub-300 femtosecond SESAM modelocked VECSEL 

based on an active QD layer was published recently [31]. The results could reach an almost 



                                                                         1. Introduction 

3 

 

comparable level to state-of-the-art QW VECSELs. However, an operation of the device was 

achieved only at a low temperature of -19 °C, probably due to a very large QDs size variation 

with ~ 180 meV full width at half maximum (FWHM) bandwidth at room temperature (RT). 

In order to use all the advantages of QDs as gain material, the inhomogeneous linewidth 

broadening, i.e. QDs size distribution, must be well controlled. 

QD-SESAMs have already shown high potential and were used for passively 

modelocked diode-pumped solid-state lasers [32] and VECSELs [29,33]. However, the 

integration of these solely low-temperature grown QD-absorber layers in the more compact 

modelocked integrated external-cavity surface-emitting lasers (MIXSEL) is quite 

challenging, since the saturable absorber has to withstand a longer high-temperature 

overgrowth procedure for the epitaxial formation of the distributed Bragg reflector (DBR). 

The typically defect related absorber will be annealed, which results in a loss of their high-

speed performance. 

This leads to the goal of this thesis, both components of the ultrafast SDLs, the 

VECSEL and the SESAM, should be developed and optimized with high-quality 

temperature-stable InGaAs QDs. For the QD-VECSEL a high optical gain is required, which 

demands a large dot density and narrow linewidth. In the case of QD-SESAMs a completely 

new approach was analyzed. The aim was to develop an absorber material with high optical 

quality QDs, which achieves low saturation performance and ultra-short lifetimes, but still 

remains temperature-stable during epitaxial overgrowth. 

The following second chapter of the thesis will focus on the fundamentals of the 

surface-emitting laser. Including a detailed description of the VECSEL, SESAM and 

MIXSEL structures. The third chapter describes the manufacturing method of these 

semiconductor-based lasers. Here the functionality of a molecular beam epitaxy system is 

described and the key components of the active medium, the QDs, are discussed. The 

measuring of devices and methods used to characterize the samples produced in this thesis 

are presented in the fourth chapter. In the fifth chapter the optimization process of the InGaAs 

QDs is presented. Results of investigations on the influence of QD growth parameters as well 

as post-growth annealing mainly analyzed by photoluminescence spectroscopy (PL) and 

atomic force microscopy (AFM) are discussed. The sixth chapter focuses on the design, 

processing and characterization of the QD-VECSEL structures. A detailed study of the novel 

type QD-SESAMs development is summarized in chapter seven. The main characterization 

methods for the various grown SESAM samples are the nonlinear optical reflectivity and the 

recovery dynamics. Finally, a conclusion and outlook are given in chapter eight. 

The research work of this thesis was supported by the D-A-CH project QD-MIXSEL 

(RE 1110/17-1), which was funded by the German Research Foundation (DFG). The project 

was a collaboration between the groups of Prof. J.P. Reithmaier from the Institute of 
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Nanostructure Technologies and Analytics (INA), Technological Physics, University of 

Kassel, Prof. U. Keller from the Department of Physics, Institute of Quantum Electronics, 

ETH Zurich, Switzerland, and Prof. G. Eisenstein from the Department of Electrical 

Engineering, Technion, Haifa, Israel. 

The main focus of my work was on the epitaxial growth of the semiconductor test and 

laser structures as well as their optical and morphological analysis. Furthermore, the 

processing of the laser structures was optimized and a setup for the fundamental 

characterization of the VECSEL structures was built. The investigations of the nonlinear 

optical reflectivity and the recovery dynamics of the SESAM structures were performed by 

the collaboration partners at ETH in Zurich. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                         2. Fundamentals of semiconductor surface-emitting lasers 

5 

 

2. Fundamentals of semiconductor surface-emitting lasers 
 

2.1 Optically pumped VECSEL 
 

A VECSEL is an optically pumped semiconductor laser whose laser light is emitted 

perpendicularly through the epitaxial surface. Compared to the lateral dimensions of the 

beam, the active region, which usually consists of several QW or QD-layers, is very thin, 

only a few tens of nanometers. In contrast, in edge-emitting lasers, the beam propagates in 

the plane of the epitaxial layers and is emitted at cleaved edges. Here, the optical beam 

propagates through several micrometers of gain material.  

A big advantage of VECSELs lies in the use of inexpensive high-power diode lasers 

with low beam quality for optical pumping. This is sufficient to achieve a nearly diffraction-

limited output beam with good efficiency. The Gaussian gain profile makes a good beam 

quality possible (beam quality factor < 1.15) [34]. Due to the large penetration depth of the 

optical pumping, a large active region with many QW or QD layers can be utilized. Hence, 

the pumping is not limited by the carrier transport. The heat-flow inside of the thin gain 

structure is almost one-dimensional, which results in excellent heat-sinking capabilities.  

Thus, the output power of the device can be raised by increasing the pumped area (up to 

900 μm pump spot diameters have been demonstrated [35]) and the pump power without 

changing the temperature of the VECSEL.  

 

 

 

Figure 2.1:  (a) Linear VECSEL cavity for CW operation formed by the gain structure and the 

output coupler.  (b) Sketch of gain structure, consisting of a distributed Bragg 

reflector (DBR), the active region with QWs or QDs and the anti-reflection 

coating (AR). 

 

The tendency to surface damages at high powers is reduced compared to edge-

emitting semiconductor lasers, because of significantly larger spot size on the output surface 
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[36]. Further advantages of the semiconductor gain material in a VECSEL compared to other 

semiconductor lasers and solid-state lasers are that the wavelength can be designed over a 

wide range (390 nm - 2.3 μm VECSELs have been shown), low thresholds or high efficiency 

can be achieved and wavelength tuning > 65 nm is possible [37]. 

The simplest linear VECSEL cavity for continuous-wave (CW) operation is formed 

by only two elements (see Fig. 2.1 (a)), the gain structure and a curved external output coupler 

(OC). The optically pumped gain structure, in turn, consists of three main parts. The 

distributed Bragg reflector (DBR) with high reflectivity in the desired wavelength range 

forms the end mirror and is responsible for loss minimization in the cavity. The active region 

with several QW or QD layers provides the gain material and the anti-reflection (AR) coating 

has to ensure the lowest reflection of the pump beam. The output coupler is used to adjust 

the laser mode in the resonator, which should match the pumped area well. Optically pumped 

VECSELs were able to achieve output powers of 30 W in CW operation and, even at this 

power, a beam quality factor M2 of 3 [8].  

To operate a VECSEL in pulsed mode, an additional device is required. A SESAM  

enables a reliable modelocking [18]. Usually, a V-shaped cavity configuration is used for this 

(section 2.2.2). Although modelocked VECSELs can operate in a broad wavelength range 

from 664 nm [38] up to 2 µm [39], the wavelength regime around 1 µm is the most promising 

due to production and application factors. The intrinsic properties of III-V materials (which 

consist of elements of the group III and V of the periodic table of elements) allow easy 

fabrication and have excellent thermal properties. In addition, the characterization techniques 

are well established. 

The design of ultrafast VECSEL structures is largely comparable to structures known 

from CW operation; the DBR and a high intrinsic gain in the active region, as well as the 

heatsink techniques are identical. An optimized layout of the active area and a multi-purpose 

anti-reflection section ensure the highest performance in modelocking. Chapter 2.3 describes 

in detail the technology of a MIXSEL, which combines the key aspects of a VECSEL and a 

SESAM in one device. 

 

2.1.1 Design of distributed Bragg reflector (DBR) 
 

The success of optically pumped VECSELs is linked to the simple and compact cavity 

design. The existing fabrication technology of III-V semiconductor materials enables the 

combination of the gain and DBR section in one device. The thickest part of the VECSEL 

chip is the DBR mirror, which needs to have very high reflectivity and a wide stopband for 

good efficiency at the wavelength of interest. 
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Table 2.1:  DBR designs used for VECSELs emitting at approximately 1 µm. Thermal 

resistance Rth calculations are based on reference [40,41] . 

 

Material Number 

of pairs 

Maximum 

reflectivity 

[%] 

Thermal resistance 

Rth 

[10−4 cm2 ·K / W] 

Refractive index 

contrast 

GaAs / AlAs 23 99.946 6.066 0.552 

GaAs / AlAs 30 99.995 7.902 0.552 

Al0.15Ga0.85As / AlAs 23 99.863 12.52 0.095 

Al0.15Ga0.85As / AlAs 30 99.983 16.33 0.095 
 

 

 

Figure 2.2:  Comparison of DBR layouts from Table 2.1 designed for a center wavelength of 

1030 nm: (a) Spectral reflectivity simulations of different material combinations 

and number of layer pairs; (b) The calculated DBR losses near the center 

wavelength are in all cases below 0.2%. 

 

A standard DBR is composed of several pairs of quarter-wave layers of alternating 

low and high refractive index materials, e.g. AlAs and GaAs with n = 2.944 and n = 3.496 at 

1030 nm, respectively  [42,43]. Table 2.1 summarizes the parameters used to calculate the 

DBR with OpenFilters [44]. The peak value and flatness of the reflectivity increases with the 

number of mirror pairs (see Fig. 2.2), the width of the stopband and the reflectivity can be 

adjusted by the refractive index contrast [45]. When designing a DBR, an optimum between 

a high reflectivity, low pump light absorption and minimized thermal resistance Rth has to be 

found [41]. DBR layer stacks with GaAs and AlAs quarter-wave layers have a high reflective 

index contrast (Table 2.1) and require fewer mirror pairs for high reflection, but 808-nm 

pump light passing through the active region is absorbed by the GaAs and heats the structure. 

Non-absorbing AlxGa1-xAs, e.g. Al0.15Ga0.85As, can prevent pump light absorption. However, 

due to the lower refractive index contrast with AlAs, more pairs of mirrors are required to 
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achieve comparable reflectivity to GaAs. Besides this, the thermal resistance of the whole 

DBR structure Rth is increased.  

For all DBRs presented in this thesis, we choose a mirror design with 23 pairs of 

AlAs/GaAs which offers the most straightforward fabrication, good thermal conductivity, a 

stop-band bandwidth of 90 nm and only 0.06% of laser light losses, but as a drawback it 

absorbs the pump light. In the case of MIXSEL structures, a second pump DBR has to be 

inserted to reduce the pump light absorption by the main laser DBR (see section 2.3). 

 

2.1.2 Design of the active region 
 

The most important part of the VECSEL gain chip is the active region. Due to the degrees of 

freedom of the semiconductor materials, the optimization of this region offers many 

opportunities. In the active region the pump light gets absorbed and stimulated amplification 

of the laser light takes place in the QW or QD layers (see Fig 2.3). In the 1 µm emission 

range, laser diode arrays, which can deliver high output power, were used for pumping.  

 

 

 

Figure 2.3: Operation principle of an ultrafast VECSEL: The pump light is absorbed in the 

GaAs spacer layers of the gain section. The excited carriers diffuse into the active 

layers (QWs or QDs) with lower bandgap and recombine radiatively which results 

in stimulated emission (reprinted with permission from [41,46]). 

 

There are two possible ways to pump the active region: in-well pumping or spacer layer 

pumping [47]. During in-well pumping the pump light gets absorbed directly in the QW or 

QD layers. Therefore, the pump wavelength has to be just below the laser wavelength, which 
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results in a small quantum defect and consequently in higher optical-to-optical efficiency and 

reduced thermal effects. However, due to a small interaction length of the pumping light the 

absorption is rather weak (only about 15%). 

By using the spacer layer method, the pump light with a typical wavelength of 808 nm is 

absorbed in the GaAs layers close to the QWs or QDs. Through this, the interaction length is 

much longer and therefore up to 90% of the pump light can be absorbed. The excited in the 

GaAs layers carriers (electrons and holes) diffuse into the active layers which have a lower 

bandgap and provide the gain for the laser wavelength at around 1030 nm.  Due to the higher 

efficiency, the spacer layer method is favored for the optical pumping of VECSELs. 

The incoming and reflected waves in the VECSEL structure form a standing wave 

pattern of the electrical field. The active layers are usually located directly at the antinodes 

of the standing wave pattern due to having the strongest interaction at those places [47]. Since 

the position of the QWs or QDs in the active region influences the stable modelocking, small 

tailoring of the position to the specific properties of the saturable absorber is possible. The 

GaAs spacer layers usually have an optical thickness of half the wavelength. Ideally, the total 

thickness of the active region is chosen so that the carriers are uniformly excited over the 

whole length. When the excited carriers in the GaAs spacer layers diffuse into the InGaAs or 

indium arsenide (InAs) QWs or QDs, they start to recombine radiatively, which results in 

stimulated light amplification of the laser light. 

In the design simulation the amplitude of the incoming electric field is normalized to 

1. By assuming 100% reflectivity of the DBR and full constructive interference, an amplitude 

of 4 is received in the antinodes of the square of the electric field outside the structure. The 

wavelength dependence of the gain structure can be studied by defining the gain enhancement 

Γ as the average of the squared field in the active layers (QWs or QDs): 

  

���� = �
��	  ∑ |�����|��� ,    (2.1) 

 

where kAL is the number of active layers, zAL their position in the structure and E describes 

the electric field resulting from the normalized incident and the reflected waves [48]. 

 

The power amplification factor G(λ) of the entire structure combines the gain 

enhancement Γ, the intrinsic modal gain of the active layers g(λ,NAL) and the carrier density 

NAL: 

 

��λ� = ����
���

= 1 + ��� ∙ ���� ∙ ���, ���� ∙  �� ∙ !�� , (2.2) 
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where dAL is the thickness of the active layer and nAL the real part of the refractive index [46]. 

The active region of the QD-VECSEL studied in this thesis consists of 16 or 24 InGaAs QD 

layers positioned in the antinodes of the standing wave and optimized for a wavelength of 

1030 nm [31]. 

 

2.1.3 Resonance, group delay and antireflection section (AR) 
 

The pulse formation process of a VECSEL can be drastically influenced by the gain 

enhancement and the group delay dispersion (GDD). The variation in these parameters is the 

main difference for the design of CW VECSEL compared to a modelocked VECSEL. In CW 

operation a high gain enhancement is desirable, what enables high output coupling and 

reduces the influence of the intracavity losses. For a modelocked VECSEL more 

requirements are important. Since 1-ps pulse has at least a 1-nm FWHM bandwidth, the GDD 

should be moderate and flat around the lasing wavelength over many cavity roundtrips. 

Figure 2.4 (a) presents the spectral dependence of the gain enhancement for a standard 

resonant structure (dark-grey curve) without any top coating (GaAs/air interface) operating 

in the 960 nm wavelength range. Maximum gain enhancement of Γ = 4 is achieved at the 

desired wavelength. The light-grey antiresonant VECSEL gain structure differs only by the 

addition of a λ/4 GaAs top-layer, which dramatically changes the resonance reducing the gain 

enhancement down to 0.3 (Γ = 4/nGaAs
2 ≈ 0.3). Furthermore, the response is flatter and can 

theoretically support more bandwidth and therefore shorter pulses.  

 

 

 

Figure 2.4: (a) Gain enhancement and (b) GDD as function of the wavelength for a typical 

VECSEL gain structure. The dark grey curve presents the resonant case, the light 

grey the antiresonant case (reprinted with permission from [47]).  

 

The gain structure can be seen as a Gires-Tournois interferometer (GTI) [49], formed 

by the bottom mirror and the reflection from the top layers. The GDD coefficient D(ω) (in 

fs2) can be calculated by:  
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"�#� = $%&�'�
('%  ,    (2.3) 

 

with the optical phase φ(ω), which can be determined with the transfer-matrix algorithm 

described in Ref. [50]. Figure 2.4 (b) shows the GDD for the resonant (dark- grey) and the 

anti-resonant case (light-grey). At the designed wavelength the GDD has zero-crossings in 

both cases. At the other wavelengths, the GDD of the antiresonant structure is significantly 

smaller, which is necessary for optimal modelocking. Since the gain for the antiresonant case 

is only moderate, special top coatings (AR) are required to increase the gain enhancement by 

keeping the GDD at a low level.  

 

 

 

Figure 2.5: AR section of an ultrafast VECSEL: (a) Layout of the top-section consisting of 

AlAs, Al0.20Ga0.80As, GaAs and FS (fused silica), (b) Designed (red, solid line) 

and measured (grey circles) GDD of ultrafast VECSEL structure (reprinted with 

permission from [41]).   

 

Suitable top-coatings can minimize the Fresnel losses for the pump light caused by 

the refractive index contrast between GaAs and air at the semiconductor surface. A top-

coating specially developed for ultrafast VECSEL structures, which minimizes the pump 

reflection losses and provides a broadband flat GDD around the lasing wavelength for the 

generation of ultrashort pulses, is shown in Fig. 2.5 [29,41]. The main part of the AR section 

is formed by 5 – 10 alternating layers of AlAs and Al0.15Ga0.85As (or Al0.20Ga0.80As). A thin 

GaAs layer (< 20 nm) is grown above to avoid oxidation of the Al-containing materials (Fig 

2.5 a). Fused silica (FS) deposited by plasma-enhanced chemical vapor deposition (PECVD) 

finalizes the top-coating. The exact design of the VECSEL structures grown in this thesis 

with an AR section consisting of 7 layers is described in chapter 6.1. 
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2.2 Passive modelocking with SESAMs 
 

 

Apart from the CW operation discussed so far, the most important field of application 

for VECSEL is the operation in pulsed mode. Depending on the technique used for pulse 

generation, the pulse duration and the repetition rate can differ significantly. Passive 

modelocking of ultrafast optically pumped SDLs using SESAMs enables operation at high 

gigahertz repetition rates without Q-switching instabilities [51]. Such lasers are excellent 

sources for numerous applications in science and industry and can be used for frequency 

comb generation [52], high-speed data transmission schemes and optical clock pulse 

generation [53], to name a few. In section 2.2.1 three possible mechanisms of passive 

modelocking are discussed. In section 2.2.2 semiconductor saturable absorber mirrors are 

introduced. 

 

2.2.1 Mechanism of passive modelocking  
 

For the realization of modelocking a loss modulator needs to be placed close to the 

end mirror in the cavity. Only one pulse can circulate inside the laser cavity at a time. When 

it hits the output coupler, a small fraction is transmitted. In the case of active modelocking, 

the optical loss modulator, typically an acousto-optic or electro-optic modulator, is actively 

driven by an electronic signal. Only at the minimum of the losses a net gain is obtained which 

opens the window for pulsed operation.  

The period of the sinusoidal loss modulation is given by the cavity roundtrip time and 

synchronization between loss modulator and the needed pulse repetition rate. Shorter pulses 

can be achieved with passive modelocking, where a saturable absorber is placed close to the 

end mirror (see Fig. 2.6 (a)). The absorber introduces relatively high losses for low intensity 

light, but significantly smaller losses when the intensity increases (see Fig. 2.6 (b)). As a 

result, the optical losses in the CW operation are much larger than for an optical pulse, since 

the peak intensity of a short pulse is much higher. 

Due to this nonlinear behavior of the losses, the laser favors modelocked operation 

over CW which usually results in self-starting of the modelocking. Figure 2.6 (c) describes 

the modelocking mechanism of a saturable absorber with a strong dynamic gain saturation. 

There are three important conditions for a stable modelocking: first, the loss must be larger 

than the gain, furthermore, the absorber has to saturate as well as to recover faster than the 

gain. Since the recovery time of the typical saturable absorber (τ*+,-< 1 ps), modelocked 

pulses are much shorter than the cavity round-trip time. 
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Figure 2.6:  (a) Schematic illustration of the passive modelocking with a saturable absorber 

placed close to the end mirror. (b) Principle function of the modelocking 

mechanism. The loss of the saturable absorber is modulated by the pulse itself 

[54]. (c) Typical modelocking mechanism using saturable absorber with strong 

gain saturation (Figure modified according to [54]).  

 

 

2.2.2 Semiconductor Saturable Absorber Mirror (SESAM)  
 

The semiconductor materials are ideally suited as saturable absorbers, since they 

saturate at intensities typical for solid-state lasers. They can be engineered over a broad 

wavelength range and the recovery dynamics can be adjusted by controlling the growth 

parameters of the semiconductor material resulting in the variation of the growth-related 

defect density [55]. The development of the SESAMs was a breakthrough for passive 

modelocking [56].  

A typical SESAM consists of a semiconductor based DBR, comparable to the DBR 

of the VECSEL described in section 2.1.1, one or more saturable absorber layers based on 

QWs or QDs and a fused silica capping layer deposited with a PECVD system (see Fig. 2.7 

(a)). SESAMs have already been implemented for the technologically important wavelength 

ranges around 800 nm [57], 1030 nm [31]  and 1550 nm [58], but other wavelengths between 

600 nm and 2 µm are also realizable. In Fig. 2.7 (b) the V-shaped cavity design is shown, 

which is typical for SESAM modelocked VECSELs. Hereby, the SESAM works as an end 

mirror and the optically pumped VECSEL gain chip forms the middle part. A standard curved 

external output coupler with a low decoupling rate (< 2%) is used as the final element. 
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Figure 2.7:  (a) Schematic structure of a typical GaAs-based SESAM consisting of the DBR 

mirror, embedded in GaAs QD- or QW-based absorber layers and a fused silica 

top coating. (b) The V-shaped cavity design composed of the SESAM, the 

optically pumped VECSEL gain chip and the output coupler. The SESAM is 

typically used as an end mirror in the VECSEL cavity. 

 

Analogous to the field amplification of the gain discussed in section 2.1.2, the 

wavelength-dependent field amplification of the saturable absorber layers Γ(λ) is defined as: 

 

���� = �
��./

 ∑ |���0,�|��0, ,   (2.4) 

 

where kAbs is the number of QW or QDs absorber layers, zAbs their position in the structure 

and E describes the electric field resulting from the normalized incident and the reflected 

wave [41]. 

In this thesis, we focus on SESAMs with QD-based saturable absorbers. Compared 

to QWs they have additional geometry-based degrees of freedom and the ability to tailor the 

optical properties over a wider range [59,60]. The inhomogeneous linewidth broadening 

typical for QDs ensembles leads to a broader absorption range [61]. QD-absorbers operating 

in the 1-µm range consist normally of self-assembled InAs QD layers grown at temperatures 

below 400 °C. The high number of growth-related defects generated at these low growth 

temperatures seems to be very useful for the behavior of saturable absorbers [55,62,63]. The 

absorption mechanism gets enhanced by providing this kind of fast non-radiative 

recombination channels, especially due to arsenic-anti-site point defects [55,64,65].  

However, it is difficult to integrate low-temperature grown SESAMs in MIXSEL 

structures, described in chapter 2.3.  The defects will be annealed during a high-temperature 

long-term overgrowth of DBR structures at 590 – 610 °C, which causes also a blue-shift of 

wavelength due to the change in composition and size of the QDs [60,66]. In order to avoid 
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this effect, a new approach with high-quality, temperature-stable QD-SESAMs was 

implemented in this thesis and is described in chapter 6. 

One key feature of a SESAM is the nonlinear reflectivity (see Fig 2.8). The intensity-

dependent reflectivity of a SESAM results from the saturation of the electronic transitions 

within the absorber. If the photon energy of the incident laser pulse exceeds the band gap 

energy, an electron is excited from the valence band into the conduction band [67]. Since the 

density of states in the conduction band of semiconductors is smaller than the density of states 

in the valence band, at high fluence values all states are occupied [68] and the photons are 

reflected at the Bragg mirror. This leads to an increase in reflectivity with increasing light 

intensity. Two effects are distinguished, single photon absorption and induced absorption 

[18].  

 

 

Figure 2.8:  Typical nonlinear reflectivity measurement as a function of incident pulse fluence 

on a SESAM. The important saturable absorber parameters such as modulation 

depth ∆R, saturation fluence Fsat and non-saturable losses ∆Rns are illustrated. 

 

While at lower fluences primarily single photon absorption takes place, at high 

fluence values the reflectivity curve decreases due to nonlinear effects and shows a roll-over. 

This roll-over is mainly related to two-photon absorption (TPA), where the absorbed energy 

is much higher than that of single photon absorption, and free-carrier absorption, where 

electrons which already occupying states in the conduction band undergo a further photon 

absorption. Both effects are proportional to the fluence [69] and lead to an excitation of the 

electrons into higher states or even into the spacer layer in the case of TPA.  

This induced absorption results in in free states at lower energy levels. Hence, the 

absorber is not completely bleached and the reflectivity of the SESAM is reduced. 
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The high-precision reflectivity measurement setup [70] used is described in section 4.3.2. 

Many important SESAM parameters can be extracted from this fluence-dependent 

reflectivity (see Fig. 2.8) by fitting these measurements to a model function: 
 

1�2� = 13,
45 6�789��8�/ :;<=: >

>/?�@A�@B
>

>/?�
exp �F G

G%�.         (2.5) 

 

The reflectivity of the unsaturated state is called Rlin. After increasing the pulse 

fluence the absorber saturates Fsat and the reflectivity increases. Rns presents the reflectivity 

of the fully saturated device. At extremely high fluences F2, deleterious roll-over effects 

appear because of the described induced absorption effects, mostly two-photon absorption.  

The modulation depth results from the difference ∆R = Rns − Rlin and is typically in 

the range of 1-2%. Whereas the non-saturable losses ∆Rns caused by free-carrier-absorption 

or scattering losses from a rough surface are undesired and should be held as small as 

possible.  The absorber is saturated at approximately (1/e) ≈ 37% of its modulation depth ∆R. 

This value is called saturation fluence Fsat and can reach values below 10 µJ/cm2 [48,71]. 
 

 
 

Figure 2.9:  The normalized recovery dynamics measured as a function of the delay (top) 

between the strong pump pulse and a weak probe pulse (bottom).  On a time scale 

of several hundred femtoseconds, the excited carriers and holes thermalize in the 

conduction band (CB) and the valence band (VB) of the absorbers (intraband 

thermalisation). During a longer time period of several picoseconds the carriers 

recombine (interband recombination) depending on the material parameters and 

mid-gap states (reprinted with permission from [47]). 
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The most important property for the pulse formation of a SESAM is the recovery time 

of the saturable absorption. Figure 2.9 illustrates the result of a pump-probe measurement, 

which shows the recovery dynamics of a QW-SESAM. The used setup [60] is explained in 

detail later in section 4.3.3.  After a short pump pulse with a photon excitation energy Ephot 

larger than the bandgap of the semiconductor absorber (in this thesis typically 

1030 nm/1.2 eV), carriers are excited from the valence band (VB) into the conduction band 

(CB). Under conditions of strong excitation, the absorption is saturated [41]. The temporal 

response of a weak probe pulse (see Fig. 2.9 bottom) with the same wavelength is measured 

by a photodetector. Without time delay, the probe pulse encounters a fully saturated absorber 

where all states are occupied. For this reason, the pulse is almost completely reflected by the 

DBR, resulting in the maximum reflection value (blue dotted line). Subsequently, at least two 

processes take place within different time scales. With a double exponential decay, the two 

time constants can be extracted from the measurements of the reflectivity change: 

 

  ΔR== �τ � = �A F 1� exp K A-
L/9�M

N + A exp : A-
LO?/�

@ ,  (2.6) 

 

where ΔRpp is the normalized pump-probe response [48]. The fast decay τfast with normalized 

amplitude A represents the intraband thermalization of the charge carriers in QW-SESAMs, 

the carriers scatter and relax to the bottom of the band on a few-100 fs time scale (see Fig. 

2.9, green dotted line). If the probe pulse hits the SESAM after this short delay time, it is 

partially absorbed because there are again some free states to be occupied. Thus the reflection 

is reduced. The slow component τslow results from a combination of interband recombination 

and mid-gap trap capture (red dotted line). Depending on the mobility of the carriers and the 

defect density, the timescale can be in the ps to ns range. The reflection value reduces further 

with increasing time delay, since a higher proportion of the pulse beam is absorbed due to 

the increasing number of free states. 

By incorporating mid-gap defect states, e.g. caused by low absorber growth 

temperatures (< 400°C), the lifetime of the interband recombination can be controlled. The 

processes and the behavior of the QD-based absorbers used in this thesis differ from the QW 

shown so far and are discussed in detail in chapter 7.2. 

In defect-free QW or QD material, the carrier recombination is mainly radiative and 

in the order of several 100 ps. The slow component limits the total recovery time. With an 

increase in amplitude A close to 1 the effect can be reduced. Usually, the recovery time of a 

SESAM is defined as the delay required to reach 1/e of the normalized saturation, the τ1/e 

value can be extracted from the fitting curve. It is very helpful that the two processes occur 

at different time scales. The longer time scale enables the self-starting of the modelocking, 
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whereas the short timescale is mainly responsible for pulse shaping. The characterization and 

measurement procedure of the SESAMs can be found in chapter 4.3. 

 

2.2.3 SESAM modelocked VECSELs  
 

Passively modelocked VECSELs are used as pulsed laser sources for optical clocking 

or telecommunication. For this type of application, high output power in the W range, high 

repetition rates of several tens of GHz, good pulse quality with a pulse duration of a few ps 

and a diffraction-limited beam are needed. The beam quality is high due to the external 

cavity. The thin-disk type gain and absorber materials make it easy to manufacture compact 

and cost-effective devices.  Additionally, VECSELs typically do not show Q-switching 

instabilities.  

For the modelocking mechanism of SDLs the pulse needs to be shaped by an interplay 

of the saturation effects of the gain and the saturable absorber [72]. Dynamic gain saturation 

in semiconductor materials already leads to saturation effects during the pulse duration, 

therefore it is crucial that the absorber saturates at a lower energy Esat,abs, than the gain Esat,gain 

[41]:  

P/?�,?./.
P/?�,R?��

= �?./.
�R?��

∙ G/?�,?./.
G/?�,R?��

≪ 1,   (2.7) 

 

SESAM modelocked VECSELs have the possibility to adjust the beam size of the absorber 

Aabs. and the one from the gain Again independently from each other. This enables a stable 

modelocking. For the realization of a MIXSEL, where the absorber is integrated into the 

semiconductor structure (see chapter 2.3), both beam sizes must be identical [73] . Therefore, 

the saturation fluences Fsat,abs should be low to achieve the condition of (2.7). 

 

 

2.3 MIXSEL functionality 
 

To reduce the complexity of a SESAM modelocked VECSEL setup and to create a 

more cost-efficient solution, a combination of both technologies in a single cavity called 

modelocked integrated external-cavity surface-emitting laser (MIXSEL) was realized by 

Maas et al. in 2007 [74]. In a conventional modelocked VECSEL the cavity mode size on the 

gain chip and on the SESAM can be adjusted independently to provide a stable modelocking 

(Fig. 2.10 (a)). The development of InAs QD SESAMs grown at 400°C or less with low 

saturation fluences allowed operation with the same cavity mode size on both devices (Fig. 
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2.10 (b)) [60]. This opened the way for the first very compact high-power MIXSEL (Fig. 

2.10 (c)).  

 

 

 

Figure 2.10:  (a) SESAM modelocked VECSEL with a standard QW-SESAM and different 

beam sizes on both devices. (b) QW or QD SESAMs with low saturation fluence 

enables similar beam sizes on VECSEL and SESAM. (c) MIXSEL with an 

integrated absorber concept (reprinted with permission from [41] ). 

 

The linear cavity of the MIXSEL simplifies the alignment of this laser and enables 

high repetition rates. In contrast, the integration of the absorber is a challenge, since the 

important absorber parameters, such as a low saturation fluence and fast recovery dynamics 

must remain stable during the entire growth procedure. As already mentioned, high-

temperature long-term overgrowth with a DBR structure leads to annealing of the growth-

related defects in the absorber area and drastically changes the performance [60,66].  

Femtosecond pulses from a MIXSEL were only obtained with a low-temperature grown 

InGaAs QW absorber which was embedded in AlAs layers. The defects in the AlAs barrier 

layers are more robust compared to GaAs during long annealing times. However, these QW-

MIXSELs suffer from a higher temperature sensitivity [75]. 

 

The detailed approach of the MIXSEL structure is presented in Fig 2.11 (a). The pump 

light (1) is efficiently absorbed in the GaAs spacer layers between the QWs or QDs causing 

carriers excitation. The generated carriers diffuse into the active layers (2), are captured by 

the QWs or QDs, subsequently relax into the ground states und recombine. Stimulated 

emission starts and provides gain (3). The saturable absorber layer with a single QW or QD 

layer is placed in between the main GaAs/AlAs DBR for the laser light and an intermediate 

AlGaAs/GaAs DBR (see Fig 2.11 (b)). This DBR enhances the pump light absorption in the 

active area and prevents a pre-saturation of the saturable absorber by the pump light. The 

stopband of the laser DBR is optimized for the wavelength of around 1 µm and the typical 

pump wavelength is 808 nm. When the laser light reaches the saturable absorber the 
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modelocking process begins and stabilizes (4). With a total thickness of less than 10 µm, the 

mode sizes on the absorber and the gain section are identical. For that reason, it is essential 

for the functionality, that the absorber saturates faster than the gain in the active section (see 

Fig 2.6 (c)) with keeping the modulation depth on the 1%-level. Thus the MIXSEL design is 

very sensitive to growth deviations.  
  

 

 

Figure 2.11: (a) MIXSEL operation principle: (1) The pump light gets absorbed and excites the  

carriers; (2) the carriers diffuse into the QWs or QDs and (3) contribute to the 

stimulated emission. (4) The saturable absorber starts and stabilizes the passive 

modelocking (reprinted with permission from [48]).  (b) Schematic illustration of 

a MIXSEL structure with the active region and saturable absorber in one device. 

 

Therefore, the material quality should be high and the growth deviations lower than 

1%. The top part of a MIXSEL is the AR section, which helps to minimize the pump 

reflection losses and optimizes the GDD around the lasing wavelength. Comparable to a 

straight CW VECSEL resonator (see Fig. 2.1 (b)) a MIXSEL is typically pumped under an 

angle of 45° with a multimode diode laser at 808 nm. Its cavity is formed by the MIXSEL 

chip itself and a standard curved external output coupler. 

The position of the QW or QD absorber influences its field enhancement. The laser 

and the pump DBR around the absorber layer act as a Fabry-Perot interferometer. The design 

can be changed from resonant to antiresonant (see Fig 2.12) with the number of mirror pairs 

(one or five) in the intermediate DBR. For the resonant MIXSEL (see Fig 2.12 (a)) the field 

enhancement, shown within the layer structure, is very high inside the absorber layer 

compared to the active layers.  
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Figure 2.12: (a) Resonant versus (b) antiresonant MIXSEL structure designed for 955 nm. The 

white lines in the MIXSEL layer structure (left) demonstrate the electric field 

enhancement, which is increased inside the absorber layer in the resonant 

MIXSEL resulting in a strong wavelength variation in the absorber enhancement 

(middle) and increased GDD (right). The antiresonant structure shows less 

fluctuations for the electric field and absorber enhancement as well as the GDD. 

The grey lines show the influence of a growth error of layer thickness variation of 

<1% (reprinted with permission from [76,77]). 

 

However, this design is very sensitive to growth deviations, since the absorber 

enhancement and the GDD (see 2.12 (a) middle and right) exhibit large fluctuations around 

the designed wavelength of 955 nm [76,77]. Therefore, the key design for a MIXSEL is based 

on an antiresonant design (see Fig. 2.12 (b)), where the field enhancement of the saturable 

absorber and the active area are almost identical. A moderate absorber enhancement and a 

small positive GDD (see Fig. 2.12 (b) right side) reduce the sensitivity on growth variations. 

For high average power, the MIXSEL needs to be mounted on a diamond heat sink to provide 

the optimal heat dissipation. 
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3. Fabrication by molecular beam epitaxy  
 

Molecular beam epitaxy (MBE) is a physical vapor deposition technique for the 

growth of very thin epitaxial structures of semiconductors, metals or insulators. In the 

following, the focus will be on the fabrication of semiconductor based structures. 

 
3.1 III-V semiconductors 
 

Semiconductor materials mainly have a crystalline structure in which atoms are 

placed in a highly ordered way. Like insulators, semiconductors have a bandgap between the 

VB and the CB, but their bandgap energy (ΔE) is significantly lower and usually in the range 

of a few electron volts (see Fig. 3.1). The electrical conductivity is between that of metals 

and insulators. In an intrinsic, undoped semiconductor, the electron density is equal to the 

hole density since the thermal activation of an electron from the valence band to the 

conduction band yields a free electron in the conduction band. The Fermi level is 

approximately in the middle of the energy bandgap. However, the temperature dependence 

of the intrinsic carrier density is dominated by the exponential dependence on the energy 

bandgap [78].  

 

 
   

Figure 3.1:  Bandgap energy and corresponding wavelength of III-V semiconductor alloys as 

a function of the lattice constant. The solid line indicates a direct bandgap and the 

ratios of ternary compounds resulting from mixing the corresponding binary 

components; the dashed lines indicate an indirect bandgap. The emission 

wavelength of the SDLs analyzed in this thesis are marked in red. The areas of 

compressive and tensile strain (related to GaAs) are marked in different colors 

(reprinted with permission from [41]). 
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The conductivity of a semiconductor can be changed by doping of the semiconductor 

material, which moves the Fermi level away from the central position (see section 3.3.3). In 

an n-type semiconductor, it shifts towards the CB because the donor impurities pass on their 

excess electrons to other atoms in the crystalline structure (the number of electrons in the 

system is thus higher than the number of holes). Hereby, the Fermi level of a p-type 

semiconductor is closer to the VB. The acceptor impurities trap electrons from the 

neighboring atoms of the crystal structure, resulting in a deficit of electrons or an excess of 

holes. 

III-V compound semiconductors play a very important role in the development of 

high-performance optoelectronic components due to their direct bandgap. The III-V alloys 

consist of compounds formed between elements of group III (e.g. gallium (Ga), aluminium 

(Al) or indium (In)) and group V (e.g. arsenic, phosphorus or nitrogen) of the periodic table 

of elements. Silicon is the most famous semiconductor material used in the microelectronic 

industry. However, due to its indirect bandgap, Si is an inefficient light emitter and absorber 

and therefore not suitable for optoelectronic applications. Optical fiber communications, 

infrared and visible LEDs/LDs and solar cells are the main applications of InP- or GaAs-

based III-V compound semiconductors. These are direct bandgap semiconductors, which 

crystallize in the zinc blende structure and show strong absorption and emission 

characteristics. They differ in their lattice constant as well as their bandgap. Figure 3.1 shows 

the relationship between the bandgap energies and lattice constants of commonly used III-V 

semiconductors.  

The SDLs presented in this thesis are designed to operate at room temperature at a 

wavelength of 1030 nm. They were grown by molecular beam epitaxy (MBE) on semi-

insulating GaAs (100) substrates and consists mainly of GaAs and AlAs, which have a lattice 

constant mismatch of less than 1.5%. As a result, the AlxGa1-xAs system can be grown almost 

free of strain (see Fig. 3.1). Due to the larger lattice constant, the InAs or InxGa1-xAs used as 

QD-material in the active region as well as in the saturable absorber area are compressively 

strained when grown on GaAs. This strain is necessary for the formation of the QDs (see 

section 3.3.2). However, excessive stress in the grown structure, e.g., due to a large number 

of QD layers, should be avoided. They lead to slip line generation, which deteriorates the 

crystal quality and thus affects the lifetime and overall performance of the laser. 

 

3.2 Molecular beam epitaxy 
 

MBE is an ultra-high-vacuum (UHV)-based technology used for deposition of high 

quality and high purity thin film compound semiconductors, metals or insulators on suitable 

substrates [79]. The method was developed by J. R. Arthur and A. Y. Cho in the late 1960s 
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[80–82]. The term epitaxy derives from the ancient Greek, epi means “above” and taxis “in 

ordered manner”. It is an arrangement of thermal-energy neutral beams of constituent 

elements (atoms or molecules), that strike an ordered crystalline and heated substrate in an 

ultra-high vacuum and form a thin film. The alloy composition of the grown layer is 

determined by the flux of the individual substances arriving at the substrate surface. Due to 

the slow growth rates in the order of 1 µm/h or 1 monolayer per second, the particles have 

sufficient time for the surface migration, resulting in very smooth crystalline layers. The 

MBE technique enables the growth of semiconductor nanostructures, such as QDs and QWs, 

with sub-nanometer control of the thickness and precise control of the composition and 

morphology. 

A standard MBE system consists of different chambers. The main growth chamber 

(see Fig. 3.2) with ultra-high vacuum conditions is connected via gate valves to a preparation 

(buffer) chamber where the substrates are degassed before growth and an entry/exit chamber 

or a load lock module for the air connection. Passing through the locks is necessary to 

preserve the pressure and pure conditions in the growth chamber. Furthermore, 

contaminations on the substrate are minimized by transferring the sample to or from the air.  

 

 

 

Figure 3.2:  Schematic representation of a molecular beam epitaxy growth chamber. The 

effusion cells are individually filled with pure materials, which are evaporated and 

form epitaxial layers on the wafer substrate. The growth chamber is under ultra-

high conditions (~10-10 mbar). 
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The growth chamber pressure should be kept as low as possible to get optimal growth 

conditions. A combination of different pumps (e.g. ion pumps, cryogenic pumps) and liquid 

nitrogen (N2) cryopanels is used to maintain a permanent high vacuum in the range of 1·10-9 

- 5·10-11 mbar. 

In the growth chamber, the vacuum is characterized by the partial pressure p of the 

residual gas. The mean free path L is the average distance that a particle coming from the 

effusion cells can travel between two successive collisions with other particles in the vacuum. 

The pressure needs to be as low as that L is larger than the distance between the effusion cell 

and substrate: 

T = �∙U
√�∙W∙X∙$ ,    (3.1)  

 

where k is the Boltzmann constant, T the temperature and d the molecular diameter [83]. By 

using typical values and the assumption of an ideal gas one reaches a maximal pressure of  

1·10-4 mbar, which is much higher than the ultra-high vacuum conditions in the MBE. For 

the growth of a pure epitaxial layer the relation between the time for deposition of one 

monolayer of the beam and the background vapor should be fulfilled: 

 

Y�Z��[� = 10A] ∙ Y�Z��^� ,   (3.2) 

 

which means that the time t1ML(v) for the deposition of one monolayer of contaminants from 

the background on the substrate surface is one hundred thousand times longer than the 

deposition of one monolayer thick film from a molecular beam t1ML(b) [83]. Since the growth 

chamber is being cooled additionally with liquid N2 to decrease the number of residual gas 

atoms, a MBE growth at low rates (<1 µm/h) should be possible with UHV environment in 

the range of 10-9 to 10-11 mbar. However, the partial pressure of reactive gases such as H2O, 

CO or O2 needs to be very low (< 10-14 mbar) to prevent a reaction with the growing layer or 

the cell material. Nevertheless, the growth chamber background pressure has to be constantly 

checked. An increase always has a negative effect on the growth purity and can also indicate 

a leakage. The mass spectrometer helps to locate such leaks by analyzing the partial pressure 

of helium, while spraying helium gas around the specific area, where the leakage is suspected. 

In modern MBE systems, more than ten effusion cells can be found, whose 

temperature-resistant crucibles are individually filled with ultra-high purity materials such as 

gallium (Ga) and indium (In) or materials used as doping impurities such as beryllium (Be). 

The effusion cells are the key elements of an MBE system; they must withstand the highest 

temperatures (up to 1700 °C). For stable evaporation, the cells are heated to a material-

specific temperature, whereby the required flux is adjusted via the cell temperature and 
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measured by an ionization gauge. A mechanical shutter in front of each cell protects the wafer 

of unwanted depositions when cells are heated. The immediate individual opening of one or 

more shutters at the same time allows the creation of different material combinations and 

precise control of thickness and composition. The substrate holder can be rotated during 

growth with continuous azimuthal rotation (CAR) to prevent non-uniform deposition since 

the different beams are not completely homogeneous when hitting the sample due to the 

arrangement of the cells in the chamber (Fig. 3.3). 

 

 
 

Figure 3.3:  Arrangement of atomic or molecular beams of the heated effusion cells relative to 

the rotating substrate. The shutter in front of the cells can be closed to stop the 

layer deposition. The pyrometer monitors the substrate temperature during 

growth. 

 

Furthermore, material-specific substrate temperatures are required for the growth 

process. For this reason, the substrate holder must be heatable (for more details see section 

4.1). To monitor and optimize the substrate temperature during growth, which can be very 

sensitive depending on the material, a pyrometer can be used to measure the real-time value. 

The MBE system also includes an in-situ characterization of the thin films with a reflection 

high-energy electron diffraction (RHEED), consisting of an electron source (gun) and a 
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fluorescent screen. Surface reconstructions can thus be observed in real-time during MBE 

growth. 

During the epitaxy process, thin crystalline layers of material are grown on the 

selected crystal substrate with a precise orientation of the film to the substrate. Figure 3.4 

schematically explains the growth kinetics and the basic surface processes, which occur 

during growth [83]. The evaporated molecules or atoms flow as a beam from their respective 

cells, strike the substrate and are adsorbed on the surface. 

 

 
 

Figure 3.4:  Schematic illustration of the surface growth processes that occur during MBE 

growth. 

 

Typically, the particles are only weakly bound. Due to thermal energy the particles 

start to move by surface diffusion or interdiffusion until they find a thermodynamically 

favorable location. The migration length describes the average distance until an atom is 

incorporated into the lattice. It becomes larger as the growth temperature increases, which 

improves the lattice quality. At too high temperature levels desorption takes place, particles 

leave the crystal lattice by thermal re-evaporation. Low growth temperatures lead to a 

reduced migration length and imperfection in the lattice structure. If molecules lose energy 

during the migratory process, they can dissociate into atomic form. Since the surface 

diffusion processes need a certain amount of time to reach a steady state, the quality of the 



3. Fabrication by molecular beam epitaxy 

 

28 

 

layer is improved if the growth rates are at a lower level (i.e., 1 monolayer per second or 

less).  

 

3.3 Quantum dots 
 

Semiconductor QDs [84,85] are quasi zero-dimensional nanostructures composed of 

around 102-105 atoms. Their size is only an order of magnitude larger than typical atomic 

radii and therefore small enough to provide quantum confinement of charged carriers 

(electrons and holes) in all three spatial dimensions. Specific to semiconductor QDs is that 

their optical properties can be tailored over a wide range by controlling their size, shape and 

composition. 

 

3.3.1 Density of states 
 

Low-dimensional structures such as QWs and QDs can be produced by epitaxial 

growth with MBE systems and are used as the active area of semiconductor laser structures. 

Their unique physical properties are primarily based on the characteristic density of states. 

Quantum effects start to occur if one or more spatial dimensions are in the order of the de 

Broglie wavelength, so the carriers are confined and limited in motion [86]. 

 

�$_ = `
X = `

a∗∙c = `
d�Wa∗�eU .   (3.3) 

 

Here, h and kB are Planck´s and Boltzmann´s constants, respectively, m* is the effective mass 

of the carriers, v its velocity and T the absolute temperature. Depending on the particle mass 

and the temperature of the semiconductor material, the de Broglie wavelength is in the 

nanometer range [87]. 

 

Figure 3.5 presents the density of states D(E) functions for structures of different 

dimensionality. In QWs (b) two dimensions are macroscopical, in which the carriers can 

move freely, but the third direction is confined. A different situation happens in quantum 

wires (c), where already two dimensions are confined. Complete carrier confinement in all 

three dimensions results in QDs (d). Significantly elongated QDs in one dimension are called 

quantum dashes. 
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Figure 3.5:  Structures of different dimensionality and their corresponding  density of states: 

(a) bulk, (b) quantum well, (c) quantum wire and (d) quantum dots (Figure 

modified according to [84]). 

 

The density of states D(E) function describes the number of states that are available 

in a system. The function is important for determining the carrier concentrations and energy 

distributions of charge carriers within a semiconductor and is calculated for QWs and QDs 

as follows: 

 

"��fg = h∗
iħ� k l� F 3�

3
 

    

"��fm = ∑ 2o� F 3�3 , 

     

whereby n is the number and En the energies of the quantized states. The density of states is 

described by a step function for the 2D structures (QWs) and by a delta function for 0D 

structures (QDs) [86]. QD based lasers shows due to the quantum confinement in all three 

dimensions high flexibility, which leads to the advantage of tunable bandgap as a result of 

the size variation of the dots.   

 

 

 

 

(3.4) 

(3.5) 
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3.3.2 QD formation 
 

MBE grown structures can be classified by three growth modes: The layer-by-layer 

or Frank-van der Merve growth mode; the island or Volmer-Weber growth mode and an 

intermediate form of layer-plus-island or Stranski-Krastanov growth mode. The active, as 

well as absorber regions, of structures analyzed in this work consist solely of epitaxially 

grown InAs or InGaAs QDs on GaAs by the most prominent technique, the Stranski-

Krastanov growth mode [88,89]. Due to the lattice mismatch between GaAs substrate and 

the InAs/InGaAs QDs (see Fig 3.1) a compressive strain inside the deposited structure acts 

as driving force for the self-assembling mechanism of the QDs [90,91]. 

In a first step a thin so-called wetting layer is formed (see Fig 3.6 (a)). Above a critical 

thickness, the accumulated strain energy causes the transition from a flat two-dimensional 

surface morphology to three-dimensional island-like QDs (see Fig. 3.6 (b)). The system tries 

to reduce the existing tension by the transition into a more energetically favorable state 

through the layer relaxation. An increase of the surface area with a simultaneous reduction 

in surface energy and strain relaxation thus leads to the formation of QDs.  

 

 

 

Figure 3.6:  Schematic depiction self-assembled growth of QDs using Stranski-Krastanov 

technique.  (a) Formation of a wetting layer, (b) transition from two-dimensional 

to three-dimensional growth resulting in the formation of island-like QDs and (c) 

further increase of the QDs dimension accompanied with strain relaxation. 
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By applying more material onto the sample surface, the lateral size and height of the 

QDs increase, but the dot density remains constant (see Fig. 3.6 (c)). The QDs density can 

be controlled via process parameters (growth temperature, V/III beam equivalent pressure 

ratio (V/III ratio)). Furthermore, the composition of InGaAs is crucial for the emission 

wavelength of the QDs [92,93]. In the range from 900 nm to 1200 nm almost every 

wavelength can be achieved with InGaAs/GaAs QDs. However, with increasing Ga content, 

the lattice mismatch with substrate decreases. Thus, the critical wetting layer thickness (see 

Fig. 3.7), at which QD formation begins, enlarges [94].  

The VECSEL and SESAMs presented in this thesis are designed for an emission 

wavelength of 1030 nm. The QDs were formed by alternating deposition of several pairs of 

InAs and In0.2Ga0.8As layers with sub-monolayer thicknesses. In order to obtain the required 

QD layer thickness and thus the desired operation wavelength, the number of layer pairs had 

to be adjusted.  The resulting indium content in QDs was varied in the range of 40 – 65 % by 

changing the ratio of the layer thicknesses for a single period.  

 

 

Figure 3.7:  Dependence of the critical wetting layer thickness on the indium content during 

the growth of InGaAs on GaAs (Figure modified according to [92]). 

 

3.3.3 Influence of doping on InGaAs QDs 
 

Extrinsic doping influences the carrier properties inside of semiconductor-based QD 

material. The doping process and thus the placement of impurities can be precisely controlled 

during MBE growth [95]. A distinction has been made between the type and strength of the 

doping. The two most common methods are direct doping and modulation doping. In the first 
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case, doping is applied during the whole growth process of the QDs. It leads to a uniform 

distribution of the dopants within the QDs, but it influences their optical properties. 

Modulation doping is usually a spatially separated doping of the QDs, for example in a spacer 

layer between the QD layers. In this case, the dopants are added during a thin layer growth. 

A special form of the modulation doping is delta doping. Delta-function-like doping profiles 

can be grown via MBE by interrupting the regular crystal growth and evaporating impurities 

on the non-growing surface. For this purpose, the cells of group III elements must be closed 

while maintaining the overpressure flux of the group V element [96,97]. The growth time 

can be calculated as follows: 

p = q%r
q cR

 ,     (3.6) 

 

whereby N2D is the desired density of dopants, N the dopant concentration at a specific 

effusion cell temperature (see chapter 4.1), and vg the growth rate.  

 

 

 

Figure 3.8:  Schematic representation of the carrier behavior in (a) n-doped, (b) undoped and 

(c)  p-doped, self-assembled QDs (modified with permission from [98]). 

 

The thickness of a δ-doping layer is typically a few angstroms compared to its lattice 

constant. Therefore, the exact distance to the QDs as well as the strength of the doping can 

be adjusted precisely.  

In addition to the parameters already mentioned, the doping type has a big impact on 

the structure (see Fig. 3.8). During MBE growth, the dopant is integrated into the lattice 

structure of the semiconductor crystal. Since the number of outer electrons determines the 

type of doping, elements with one valence electron less than the replaced atom are used for 

p-doping, elements with one more valence electron for n-doping. Silicon, a group IV atom, 
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is the most common n-type dopant for III-V materials. Their donor impurities contribute free 

electrons into the semiconductor structure and increase the electron density (see Fig. 3.8 (a)) 

in the CB [99]. High doping concentrations in the range of 1018 cm-3 are possible. For the p-

type doping beryllium and carbon are commonly used which allows doping concentrations 

up to 1020 cm-3. Their acceptor impurities create holes and increase the hole density in the 

VB (see Fig. 3.8 (c)). The Fermi energy EF refers to the energy difference between the highest 

and lowest occupied single particle state in a quantum system (at 0 K).  For the undoped QDs 

(see Fig. 3.8 (b)), the Fermi level EF is located close to the center of the bandgap (middle). 

The electron and hole concentrations are nearly equal. The introduction of dopants brings the 

electron/hole concentration out of equilibrium, causing the position of the Fermi level to shift 

from the center of the bandgap towards the VB or CB, according to the dopant type [100]. 

The Fermi level EFn for n-type semiconductor moves closer to the CB edge and is given as 

 

G3 F Gs = t_u  ln K 3
3�

N ,    (3.7) 

 

where EFi is the intrinsic Fermi level, kB and T the Boltzmann constant and absolute 

temperature, respectively. Furthermore, ni is the intrinsic carrier concentration and n - the 

electron concentration. For a p-type semiconductor the Fermi level position EFp is shifted 

closer to the VB and can be calculated as follows: 

 

 GX F Gs = Ft_u ln K X
3�

N ,    (3.8) 

 

whereby p is the total hole concentration. 
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4. Material and Methods 
 

This chapter presents the description of equipment and measurement methods used to 

characterize the samples produced in this thesis. 

 

4.1 MBE equipment and calibration methods 
 

All samples studied in this thesis were grown on semi-insulating GaAs (100) 

substrates by a Varian Gen II MBE system. It is a three-chamber vacuum system consisting 

of an entry/exit chamber for loading and reloading of the samples onto a trolley. After venting 

and sample reload, the chamber is being pumped with a mechanical and turbomolecular 

pump. Then the chamber is heated to 200 °C for at least 30 min to remove water and other 

volatile residual gases from the substrates and holders to reach pressure in the low·10-7 mbar 

area. When conditions are achieved, the trolley can be moved to the buffer chamber, which 

is connected to the first chamber by a gate valve. Here, a vacuum level of 1·10-9 mbar can be 

obtained by the use of an ion pump. Single substrates are heated to 350 °C for approximately 

15 min at the high temperature degassing (HTD) station for preparatory thermal desorption. 

A combination of an ion pump and a cryopump as well as a liquid N2 cryoshroud, which 

prevents re-evaporation from parts other than the cells, is responsible for the ultra-high 

vacuum conditions in the growth chamber of typically < 3·10-10 mbar. Furthermore, the 

growth chamber is equipped with eight cell ports. Three effusion cells are filled with group 

III materials: indium (In), gallium (Ga) and aluminium (Al). The thermal cracker cell and a 

standard effusion cell provide the group V element: arsenic (As). The last two cells contain 

doping materials for n- and p-type doping with silicon (Si) and beryllium (Be), respectively.  

In front of every effusion cells are computer-controlled mechanical shutters (see Fig. 

3.3), which operate very quickly (typically 0.1 s) and allow reproducible growth cycles. 

Especially for the growth of QDs or superlattices, where alternating thin layers of two 

different material combinations are grown, high reaction speed is required. In contrast, the 

arsenic cracker cell has an integrated needle valve mechanism that regulates the gas flow, 

allows fast flux changes and a high precision flux control. Either As2 or As4 beams can be 

generated depending on the temperature in the cracking zone. At the used, constant cracker 

zone temperature of 635 °C, the As material is sublimated as As4 species. This enables the 

growth of high-quality material in the GaAs system [101]. All standard effusion cells have a 

single filament heater, except for the Ga cell. Their dual-filament heater operates at two 

individual temperatures, whereby the tip is around 150 °C higher than the primary zone to 
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prevent material deposition in the front part of the crucible. It has a straight-walled crucible 

design with a beam shaper which allows an increased material capacity.  

Before every growth a precise flux rate calibration of In, Ga, Al and As4 is essential. 

The beam flux monitor, which is mounted on the CAR opposite the substrate holder (see Fig. 

3.2) and therefore protected from contaminations during growth periods, allows the 

measurement of the beam equivalent pressure via an ionization gauge. By changing the cell 

temperatures, the flux of each cell can be adjusted to the needed value.  

Via a magnetically coupled transfer rod the samples are loaded from the buffer 

chamber into the growth chamber through the isolation gate valve and fixed on the substrate 

holder of the high-temperature manipulator (see Fig. 3.2). In order to achieve the uniform 

growth over the sample, the substrate holder rotates with 12 turns per minute. Before the start 

of the growth, an oxide removal process has to be carried out. For this purpose, the GaAs 

substrate is heated to 600 °C (pyrometer temperature) for at least 15 min under arsenic 

overpressure of 1·10-5 mbar. It is important to stay below the thermal decomposition 

temperature of GaAs (around 620 °C) [102] in order not to destroy the surface. 

After opening the vacuum system of an MBE to air (e.g., refilling of the cells with 

new material), the growth rates must be calibrated accurately. To get precise growth 

temperature measurements, the pyrometer needs to be calibrated by RHEED  at the 

temperature for thermal oxide desorption from GaAs substrate (582 °C) [103]. GaAs and 

AlAs are already lattice-matched materials (see chapter 3.1), which simplifies calibration. 

Both materials are grown alternately on undoped GaAs substrate, each with different cell 

temperature and thus different beam fluxes. After the first AlAs layer, the temperature curve 

of the pyrometer starts to oscillate due to interference effects [104]. After the growth of 

several periods for each temperature and material, the growth rates, which are in inverse 

proportion to the period duration of one oscillation, can be calculated and a calibration curve 

determined. A more indirect method is used for InAs growth rate calibration, since it is not 

lattice-matched to GaAs. An InxGa1-xAs/GaAs multi QW sample with five different shutter 

opening times for the QW and thus different QW thicknesses (expected values are 2, 3, 5, 8 

and 15 nm) is grown and measured with a photoluminescence setup (see section 4.2.1). Due 

to the before well-defined GaAs growth rate and known In cell temperature, the indium 

content can be calculated using the QW growth time and the measured PL peak position of 

each QW comparing it with the theoretically calculated expected values. A calibration curve 

can be obtained by growing several samples with varying In cell temperature. 

To specify the doping concentration of Be and Si during the growth of GaAs, several 

special calibration samples with a 1 µm thick homogeneously doped layer were grown by 

varying the cell temperatures for both materials. Since the material resistivity changes for 

various doping levels and distances, different contact metal stripes with a spacing of 500 µm 
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were contacted relative to the first strip on the calibration samples. The resistances for 

different distances were measured and the specific resistivity is calculated using the known 

geometric dimensions of the sample. By comparing the results with calibrated Hall 

measurements [105–107], the respective doping is determined and a doping calibration curve 

can be generated. Typical doping concentrations range from 1015 cm-3 to 1019 cm-3.  

 

4.2 Characterization of epitaxially grown structures 
 

4.2.1 Macro photoluminescence spectroscopy 
 

Macro photoluminescence (PL) spectroscopy is a contactless technique for the characterizing 

the optical properties of semiconductor structures with direct bandgap. The samples are 

optically excited by photons whose energy is far above the bandgap of the semiconductor. 

This leads to a generation of electron-hole pairs, which recombine after a rapid thermal 

relaxation und emit at a material characteristic wavelength. Fig. 4.1 gives a schematic 

overview of the used measurement setup.   

 

 

 

Figure 4.1:  Schematic illustration of the macro photoluminescence spectroscopy setup.   

 

Two lasers are available for excitation of the analyzed samples: A diode-pumped solid-state 

laser (DPSSL-100, Roithner) with an emission wavelength of 532 nm and a tunable, diode-

pumped Ti:Sapphire laser (Spectra Physics), which operates in the wavelength range of 600 
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to 1000 nm. The beam path contains a chopper, a filter wheel for adjustment of the excitation 

power and a short pass filter. By using reflecting mirrors and a convex lens the beam is 

deflected and focused on the sample, which is placed in a closed-cycle helium cooled cryostat 

for measurements in the range of 10 to 300 K. The light emitted after the excitation is 

collected by the first convex lens and focused on the monochromator incoming slit by a 

second lens. After detection of the specific wavelengths with a silicon-detector, the signal is 

lock-in amplified and recorded with a computer by LabVIEW based software. For the 

characterization of QDs, the important parameters are the central emission wavelength and 

the full width at half maximum (FWHM) linewidth. Linewidth measurements were mainly 

done at 10 K with a typical excitation power density of about 0.6 W/cm2 to prevent thermal 

broadening of the linewidth. In contrast, the central emission wavelength is measured at two 

temperatures (10 K and room temperature) to observe the temperature effect with a typical 

excitation power density of about 21 W/cm2, but also to obtain information about the 

operating wavelength of future VECSEL. Beside the standard wavelength of 532 nm used 

for all PL measurement a tunable Ti:Sapphire laser enables excitation in the range of 600 nm 

to 950 nm. 

 

4.2.2 Atomic force microscope (AFM) 
 

The atomic force microscope (AFM) is a scanning probe microscope that can image 

surface structures in the nm-range. A DualScope TM 95 SPM System from Semilab was used 

to determine the morphological properties of the structures grown in MBE for this thesis. 

Fig. 4.2 presents the schematic working principle. The key element of the AFM is a 

microscopic silicon tip, which is attached to the cantilever spring and interacts with the 

sample surface. The cantilever can be moved in three spatial directions utilizing piezo 

crystals. In the so-called AC SenseModeTM, a non-contact scanning mode also known as 

tapping-mode, the cantilever oscillates in the range of its resonance frequency close to the 

surface. If the probe tip comes within range of the interaction potential, a phase shift occurs 

as well as a reduction of the amplitude. Both can be detected by an optical system of diode 

laser and photodetector. The reflection of the laser beam on the cantilever spring surface is 

measured with a position-sensitive photodiode. When the cantilever bends, the position on 

the detector changes. Hereby, the photodiode voltage is proportional to the deflection of the 

spring. In the DS 95 scanner used, the cantilever and the combination of optical laser and 

photodiode form a unit that scans the sample line by line. The detected photodiode signal is 

converted into an electrical signal and AFM height profile image is generated. 
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Figure 4.2:  Schematic representation of the operating principle of an atomic force microscope 

during the scanning of a QD sample. 

 

4.2.3 X-ray diffraction (XRD) 
 

High-resolution X-ray diffraction (HRXRD) is a widely used powerful technique for 

the nondestructive determination of the composition, thickness and crystal quality of 

semiconductor structures. It provides information on phases, preferred crystal orientations 

and structural parameters like strain and crystal defects. The diffractometer utilized in this 

thesis is a PANalytical X’Pert Pro MRD. It uses the elastic scattering of monochromatic X-

rays at the atoms of the crystal, which then interfere constructively [108,109]. In Fig 4.3 the 

position of the semiconductor sample is shown, which must be attached to a goniometer and 

is hit by the collimated X-ray beam. The wavelength (λ = 1.54 Å) of the high-energy photons 

is comparable to the distance of the atomic planes dhkl. In fact, the geometric conditions of 

constructive interference are fulfilled if the phase difference (the optical path) between the 

beams is a multiple of the wavelength. The correlations can be described with Bragg's law: 

 

 � = 2!`�x ∙ sin �{�,   (4.1) 

 

whereby n is the order of diffraction, λ the wavelength of the incoming beam and θ the angle 

of the diffracted beam.  

Consequently, the peak intensities and thus the information of the crystal are obtained 

by the geometric arrangement of the sample and the detector. The XRD pattern is thus the 

fingerprint of the periodic atomic arrangements in a given material. Standard databases for 

X-ray powder diffraction patterns allow phase identification for a large number of crystalline 
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samples. During this work the XRD is mainly used for composition evaluations and thickness 

measurements of the DBR, since the GaAs/AlAs system is already lattice-matched (see 

chapter 3.1). 

 

 

Figure 4.3:  (a) Geometrical condition for diffraction from lattice planes during XRD 

(reprinted with permission from [109]). (b) Optical path of the X-ray beam for the 

goniometer (Figure modified according to [110]). 

 

 

4.3 Characterization methods for VECSELs and SESAMs 
 

4.3.1 Reflectivity analysis 
 

The characterization with spectroscopic photoreflection is a straightforward way to 

obtain important knowledge about semiconductor structures. The wavelength dependent 

reflectivity of wafers or mirrors in comparison to a known reference mirror can be 

determined. For on-site analysis, two spectrometers with a working range from UV to NIR 

were used, the Varian CARY 6000i (Agilent Technologies) from our partners at ETH Zurich 

and a Lambda 900 (PerkinElmer) (see Fig. 4.4). Broadband light sources, such as a deuterium 

and tungsten halogen lamp enables measurements from 175 nm to 3000 nm. Accordingly, 

the appropriate monochromator and grating are automatically inserted depending on the 

wavelength range under investigation. The wavelength-separated light is modulated by a 
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chopper at a known frequency and thus reaches the sample, which can be analyzed in 

transmission or reflection mode by using a special sample attachment. Finally, the light is 

captured by a detector, amplified and recorded by a signal processor. 

 

 

 

Figure 4.4:  Schematic layout of the UV-Vis/NIR spectrometer Lambda 900 from Perkin 

Elmer (Figure modified according to [111] ). 

 

A standard silver mirror with reflection values above 97.5% in the range of 450 nm 

to 2 µm serves as a reference. For the DBRs the center wavelengths and spectral widths of 

the stopbands can be evaluated. By combining the results of thickness measurement with 

XRD (see section 4.2.3) and reflection measurement, growth inaccuracies of the individual 

layers can be determined and optimized. In addition, for the characterization of the SESAMs, 

the setups were used to identify the wavelength-dependent linear absorption and the position 

of the band edge of the absorber. The setup at the ETH allows temperature-controlled 

measurements to detect to refractive index changes of the semiconductor material. 

 

4.3.2 Nonlinear optical reflectivity 
 

For the characterization of SESAMs a high-precision nonlinear reflectivity 

measurement setup is used [70] at the ETH in Zurich, which has an accuracy of <0.05% over 

a broad dynamic range. Fig. 4.5 illustrates the layout of the experimental setup. In the 

wavelength regime of 1030 nm a tunable Ti:Sapphire femtosecond laser (Coherent) with an 

average power of 900 mW at 80 MHz repetition rate and 140 fs pulse duration with 
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corresponding 12 nm bandwidth is used. A continuous tuning in the range of 1010 nm to 

1050 nm in modelocked operation is possible. 

 

 

 

Figure 4.5:  Setup for the nonlinear absorber characterization: The modelocked laser beam 

propagates through a variable attenuator to adjust the pulse energy. After 

elimination of back reflections it enters a 50:50 beam splitter in the measurement 

section. By calculating the ratio between the response of the high-reflector (HR) 

and the SESAM, the absolute reflectivity can be determined by using a 

photodetector (reprinted with permission from [70]).  

 

The linear polarized output of the Ti:Sapphire laser propagates through a variable 

attenuator. With a combination of a controllable rotating and a fixed polarizing beam splitter 

(PBS1) and (PBS2), the power level can be adjusted over four orders of magnitude. The 

Faraday rotator avoids back reflections into the laser cavity, which can induce modelocking 

instabilities. By using a non-polarizing 50:50 beam splitter cube (BS), the light is split into 

two parts and hits the highly reflective (HR) reference mirror and the SESAM under test. 

The signals of both beam paths are separated in time by a chopper wheel that chops 

both arms simultaneously (see Fig 4.6) [41,70]. The overlap of the back-reflected beams is 

then detected from a fast photodetector (PD), amplified and measured with a 24-bit analog-

to-digital converter. 

The signal presented in Figure 4.6 (b) is a 4-step sequence of a chopper wheel cycle, 

which is continuously repeated: 1. only the reference mirror can be measured, 2. both beams 

pass through, 3. only the sample beam can be measured and 4. both beams are blocked. For 

precise measurement, the background has to be subtracted and additionally averaged over 50 

to 100 periods to minimize the laser noise. 
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Figure 4.6:  (a) Signal separation of the reference and the sample beam by a chopper wheel. 

(b) The reflectivity calculation R = B/A can be realized with the recorded 

photodetector signal (reprinted with permission from  [70]).  

 

Absolut measurement results can be obtained by comparing the results with a 

reference measurement where a highly reflective mirror with known reflectivity is placed at 

the sample position. The nonlinear reflectivity is given by R = B/A. According to the 

techniques described, nonlinear reflectivity curves can be achieved as explained in section 

2.2.2 and Fig. 2.8. The saturation fluence Fsat (i.e., the pulse fluence where the SESAM is 

saturated), the modulation depths ΔR (i.e., the difference in reflectivity between fully 

saturated and unsaturated SESAM) and the non-saturable losses ΔRns can be reliably 

determined.  

 

4.3.3 Recovery dynamics 
 

The absorber recovery dynamics of a SESAM is a crucial measure for pulse formation 

and should be characterized precisely. To achieve short pulse durations for modelocked 

VECSELs or MIXSELs, fast recovery values are essential [112]. 

Fig. 4.7 (a) shows the pump-probe setup used at the ETH in Zurich. The identical 

Ti:Sapphire laser described in section 4.3.2 is required for the measurements. Approximately 

two thirds of the saturation fluence previously determined in the nonlinear reflectivity 

measurement is used for the recovery measurement. This prevents the introduction of 

additional effects caused by a high fluence, such as two-photon absorption. First, the pulsed 

output of the laser is split into a strong pump beam and a weak probe beam with a power 

ratio of about 50:1, so that the probe light does not affect the measurement. 
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Figure 4.7:  (a) Pump-probe setup used at the ETH for measurements: The output of the 

Ti:Sapphire laser is split into a intense pump and an weak probe pulse. Both were 

modulated by kHz-AOMs and overlapped at the DUT position. With a mechanical 

delay stage a variable time delay between the pulses can be introduced. The 

reflected probe signal is detected with lock-in detection. (b) Typical response of a 

QW-based SESAM. (reprinted with permission from [41]) 

 

At the sample position (DUT- device under test) both beams overlap. While the beam 

diameter of the pump spot, which hits the sample under a small angle, is around 20 µm, the 

diameter of the probe path must be smaller (about 15 µm) to achieve an overlap in any case. 

To introduce the time delay between both arms, a computer-controlled, motorized linear 

delay stage with step sizes of 10 fs (1.5 µm) is used. The pump and the probe path are 

amplitude modulated by acousto-optical modulators (AOM) with two different frequencies 

(640 kHz and 570 kHz) to optimize the signal-to-noise ratio. With a photodetector and a lock-

in-amplifier (adjusted to the difference frequency of 70 Hz) the reflected signal of the probe 

beam can be detected. The detailed explanation of how to determine the decay properties, 

like the fast and the slow component (τfast and τslow) of the recovery and the normalized 

amplitude A, are described in section 2.2.2. A typical pump-probe signal of a low-temperature 

grown QW-based SESAM is shown in Fig. 4.6 (b). The characterization yields tfast = 380 fs 

and tslow = 4.1 ps with an amplitude A = 0.63. 
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4.3.4 Nonlinear gain characterization 
 

The setup for the nonlinear gain characterization of VECSELs [113] at the ETH (see 

Fig. 4.8 (a)) is based on the nonlinear optical reflectivity setup for SESAMs (see section 4.3.2 

[70]) plus a few additional components. The similar Ti:Sapphire laser is used to generate 

140 fs pulses at a wavelength of 1030 nm. Which a combination of a fixed and a controllable 

rotation polarizing beam splitter the fluence can be adjusted over four orders of magnitude.  

 

 

 

Figure 4.8:  (a) Setup for the nonlinear gain saturation measurement [113]  of  VECSELs at 

the ETH. The setup is analogous to Fig. 4.5 [70] with modifications for the gain 

measurement: 4-W 808-nm pump diode under an angle of 45 °, a second chopper 

for signal analysis, aperture and long-pass filter for spatial and spectral 

suppression of PL on the photodetector. (b) The signal analyses scheme of the two 

phase-locked choppers (top) which separate four signal levels (bottom). 

 

The beam is divided by a non-polarizing BS into two equal parts. One output part hits 

the high reflector (HR) and the other is focused on the DUT (f = 20 mm) with a beam waist 

less than 20 µm. With a fiber-coupled 808-nm diode array the gain chip is pumped with 

maximal 4 W under an angle of 45° resulting in a maximum pump intensity of 44 kW/cm2. 
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The beam geometry of the elliptical pump spot is significantly larger than the probe laser 

beam diameter. Both reflected beams (DUT and HR) overlap at the beam splitter position 

and are detected by a fast photodiode. Two phase-locked chopper (fchopper1 = 2 x fchopper2) 

enables to measure the PL intensity (see Fig. 4.8 (b)).  Analogous to the nonlinear absorber 

characterization, the photocurrent is amplified and detected with a 24-bit analog-to-digital 

converter. Furthermore, a sensitive reference photodetector is placed behind the HR to 

control the absolute fluence values on the DUT surface. 
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5. Optimization of InGaAs QDs for VECSELs and SESAMs 
 

InGaAs QDs are the key component of all semiconductor-based devices discussed in 

this thesis. However, due to the different requirements, the implementation is a challenge. 

While high optical gain without any non-radiative recombination is required for VECSELs, 

low saturation power and ultra-short lifetimes are important for SESAMs. Nevertheless, the 

intention was to use high-quality QDs for both types of devices. One quality feature is the 

PL linewidth of the optical spectrum, which is usually specified as the full width at half-

maximum (FWHM). With a narrow linewidth with high peak intensity, the spectral gain in 

the ground state transition can be improved, resulting in more efficient devices. 

There are many publications on self-assembled QDs with a narrow inhomogeneous 

linewidth (< 30 meV measured at 10 K) in the wavelength range of 1300 nm or longer 

[114,115]. But typical ensembles of QDs emitting between 1000 and 1100 nm show a larger 

linewidth of 40 to 90 meV [116]. The reason for this is a non-linear change in energy levels 

by size [117], which means that the energy levels of smaller QDs are more sensitive to QD 

size fluctuations. Therefore, an improvement of the QDs size uniformity for this wavelength 

range was considered. For this purpose, self-assembled InxGa1-xAs QDs were grown and 

carefully optimized towards high dot density and narrow PL emission by varying the growth 

parameters (i.e., growth temperature, the ratio of group V to III elements and indium content). 

Furthermore, the effect of rapid thermal annealing (RTA) on the grown QD test structures 

was analyzed. The systematic characterization of morphological, structural and optical 

properties is presented in this chapter. 

 

5.1 Influence of growth parameters 
 

To tailor the InxGa1-xAs QDs for the different applications described above, several 

series of QD test samples were grown and investigated. Two different test structures were 

necessary for the various examinations. The first type of sample (Fig. 5.1 (a)) was used to 

determine the emission wavelength and FWHM linewidth of the embedded QD layer by PL 

spectroscopy measurements at 10 K (see setup section 4.2.1) and a typical excitation power 

density of about 9 W/cm2. Furthermore, AFM morphology studies are enabled by the top 

uncapped QD layer with nominally identical growth conditions. For native oxide desorption, 

the semi-insulating GaAs (100) substrates were heated to 600 °C under As4 overpressure of 

1.3·10-5 mbar for about 5 min. The subsequent growth continued with a 150 nm GaAs buffer 

layer deposited at 590 °C in order to smoothen the growth surface before QD formation. Both 

QD layers were separated by a 70 nm thick GaAs barrier layer. For the InGaAs QDs with 

indium composition of 50 - 60% it is not possible to grow them by direct mixing of InAs and 
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GaAs due to the much higher growth rate of the GaAs compared to InAs, which is required 

for growth of thick layers of the complete laser structure. Besides, no second Ga cell was 

available for this purpose. Therefore, the QDs were formed by alternate deposition of several 

pairs of InAs and In0.2Ga0.8As layers with a sub-monolayer thickness of around 0.1 nm 

depending on the In content. Since the individual layers are thinner than 1 ML, intermixing 

of materials occurs. The number of layer pairs was adjusted depending on the desired nominal 

thickness of the QD layer. The lower QD layer of the structure is embedded in two 5 nm thick 

GaAs layers, grown at the same temperature as used for the QDs.  A short growth stop is 

necessary to ramp the temperature down to the chosen value. After the growth of the top QD 

layer, no GaAs cap layer is grown to enable morphological examination.  Therefore, the 

sample was cooled down immediately. Growth rates of 931 nm/h and 250 nm/h were used 

for GaAs and InAs, respectively.  

Room temperature (RT) PL measurements provide important preliminary information 

on the operation wavelength of the laser. For PL signal enhancement at RT, the structure with 

stacked QDs shown in Fig. 5.1 (b) was used. The respective PL measurements were 

performed with a typical excitation power density of about 175 W/cm2. Four QD layers, each 

surrounded by 65 nm GaAs (grown at 590 °C), are embedded into 30 nm thick AlAs layers 

on both sides grown at 600 °C. Due to the higher energy level of the AlAs layers, the carrier 

escape can be reduced, thus enhancing the PL signal at RT. To avoid oxidation of the Al-

containing top layer, a 20 nm thick GaAs cap layer grown at 590 °C concludes the structure. 

The wafer preparation regarding oxide desorption and the buffer layer growth is the same for 

both test samples. For the respective applications the optimal conditions of the QDs had to 

be found. The majority of the following studies were published in Ref. [61]. 

    

 

 

Figure 5.1:  InGaAs QD test structures for characterization of (a) the optical properties (i.e. 

linewidth, peak emission wavelength; measured at 10 K) and the morphological 

properties as well as (b) room temperature PL emission intensity. The four QD 

layers are embedded in two AlAs layers to enhance the PL signal at RT.  
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5.1.1 V/III ratio 
 

In order to achieve optimum conditions, the experiences of previous work [118,119] 

were used as a basis and therefore only a fine-tuning of the V/III ratio in the range of 15 - 30 

was carried out. In principle, the V/III ratio affects the behavior of the InGaAs QD formation 

mainly in terms of density and size [120].  

 

 

 

Figure 5.2:  1 × 1 µm2 AFM images and their corresponding height distribution histograms of 

1.4 nm nominal thick InGaAs QDs grown at 480 °C (60% In content) with 

different V/III ratios of (a) 15, (b) 20 and (c) 30. (d) The respective PL 

spectroscopy spectra at 10 K (excitation power density of about 9 W/cm2).  

 

V/III values below 15 lead to a more Qdash-like geometry due to a strongly increased 

migration length [118,119] and were in this work not of interest. For the InGaAs QDs of all 

investigated samples in this step (designed as in Fig. 5.1 (a)), a growth temperature of 480 °C 
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was used. The indium content and the nominal thickness were maintained at 60% and 1.4 nm, 

respectively. The 1×1 µm2 AFM scans together with their corresponding height distribution 

histograms and the QD density per cm2 are presented in Fig. 5.2 (a) – (c), their respective PL 

spectra (measured at 10 K) are summarized in Fig. 5.2 (d). It is recognizable that the AFM 

studies of the samples with a V/III ratio of 15 and 20 demonstrate comparable results. The 

average height of the QDs, as well as the peak wavelength of the PL signal, are similar. 

However, the dot density with 8.7 × 10-10 cm-2 is slightly higher with simultaneously a bit 

narrower linewidth for the sample with a V/III ratio of 20. At a V/III ratio of 30 (Fig. 5.2 (c), 

the average height of the QDs is reduced, mainly due to a limited In migration length, with 

an exception for several significantly larger QDs additionally formed, resulting in a more 

non-uniform QD height distribution. The PL peak position is considerably changed compared 

to the previous tests. Since the peak intensity is also lower despite the highest dot density, 

the contribution from the QDs with larger diameters and thus higher wavelengths becomes 

more significant. However, due to the narrow PL linewidth and the more homogeneous 

distribution, as no significantly larger QDs are formed, a V/III ratio of 20 was chosen for all 

further investigations.  

 

5.1.2 Growth temperature 
 

In the next optimization step, all growth conditions were kept identical apart from the 

growth temperature of the QDs (growth rate Ga: 931 nm/h; In: 240 nm/h; V/III ratio: 20, 

structure 5.1 (a)). Specifically, InGaAs QDs with a nominal thickness of 1.2 nm and an 

indium content of 60% were used. The growth temperature was varied between 430 °C and 

480 °C. Figure 5.3 shows its influence on the optical and morphological properties of the 

QDs. The left image column presents 1×1 µm2 AFM scans, while in the middle the 

corresponding height distribution histograms with the estimated QD density per cm2 and in 

the right column the respective PL spectra (measured at 10 K) are shown.  

For all growth temperatures, the AFM images show round-shaped QDs with a 

systematic enlargement of the lateral dimensions with increasing growth temperature. 

Besides this, the histograms show an obvious change in the height distribution. The mean 

value shifts from 4 nm at 430 °C to 8 nm at 480 °C, e.g. due to the increased surface 

migration length of In ad-atoms at higher substrate temperatures [121,121]. Additionally, the 

distribution of QDs is becoming broader for higher growth temperatures, indicating a more 

inhomogeneous size variation of QDs. These results correlate well with the FWHM values 

of the PL measurement at 10 K (see the right column in Fig. 5.3). 
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Figure 5.3:  From top to bottom, the growth temperature of 1.2 nm nominally thick QDs with 

60% of indium content was varied: (a) 430 °C, (b) 450 °C, (c) 470 °C, (d) 480 °C.  

On the left side 1 × 1 µm2 AFM scans are shown, in the middle the corresponding 

height distribution histograms with the QD density. The PL spectra measured at 

10 K with the respective peak wavelength and the linewith are presented on the 

right side (excitation power density of about 9 W/cm2) [61]. 

 

Samples with less uniform dot size distribution show also larger FWHM due to the 

inhomogeneous broadening effect. Growth temperatures above 480 °C were additionally 

investigated, but not included in this work. The trend with the increase of the lateral 

dimension of the QDs continues with higher temperature, at the same time the QD density 

decreases significantly into the low 1010 cm-2 range. The reason for this is a longer diffusion 
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length and the tendency of the indium ad-atoms to desorb at high substrate temperature [122]. 

However, since a high modulation depth for the absorber layers of the SESAMs as well as a 

high amplification for the gain area of the VECSELs are absolutely essential and strongly 

relying on high dot density, no further investigations were performed in this direction. 

The correlation between the emission linewidth, determined by the Gaussian fitting 

of the recorded PL spectra, is illustrated in Fig. 5.4 (a) including additional data for a few 

more intermediate QD growth temperatures. Due to the reduced size fluctuation of the QDs 

at a lower temperature, the PL linewidth changed from 34 meV at 430 °C to 60 meV at 

480 °C. Furthermore, a red shift of the PL peak position with increasing growth temperature 

can be observed, confirming again the results of the QD height distributions (middle column 

of Fig. 5.3), which is the dominating dimension for the quantum size effect [117]. An increase 

in QD height leads to weaker confinement resulting in a decrease of the transition energy and 

resulting in a redshift of the peak wavelength. Fig. 5.4 (b) shows the temperature dependence 

of the QD density as well as the PL peak intensity. Both curves show similar behavior with 

maximal values in the range of 450 – 460 °C. The dot density has its maximum value of 

1.7 ×1011 cm-2 for the sample grown at 450 °C.  

 

 

 

Figure 5.4:  (a) Dependence of the PL linewidth (measured at 10 K) and (b) QD density as 

well as PL peak intensity on the growth temperature of InGaAs QDs with 60% of 

indium content and a nominal thickness of 1.2 nm [61]. 

 

However, the optical quality of InAs or InGaAs QDs improves with increasing growth 

temperatures above 430 °C [123], since fewer growth-related defects, especially arsenic anti-

site point defects, occur [64], which leads to a reduction of the non-radiative recombination. 

This effect was confirmed by increased PL intensity and becomes visible when comparing 

the QD sample grown at 430 °C and 450 °C. For this reason, a growth temperature of 450 °C 

was chosen for further optimization.  
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5.1.3 Indium content 
 

In a third optimization step, the indium content of the QDs was investigated. Hereby, 

the nominal deposited thickness of the InxGa1-xAs QDs was kept constant at 1.4 nm at the 

growth temperature of 450 °C. The indium content was varied by changing the sub-

monolayer thickness of the InAs and InGaAs sub-layers that form the QDs. Samples with a 

resulting In content of 40% to 65% were grown and characterized by AFM and PL. The 

strongest inhomogeneity of the QD size distribution (see. Fig. 5.5 (a)) and the broadest PL 

linewidth of 40.6 meV (see Fig. 5.5 (f)) was found in QDs with an In content of 65%. A 

reduction of the In content to 60% and further down to 55% (Fig. 5.5 (b) + (c)) led to more 

homogeneous size distribution and a decrease of the PL linewidth as well as the QDs density.  

 

 

 

Figure 5.5:  1×1 µm2 AFM scans of InxGa1-xAs QDs grown  at 450 °C with a nominal thickness 

of 1.4 nm with an indium content of (a) 65%, (b) 60%, (c) 55%, (d) 50% and (e) 

40%. The respective QD density is specified in each image. (f) The corresponding 

PL spectra of the five QD samples measured at 10 K (excitation power density of 

about 9 W/cm2). The In content and the FWHM values for every sample are 

displayed [61]. 

 

The thickness of the wetting layer (WL) formed during QD growth in Stranski-

Krastanov mode increases with reduced indium content (see section 3.3.2) [124,125]. With 
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an indium content of 50% (Fig. 5.5 (d)), a point is reached where the QD density becomes 

extremely low and the linewidth is with only 11.7 meV not QD-like anymore. In this low In 

content regime, the strain and the deposited layer thickness are on the border of the critical 

values [125] for the QD formation (see Fig. 3.7 in section 3.3.2), which causes a suppression 

of the QD formation so that planar growth is preferred. Although a small number of QDs 

were formed, the QW-like behavior of the wetting layer becomes dominant which causes a 

strong reduction in the PL linewidth. Below this value no QDs were formed anymore, as 

shown for the case with 40% of indium (Fig. 5.5 (e)). Furthermore, the reduction of the In 

content significantly affected the emission wavelength. 5% less In content causes a 

wavelength blue shift of about 20 nm. 

The QD sample grown at 450°C with a lower indium content (55%) still showed a 

high dot density and narrow PL linewidth, but the nominal thickness of the QDs had to be 

optimized in order for the PL peak to return to the wavelength range of 950 - 980 nm (at 

10 K) required for the designed laser application. Therefore, QD samples with an In content 

of 45% and 50% (see Fig 5.6 (a) and (b)) were grown again at 450 °C, whereby their nominal 

thickness was adjusted.  

 

 

 

Figure 5.6:  1×1 µm2 AFM scans show the density of InxGa1-xAs QDs grown  at 450 °C with 

an indium content of (a) 45% and (b) 50% with varied nominal deposited 

thickness. The respective QD density as well as the nominal thickness are 

specified in each image. (c) The corresponding PL spectra of both QD samples 

measured at 10 K (excitation power density of about 9 W/cm2). The indium 

content nominal deposited thickness and the FWHM values for every sample are 

displayed [61]. 
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The results can be seen in Fig. 5.6. An increased nominal deposited material thickness 

causes QD formation even for samples with lower In content, because the strain and the layer 

thickness are above the critical value [125] for the QD formation. A QD density of more than 

1011 cm-2 could be achieved for both 45% and 50% In content with a minimum linewidth of 

less than 25 meV.  

 

 

 

Figure 5.7:  PL spectra measured at 10 K (excitation power density of about 9 W/cm2) for 

samples from the three different optimization steps. A strong reduction of the PL 

linewidth from 54 meV to 26 meV with a simultaneous increase of integrated 

intensity from 3.5 × 10-3 (480°C with 60% In content) to 5.4 × 10-3 (450 °C with 

50% In content) by optimization of the growth conditions and composition of the 

QDs was achieved [61]. 

 

Figure 5.7 presents a comparison of the best QD samples (with a dot density above 

1 × 1011 cm-2) from the different optimization series. All shown samples were grown again 

and characterized simultaneously by PL spectroscopy.  It was possible to reduce the PL 

linewidth from 54 meV to 26 meV while increasing the integrated PL intensity by optimizing 

growth conditions and QD composition. Since the operating temperature of the modelocked 

VECSELs is close to room temperature, the properties of the QDs in this temperature range 

is of interest. Therefore, the temperature-dependent behavior of the PL properties for the 

three QD types of Fig. 5.7 was analyzed. For investigation at RT an enhancement of the PL 

signal by embedding the QDs in AlAs barriers as described in Fig. 5.1 (b) was necessary.  
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Table 5.1:  Temperature-dependent wavelength shift of the PL peak position between 10 K and 

300 K including the linewidth at both temperatures for the three QDs samples 

presented in Fig. 5.7. With d – nominal deposited thickness, Ts – growth 

temperature, and XIn – indium content of QDs. 

 

  

Sample 

# 

 

   Growth details 

 

PL peak position shift 

between 10 K and 300 K  

[nm] 
 

 

FWHM at 

300 K 

[meV] 
 

 

FWHM at 

10 K 

 [meV] 
 

 

1 

        d = 1.2 nm, 

        TS = 480°C, 

        XIn = 60% 

 

59  

 

120  

 

54  

 

2 

        d = 1.4 nm, 

        TS = 450°C, 

        XIn = 60% 

 

50  

 

83  

 

36  

 

3 

        d = 1.8 nm, 

        TS = 450°C, 

        XIn = 50% 

 

40  

 

65  

 

27  

 

 

 

Figure 5.8:  Temperature-dependent PL peak wavelength shift between 10 K and 300 K of the 

optimized InxGa1-xAs QDs grown at 450 °C with 50% In content and a nominal 

deposited thickness of 1.8 nm (excitation power density of about 175 W/cm2) 

[61]. 

 

Table 5.1 summarizes the difference of the temperature-dependent PL peak position 

and the respective linewidth measurement at 10 K and 300 K. The behavior of the linewidth 

at 300 K is comparable to the measurements at 10 K. This implies, that the sample with the 
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broadest PL FWHM at 10 K (grown at 480 °C with 60% In content) shows also the highest 

value at 300 K. Moreover, its total wavelength changes between the PL peak position at 10 K 

and at 300 K is the highest. The narrower the PL linewidth of QDs is, the smaller the 

temperature-dependent wavelength shift is. The detailed PL measurements of sample #3 in 

Table 5.1 (grown at 450 °C with 50% of indium) whose wavelength changed only by 40 nm, 

are presented in Fig 5.8. As explained earlier, the dot height and the peak wavelength of the 

QDs are directly correlating. In broader, multi dispersed QD ensembles different dot families 

with varied dot sizes occur as described in Ref. [126], whereby the QD families show no 

uniform temperature dependence. In addition, the PL spectrum of smaller dots is more 

dominant at lower temperatures and at higher temperatures the contribution from the larger 

dots become more significant. This leads to the fact, that the broader the QD ensemble, the 

higher the temperature-dependent shift of the PL peak is. 

 

5.2 Impact of post-growth annealing 
 

Further experiments using the optimized QDs grown at 450 °C did not show optimal 

conditions regarding a working VECSEL laser design and fast recombination with respect to 

the SESAM structures (see chapters 5 and 6). For this reason, a suitable optimization method 

was required to achieve high PL peak intensities and small linewidths even with QDs grown 

at 480 °C. Therefore, the effect of ex-situ RTA treatment of the QD structures were analyzed. 

Since PL properties have to be verified at low temperature as well as at RT, the sample design 

with an AlAs barriers (Fig. 5.1 (b)) was applied. To protect the surface of the structure during 

RTA treatment, a 160 nm SiO2 capping layer was deposited by a chemical vapor phase 

deposition process and removed after annealing by reactive ion etching (RIE) under 

fluorinated environments.  

In Fig. 5.9 the PL spectra of test samples with 1.4 nm nominally thick InGaAs QDs 

grown at 480 °C with an indium content of 60% measured at 10 K and RT are visualized. 

Hereby, the as grown sample is shown in comparison to an annealed sample for 30 s at 

680 °C. At both temperatures the annealed sample show a significant increase of the peak 

intensity as well as a reduced linewidth and a blue shift in the peak wavelength compared to 

the as grown one.  

The reason for the blue shift of the peak wavelength is due to diffusion effects and 

resulting material intermixture, which take place during the heating process. Several effects 

play a role here. Since the thermal expansion coefficients of SiO2 are ten times smaller than 

that of GaAs, the porous SiO2 capping layer acts as an effective sink for the Ga out-diffusion 

during annealing [127,128]. 
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Figure 5.9:  Impact of ex-situ RTA treatment after the growth on the PL properties of InGaAs 

QD samples (grown at 480 °C with 60% of In content and a nominal deposited 

thickness of 1.4 nm) at (a) 10 K and (b) 300 K. The treatment conditions as well 

as the respective linewidths are indicated. 

 

Induced by the strain field, a constant injection of Ga vacancies at the semiconductor 

surface takes place. Furthermore, the QD surface is under significant compressive stress, 

which can be released by interdiffusion of Ga atoms from the barrier layer into the InGaAs 

QDs. This leads to a decrease of the average indium concentration in QDs and thus an 

increase of the bandgap, which results in a shift of the ground state transition to higher 

energies. Furthermore, interdiffusion at the interface could also lead to a shift of the 

transition. Thus, the effective QD thickness is reduced. This causes a higher confinement and 

higher transition energies. 
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Figure 5.10:  Impact of post-growth RTA annealing at 650 °C and 680 °C on the optical 

properties of InGaAs QDs samples (grown at 480 °C with 50% of In content and 

a nominal deposited thickness of 1.8 nm) compared to the as grown one at (a) 

10 K and (b) 300 K. The treatment conditions as well as the respective linewidths 

are specified. 

 

Since, as described in the section 5.1.3, a lower In content in the QDs had improved 

the optical quality of the dots grown at 450 °C in terms of higher PL intensity and smaller 

linewidth, similar effect was also analyzed with QDs containing 50% of In and grown at the 

higher temperature of 480 °C (see Fig. 5.10). Hereby, the nominal thickness was adjusted to 

1.8 nm in order to obtain the correct PL emission wavelength range. Due to the obvious blue 

shift that occurred in the previous experiment, a lower annealing temperature of 650 °C for 

45 s was tested additionally. It has to be noted, that for a better comparison of annealing 

effect on the optical properties, all samples shown in Fig 5.9 and Fig 5.10 were loaded and 

measured simultaneously in the PL setup. Table 5.2 compares the peak and integrated 

intensities of PL signals from both figures. Already the initial state of the as grown QD 

sample with 50% In content has a higher peak and integrated intensity with slightly lower 
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FWHM compared to the previous sample with 60% In content. The 10 K measurement 

illustrates that a higher annealing temperature of 680 °C increases the PL peak intensity by 

reducing the number of non-radiative recombination centers in the QDs and the barrier 

material, but also increases their blue shift caused by a higher intermixing of the QD with the 

surrounding GaAs material and out-diffusion of In-atoms.  

 

Table 5.2:  PL peak and integrated intensity of the QD test samples from Fig. 5.9 and Fig. 5.10. 

Growth temperature of the QDs is in all cases 480 °C. With d – nominal deposited 

thickness, Ts – growth temperature, and XIn – indium content of QDs. 

 

 

QD growth 

Conditions 

 

 

RTA 

treatment 

                10 

Peak 

intensity 

[arb.units] 

K              

Integrated 

intensity 

[arb.units] 

300 

Peak 

intensity 

[arb.units] 

K 

Integrated 

intensity 

[arb.units] 

d = 1.4 nm 

Xin = 60% 
as grown 0.26·10-4 0.19·10-2 0.67·10-4 1.25·10-2 

d = 1.4 nm 

Xin = 60% 

Ts = 680 °C 

t = 30 s 
0.58·10-4 0.23·10-2 1.49·10-4 1.97·10-2 

d = 1.8 nm 

Xin = 50% 
as grown 0.76·10-4 0.44·10-2 1.49·10-4 2.57·10-2 

d = 1.8 nm 

Xin = 50% 

Ts = 650 °C 

t = 45 s 
0.99·10-4 0.42·10-2 2.59·10-4 3.56·10-2 

d = 1.8 nm 

Xin = 50% 

Ts = 680 °C 

t = 30 s 
1.24·10-4 0.43·10-2 2.67·10-4 3.38·10-2 

 

The measurements at 300 K show similar behavior, whereby the peak intensities of 

both annealed samples are more comparable. Considering the integrated intensities of these 

diagrams, all values at 10 K are quite comparable, and at RT the sample annealed at 650 °C 

achieves the highest result. 

The significant improvement in PL intensity while maintaining the expected 

wavelength range makes these QDs suitable for use in VECSEL and SESAMs. Since the 

RTA treatment at the moderate temperature of 650 °C leads to lower blue shift and better 

control of the peak wavelength, these conditions were applied for the following devices.  
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6. QD-VECSEL 
 

The VECSEL gain structure, as described in detail in chapter 2.1, consists of a highly 

reflective DBR, an active region containing multiple layers of QDs and an anti-reflection 

section. In this thesis, the complete gain structure contains approximately 120 layers with a 

total thickness of about 6 µm. This chapter deals with the design of the QD-VECSEL and the 

optimization steps for MBE growth. Furthermore, the processing procedure and the 

characterization of the grown samples are described. The last part covers the construction of 

a CW setup and CW measurement results. 

 

6.1 Design and growth of the gain structure 
 

The design of the QD-VECSEL structure (see Fig. 6.1) is based on input from the 

project partners of the group of Ursula Keller at the ETH in Zurich. An application written 

in MATLAB [73,129] with a well-known transfer matrix algorithm for multilayer structures 

was used to compute and optimize the structure. To reduce the losses in the cavity a 23.5-

pair AlAs/GaAs DBR, whose stopband is optimized for the laser wavelength of 1030 nm, 

had to be grown.  

 

Figure 6.1:  Epitaxial structure of the QD-VECSEL designed for an operating wavelength 

of 1030 nm. The white curve demonstrates the standing wave intensity profile 

(reprinted with permission from [31]). 

 

The central element is the active region, which typically consists of 16 or 24 QD 

layers embedded in pump-absorbing GaAs barriers and positioned on the adjacent sides of 

the antinodes of the standing wave pattern (yellow solid lines and white curve in Fig. 6.1). 
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The average enhancement of the standing electric field intensity pattern in the QD active 

layers is kept at high value of 0.71, while outside the fully reflective structure it is normalized 

to 4 (described in section 2.1.3) [31]. This high value was intended to increase the small-

signal gain and compensate the lower gain cross-section of the QDs compared to QWs. 

However, this is a trade-off, since the increased gain reduces the gain bandwidth and 

decreases the gain saturation fluence. 

A final AR section combines five alternating layers of AlAs and Al0.15Ga0.85As with 

a single layer of fused silica (FS). This is supposed to minimize the pump reflection losses at 

808 nm and provide a broadband flat GDD around the lasing wavelength for mode-locked 

VECSEL operation. According to the simulation, after hitting the VECSEL surface under an 

angle of 45°, the pump beam splits into 0.20% overall pump reflection, 3.88% overall pump 

transmission, 26.97% absorption outside the active region (e.g., in the DBR) and 68.95% 

absorption in the active region. 

The VECSEL chip is grown upside down on semi-insulating GaAs (100) substrates 

to enable subsequent flip-chip bonding. Before the growth of a complete gain structure, 

process optimization using multiple test-structures was essential. This requires the calibration 

of the growth rates and the composition of the different materials as described in this chapter. 

 

6.1.1 Antireflection area 
 

Since the VECSEL structure was grown in reverse order to allow an efficient laser 

performance, the structure had to be started with an etch-stop layer for successful wafer 

removal afterwards (see chapter 6.2). For this an Al0.85Ga0.15As layer with a thickness of 

150 nm or 300 nm was used. Two different growth approaches for the realization of a 

complete AR section including the etch stop layer were analyzed during this work. Based on 

the results of the first study, the design was revised for the second investigation. 

In advance, all individual layers were optimized in terms of surface roughness to 

achieve an RMS value below 1 nm. Table 6.1 provides the used growth rates for both 

approaches and the optimized V/III ratios for every single composition. In the first case, the 

etch stop layer was grown with a reduced Ga growth rate compared to the AR section.  

Reason for this is the much different layer compositions needed for the etch-stop and AR 

sections. Furthermore, the used MBE system is equipped with only one effusion cell of each 

material type of group III. Therefore, a 5-minute growth stop for the adjustment of the growth 

rate by changing the gallium cell temperature had to be done in the middle of the 10 nm GaAs 

layer between etch stop and AR sections (see Fig. 6.2 (a)).  
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Table 6.1:  Growth parameters of the two analyzed growth techniques used for the AR section 

and the etch stop layer. 

 

Growth Growth rate [nm/h] V/III ratio 

stop GaAs 
(Etch stop) 

GaAs 
(AR section) 

AlAs GaAs AlAs Al0.85Ga0.15As Al0.15Ga0.85As 

with 79.4 931 450 30 85 85 30 

without 931 931 450 30 85 85 30 

 

 

 

 

Figure 6.2:  (a) Test structure design for the AR section with 300 nm thick etch stop layer 

and (b) the respective SEM cross-sectional image of the grown AR section. (c) 

Test structure for the optimized AR section with 150 nm thick etch stop layer 

with (d) SEM cross-sectional image of the grown AR section. 
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Due to the small thickness of this GaAs layer which is necessary to obtain a broadband 

flat GDD around the lasing wavelength (see section 2.1.3), the etch stop layer with high Al 

content of 85% was covered with only 5 nm of GaAs, which led to oxidation effects (due to 

the residual oxygen inside the growth chamber) and material intermixing during the growth 

stop. As a result, the RMS value of the entire AR and etch stop section was always in the 

range of 4 nm (see Fig. 6.3 (a)). The effect can be seen in the scanning electron microscope 

(SEM) image in Fig 6.2 (b) as well. From the red marked 10 nm GaAs layer on, the roughness 

of the layers increases significantly, which extends up to the sample surface. 

In order to avoid a growth stop in the structure, the growth rate of the Ga cell was 

kept constant at 931 nm/h during the growth of the entire structure in the second approach 

(see the second row of Table 6.1). For the growing of the ternary AlGaAs layers with 15% 

or 85% Al content with the significantly higher Ga growth rate, an already established 

shuttering technique [130] had to be used. For this purpose, GaAs/AlAs layers of less than 

0.7 nm were deposited alternately until the desired thickness of the respective layer was 

reached. Due to the low thicknesses of each individual layer, a complete interlayer-mixing 

takes place, and a homogeneous smooth crystal structure can be formed. In preparation, 

Al0.85Ga0.15As and Al0.15Ga0.85As test structures with a thickness of 150 nm and a 20 nm 

GaAs capping layer, to avoid oxidation effects, were grown. The XRD was used to verify the 

composition and thickness of these layers. Finally, for all optimized individual layers an 

AFM surface roughness with a targeted RMS value below 1 nm was achieved.  

A further improvement in the design of the AR section suggested by the project 

partners at the ETH is schematically shown in Fig. 6.2 (c). The thickness of the etch stop 

layer was decreased by half to reduce the growth time with shuttering technique. The GaAs 

interlayer was increased from 10 nm to 15 nm for more process reliability by parallel 

optimization of the AR section with an adjustment of the number and individual layer 

thicknesses for a more efficient operation. Through all these modifications, it was possible 

to achieve a roughness of RMS below 1 nm (see Fig. 6.3 (b)) for the complete structure 

shown in Fig. 6.2 (c). However, the interfaces between the AlAs layer and the Al0.15GaAs 

layer were on the starting point of AlGaAs still not perfect maybe due to the used shuttering 

technique and it has to be clarified if it has an impact on the laser operation. But nevertheless, 

the layer smoothed with the grown thickness that the resulting top surface roughness showed 

a good result. 

Moreover, the laser-sided reflection properties of the new AR coating were tested, 

since a minimum in reflectivity for the expected wavelength of 1030 nm was needed. Figure 

6.3 (c) presents a comparison of the measurement (blue) and simulation (red) of the AR 

section reflectivity (without etch-stop layer). The curves almost overlap, which indicates that 

the growth parameters are controlled well. The simulation also confirms that the deposition 
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of the final SiO2 layer after processing leads to the modification of reflectivity spectra 

bringing the minimum position to the expected wavelength range of 1030 nm (green curve). 

Besides this, SiO2 layer protects the sensitive surface. Whether the pump reflection losses at 

808 nm on the VECSEL surface can be minimized has to be tested on the complete gain 

structure (see section 6.3.3), since the structure below the AR section strongly influences the 

reflection behavior. 
 

 
 

Figure 6.3:  (a) RMS determination with AFM of the test structure from Fig. 6.2 (a).  

(b) RMS determination with AFM of the test structure from Fig. 6.2 (c).  

(c) Simulation (red curve) and measurement (blue curve) of the AR section 

reflectivity from the laser side. Simulation of the effect caused by a 184 nm 

SiO2 layer on the reflectivity of the AR section (green curve).   

 

6.1.2 Active region  
 

The active region consists exclusively of alternating layers of GaAs with a thickness 

of 65.5 nm and the InGaAs QD layers whose nominal deposited thickness depends on the 

wavelength and which had to be adjusted according to the growth temperature and indium 

content. The growth rate for the active region of all VECSELs was fixed at 931 nm/h with a 

V/III-ratio of 30 for GaAs, and at 230 nm/h with a V/III ratio of 20 for InGaAs. Chapter 5 



                                                                         6. QD-VECSEL 

65 

 

describes in detail the QD optimization, which was carried out in this thesis. Separate 

VECSEL structures were grown with QDs structures from every optimization step presented 

in Fig. 5.7, typically with 16 or 24 QD layers. Based on this, growth temperatures of 450 °C 

or 480 °C and an indium content of 50% or 60% were chosen. Furthermore, a post-growth 

annealing step at 650 °C for 45 s (Fig. 5.9 (c) and (d)) of the complete structure was applied 

to cure defects which could lead to the non-radiative recombination during laser operation. 

Since the lasers had to be grown upside down, the DBR is on top of the structure. Therefore, 

PL characterization is only possible after the processing is complete. 

 

6.1.3 Distributed Bragg reflector (DBR) 
 

This section deals with the development of high-reflective AlAs/GaAs Bragg 

reflectors for the implementation in VECSELs and SESAMs. Based on the calculation in 

section 2.1.1, a mirror design with 23.5 pairs of 87.3 nm thick AlAs and 73.2 nm thick GaAs 

was chosen. Hereby, the reflectivity and the spectral width of the stopband are directly related 

to the reflective index contrast (see Table 2.1) [45]. The reflectivity spectrum measured by 

the spectrometer Lambda 900 from Perkin Elmer (see section 4.3.1) was used to obtain an 

accurate knowledge of the growth deviations. However, a single spectrum can only provide 

information about the width and position of the stopband and thus whether the thicknesses of 

the layers are too high or too low. For material specific information and detailed layer 

thicknesses, a second measurement with an SEM or XRD is necessary. 

Several DBR test structures were grown to find the optimal growth conditions. In Fig. 

6.4 (a) the stopband of the grown DBR structure was shifted to the left compared to the 

simulation indicating a reduced layer thickness. This assumption was confirmed by the 

analysis with SEM and XRD (see Fig. 6.4 (b)). From the cross-sectional SEM image, a mirror 

pair thickness of 157 nm instead of 160.5 nm was defined. In the XRD measurement the 

deviations per layer of -1 nm for GaAs and -1.7 nm for AlAs were estimated. With the SEM 

method, measurement errors can easily occur when the sample gets tilted, and the cleaved 

cross-sectional surface must be prepared e.g., by slight etching in order to obtain good 

contrast between the layers. On the other hand, with XRD measurement it is more difficult 

to determine a temporal change of the layer thickness during growth and the analysis of a 

complete DBR structure with 23.5 periods proved to be difficult. However, a more precise 

layer thickness calibration was performed by XRD on a test sample with only five mirror-

pairs grown. The layer thicknesses were determined with XRD and the growth rates of GaAs 

and AlAs were adjusted before the growth of a complete DBR structure took place. One result 

of an optimized growth with this method is shown in Fig. 6.4 (c).   
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Figure 6.4:  (a) Spectral reflectivity measurement of grown DBR structures. The reflectivity 

spectrum does not overlap with the simulation due to growth rate deviations. (b) 

Corresponding SEM image with a single mirror pair thickness shown and XRD 

measurement result (in table). (c) The reflectivity of the DBR with optimized 

layer thicknesses. (d) Impact of the position-dependent growth fluctuations on 

a DBR reflectivity for a quarter of 3-inch wafer. 

 

In this final version, a growth rate of 931 nm/h and a V/III-ratio of 30 for GaAs, and 

a growth rate of 450 nm/h and a V/III-ratio of 50 for AlAs were selected. The growth 

temperature was kept constant at 605 °C during the whole growth period, resulting in a low 

roughness of the DBR top surface with an RMS below 1.0 nm (measured by AFM). Higher 

growth temperatures deteriorate the surface quality of GaAs and lead to material desorption 

when the temperature is above 620 °C [102]. Lower growth temperatures worsen the 

roughness of the AlAs layers. Maximal reflectivity values of 99.8% and a growth accuracy 

of the layer thickness better than ± 0.5% could be obtained with this technique. Furthermore, 

the stopband center showed only 7 nm deviations (total stopband width is around 100 nm) 

from the middle to the edge (see Fig. 6.4 (d)) of a 3-inch GaAs quarter wafer used for the 

growth (see inset), so that a major part of the material can be used for processing. 
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6.2 Processing of thin structures 
 

Solder-based flip-chip bonding is the state-of-the-art technique for processing of 

high-power SDLs. In this process, the wafer substrate is completely removed and replaced 

by a heat-spreading material such as copper or CVD-diamond (CVD - chemical vapor 

deposition) providing high thermal conductivity. The SDLs benefit from the direct contact 

of the semiconductor material with the heat sink surface, which is temperature stabilized by 

a Peltier-cooling element, and from the high thermal conductivity of the AlAs/GaAs DBRs 

(see Table 6.2). The exact fabrication process is described with minor deviations in Ref. [34]. 

 

Table 6.2:  Thermal characteristics of  GaAs and AlAs, the used soldering material and the 

suitable heat spreader material [48]. 

 

Material Function Thermal 

conductivity 

κ [W m-1 K-1] 

Thermal expansion 

coefficient 

α [10-6/K] 

GaAs DBR material 45 5.8 

AlAs DBR material 90 5.2 

In (In0.97Au0.03) Solder 86 (76) 44 

Au0.8Sn0.2 Solder 57 16 

Copper Heat sink 400 17 

CVD-diamond Heat sink 1800 1.6 
 

 

 

 

Figure 6.5:  Flip-chip bonding of a VECSEL [34]: (a) MBE grown VECSEL structure in 

reverse order with an etch-stop layer between substrate and structure. (b) 

Cleaved small pieces (e.g. 4.5 × 4.5 mm) for processing. (c) Metallization of the 

structure, In deposition for soldering and turning. (d) Soldering on a heat 

spreader with high thermal conductivity. (e) Removal of the substrate and etch 

stop layer by selective wet etching. 

 

During this thesis, the VECSEL structures (see Fig. 6.1) were grown in reverse order 

on a quarter of 3-inch semi-insulating GaAs (100) substrate (see Fig. 6.5 (a)). The processing 

for different structures was carried out either by our partner group at the ETH [41] with many 
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years of experience and by ourselves with their support. Typically, 4.5 mm × 4.5 mm pieces 

were cleaved from the wafer. After ultrasonic cleaning, the samples were metallized for 

soldering (see Fig. 6.5 (c)) with a sequence of 30 nm titanium (Ti), 20 nm platinum (Pt), 

5 µm indium (In) and 100 nm gold (Au). Indium is very susceptible to oxidation and typically 

forms oxide layers in the range of 3 – 10 nm in case of deposition with high vacuum systems 

[131]. Additionally, the 100 nm gold cover layer was supposed to protect the surface from 

further oxidation before the start of the soldering. The surface of the deposited material was 

rough and not mirror-like, which is confirmed by the unevenness in the µm range of the SEM 

image (see Fig. 6.6 (a)). In this case, however, it is not critical, as the surface is smoothed 

during the soldering process. 

 

 

 

Figure 6.6:  (a) SEM image of deposited indium with thin gold capping layer for soldering 

on a grown VECSEL structure. (d) Optical microscope image (3D laser 

scanning microscope VK-X1000) of the soldered material on a copper mount 

after removal of the semiconductor laser structure. 

 

For the suitable heat sink materials such as copper or CVD-diamond the thermal 

conductivity should be as high as possible and the coefficient of thermal expansion close to 

that of GaAs (see Table 6.2). When applying GaAs and CVD-diamond, the difference in 

thermal expansion coefficients occasionally leads to cracks of the semiconductor material 

during processing. Nevertheless, all heat sink materials need to be polished with a roughness 

below 0.5 µm before use to avoid unevenness of the processed VECSEL structure which is 

only 6 µm thick. Furthermore, gold-plating of the heat spreader is essential. When using 

CVD-diamond, a contact surface for soldering is needed. In the case of a copper mount, the 

pure copper would react with the etching solution and destroy the laser surface. 

After all these preparations, the metallized semiconductor could be soldered upside-

down onto the gold-plated heat sink (see Fig. 6.5 (d)). At the ETH, a fluxless soldering 

process under vacuum (10-5 mbar) and a 3 N mechanical pressure was used to obtain an 
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optimal contact. The soldering temperature was slightly above the melting point of indium 

with 157 °C. The self-processed at INA samples were soldered with a Fineplacer® lambda 

from Finetech without vacuum. A forming gas atmosphere was used for the activation of the 

surfaces, reduction of oxidation effects and avoidance of shrink holes which would lead to a 

non-continuous contact and weak heat conduction. A pressure of 5 N was applied while the 

temperature is raised to 165 °C and kept constant for 45 s.  

To avoid micro cracks in the solder joint, the samples were cooled down slowly with 

a ramp of 1 K/s. The result can be seen in Fig. 6.6 (b), where the semiconductor material has 

separated by itself from the holder and a uniform solder layer becomes visible. 

In addition to the indium soldering, tests with gold-tin (AuSn) preforms 

(4.5 mm×4.5 mm×15 µm Au0.8Sn0.2) with a higher melting temperature of 280 °C were 

performed during this work. Hereby, a stable soldering process could be realized and visually 

good process results could be achieved. However, stable CW laser operation was not possible 

using this soldering technique. The resulting mechanical stress depends on the difference in 

the thermal expansion coefficients (see Table 6.2) of the joining partners and the difference 

between the material (wafer, heat spreader) and the solder [132]. Since the soldering 

temperature of gold-tin is much higher compared to indium, higher stress occurs in the 

components during soldering. Furthermore, indium has a much lower modulus of elasticity 

(10.8 GPa) compared to gold-tin (50 GPa), which allows the soldering of materials with a 

large difference in thermal expansion coefficient [133]. Even during operation of the laser 

chip, less stress should be generated during self-heating and better heat dissipation should be 

possible due to the higher thermal conductivity of indium (see Table 6.2). In order to avoid 

large differences in thermal expansion and the associated high stresses, in case of using gold-

tin preforms it seems to be necessary to solder the samples first onto expansion-adjusted 

submounts and then onto a copper heat spreader. Thus, the indium soldering process was 

used for the next VECSEL fabrication. 

Before wet etching (see Fig. 6.5 (e)), the complete heat sink and the cleaved edges of the 

semiconductor were covered with wax to prevent under etching of the semiconductor 

structure. In a single step, the GaAs substrate was removed up to the etch-stop layer with a 

selective mixture of citric acid (50%) and hydrogen peroxide (30%) in a 4:1 ratio.  With an 

etch rate of approximately 420 nm/min the 600 µm thick substrate was removed in 

approximately 23 h. Since the substrate has a mat surface structure on the backside, the 

change was clearly visible when reaching the mirror-like etch stop layer surface and thus the 

end of the etching process. 

Only 25 s are necessary to remove the 150 nm Al0.85Ga0.15As etch-stop layer with 

0.2% hydrofluoric acid (HF). The solution has an etch rate of 300 nm/min and features a very 

high etch selectivity to the underlying GaAs layer. However, if the etch-time is too short, 
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small residues of the etch stop layer remain, which begin to oxidize when exposed to air. If 

the etch-time on the other hand is too long, the GaAs layer withstands the etching, but at the 

positions of surface defects, the material is under-etched and small holes appear. For this 

reason, during MBE growth, the number of growth-related defects must be kept as low as 

possible, e.g., by reducing the surface contamination with particles when cleaving and 

loading the GaAs quarter wafer before growth, additional outgassing of the effusion cells, 

and providing a high vacuum level (< 1×10-9 mbar).  

 

 

 

Figure 6.7:  Optical microscope images of (a) a processed gain structure on a copper mount, 

(b) the magnified processed surface showing only a small number of defects. 

(c)  VECSEL structure directly processed on a copper main mount at INA. (d) 

VECSEL processed on diamond submount und soldered on the copper main 

mount at ETH. 

 

Trichloroethylene (TCE) is used to get the structure wax-free after finishing the 

etching process. The final processing step was the deposition of a 184 nm SiO2 film, which 

is the top layer of the AR section, by PECVD or a Pfeiffer PLS 500 evaporation system. A 

completely processed structure is shown in Fig. 6.7 (a). A few droplets from soldering can 

be seen on the rim of the structure. Furthermore, there are some leftover traces of the GaAs 



                                                                         6. QD-VECSEL 

71 

 

substrate visible on the edges. In principle, this sample has only a small number of defects 

and the etch stop layer is almost completely removed (see Fig 6.7 (b)). While the VECSELs 

processed at INA were mainly soldered directly on a copper mount (see Fig. 6.7 (c)), at ETH 

a submount heat spreader made of copper or CVD-diamond was used for processing (see Fig. 

6.7 (d)) which is then soldered on a temperature-controlled copper mount.   

 

6.3 Characterization 
 

After processing the VECSEL gain chips are ready to be characterized. In order to be 

able to evaluate the functionality and quality of the grown samples, different characterization 

methods such as nonlinear gain saturation, linear reflectivity or PL measurements are useful 

in addition to the verification of the laser operation. Table 6.3 summarizes some of the grown 

QD-VECSEL structures of this work, which are discussed in the following chapters. The 

growth parameters of the active region, the peculiarities of the growth process and post-

growth treatment (if applied) are specified. VECSEL R is a state-of-the-art QW reference 

sample from the ETH used for comparison in CW power characterization.  

A shared growth of VECSEL structures together with the partners at the ETH, was 

investigated for the first two VECSELs. The active zone with the QDs was always grown at 

INA in Kassel, but the DBR and in some cases the AR sections were overgrown afterwards 

at ETH in Zurich. 

 

Table 6.3:  Growth parameters of full grown QD based VECSEL structures and the QW based 

reference VECSEL. The QD growth parameters like nominal thickness, the number 

of QD layers, indium content and growth temperature are specified as well as the 

overgrowth steps and the RTA treatment. 

 

VECSEL Nominal 

thickness of  

QD/QW layers  

[nm] 

Number 

of 

QD/QW 

layers 

Indium 

content 

 

[%] 

Growth 

temperature

QDs/QW 

[°C] 

Growth process RTA 

1 1.2 16 60 480 1 overgrowth step (ETH)  

2 1.6 16 50 450 2 overgrowth steps (ETH)  

3 1.8 24 50 480 1 growth stop in MBE  

4 1.8 16 50 480 1 growth stop in MBE  

5 1.8 16 50 480 Single step growth  

5* 1.8 16 50 480 Single step growth 45 s at 650 °C 

6 1.8 24 50 480 Single step growth  

6* 1.8 24 50 480 Single step growth 45 s at 650 °C 

R 8.8 10 50 490   
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6.3.1 Nonlinear gain saturation measurement 
 

For VECSEL 1 and 2 with one or two overgrowth steps no laser operation in CW 

mode could be achieved. Both VECSEL were grown with the first AR section approach (see 

section 6.1.1. and Fig. 6.2 (a)). Therefore, the nonlinear gain saturation was measured at the 

ETH with the setup described in section 4.3.4 [113] to identify the possible reasons. The 

VECSEL was hereby optically pumped with 808-nm CW-radiation and the nonlinear 

reflectivity measured for 140 fs probe pulse (1030 nm) as a function of the probe pulse 

fluence. For a working laser device, a small-signal gain of up to 5% could be obtained with 

this technique. A typical reflectivity value of a QD-VECSEL operating at this wavelength 

range at low fluence values is 101.5% [31].  

For higher fluence values the saturation of the gain and induced absorption such as 

two-photon absorption, thermal effect or free-carrier absorption causes a decrease in 

reflectivity [41]. Compared to the behavior of SESAMs (see section 2.2.2), the thick layers 

of semiconductor material in a VECSEL gain structure result in even more effects like 

induced absorption, leading to an overall reduced gain at higher pulse fluences [41]. For the 

two VECSEL chips 1 (with one overgrowth step) and 2 (with two overgrowth steps) (see 

Table 6.3) shown in Fig. 6.8 it was generally not possible to achieve reflectivity values above 

100%.  

 

Figure 6.8:  Gain saturation measurement of VECSEL chips grown in two different MBE 

systems. VECSEL 1 was grown in Kassel except for the DBR. The QDs were 

grown at 480 °C with 60% In content (red curve). VECSEL 2, where the QDs 

growth temperature was 450 °C with 50% content (violet curve), had two over 

growth steps. The wavelength of the probe pulse was 1030 nm and the pump 

intensity of 44 kW/cm2. 
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The growth stops as well as the storage in the air during the transport between the 

different growth sections of the VECSEL caused most probably bad quality overgrowth 

interfaces. Furthermore, the first design of the AR section did not provide optimal conditions 

for the interfaces of this region as described in section 6.1.1. The type of QD played a minor 

role in the behavior, since the results worsened clearly for the double regrowth scheme used 

for VECSEL 2, in which the AR section and the DBR were grown at the ETH (i.e., two 

sample transfers between ETH and INA). In all further investigations, the complete VECSEL 

structure growth was performed in one MBE growth chamber at INA in Kassel. 

 

6.3.2 Photoluminescence spectroscopy measurements 
 

After completing the processing of the VECSEL, a PL characterization can be 

performed to examine the active region. The important aspects here are whether the 

wavelength is in the expected range and if there is a broadening of the QD size distribution. 

In direct comparison, the PL intensity also indicates the growth quality of a VECSEL.  

 
  

Figure 6.9:  PL spectra of several QD-VECSEL structures measured at RT with an 

excitation power density of about 0.3 kW/cm2. (a) Results for VECSELs 1 and 

2 with one or two overgrowth steps grown at ETH and at INA. (b) Results for 

VECSEL structures exclusively grown in one MBE system with 16 or 24 QD 

active layers. VECSELs 3 and 4 with one growth stop between the active region 

and  the DBR, VECSELs 5 and 6 were grown in one step. 
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As already described in the previous chapter, the growth of the lasers was first divided 

between the ETH and INA. The room temperature PL measurements of VECSEL 1 and 2 

shown in Fig. 6.9 (a) confirm the results of the gain saturation measurement. The growth-

stop and the associated introduction of growth-related defects reduce the PL peak intensity, 

e.g., due to non-radiative recombination. A double growth-stop for sample 2 led to an even 

lower value (green curve). Additionally, the peak wavelength with 1005 -1010 nm was 

slightly too low and was adjusted in the following structures by using a higher nominal 

thickness of the QDs. 

Further on, all VECSEL structures (see Table 6.3) were grown completely in one 

MBE. Due to the long growth time of about 12 hours, in some cases a growth stop was done 

between the active zone and the DBR, but the samples were left in UHV conditions of growth 

chamber during the growth-free period. Since both samples with a single growth stop showed 

a lower PL peak emission intensity (see Fig. 6.9 (b)), the optical quality of the structures was 

again negatively affected. With the VECSEL 5 and 6 which were grown in one step the 

highest PL performance was achieved, whereby the QD layer number had only a minor 

impact on the result. 

 

 

 

Figure 6.10:  PL measurement at RT of  QD-VECSEL 6 with 24 QD layers as grown (red) 

and post-growth annealed (blue) at 650 °C for 45 s. An excitation power density 

of about 0.3 kW/cm2 was used. 

 

Figure 6.10 presents the effect of post-growth annealing for 45 s at 650 °C on the full 

VECSEL structure (6/6*). The annealing step was done before processing. To protect the 

surface during annealing, a SiO2 cap was deposited by a chemical vapor phase deposition 

process and removed after RTA treatment by reactive ion etching (RIE) under fluorinated 

environment. Conforming the experience of chapter 5.2, the PL peak intensity was 
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significantly improved with the RTA treatment. Furthermore, the linewidth was minimally 

narrowed and a slight blue shift of only 10 nm was observed. Therefore, an enhancement of 

the laser performance after RTA treatment is expected. 

 

6.3.3 Reflectivity and SEM analysis 
 

To detect the growth deviations of the complete QD-VECSEL structure further investigations 

were performed. A measured reflectivity spectrum of the un-processed VECSEL 5 is shown 

in Fig. 6.11 (a). Since the structure was grown upside down, mainly signals of the DBR could 

be obtained in this configuration. The reflectivity spectrum after chip processing (see Fig. 

6.11 (b)) is slightly different from the unprocessed one. In the low wavelength range around 

the pump wavelength of 808 nm the reflectivity value is reduced due to the deposited SiO2 

layer.  

 

 

 

Figure 6.11:  Reflectivity measurement of the (a) unprocessed and (b) processed VECSEL 5.  

 

This effect is also consistent with the simulation of the complete VECSEL structure 

presented in Fig 6.12 (a). By adding the SiO2-layer, which is part of the AR section, the 

refractive index contrast to air can be halved which affects positively the reflectivity behavior 

for the pump laser wavelength range [45,134].  

For the pump wavelength, this offers a better coupling of the pump light and an 

increase in the efficiency of the laser. After processing, the reflectivity level of the stopband 

has changed significantly (Fig. 6.11 (b)), and is not constant at a high level. This is due to 

absorption effects by the QDs at their emission wavelength (see section 7.3.1) or lower 

wavelengths (higher energies) confirming that their emission is within the reflectivity 

bandwidth of the DBR. 
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Figure 6.12:  (a) Simulation of a VECSEL without and with SiO2 top layer as part of AR 

section (d) SEM cross-sectional image of the full MBE-grown QD-VECSEL 5. 

In zoomed image the gain section with 16 QD layers is seen. 

 

The cross-section of the VECSEL was imaged with an SEM (see Fig. 6.12 (b)). 

Hereby, a homogeneous distribution of the DBR layers, as well as the QD layers (zoomed 

part), is clearly visible. Together with the information from the reflectivity measurement, this 

VECSEL can be assumed to have a good growth performance with only slight deviations. 

The additional optical microscopy and AFM investigations before processing already 

indicated a low surface defect density and a surface roughness of RMS below 1 nm. 

 

6.4 Setup and cavity 
 

For preliminary characterization of the grown VECSEL structures a CW-setup was 

designed with the support of the Keller group and built at INA in Kassel (see Fig 6.13 (a)). 

The laser was formed by a simple straight standing wave cavity (see chapter 2.1), where the 

VECSEL gain chip was the first end mirror and the output coupler (OC) was the second one. 

Before mounting of the processed VECSEL on the temperature-stabilized copper cooling 

block, the backside of the VECSEL chip holder was treated with heat conductive paste. 

During measurements, the heat sink temperature was stabilized by a water-cooled Peltier 
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element. With a fiber coupled multimode laser diode array, emitting at 808 nm with a power 

of up to 50 W, the gain chip was optically pumped under an angle of 45°.  

A focusable CCD camera (see Fig 6.13 (b)) was used to adjust the overlap position of 

the pump and the laser beam. After inserting a new VECSEL chip the laser beam path had to 

be aligned. A tunable Ti:Sapphire laser fixed at a wavelength of  921 nm helped to optimize 

the back reflection on the VECSEL surface. Before, all components and measuring devices 

in the beam path were briefly removed. The center position of the output coupler was adjusted 

with the help of a pin-hole, and after insertion of the OC, its back reflection to the 

semiconductor was optimized. Due to the exact pre-adjustment, the cavity starts lasing easily. 

 

 

 

Figure 6.13:  CW-setup for pre-testing of processed VECSEL chips. The gain structure is 

pumped under an angle of 45° at 808 nm. (a) A schematic layout, (b) picture of 

the VECSEL chip, (c) pumped VECSEL chip.  
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The pump beam from the laser diode array was widened by the pickup lens (see Fig. 

6.13 (a) and 6.14 (a)), collimated by the two cylindrical lenses in an axis-dependent manner 

and then focused on the semiconductor surface in order to create a circular spot with a radius 

of approximately 220 µm. The beam parameters in the focus were verified with a beam 

profiler from DataRay. While in the calculation focus radii of 180 µm vertical and 129 µm 

horizontal were calculated, only radii of 268 µm and 202 µm could be achieved during the 

measurement (see Fig. 6.14 (b)). A further reduction was not possible with the setup, 

probably because there are deviations in the divergence and beam propagation factor of the 

pump laser. 
 

 
 

Figure 6.14:  (a) Simulation of the pump beam path with optimized lenses. (b) Measurement 

of the beam profile in the focus (position of the VECSEL chip). The profile (top 

left), a 3D presentation (top right), and the intensity distribution in horizontal 

(bottom left) and vertical (bottom right) direction are shown. 
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In contrast to the pump spot, the radius of the laser mode in the semiconductor 

structure defined by the external cavity (i.e., cavity length and curvature of the output 

coupler) was with a simulated radius of 186 µm slightly smaller. In this setup, an OC with 

1.0% transmission and a radius of 100 mm as well as a cavity length of 70 mm were used as 

standard parameters. The calculation result of the used cavity can be seen in Fig. 6.15. A 

useful cavity length can also be found from the diagram. 

 

 

 

Figure 6.15:  Simulation of the cavity by using an OC with 1.0% transmission and a radius 

of 100 mm. The cavity length was 70 mm. 

 

 

6.5 CW-lasing performance 
 

The grown and processed VECSEL chips were tested in the CW mode at the ETH as 

well as in the self-built setup at INA described in chapter 6.4.  During the examination of the 

CW laser performance a high sensitivity with regards to the soldering medium, the heat 

spreader material, pump diameter and the cooling temperature of VECSEL was observed. As 

mentioned in chapter 6.4, in the case of Au0.8Sn0.2 preforms used as the soldering material no 

continuous laser operation was possible. However, when using deposited indium as solder 

medium, stable laser performance was achieved, despite identical boundary conditions. 

Hereby, the soldering temperature (see Table 6.2) as well as the thermal conductivity and 

thermal expansion of the materials certainly played an important role.  

The influence of the used heatsink of the QW-VECSEL R chip was studied in Kassel 

(see Fig. 6.16). The CW setup conditions are described in Table 6.4. A VECSEL grown at 

ETH with 10 QW layers in the active region was processed in two ways. On the one hand, it 

was mounted on a diamond heat spreader (see Fig. 6.7 (d), at ETH) and on the other hand 

directly on a copper mount at INA (see Fig. 6.7 (c)). With a pump diameter of 460 µm, the 



6. QD-VECSEL 

 

80 

 

results show an enormous difference. While the laser processed on diamond achieved a slope 

efficiency of 44.5%, calculated as 

 

η,x}X~ = ���
���A���

 ,    (6.1) 

  

where POP is the output power, PPP the pump power and PTh the threshold power, the laser 

processed on copper did not reach more than 4.2%.  

The optical efficiency of the maximum value Pmax also differs considerably calculated 

by  

    η}X- = ���
��� .     (6.2) 

 

Table 6.4:  CW setup parameters and conditions used during characterization in INA. THs is the 

heatsink temperature, ROC the radius of the output coupler and TOC its 

transmission. Dp is the pump beam diameter on the VECSEL under an angle α and 

L is the cavity length.  

 
Heatsink 

temperature 
Output coupler Pump laser Cavity length Fiber 

 
THs = 4 - 8 °C 

 
ROC = 100 mm  

TOC = 1.0 % 
 

 
α = 45° 

Dp = 390 - 460 µm 
 

 
L = 70 mm 

 
Ø 200/400 µm 

NA 0.22 

 

 
 

Figure 6.16:  Comparison of the CW performance of the QW-VECSEL R mounted on a 

diamond heat spreader (green) at the ETH or directly on a copper mount (red) 

at the INA. The efficiency, heat sink temperature and pump diameter are 

specified. The fiber diameter is 400 µm. 
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Furthermore, the lasing threshold power differed by about 2 W. References [35,41,48] 

deal with the simulation of the temperature gradients within a VECSEL depending on the 

heat spreader materials. Since the VECSEL chip is heated by the absorbed pump light from 

the front side and cooled from the backside, a temperature gradient perpendicular to the chip 

surface is created. The gradient leads to slightly different temperatures within the active 

region and can broaden the gain. This effect becomes stronger with higher pump intensity 

and decrease of the heat sink temperature [25]. With the same pump conditions, the 

temperature increase in the VECSEL structure by using a flip-chip bonding technique is 

significantly lower compared to the direct processing with GaAs wafer. Finite element 

temperature simulations performed by [48] of both gain structures shows a factor of three 

difference in temperature. A pump spot diameter of 80 µm and 1 W heat power leads to 

temperature increase for a thinned structure soldered on a heat sink of around 30 °C and for 

600 µm GaAs wafer of around 100 °C. However, the temperature in the semiconductor 

material is strongly determined by the thermal conductivity of the heat sink material, 

therefore diamond performs best. Nevertheless, at a certain pump radius, the temperature 

increase in the heat sink surpasses the temperature increase in the semiconductor structure, 

that the efficiency of the cooling is limited. By using a diamond heat spreader, the critical 

radius is a factor 2 higher compared to copper. Below 13 °C heat sink temperature a blow on 

with gaseous nitrogen on the VECSEL chip surface becomes necessary, because a 

condensation of the air humidity starts which influences the measurement negatively. 

One of the direct possibilities to improve the device efficiency is the reduction of the 

diameter of the pump laser beam (460 µm) on the VECSEL surface.  By exchanging the 400 

µm fiber in the CW setup with a 200 µm fiber (both with a numerical aperture (NA) of 0.22), 

a minimum pump diameter of 390 µm could be achieved. Figure 6.17 illustrates the dramatic 

impact of the pump beam diameter on the laser performance. While the slope efficiency of 

the reference QW-VECSEL R processed on diamond improves only slightly, the sample 

processed on copper shows a significant increase from 4.2% to 34.4%. The much more 

effective heat dissipation with the diamond heat spreader is not as sensitive to the larger pump 

diameter as the copper material.  

Furthermore, the threshold could be significantly reduced in both cases (2.5 W for the 

diamond heat sink and 3.8 W for the copper heat sink). The improved CW laser setup made 

the laser operation with the QD-VECSEL 6 possible. But its slope efficiency of 16.9% was 

only about half of that for the QW-VECSEL processed on copper. With a higher threshold 

power of 8.4 W and therefore much lower optical efficiency and a rollover at about 16 W the 

results of the reference QW-VECSEL cannot be reached. 

 

 



6. QD-VECSEL 

 

82 

 

 
 

Figure 6.17:  Comparison of the CW lasing characteristics of the QW-VECSEL R mounted 

on a diamond heat spreader at the ETH (green) or directly on a copper mount 

(red) and the QD-VECSEL 6 (cyan), both processed at the INA. The efficiency, 

heat sink temperature and pump diameter are specified. The fiber diameter is 

200 µm. 

 

For all measurements shown in Fig. 6.18, the heatsink temperature was further 

reduced to 4 °C compared to previous investigations. The higher number of QD layers in 

VECSEL 6 (24 QD layers, processed on copper, cyan) compared to VECSEL 5 (16 QD 

layers, processed on copper, orange) affects the result only marginally. The efficiency is 

around 3% higher and the threshold power 0.3 W lower. The comparison made during the 

PL measurements already showed only a minor difference between these two lasers. 

However, the significantly higher PL intensity of the annealed VECSEL 6* (see Fig. 6.9) is 

confirmed in the CW laser performance. The slope efficiency of VECSEL 6* processed on 

copper is more than 12% higher after annealing at 650 °C for 45 s with an additional 0.9 W 

reduction in threshold power. From these results it can be concluded that most of the crystal 

defects in the semiconductor laser material are annealed during the RTA treatment, thus 

converting the non-radiative recombination into a radiative recombination that improves the 

laser performance. A more effective thermal dissipation by mounting this VECSEL on a 

diamond heat spreader further improves the characteristics of VECSEL 6*. With a slope 

efficiency of 35.5% and a threshold power of 5.2 W pump power, this VECSEL comes closer 

to the QW reference. 
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Figure 6.18:  Comparison of the CW performance of the QD-VECSEL 5 with 16 QD layers 

processed on copper (orange), the as grown QD-VECSEL 6 with 24 QD layers 

mounted  on copper (cyan) and the annealed at 650 °C for 45 s QD-VECSEL 

6* processed on copper (green) as well as on a diamond heat spreader (purple). 

The efficiency, heat sink temperature and pump diameter are specified. All 

VECSELs are processed and measured at the INA. The fiber diameter is 

200 µm. 

 

 
 

Figure 6.19:  Influence of the heat sink temperature THs on the CW performance of VECSEL 

6* (14 °C pink, 9 °C purple, 4 °C dark purple).   
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The influence of the stabilized heat sink temperature on the power characteristics of 

VECSEL 6* is illustrated in Fig. 6.19 for three different temperature values. The results 

indicate that even small changes of temperature in the range of 4 – 14 °C lead to an increase 

in slope efficiency of 4%. While the performance characteristics of VECSEL 6* are almost 

identical at 4 and 9° C, the result starts to deteriorate more strongly at 14°C. A reduction of 

the heat sink cooling temperature below 0 °C, as it is possible with the CW setup at ETH, 

would lead to a further improvement, but cannot be realized with the current setup at INA in 

Kassel. 

 

 

 

Figure 6.20:  Measurement and hyperbolic fit of the beam quality from VECSEL 6* in 

horizontal (x) and vertical (y) direction. The insert shows a circular beam profile 

measured behind the output coupler by the beam profiler from DataRay. 

 

Another important property of the VECSEL is their beam quality. VECSEL operate 

with a fundamental transverse TEM00 mode. The beam divergence of the circular beam is 

diffraction-limited due to typical beam quality parameter M2 of 1.0 to 1.3 [135]. Hereby, the 

factor indicates how much faster the laser beam diverges compared to an ideal diffraction-

limited beam with M2=1. 

The beam quality measurement of VECSEL 6* (see Fig. 6.19) is done behind a lens 

with a focal length of 35 mm. The measured values of the beam radius (with the beam profiler 

from DataRay) relative to the propagation position z in the horizontal (x – blue circles) and 

vertical (y-orange stars) direction can be described with a hyperbolic fit [136–138] by 
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���� = √� + [� + ��� ,    (6.3) 

 

where a, b and c are the hyperbolic fitting coefficients and z the propagation distance. The 

blue and orange solid lines in Fig. 6.20 correspond to the fitted curves. According to ISO 

11146 (which defines the test methods for laser beam widths, divergence angles and beam 

propagation ratios), the beam quality factor M2 can be calculated from the hyperbolic fitting 

coefficients and the used laser wavelength λ by 

�� = W
� ��� F 0%

�  .     (6.4) 

  

The results of the beam quality M2 in horizontal and vertical directions are almost 

identical with 1.12 and 1.11, which corresponds to the symmetrical representation of the 

beam profile shown in the insert of Fig. 6.19, measured 200 mm after the output coupler in 

the unfocused beam. The beam quality is thus in the upper range typical for QW and QD 

VECSELs, as already mentioned above. 

Finally, the maximum output powers achieved with VECSEL 5* and VECSEL 6* are 

described. The annealed SESAM 5* was processed on a diamond heat sink and measured 

with a slightly modified CW setup (see Table 6.5) at the ETH. A heat sink temperature of  

-4 °C was used. Up to 4 W output power is shown and the roll over occurred at a pump power 

above 25 W (see Fig 6.21). Furthermore, the slope efficiency was improved to 17.9% 

compared to the one for as grown SESAM 5 on copper shown in Fig. 6.18. The laser beam 

appears round-shaped and symmetrical, as typical for VECSEL (see insert of Fig. 6.21).  

 

Table 6.5:  CW setup parameters and conditions used during characterization with the setup at 

the ETH. THs is the heatsink temperature, ROC the radius of the output coupler and 

TOC its transmission. Dp is the pump beam diameter on the VECSEL under an angle 

α and L is the cavity length. 

 

Heatsink 
temperature 

Output coupler Pump laser Cavity length Fiber 

 
THs = -4 °C 

 
ROC = 200 mm  
TOC = 0.5  % 

 

 
α = 45° 

Dp = 336 µm 
 

 
L = 50 mm 

 
Ø 200 µm 
NA 0.22 
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Figure 6.21:  Optimized CW performance of the QD-VECSEL 5* after the post-growth 

annealing at 650 °C for 45 s. The sample was processed on a diamond heat 

spreader and measured with the CW setup at the ETH. The insert shows the 

external laser beam on the photodiode. 

 

With the annealed VECSEL 6* the highest CW output power was obtained during 

this work. To be able to measure laser power up to 10 W the thermal power sensor head 

S425C from Thorlabs was used. With the setup at INA, it was possible to achieve 5.7 W 

output power for VECSEL 6* (Fig. 6.22) with a slope efficiency of 34%. Due to the higher 

Pmax value, the optical efficiency was with 26% improved compared to Fig. 6.18. The record 

for a comparable QD based VECSEL but with 35 QD layers in this wavelength range is 

8.4 W in CW mode with a slope efficiency of about 22% and a heat sink temperature of 

1.5 °C [139]. A higher CW output power of 11.2 W with a slope efficiency of 39% and a heat 

sink temperature of -10 °C could only be achieved by a VECSEL based on submonolayer 

QDs [140]. But PL measurements at RT of submonolayer VECSEL rather indicate that they 

are closer to QW-like behavior and the quantum properties are more dominant at lower 

temperatures [140,141]. 

However, the cooling system of the CW setup reached during the experiments its 

limits. Above pump laser powers of 18 W, the stabilization temperature increased to 9°C. 

With a more effective cooling system and a lower heat sink temperature (-4 °C) as used in 

the previous measurement at the ETH, the output power of this laser could most probably be 

increased. Nevertheless, the efficiency already obtained a high level for QD-VECSELs, but 

still needs to be further improved to reach the same level as QW-VECSELs. High-quality 
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interfaces and a high accuracy of the layer thickness as well as a low defect density are 

essential to obtain a working device with best characteristics.  

 

 

 

Figure 6.22:  Optimized CW performance of the QD-VECSEL 6* post-growth annealed at 

650 °C for 45 s. The sample was processed on a diamond heat spreader and 

measured with a Thorlabs S425C thermal power sensor head at the INA. The 

efficiency, heat sink temperature and pump diameter are specified. The 

VECSEL was processed and measured at the INA. The fiber diameter is 

200 µm. 
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7. QD-SESAM 
 

For the realization of QD-based SESAMs (see chapter 2.2) with fast response times, 

a new approach has been introduced and systematically studied, in which high-quality  

InxGa1-xAs QDs grown at 450 °C or higher were implemented in the absorber area [142]. For 

passive modelocking of VECSEL structures, the SESAM is a separate device inside the 

cavity (see Fig. 2.7) positioned as an end mirror. In the case of MIXSEL, the absorber must 

be integrated into the grown structure (see Fig. 2.11). Hereby, the saturable absorber layers 

have to withstand a long-term MBE growth process at more than 600 °C for the epitaxial 

formation of the DBR. Previously studied QD-absorbers operating in the 1-µm range 

typically consisted of InAs QD layers grown at temperatures below 400 °C. This led to an 

increased number of growth-related defects, which enhances the absorption mechanism of a 

SESAM by providing more fast non-radiative recombination channels. By integrating these 

absorbers in a MIXSEL, they usually lose their high-speed performance due to annealing of 

the defects during the overgrowth period [74]. In order to avoid this and to achieve more 

temperature-insensitive recovery dynamics, high-quality QDs (grown at 450 °C or higher) 

developed previously for the gain region were used. The thermal stability of the similar QD 

structures has already been confirmed in MBE long-term growth of QD VECSEL structures 

[31] (see chapter 6.), for which the peak wavelengths of the test QDs structures and 

completely grown VECSELs differ only minimally.  

This chapter describes in detail the new approach of QD-SESAMs, their design and 

the MBE growth. Furthermore, the absorption properties and temperature dependent 

characteristics of the SESAMs are discussed. P-type doping was implemented in the absorber 

area. Its effect on the optical properties of the QDs and the recovery dynamic of the SESAMs 

was studied. In the last part, the influence of RTA treatment on these novel QD-SESAM 

structures is discussed. 

 

7.1 Design and growth of QD-SESAM structures 

 

A typical SESAM consists of a high-reflective DBR and one or more semiconductor 

saturable absorber layers. Comparable to the QD-VECSEL, a MATLAB-based application 

[129] developed by the Keller group at the ETH was used for the initial design and the 

subsequent optimization of the QD-SESAM structures (see Fig.7.1) [142]. In this study, all 

presented SESAMs are antiresonant, which can be influenced by the thickness of the absorber 

layer [48]. In contrast to a resonant design, antiresonant SESAMs have a flat, close to zero 

GDD in the operation wavelength range and a lower field amplification within the structure. 
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Therefore, the electric field in the QD layer is less sensitive to small growth errors as well as 

wavelength variations. However, the antiresonant design leads to a larger saturation fluence 

and a lower modulation depth (<1%) [18,76]. The QD absorber layers are placed in an anti-

node of the standing wave pattern of the electric field intensity. In the single-absorber design, 

the layer is positioned in the center of the antinodes. In the two-absorber design, they are 

positioned on adjacent sides of the antinodes (see Fig 7.2). To enhance the electric field after 

the semiconductor growth, a dielectric top coating can be added (see Fig. 7.1) [71]. 

 

 

Figure 7.1:  Schematic layer stack of a complete QD-SESAM structure, designed for an 

operating wavelength of 1030 nm. The grey curve demonstrates the electric 

field intensity pattern, whereas the reflective index profile of the individual 

layers is demonstrated in color. Elliptical insets at the top show the designs with 

one or two QD layers and incorporated δ-doping [142]. 

 

All SESAMs discussed in this thesis were grown on semi-insulating GaAs (100) 

substrates using the MBE system described in chapter 4.1. The high reflective DBR with 23.5 

pairs of AlAs/GaAs quarter-wave layers (see Fig. 7.1) is comparable to the DBR of the 

VECSEL structure (calculation in section 2.1.1, optimization in section 6.1.3) grown at 

605 °C with a stopband centered at 1030 nm. The high-quality InGaAs QD layers (see 

chapter 5.1) were formed by alternate deposition of several pairs of InAs and In0.2Ga0.8As 

layers with sub-monolayer thicknesses [61], whereby the growth parameters and the nominal 

layer thickness were varied as described in Table 7.1. For the GaAs layer after the DBR 

structure the growth temperature was reduced to 590 °C, with an exception for two 3 nm thin 

layers which embed the QDs. They were grown at QD growth temperatures given in Table 

7.1. The complete thickness of the absorber region with GaAs barriers and QD layers (see 

Fig. 7.2) is about 145 nm.  
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Figure 7.2:  Antiresonant design for the QD-SESAMs with a field enhancement of 

approximately 0.35 for one QD absorber layer (in red) and 0.33 for two QD 

absorber layers (in blue) simulated at the ETH. 

 

In the case of p-doped SESAMs presented in this thesis, the doping type is without 

exception δ-doping (see section 3.3.3), since the position of the doping layer can be adjusted 

very precisely. For a single QD layer (grown at 590 °C), the δ-doping is grown 3 or 5 nm 

after the QDs. For the SESAM with two QD layers, there is one δ-doping layer before and 

one after the QDs, as shown in the elliptical insets in Fig. 7.1. The influence of the growth 

temperature was studied in the range of 400 – 480 °C and the indium content was varied from 

50 to 60%. In the last step, the influence of post-growth RTA for 45 s at 650 °C on the grown 

SESAM structures was investigated. A 160 nm thick SiO2 protection layer was deposited by 

PECVD before and removed by RIE after annealing. 

To enhance the electric field, an additional quarter-wave layer of fused silica was 

deposited by PECVD at a temperature of around 300 °C. The thickness of this layer had to 

be very precise. Ellipsometer measurements before and after annealing indicated a significant 

reduction of the SiO2 layer thickness due to the annealing. Therefore, it was not possible to 

use the same layer for the annealing step. All growth details of QD-SESAMs discussed in 

this thesis are summarized in Table 7.1. The MBE growth conditions for the absorber area, 

as well as p-type beryllium δ-doping and post-growth annealing, are specified when used. 
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Table 7.1:  MBE growth conditions for the absorber area and p-type beryllium δ-doping (when 

used) of all SESAMs discussed in this chapter. With SESAMs A – C the effect of 

growth temperature of InGaAs QDs has been explored. SESAMs D – G were used 

to investigate the influence of the Be δ-doping concentration on the recovery 

dynamics. SESAMs H and I were analyzed in an as grown state as well as after post-

growth RTA. Sample R is a state-of-the-art reference QW-SESAM with an 8 nm 

In0.15Ga0.85As QW absorber embedded in AlAs barriers. 

 

 

  

7.2 Recovery dynamics of a QD-SESAM 

 

The behavior of the carriers during a recovery dynamics measurement of QW-

SESAMs has already been shown [41,47] and is explained in section 2.2.2 (see Fig. 2.9). 

When using QDs in the absorber area the carrier dynamics has different behavior compared 

to QWs due to their 3D confinement and the resulting discrete energy states of the QDs.   

Figure 7.3 illustrates the differences in carrier behavior between QW- and QD-

SESAMs. The carriers were excited at 1030 nm using a Ti:Sapphire laser with 140 fs pulse 

duration and a corresponding bandwidth of 12 nm (see section 4.3.3) from the VB into the 

CB. 

 Type of 

SESAM 

Nominal 

thickness  

of absorber 

layers [nm] 

Number 

of 

QD/QW 

layers 

Indium 

content 

[%] 

Growth 

temperature 

[°C] 

Number 

of doping 

layers 

Doping 

density per 

doping layer 

[1012 cm-2] 

Doping 

distance 

[nm] 

RTA 

A  QD 1.4 1 60 400 °C     

B QD 1.6 1 60 450 °C 1 0.1 5  

C QD 1.4 1 60 480 °C 1 0.1 3  

D QD 1.4 1 60 480 °C 1 0.1 5  

E QD 1.4 1 60 480 °C 1 0.3 5  

F QD 1.4 1 60 480 °C 1 2.0 5  

G QD 1.4 1 60 480 °C 1 0.1 7  

H QD 1.4 1 60 480 °C 1 1.0 3  

I QD 1.4 2 60 480 °C 2 1.0 3  

H* QD 1.4 1 60 480 °C 1 1.0 3 45 s at 650 °C 

I* QD 1.4 2 60 480 °C 2 1.0 3 45 s at 650 °C 

J QD 1.6/1.8 2 50 480 °C     

K QD 1.2/1.4 2 60 480 °C     

J* QD 1.6/1.8 2 50 480 °C    45 s at 650 °C 

K* QD 1.2/1.4 2 60 480 °C    45 s at 650 °C 

R QW 8.0 1 15 280 °C     
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Figure 7.3:  Comparison of the carrier dynamics in QW- and QD-SESAMs during a pump-

probe measurement. The normalized recovery dynamics (here from a QD-

SESAM) were measured as a function of the delay between the pump pulse and 

a weak probe pulse. On a time scale of several hundred femtoseconds, the 

excited carriers and holes thermalize in the CB and VB of QW absorbers 

(intraband thermalisation), whereas in QD absorbers a fast inter-dot relaxation 

takes place. During a longer time period of several hundred picoseconds the 

carries recombine (interband recombination).  

 

Not only the ground state, but also energetically higher states in the QDs are excited. 

The semiconductor is completely saturated when the absorption is equal to the stimulated 

emission and in case of QDs when the ground and higher states are occupied. While for QW-

absorbers the fast component of the recovery time τfast (see Formula 2.6) represents the 

intraband thermalization of the charge carriers in QW-SESAMs, in QD-SESAMs it 

constitutes the fast inter-dot relaxation of the excited states (see Fig 7.3, in blue). The slow 

component τslow results in both cases from the interband recombination between CB and VB, 

the carrier diffusion in the barriers, which are excited by two-photon absorption, and the 

carrier capture process into the QW or QD (see Fig. 7.3, in green) [142]. Mainly radiative 

recombination in the order of several 100 ps takes place in defect-free high-quality QDs. 
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7.3 Characterization of QD-SESAMs 

 

Various characterization methods allow a precise analysis of the grown SESAM 

structures in order to check their suitability for the use in combination with VECSEL or in 

MIXSEL structure, as described in detail in section 2.2.2 and chapter 4.3. Spectroscopic 

photoreflection is used to obtain information about the semiconductor structure and the 

absorption behavior. With the PL measurement the absorption wavelength range are 

determined. Finally, nonlinear optical reflectivity and recovery dynamics are the main 

characterization methods, which provide the crucial parameters for pulse formation 

(performed by the Ursula Keller group at the ETH in Zurich). 

 

7.3.1 High-quality QDs 

 

Previously published SESAMs in the used wavelength range [60,66,143] consisted of 

low temperature (< 400 °C) grown QDs to shorten the lifetime by non-radiative 

recombination through the defects (see section 2.2.2). The initial QD-SESAM sample A 

consists of a single undoped QD layer grown at 400 °C. Instead of InAs QDs used in previous 

studies, InGaAs QDs with an In content of 60% were implemented. However, for this low-

temperature QD-SESAM a high defect density and non-radiative recombination are 

expected. Since they may be thermally unstable during the high-temperature overgrowth 

process the suitability for a MIXSEL structure is not guaranteed. An increase in the QD 

growth temperature above 450 °C is necessary to obtain high optical quality temperature-

stable QDs [61,123]. Sample B and C, two nominally identical QD-SESAMs (optimized for 

1030 nm), were grown at different growth temperatures (450 °C and 480 °C). Both samples 

already contain a Be δ-doping layer to enhance the radiative recombination in the QDs. The 

detailed discussion about the influence of the p-type doping follows in the next section. 

Verification of growth deviations by means of spectroscopic photoreflection is very 

useful and not time-consuming method for the SESAM structure characterization. Besides 

the position and width of the DBR stopband, the absorption edge of the QDs can be 

determined. Ideally, it is located in the middle of the stopband in order to have functional 

reliability for potential temperature influences. The absorption-related change in the 

reflection should have a desired value of more than 1% after coating with the λ/4 of silicon 

nitride (Si3N4) or silicon dioxide (SiO2) top layer, which is fulfilled for these SESAMs. By 

changing the temperature of the SESAM during reflectivity measurement from 30 °C to 

70 °C, a temperature-dependent wavelength red shift was observed (see Fig. 7.4). Hereby, 

the DBR shift less than 0.1 nm/K due to the temperature shift of the refractive index can be 

estimated. The shift of the QDs absorption edge can be quantified by ≈ 0.2 nm/K for the low 
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temperature SESAM A and ≈ 0.1 nm/K for the high-quality SESAM B. The energy gap of 

the InGaAs QDs is temperature dependent. One reason for the differences could be that, as 

previously shown [144], too many defects and dislocations in the structure significantly 

negatively affect the optical band edge, which plays a larger role in the low-temperature-

grown SESAM A. Moreover, modulation doping in SESAM B enhances the thermal 

depopulation of the QDs [145].  
 

 
 

Figure 7.4:  Temperature-dependent red-shift of the absorption edge of (a) SESAM A grown 

at 400 °C and (b) SESAM B grown at 450 °C. While the DBR stop-band edge 

shifts by less than 0.1 nm/K in both cases, the absorption edge of low-

temperature QDs in sample A shift by about 0.2 nm/K and for the high-

temperature QDs of sample B by about 0.1 nm/K. 

 

With respect to a typical value of low-temperature-grown QW-SESAMs with 

≈ 0.32 nm/K [16], the red-shift of the absorption edge of the high-quality QDs is only one-

third, which improves the stability during laser performance whereby various challenges 

exist. In the case of SESAM modelocked VECSELs one has to deal with different 

temperature situations. Since the VECSEL were heated mainly by the pump light. They need 

to be temperature stabilized to realize an operation temperature in the range of  50 – 70 °C. 

In contrast, the SESAMs were only heated due to the absorption in the QDs of the 1030 nm 

laser light itself and operate slightly above RT. Fovourable is the reduced red-shift in 

absorption with increasing temperature compared to QWs for the MIXSELs. Hereby both, 

the QDs in the gain section and the integrated absorber operate in the temperature range of 

50 – 70 °C. In terms of the absorber the absorption edge position is shifting relative to the 

DBR stopband with increasing temperature which leads to changes in the absorber properties. 

Furthermore, the optical and morphological properties were investigated. The AFM 

scans and their corresponding height distribution histograms of QDs grown at 400 °C, 450 °C 

and 480 °C similar to the QDs used in the SESAMs A, B and C, respectively, are shown in 

the left and middle column of Fig. 7.5 (a). They were examined on test samples with the 

structure in Fig. 5.2 (a).  
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Figure 7.5:  (a) On the left side 1 × 1 µm2 AFM scans of InxGa1−xAs QDs grown at 400 °C, 

450 °C and 480 °C with an In content of 60% are shown. In the middle their 

corresponding height distribution histograms and on the right side the low-

temperature PL measurements (at 10 K with an excitation power density of 

about 9 W/cm2) SESAM A,B and C are demonstrated  [142]. (b) Pump-probe 

and Fsat measurement results (measured at the ETH) from three InGaAs QD-

SESAM A, B and C grown at 400 °C, 450 °C and 480 °C with an indium 

content of 60% are presented in comparison to the reference QW-SESAM R. 

The two QD-SESAMs grown at higher temperature B and C are slightly δ-

doped with an areal density of 1 × 1011 cm-2. 
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Whereby the average dot height is nearly constant for all three samples, since the 

nominal thickness of QDs was always optimized for a PL peak emission wavelength of 

1030 nm at room temperature, the QD height distribution narrows with increasing growth 

temperature. The PL spectra in the right column illustrate that the emission intensity increases 

significantly with higher growth temperature. This is caused by two factors, as shown in the 

left column. It correlates with the higher dot density and additionally indicates the reduction 

of the defects and thus the non-radiative recombination in the QDs. The PL measurement 

curve of SESAM B shows a small shoulder which may be caused by the observed bimodal 

dot distribution. 

Fig. 7.5 (b) shows the pump-probe and the saturation fluence measurement results for 

all three QD-SESAMs A, B and C. To be able to evaluate the results in a meaningful way, 

they are compared with a state-of-the-art QW-SESAM R. These measurements were 

performed at the ETH with the setups described in section 4.3.2 and 4.3.3 [142]. The 

comparison of SESAM A (grown at 400 °C) and SESAM B (grown at 450 °C) shows a 

significantly reduced fast component τfast  and a moderate improved slow component τslow 

with higher temperature (see Fig 7.5 (b) and values in the table). The larger value τ1/e with 

13.5 ps results from a reduced ratio between the fast and slow components (A = 0.47) and 

avoids an overall fast recovery time of this SESAM.  

It was possible to achieve a faster recovery dynamic with high-quality QDs in 

SESAM C, even slightly better than in sample A, by increasing the growth temperature to 

480 °C and implementing a more efficient p-type doping. This proves that in principle fast 

recovery times can be also achieved with higher QD growth temperatures with the inclusion 

of p-doping. However, compared to a state-of-the-art QW reference sample R with one QW 

layers the τ1/e value is still 4 times higher and the modulation depth ΔR three times lower.  

Further optimization steps were therefore necessary. Previous investigations showed 

that the modulation depth is related to the QD density and the number of QD layers [59,60]. 

However, when the QD growth temperature was increased from 450 to 480 °C, the QD 

density even increased slightly (see Fig. 7.5 (a)). Nevertheless, a fundamental reduction of 

the modulation depth at the higher QD growth temperature was observed. 

In all subsequent samples, the growth temperature of the QDs was maintained at the 

most promising value of 480 °C for the fast recovery dynamics. Such QDs become more 

temperature-stable during the growth procedure, but also contain less growth-dependent 

defects compared to the dots grown at low temperatures. 
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7.3.2 Effect of beryllium doping 

 

As already mentioned before and discussed in section 3.3.3, modulation doping of the 

QDs was introduced to enhance the radiative recombination of the carriers in the electron 

ground state. A high percentage of holes should be transferred from the spatially separated 

beryllium δ-doping layer to the QD layer. However, non-radiative recombination effects 

caused by dopant impurities should be avoided. Therefore, the optimum combination of the 

distance to QDs layer and concentration of the beryllium doping had to be found. 

The PL spectra of Fig. 7.6 (a) compare the undoped state of InGaAs QD test sample 

with samples of different doping levels [142]. Hereby, three doping levels (1 × 1011 cm-2, 

3 × 1011 cm-2 and 2 × 1012 cm-2) and a spacing of 5 nm were chosen to study the influence. 

As shown in Fig. 7.6 (b) the structure is identical with the absorber area of a SESAM, but 

without DBR. The results indicate that a higher doping concentration leads to a reduction of 

the PL peak intensity. Presumably, it is caused by an enhanced non-radiative recombination 

of electrons and holes in the QDs due to the spatial overlap of the carrier wave functions with 

crystal defects related to the beryllium doping level. A higher Be-concentration increases the 

defect density. Although the non-radiative effect will speed-up the depopulation of the QD 

ground states, it is not useful for the functionality of the SESAMs since this effect is not 

temperature stable. It mainly disappears by post-growth annealing or MBE overgrowth at 

higher temperatures as shown in detail in section 7.3.3. 
 

  

 

Figure 7.6:  (a) PL spectra (at 10 K with an excitation power density of about 9 W/cm2) of 

1.4 nm nominally thick InGaAs QD test samples grown at 480 °C undoped and 

with one δ-doping layer 5 nm after the QDs (areal density was varied from 

1 × 1011 cm-2 to 2 × 1012 cm-2). (b) The schematic layer stack of the test structure 

is equivalent to the absorber region of the SESAMs, except for the DBR. The 

QD-absorber layer and the Be δ-doping layer 5 nm after the QDs are embedded 

in GaAs [142].  
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In the next step, the effectiveness of the doping regarding to the recovery dynamics 

and saturation parameter was determined. Therefore, SESAM D - F with different doping 

levels were analyzed at the ETH. Figure 7.7 presents the results in relation to the reference 

R. The distance between the QD layer and the δ-doping was for all three samples identical 

with 5 nm. With the lowest areal density of 1 × 1011 cm-2 and assuming a 100% charge 

transfer one should obtain about one hole per QD in average. For samples E and F, with an 

areal density of 3 x 1011 cm-2 to 2 x 1012 cm-2, significantly more beryllium atoms than QDs 

should be present in the structure. The modulation depths for these samples remain on a 

constant low level of around 0.5% and show only a minor increase. However, the saturation 

fluence stays in a comparable range. The results indicate that a higher number of 

recombination centers does not significantly influence the speed of the recovery, either. 

Therefore, the recovery times τ1/e are only slightly affected by the higher doping level. The 

results indicate that the doping is in general sufficient to saturate the hole ground state. 

 

 

 

Figure 7.7:  Pump-probe and Fsat measurement results for SESAMs grown with a different 

areal density of the δ-doping (varied from 1 × 1011 cm-2 to 2 × 1012 cm-2, 5 nm 

spacing) to evaluate the effect of doping concentration (measured at the ETH). 

All other growth parameters were the same [142]. 

 

 In the non-annealed SESAMs it is difficult to distinguish between the impact of the defects 

caused by dopant impurities and the expected enhancement of the radiative recombination 

due to a higher number of holes provided from the modulation doping. 

Nevertheless, comparing the dynamics of SESAM C with a spacing of 3 nm (see Fig. 

7.5 (a)) and SESAM D with a spacing of 5 nm (see Fig. 7.7) shows a significantly reduced 
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τ1/e value of the recovery time from 10.8 to 4.9 ps. Hereby, the impurities caused by the 

identical doping rate should be on the same level and not affect the comparison. This effect 

can be explained by the exponentially dependent overlap of the electron wave function with 

the δ-doping layer. Additionally, the hole transfer in the samples with smaller spacings should 

be exponentially increased. However, a third SESAM G with a spacing of 7 nm confirms the 

trend not completely (see Fig. 7.8 (a)). The τ1/e value was with 8.0 ps higher than the one for 

the smallest spacing, but not as high as for a distance of 5 nm.  

In the corresponding PL measurements (see Fig. 7.8 (b)) the peak intensity is clearly 

impacted by the three different spacing. An increased signal can be achieved with less 

distance by an enhanced radiative recombination. Additionally, the saturation parameters can 

be improved with lower spacing (see 7.8 (a)). The Fsat value decreases and the modulation 

depth increases slightly.  
 

 
 

Figure 7.8:  (a) The nonlinear optical reflectivity and pump-probe measurement results for 

SESAM C, D and G (measured at the ETH) grown with different spacing 

between the QDs and the δ-doping layer (areal density fixed at 1 × 1011 cm-2). 

(b) Corresponding low-temperature PL measurement results (at 10 K with an 

excitation power density of about 9 W/cm2) of all three samples. 
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The results suggest that a smaller distance has a positive effect on the behavior of the 

SESAMs, therefore the distance was kept at 3 nm for further investigations. Although higher 

doping levels appear beneficial, the number of surface defects determined with a light 

microscope increased with the highest doping concentration, which is less attractive for 

MIXSEL integration. 

 

7.1.1 Effect of rapid thermal annealing 
 

The effect of post-growth RTA on the grown SESAM structure was analyzed in terms 

of the recovery parameters. The purpose was to increase the amplitude of the fast recovery 

time A [146] and to improve the recovery dynamics in order to achieve values comparable to 

the QW reference. It has already been shown that recombination within QDs can be enhanced 

[60,146], if the concentration of point defects is lowered through an annealing process [147].  

To verify the annealing effect and allow a direct comparison between as grown and 

annealed state, a post-growth RTA step for 45 s at 650 °C was done on the identical QD test 

samples from Fig. 7.6 (a).  To protect the surface during annealing, a SiO2 cap was deposited 

by a PECVD and removed afterwards by RIE. 

The trend of the PL intensity is comparable to the untreated samples (see Fig 7.9 (a)), 

but in addition, a different wavelength shift dependence on the areal density of the beryllium 

doping was observed. As already discussed in detail in chapter 5.2, a decrease of the In 

concentration in the QDs caused by the interdiffusion of the Ga atoms into the dots during 

RTA treatment and hence an increase of the bandgap, leads to a shift of the ground state 

transition to higher energies.  The reason for this could be that the p-type doping influences 

the lateral diffusivity of the In atoms in the QDs and compensates the interdiffusion of the 

Ga atoms [148]. Furthermore, the doping atoms diffusing into the QD layers neutralize 

gallium vacancies, which is indicated by much higher temperature stability of the p-doped 

QDs samples and a notable insensitivity to intermixing caused by post-growth annealing. 

Figure 7.9 (b) shows that post-growth annealing improves the QD quality in terms of the 

higher PL peak intensity combined with a lower FWHM value.  

By integration of these high-quality QDs in an absorber region of MIXSEL structure 

a strong wavelength shift during growth-related annealing is not expected. Since the 

temperature changes during MBE growth are much slower and the absolute growth 

temperature value of 605 °C is clearly lower compared to the one used in RTA treatment, the 

interdiffusion effect is less pronounced. The thermal stability of comparable high-quality 

InGaAs QDs grown at 480 °C has already been tested in MBE long-term growth of QD 

VECSEL structures [31]. 
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Figure 7.9:  (a) PL spectra (at 10 K with an excitation power density of about 9 W/cm2) of 

1.4 nm nominally thick InGaAs QD test samples grown at 480 °C undoped and 

with one δ-doping layer 5 nm after the QDs (areal density was varied from 

1 × 1011 cm-2 to 2 × 1012 cm-2). The samples were post-growth annealed for 45 s 

at 650 °C. (b) Summary of the evaluation of PL FWHM and integrated intensity 

as a function of the Be δ-doping areal density for all samples shown in (a) and 

Fig. 7.6 (a) [142]. 

 

Figure 7.9 (b) compares the linewidths (FWHM) as well as the integrated intensities 

of the as grown samples from Fig. 7.6 (a) (solid lines) and the post-growth annealed samples 

from Fig. 7.9 (a) (dashed lines) in dependence of the doping level. In both conditions, a 

broadening of the linewidth with higher doping concentration can be seen, but the values in 

general become much lower after the annealing step. Reason for this is that the QD ensemble 

becomes more homogeneous for the selected temperature condition during the RTA 

treatment. Furthermore, it is shown that the integrated intensity reaches a very similar level 

in the case of the annealed samples. For the highest doping level, the improvement is most 

severe. From this integrated intensity behavior, which is independent of the doping level, it 

can be concluded that the majority of the crystal defects are annealed. Thus, non-radiative 

recombination plays no significant role anymore. 

The optimal parameter found in the previous investigations were combined in 

SESAM H and I. They were grown with a reduced spacing of 3 nm between the QD and 

doping layer and a high doping level (1 × 1012 cm-2) which should result in a hole density of 

up to 10 holes per dot. After growth and protection with a SiO2 layer, the samples were post-

growth annealed with the same conditions as discussed above to improve the crystal and 

optical quality for an efficient charge transfer. Additionally, the impact of multiple QD layers 

is studied as well. Sample H has as previously one QD layer with a nominal thickness of 

1.4 nm grown at 480 °C and a doping layer with an areal density of 1 × 1012 cm-2 after the 

QDs. The sample I, in contrast, has two identical 1.4 nm nominally thick QD layers, separated 
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by a 15 nm GaAs barrier layer grown at 590 °C (i.e., to be precise first a 3 nm GaAs capping 

layer at 480 °C and then after a short growth stop continued with higher growth temperature). 

Two δ-doping layers are added on the positions 3 nm before the first QD layers and 3 nm 

after the second QD layer, with an areal density of 1 × 1012 cm-2 each (as schematically 

shown in the inset of Fig. 7.1). Hereby, the total thickness of the complete QD absorber area 

was kept nearly constant. 

Figure 7.10 summarizes the results of the Fsat und pump-probe measurements of the 

as grown (H, I) and the post-growth annealed samples (H*, I*). Regarding the nonlinear 

reflectivity, all results except SESAM H were with a saturation fluence Fsat below 10 µJ/cm2 

and a modulation depth around 1% at a good level. The modulation depth of SESAM I is 

with 0.88% significantly higher than that of sample H with 0.48%. It is already well known 

from the literature that with higher QD density and more absorber layers the modulation 

depth increases [76,149], but this additionally affects the recovery dynamics.  

 

 
 

Figure 7.10:  Pump-probe and Fsat measurement results for as grown (H an I) and treated with 

RTA (H* and I*) QD-SESAMs (measured at the ETH). The SESAMs H/H* 

include one QD layer and a δ-doping with an areal density of 1 × 1012 cm-2 

placed 3 nm after the QDs. The SESAMs I/I* have two QD layers and δ-dopings 

placed 3 nm before and after the QD layers, each with an areal density of 1 × 

1012 cm-2 (1.4 nm nominally thick QDs grown at 480°C with an In content of 

60%) [142].  

 

The fast component of the recovery time τfast of all samples except H* showed values 

below 1 ps and was therefore quite comparable to the QW reference sample with 0.8 ps. 
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However, the slow components decay rates of the as grown structures were much higher and 

the τ1/e value was about 10 times higher resulting in a low amplitude A. When the number of 

QD layers increased from 1 to 2, the τ1/e value of both as grown samples H and I differ only 

slightly from 12 ps to 14 ps, but the slow component τslow doubles. With increasing QD 

density or a higher number of QD layers the absorption increases [150,151], which seems to 

have an influence on the interband recombination. 

A significant improvement, especially for the slow components, can be seen in the 

results for the annealed samples. For the first time during this study, slow components below 

20 ps can be achieved. Especially the impact on SESAM I* is quite obvious, where τslow is 

more than halved, although the annealed structure I* contains more absorber layers compared 

to the SESAMs investigated in the previous chapters. The sample gets comparable to the 

single QW-SESAM R. Considering the normalized amplitude A of the fast decay τfast 

compared to the reference R, it can be concluded that the value for sample I* is almost as 

high as the reference and sample H* even outperforms it with A = 0.83. These results are 

very crucial for the successful SESAM integration into MIXSEL structures. 

 

7.1.2 Different QD sizes 
 

In a second approach, the effect of post-growth RTA was tested on the two SESAMs 

J and K (see Fig. 7.11) in which no doping was introduced to speed up the depopulation of 

the ground state. Instead, a controlled enlargement of the QD size variation was realized by 

using two QD absorber layers of different nominal thickness. The as grown SESAM J 

includes a 1.6 nm and a 1.8 nm nominally thick QD layer with 50% In content grown at 

480 °C. For the as grown SESAM K a 1.2 nm and a 1.4 nm nominally thick QD layer with 

60% In content (grown at 480 °C) were inserted in the absorber region. Both SESAMs were 

post-growth annealed at 650 °C for 45 s and subsequently named as J* and K*.  Compared 

to a SESAM with two identical QD layers, the FWHM of the annealed SESAM J* increased 

from about 28 meV to 39 meV (see Fig. 7.11 (b)). The linewidth of SESAM K* increased 

from about 33 meV (determined from SESAM with two identical QD layers) to 46 meV due 

to the different QD families (see Fig. 7.11 (c)). 

The fastest recovery dynamic of high-quality QDs without annealing (see Fig. 7.11 

(a)) could be obtained with sample J (τ1/e value of 2.3 ps). Additionally, the normalized 

amplitude A of the fast decay is with 0.71 almost as high as the reference. This indicates that 

there might be no absolute necessity to improve the absorption properties of high-quality 

QDs by p-doping. 
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Figure 7.11:  (a) Pump-probe and Fsat measurement results for undoped SESAM J and K (as 

grown) as well as J* and K* (RTA treated, measured at the ETH). The SESAM 

J/J* is grown with two different nominally thick QD layers (1.6 nm and 1.8 nm) 

and an In content of 50%. The SESAM K/K* is grown with two different 

nominally thick QD layers (1.2 nm and 1.4 nm) and an In content of 60%. In 

(b) and (c) the PL spectra (at 10 K with an excitation power density of about 

9 W/cm2) of SESAM J/J* and the SESAM K/K* are demonstrated, 

respectively. 

 

Due to the inhomogeneous broadening associated with a variation of dot sizes, these 

QD-SESAMs provide a broadband absorption spectrum compared to QW-SESAMs. This 

gives them the potential for shorter pulses [59,152] and influences the dynamics positively. 

Moreover, it could be assumed that not the complete ensemble of both QD-families is excited, 

because the FWHM of the pump laser during pump-probe measurement is only 12 nm broad. 

However, a clear explanation has not yet been found. 

SESAM K also shows a good result with a τ1/e value of 3.2 ps, so that the In content 

in the QDs seemingly does not influence the recovery. The modulation depth is slightly 

higher for the sample with 50% In content. Nevertheless, for both samples, the fast and slow 
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components could be further reduced by post-growth annealing (J* and K*). Comparable to 

the results in section 7.3.3, the slow component is again below 20 ps. Furthermore, the 

amplitudes A of the fast decay τfast surpasses with 0.79 and 0.75 the result of the QW reference 

(A = 0.72). Both absorbers should be suitable for integration into a MIXSEL structure. 

Besides this, the results of published low-temperature QD-VECSEL in this wavelength range 

[41,48] (with a fast component of the recovery time τfast = 0.77 ps, a slow component of 

τslow = 74 ps and an amplitude of the fast decay of A = 0.7) can be reached and clearly 

improved with regard to the slow component and that with a higher temperature stability of 

the absorbers. 

 

7.1.3 Passive modelocking with high-quality QD-SESAMs 
 

The first modelocking tests of the various grown QD-SESAMs described in this thesis 

were performed at the ETH with SESAM B. In its absorber area a single 1.6 nm nominally 

thick InGaAs QD layer with 60 % In content grown at 450 °C and a low p-doping level of 

1 × 1011 cm-2 with a spacing of 5 nm away from QDs was added. A standard InGaAs QW-

VECSEL from the ETH was used for the modelocking investigations shown in Figure 7.12. 

The laser resonator was based on a V-shaped cavity with 20° between the two cavity legs 

(see 7.12 (a)). A curved output coupler with a radius of curvation (ROC) of 200 mm and a 

transmission (TOC) of 0.5% at 1014 nm as well as the SESAM were used as end mirrors. 

The VECSEL gain structure with a 30-pair GaAs/AlAs DBR acted as a folding mirror. In 

total, the complete cavity length was 71.2 mm. The VECSEL chip was optically pumped at 

an angle of 45° with a diode laser at 808 nm and a pump power of 15.8 W. Hereby, the pump 

spot was shaped to be circular with a diameter of around 270 µm on the VECSEL chip 

surface. 

During operation, the VECSEL chip and the SESAM were temperature stabilized to 

-2 °C and 20 °C, respectively. The temperature difference was needed to match the 

wavelengths of both components. As examined in section 7.3.1, the typical emission 

wavelength temperature shift of the QWs is 0.32 nm/K [25,31], whereas the shift for QD-

SESAM is only 0.1 nm/K. Since the 808 nm pump beam is almost completely absorbed 

within the GaAs layers of the VECSEL structure (see chapter 6.1) [41,48], the temperature 

increase is much stronger than in the SESAM, where the absorption of the 1030 nm laser 

light takes place almost exclusively in the QDs (see chapter 7.2). The combination of a higher 

temperature shift and higher absorption requires a lower cooling temperature for the 

VECSEL if both components have an identical operation wavelength. However, since there 

may be small growth-related shifts in wavelength, the deviations must be compensated by 
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temperature. For this reason, it is possible that the SESAM could be operated at temperatures 

higher than room temperature. 
 

 
 

Figure 7.12:  SESAM modelocked VECSEL generates a pulse of 13 ps. (a) shows the cavity 

design, (b) the optical spectrum, (c) the microwave spectrum and (d) the 

nonlinear SHG autocorrelation trace (measured at the ETH). 

 
 

With the described setup of Fig. 7.12 (a) a stable fundamental modelocking operation 

was achieved. The temporal laser intensity was analyzed with a fast photodiode (New Focus, 

Model 1454), amplified with a broadband and low noise preamplifier (Agilent 87405C) and 

detected with a microwave spectrum analyzer (Agilent 8565EC, HP 8592L).  The measured 

optical spectrum was centered at 1014 nm, with a FWHM bandwidth of 1.9 nm (see Fig. 7.12 

(b)). Furthermore, an average output power of 243 mW at a repetition rate of 2.11 GHz could 

be monitored (see Fig 7.12 (c)), which confirms the clean fundamental modelocking. The 

pulse duration was measured with a standard SHG-based auto-correlator (FR-103MN; 

Femtochrome Research, Inc.). Hereby, the autocorrelation trace, fitted to a sech2 pulse shape 

resulted in a pulse duration of 13 ps (see Fig. 7.12 (d)). The initial results were quite 

promising. The optical-to-optical efficiency of 1.5% is compared to other QW-VECSEL at a 

good level [25]. Since SESAM B was one from the earliest investigations, its pump-probe 

results are slower compared to the optimized SESAMs presented in section 7.3.3 and 7.3.4. 

A strong improvement is expected for subsequent investigations. 
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8. Conclusion and Outlook 
 

In this thesis, a detailed study on the optimization of semiconductor-based VECSEL and 

SESAM structures with high-quality, high-density QD material in the gain and absorber 

regions is presented. The linewidth of InxGax-1As QDs emitting around 1 µm was reduced 

from 54 meV down to 26 meV with increased integrated intensity (dot density of 

1.8 × 1011 cm-2) as a result of better control over QDs size distribution [61]. It was found that 

the growth temperature as well as the indium content of the QDs have a significant influence 

on the quality, emission wavelength and size uniformity. With a post-growth annealing step 

at 650 °C for 45 s the FWHM of QDs grown at 480 °C was reduced to values below 30 meV 

while almost doubling the PL peak intensity. Furthermore, QD samples with narrower PL 

linewidths showed a reduced temperature-dependent wavelength shift.  

 The QD-VECSEL structure was designed by the Keller group at the ETH with regards 

to a high electrical field in the gain section, a broadband flat GDD around the lasing 

wavelength of 1030 nm and minimized pump reflection losses at 808 nm. During MBE 

growth, methods and parameters were found to optimize the growth tolerances and reduce 

the surface defects as well as the roughness of all individual layers and areas of the VECSEL 

structure. Distributed Bragg mirrors (DBR) with 23.5 pairs of AlAs/GaAs were achieved 

with a thickness accuracy better than ± 0.5% resulting in a maximum reflectivity value of 

99.8 %. Various complete VECSEL structures with a different number of QD layers were 

grown and processed both at ETH and INA. Hereby, the solder-based flip-chip bonding 

technique was analyzed with a focus on the soldering material (AuSn and indium) and 

optimized. Furthermore, a CW-setup for pre-testing of the VECSEL was designed with input 

from the ETH, built and tested at INA.  

A comparison to a reference QW-VECSEL and the influence of the heat spreader material, 

the number of QD layers and the heat sink temperature was investigated. In comparison of 

copper and diamond heat sink material, an increase of slope efficiency in CW mode of 5 -

10% could be achieved due to the better thermal conductivity with diamond. Additionally, 

post-growth annealing of the VECSELs effects a significant increase in output power. A 

maximal slope efficiency of 35.5% could be reached with a post-growth annealed VECSEL 

consisting of 24 QD layers in the gain region and processed on a diamond. Up to 5.7 W of 

output power was achieved with a heat sink temperature of 4 °C. The processing procedure 

proved to be very sensitive, especially surface contaminations, like particles from cleaving 

the sample, easily lead to bubble formation. The growth defects must be at a very low level 

to obtain a suitable surface after the etching process. Furthermore, high-quality interfaces and 

high accuracy of the layer thicknesses are required to obtain a working device. Further 
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optimization of the design and growth should help to increase the output power value to 

comparable results obtained for the QW-VECSELs. 

Unfortunately, no experiments on modelocking of the grown QD-VECSEL samples were 

performed until the submission of this thesis and can therefore not be shown yet. 

 

One the result of this thesis was the presentation of the first antiresonant QD-SESAMs 

with high-quality InxGa1−xAs/GaAs quantum dots and high-temperature stability suitable for 

the monolithic integration into MIXSEL devices [142]. The effects of growth temperature, 

different p-doping levels, post-growth annealing as well as designs with single or double QD 

layer have been studied. In all cases the impact on the saturation parameters and the recovery 

dynamics was investigated at the ETH. It was possible to reach τ1/e values of the recovery 

time below 2 ps and therefore a level comparable to the state-of-the-art reference QW-

SESAM grown at very low temperature [31], even with two different approaches. By using 

p-type modulation doping close to the QD layer and a post-growth annealing step, the fast 

decay rates in saturable absorbers based on non-radiative recombination centers can be 

successfully substituted by enhanced radiative recombination in high optical quality QD 

absorbers. By growing absorber areas with two different QD families, the absorption range 

increased, and useful results could be achieved already for the as grown state. Hereby, 

compared to QWs the QDs have various advantages to optimize the functional parameters of 

a SESAM. The saturation parameters can be controlled by the dot density. The operation 

wavelength and its range are related to the QDs size and size distribution and show a much 

broader gain spectrum compared to QWs. Additionally, QD layers are not as sensitive to 

built-in strain and defects which enables operation at high power levels or temperatures.  In 

the future, MIXSEL structures with QW or QD gain sections and high-quality QDs in the 

absorber area will be grown. A significant improvement for the growth temperature stability 

and device performance by the integration of these new type of QD absorbers into MIXSEL 

structures is expected. 
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