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Abstract 

 

 

Optically pumped semiconductor vertical external cavity surface emitting lasers 

(VECSEL) were first demonstrated in the mid 1990’s. Due to the unique design properties of 

extended cavity lasers VECSELs have been able to provide tunable, high-output powers while 

maintaining excellent beam quality. These features offer a wide range of possible applications 

in areas such as medicine, spectroscopy, defense, imaging, communications and entertainment. 

Nowadays, newly developed VECSELs, cover the spectral regions from red (600 nm) to 

around 5 µm. By taking the advantage of the open cavity design, the emission can be further 

expanded to UV or THz regions by the means of intracavity nonlinear frequency generation.   

The objective of this dissertation is to investigate and extend the capabilities of high-

power VECSELs by utilizing novel nonlinear conversion techniques. Optically pumped 

VECSELs based on GaAs semiconductor heterostructures have been demonstrated to 

provide exceptionally high output powers covering the 900 to 1200 nm spectral region with 

diffraction limited beam quality. The free space cavity design allows for access to the high 

intracavity circulating powers where high efficiency nonlinear frequency conversions and 

wavelength tuning can be obtained.  

As an introduction, this dissertation consists of a brief history of the development of 

VECSELs as well as wafer design, chip fabrication and resonator cavity design for optimal 

frequency conversion. Specifically, the different types of laser cavities such as: linear cavity, V-

shaped cavity and patented T-shaped cavity are described, since their optimization is crucial 

for transverse mode quality, stability, tunability and efficient frequency conversion. All types 
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of nonlinear conversions such as second harmonic, sum frequency and difference frequency 

generation are discussed in extensive detail.  

The theoretical simulation and the development of the high-power, tunable blue and 

green VECSEL by the means of type I second harmonic generation in a V- cavity is presented. 

Tens of watts of output power for both blue and green wavelengths prove the viability for 

VECSELs to replace the other types of lasers currently used for applications in laser light 

shows, for Ti:Sapphire pumping, and for medical applications such as laser skin resurfacing. 

The novel, recently patented, two-chip T-cavity configuration allowing for spatial overlap of 

two, separate VECSEL cavities is described in detail. This type of setup is further used to 

demonstrate type II sum frequency generation to green with multi-watt output, and the full 

potential of the T-cavity is utilized by achieving type II difference frequency generation to the 

mid-IR spectral region. The tunable output around 5.4 µm with over 10 mW power is 

showcased. In the same manner the first attempts to generate THz radiation are discussed. 

Finally, a slightly modified T-cavity VECSEL is used to reach the UV spectral regions thanks 

to type I fourth harmonic generation. Over 100 mW at around 265 nm is obtained in a setup 

which utilizes no stabilization techniques. The dissertation demonstrates the flexibility of the 

VECSEL in achieving broad spectral coverage and thus its potential for a wide range of 

applications. 

Future research consists of utilizing new VECSEL wafer structures to increase the 

efficiency and output power for deep UV applications and also expand upon the design to 

achieve broad tunability in the difficult to achieve 8 to 12 µm spectral region. In addition, work 

will continue to achieve even greater efficiency in the visible region due to the many potential 

medical applications.  
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Chapter 1 – Introduction to VECSELs 

 

 

 

1.1 Brief history  

Semiconductor diode lasers have proven that high output powers covering a wide range 

of wavelengths can be delivered efficiently in a form of a small device [1]. However, difficulties 

with simultaneously achieving circular, good beam quality has been their main drawback, 

which limited their use in many possible applications where a fundamental TEM00 laser mode 

is necessary. The arrival of surface emitting lasers solved the beam quality issue at the price of 

high output powers. However, in the mid-1990s, vertical external surface emitting lasers were 

developed as a new semiconductor source of coherent radiation that could provide high 

output power while maintaining a high quality fundamental transverse mode [2, 3]. 

In the area of semiconductor lasers, there is a significant distinction between two major 

device designs: edge emitting [4, 5] and surface emitting [6, 7] lasers, as schematically shown 

in Figure 1.1. Edge emitting lasers (Figure 1.1a)) use a waveguide structure to confine light to 

the plane of the semiconductor chip. The cleaved back and front edges of the chip constitute 

a cavity resonator and the light is emitted from one of the edges. The gain cross-section is 

typically one × several microns in size, thus resulting in a highly asymmetric laser beam with 

strong angular divergence which is different for vertical and horizontal planes. In order to 

achieve high output powers, the waveguide gain area has to be wider to improve the heat 

dissipation and prevent optical damage [8]. In this manner, very high output powers are 

achieved [9], albeit while sacrificing the output beam quality – it becomes multimode and very 

elongated [10, 11].  
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On the other hand, in vertical cavity surface emitting lasers (VCSEL) [6, 7] the resonator 

cavity axis and thus emitted light are perpendicular to the plane of the laser chip (Figure 1.1b)). 

Such a design provides a beam with a circular fundamental mode several microns in diameter 

with low angular divergence.  Scaling up power, similarly to edge emitting lasers, requires a 

larger active area for heat dissipation purposes. But increasing the beam size to tens of microns 

makes uniform current injection cumbersome and results in multimode transverse outputs. 

High output powers can be achieved by putting VCSELs into arrays of semiconductor chips 

[12]. 

These obstacles had to be overcome to make a high power semiconductor laser delivering 

the fundamental TEM00 output beam. It is clear that the only way to scale up to high output 

powers was to increase the gain area to hundreds of microns. Since edge emitting lasers cannot 

provide circular beams, only surface emitting designs could work. The larger beam sizes still 

resulted in higher order modes, thus a way of controlling transverse modes was required. 

Having freedom over the cavity geometry design allows one to ensure that the laser will 

operate with a fundamental transverse mode. Therefore, a laser resonator with additional 

mirrors would have to be used externally to the semiconductor chip. Hence, the vertical 

external cavity surface emitting laser (VECSEL) came to be. 

 

 

 

 

Figure 1.1 Schematics of semiconductor a) edge emitting laser and b) surface emitting laser. 

a) b) 
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Because the large gain area has to be excited to achieve high output powers, the other 

major issue to consider was uniform pumping. Carrier injection could be utilized, but requires 

a thick doped current spreading layer, which can increase the laser threshold and lower the 

efficiency [13]. Thus the alternative of using optical pumping became the preferable method. 

The diode pump lasers with low beam quality and high output power were readily available 

and were used to pump solid state lasers.  

These approaches were combined by Kuznetsov et al. and in 1997 the first VECSEL was 

demonstrated [2]. The semiconductor structure (see Figure 1.2), compared to a VCSEL, lacked 

both doped layers, which were necessary for electrical pumping, and the top mirror layer 

(distributed Bragg reflector), which was replaced by an external output mirror. A basic 

configuration of a working VECSEL is depicted in Figure 1.3. The optical pump beam is 

directed onto the semiconductor chip, which is mounted on a heat sink. The heterostructure 

consists of a gain region and a multilayer high reflectivity mirror, which with the external 

output coupler mirror makes for the laser resonant cavity. The proper cavity length and radius 

of curvature (ROC) of the external mirror define the single transverse mode of the laser beam. 

In the experiment led by Kuznetsov, high output power of > 0.5 𝑊 with a circular fundamental 

beam was achieved emitted at ~1 𝜇𝑚 at room temperature. Thus, due to its characteristics, an 

active region 

light output 

DBR 
n-doped DBR 

p-doped DBR 

electrical contact 

electrical contact 
heat spreader 

Figure 1.2 Comparison of VCSEL (left) and VECSEL (right) structures. 
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optically pumped VESCSEL can be considered a light converter, which uses a high power, 

low quality multimode pump beam and outputs a high power, high brightness fundamental 

transverse mode beam with desired spectral properties. 

Over the past couple of decades since the first demonstration of VECSELs, they have 

proven to have many advantageous features, such as high power, good beam quality, and 

intracavity access, as well as simplified semiconductor wafer growth and chip fabrication. The 

upward power scaling by simply increasing the optical pump spot diameter resulted in output 

power of over 100 𝑊 [14-16]. The external cavity geometry allows one to utilize various 

resonator schemes while maintaining diffraction limited transverse beam quality, making for a 

very flexible laser system [17-19]. Moreover, bandgap engineering using established III–V 

semiconductor compounds allowed for light emission in spectral regions of 600 𝑛𝑚 − 2.3 𝜇𝑚 

[20-22]. Nowadays, thanks to their advantages, VECSELs are utilized for nonlinear frequency 

conversion and mode-locking. Intracavity nonlinear generation allows one to reach UV and 

visible spectral ranges [23-27] as well as long infrared regions [28, 29]. Ultrashort pulse 

generation was achieved by utilizing semiconductor saturable absorber mirrors (SESAM) [30-

34] and self-mode-locking schemes [35, 36]. Other intracavity elements such as birefringent 

filters and Fabry-Perot etalons were used to obtain single frequency operation [37, 38].  

Figure 1.3 Schematic of basic configuration for an optically pumped VECSEL. 
 

heat sink 

semiconductor 
chip 

pump beam output coupler 
mirror 

laser beam 
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1.2 Principles of operation 

 

1.2.1 Semiconductor structure 

The semiconductor band structure illustrated in Figure 1.4 plays a key part in the VECSEL 

operating scheme. The chip contains a multilayer distributed Bragg reflector (DBR), a gain 

region made of multiple quantum wells (MQW), and a window layer. The DBR consisting of 

alternating high and low refractive index quarter wavelength layers makes for one of the laser 

cavity mirrors. A so called microcavity is defined by the DBR and the semiconductor-air 

interface. During the optical pumping process, the incident photons are absorbed in pump 

absorbing barriers. The excited electron-hole pairs then diffuse into the quantum wells. 

Electron-hole recombination in the quantum wells provides the optical gain. The energy of 

emitted photons corresponds to the energy gap of quantum wells. The window layer prevents 

optical 
standing wave 

quantum 
wells 

DBR 

absorbing 
barriers 

window 
layer 

   conduction band 

valence band 

pump 

output 

Epump 

 
Elaser 

Figure 1.4 Band structure diagram of optically pumped VECSEL. 
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carriers from diffusing to the semiconductor-air interface, where nonradiative recombination 

could occur, and also prevents the oxidation of the gain region. In the VECSEL structure 

design process, the thicknesses of the MQW layers are chosen such that the quantum wells 

are positioned at the antinodes of the optical standing wave defined by the resonator cavity. 

This so-called resonant periodic gain (RPG) design allows one to maximize the laser gain [43]. 

Due to VECSELs nature, the optical gain length is very small, thus the overall intracavity 

losses should be very low to maintain efficient operation.  

 

 

1.2.2 Pumping schemes 

Even though optically pumped VECSELs are more common, the electrical pumping 

scheme has been developed as well [44]. As mentioned before, the optical pumping scheme is 

a straightforward way to obtain a large uniform pump area. Since the gain region is confined 

by the pump spot, this allows for effective power scaling. With the addition of the external 

resonator, a high fundamental beam quality can be maintained.  Because the pump beam can 

be low quality, focusing a multimode fiber-coupled diode laser beam onto the VECSEL chip 

is a simple way to execute optical pumping. Also, since the pumping is purely optical, all of 

the semiconductor layers can remain undoped, simplifying the structure and thus growth 

process. Also, the lack of doped and current spreading layers, which have large free carrier 

absorption, reduces the optical loss. Thanks to the broad absorption band of semiconductors, 

a wide range of pump sources can be used. Additionally, the high absorption coefficient on 

the order of 104 𝑐𝑚−1 makes the single-pass absorption of the pump photons sufficient. On 

the other hand, because the available high power, low-cost pump sources provide output in 

700 − 1000 𝑛𝑚 range, developing VECSELs with shorter or longer wavelengths becomes an 
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issue. Due to a large mismatch between pump and emission wavelengths (the so-called 

quantum defect), the overall efficiency of VECSELs emitting in longer infrared regions is 

lower. Shorter wavelengths can be reached thanks to nonlinear frequency up conversion. The 

second major disadvantage of optical pumping is the increased overall footprint of the device 

due to the external pump’s source setup. This decreases the mobility and stability of the 

system, which may be the limiting factor for VECSELs in some application areas. 

For these reasons, research in the electrically pumped VECSELs is still of interest. The 

lead in the development of electrically pumped VECSELs has been taken by Novalux Inc. and 

their proprietary NESCELTM design [44]. The semiconductor structure had to be modified to 

incorporate a p-n junction, thus it consists of a p-doped high reflectivity DBR layer and a 

partially reflective n-doped DBR layer which caps the MQW region. This design resulted in 

> 500 𝑚𝑊 output power at 980 𝑛𝑚 [45], thus staying far below the reported powers of optically 

pumped VECSELs. 

 

 

1.2.3 Thermal management 

Excessive heat, as in any laser, is its greatest weakness, thus effective thermal management 

is essential for efficient operation. In case of the VECSELs, the major contributor to waste 

heat is the quantum defect. The energy difference between pump and emitted photons results 

in generation of waste heat, which has to be efficiently extracted from the gain region. 

Otherwise, the increased temperature of the active region would allow for the excited carriers 

to thermally escape from the quantum wells into the barriers, thus reducing the gain and 

leading to thermal rollover [46]. Since the refractive index is also temperature dependent, 

heating of the semiconductor layers also leads to spectral shifts of the gain peak and of the 
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microcavity resonance. While in both cases the shift is towards longer wavelengths, the gain 

peak shifts at a rate of ~0.3 𝑛𝑚 𝐾⁄  and is faster than that of the microcavity resonance, which 

shifts at a rate of ~0.1 𝑛𝑚 𝐾⁄  [47]. With a temperature rise, a mismatch between the gain peak 

and microcavity resonance occurs, thus reducing the gain. This can only be overcome by 

increased pumping, thus further increasing the temperature, which again can lead to thermal 

rollover.  

High power operation requires efficient heat extraction from the active region to avoid 

thermal rollover. A heat spreader has to be used to sufficiently remove the waste heat and high 

thermal conductivity chemical vapor deposition (CVD) diamond is a good choice. Thus, the 

semiconductor chip is bonded to CVD diamond to efficiently extract heat from the gain region 

through the DBR region during laser operation. 

 

 

1.3 Nonlinear frequency conversion 

Nonlinear frequency conversion, since the first demonstration of second harmonic 

generation by Franken, Hill, Peters and Weinreich in 1961 [48], has been a great technique for 

creating coherent radiation at wavelengths for which gain materials are not available or are of 

very low efficiency. Since IR semiconductor sources are the most common and efficient, they 

are used in conjunction with second harmonic or sum frequency techniques to generate 

shorter wavelengths in the visible or UV spectrum, while difference frequency generation 

allows for wavelengths in mid-IR or THz range. Recently, well-developed VECSELs based on 

GaAs/InGaAs semiconductor materials demonstrated that they are capable of providing high 

power cw output in the 900 − 1200 𝑛𝑚 range [14-16]. Their free-space, external cavity 

combined with optical pumping allows for excellent mode quality control. Access to high 



24 
 

circulating power within the cavity allows for high power, efficient new wavelength generation, 

while additional intracavity elements can be inserted to provide single frequency or tunable 

operation. Due to this flexibility, the variety of applications for VECSELs can be further 

expanded thanks to nonlinear frequency conversion. 

High power visible lasers are of great interest due to their many possible applications such 

as fiber communication, spectroscopy, medicine, defense, pump sources and entertainment 

[49-53]. Previously, the main sources of coherent green and blue light were frequency doubled 

solid state lasers. The frequency doubled Nd:YAG laser provides output at 532 𝑛𝑚 while the 

frequency doubled Nd:YVO4 laser delivers the output at 457 𝑛𝑚. While these type of lasers 

can deliver around 20 𝑊 of continuous wave (cw) output power, the beam quality factor is 

greater than 2.5 and the tunability is very limited [54, 55]. Thus, these solid state lasers are 

more renowned for their high average power Q-switched pulsed operation [56]. Nowadays, 

VECSELs are a viable alternative for laser sources in blue, green, yellow and red spectral 

regions [24-27].  

The visible light spectrum can be further used to achieve UV emission by the means of 

fourth harmonic generation. Deep-UV high power lasers are of great interest due their 

applications in atom cooling, eye surgery, and UV microlithography [57-59]. Light generation 

in the 200 𝑛𝑚 − 300 𝑛𝑚 range with a VECSEL as a source of fundamental emission has been 

demonstrated previously [23] and shows great promise as a high power, tunable UV alternative 

for solid-state UV lasers. 

In recent years, lasers emitting in the long wavelength spectral range have attracted a lot 

of attention due their possible applications. Sources providing emission in the 4 − 12 𝜇𝑚 region 

can be used in areas such as laser surgery, gas detection, or LIDAR, among many others [60-

62]. Thus, the development of mid-IR lasers has been driven by the interest they have been 
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gathering. Currently fiber lasers, quantum cascade lasers, lead-salt based lasers, and optical 

parametric oscillators are capable of coherent radiation in mid-IR spectral band [63-67]. 

However, due to the complex design, low efficiency, narrow tuning capabilities, and/or the 

inability to deliver short pulses, their widespread use is limited. Going further to 30 − 1000 𝜇𝑚, 

THz waves are becoming yet another radiation range with increased interest. The non-invasive 

detection and identification of biological and chemical compounds as well as imaging, 

communications and defense are some among many applications [68-71]. In addition to 

currently developed THz sources such as quantum cascade lasers, optical parametric diodes 

and photoconductive antennas, [72-75] new methods of achieving high power, tunable THz 

emission are welcome. Difference frequency generation can be a technique utilized in two-

color VECSELs [76-77] to achieve coherent radiation in the mid-IR and THz spectral range. 

A low-cost, compact, efficient and continuously tunable coherent radiation source in the 

desired long wavelength region can be accomplished thanks to nonlinear conversion 

phenomena.  
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Chapter 2 – Design and Fabrication 

of VECSEL chips and Characterization 

 

 

 

2.1 Design 

The design of the VECSEL semiconductor structure is the first step towards achieving an 

efficient laser capable of high power output. The active region consisting of quantum wells 

needs to provide enough gain under optical pumping, while the distributed Bragg reflector has 

to have high enough reflectivity at the emission wavelength to minimize losses. Moreover, 

during the whole microcavity design process, thermal effects have to be considered, so the 

laser can reach its optimal operation. A more detailed description of these key elements can 

be found below. 

 

 

2.1.1 Gain region 

The gain of the first VECSELs was modeled using a simple phenomenological model, 

which did not take thermal effects into account. It was based on a quantum well gain with 

logarithmical dependence on carrier density [78] 

 

𝑔 = 𝑔0 ln (
𝑁

𝑁0
)  (2.1) 

 

where 𝑔0 is the material gain,  𝑁 is the carrier density and 𝑁0 is transparency carrier density. 

The carrier density can be obtained using 
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𝑁 =
𝜂𝑎𝑏𝑠𝑃𝑝

ℎ𝜈𝑝𝑁𝑤𝐿𝑤𝐴𝑝
𝜏(𝑁)  (2.2) 

 

where 𝜂𝑎𝑏𝑠 is the pump absorption efficiency, 𝑃𝑝 is pump power, ℎ𝜈𝑝 is pump photon energy, 

𝑁𝑤 and 𝐿𝑤 are the number of quantum wells and thickness of each quantum well and 𝐴𝑝 is the 

pump spot area. Here, the carrier lifetime is defined by 

 

1

𝜏(𝑁)
= 𝐴 + 𝐵𝑁 + 𝐶𝑁2  (2.3) 

 

where 𝐴, 𝐵 and 𝐶 are monomolecular, bimolecular and Auger recombination rates, 

respectively. The above equations can be used to model the threshold pump power and lasing 

output power, although the thermal rollover cannot be estimated. 

One of the methods providing the most complete model of semiconductor structures is 

the fully microscopic approach. It allows for calculations of laser gain and absorption, 

photoluminescence, as well as the Auger recombination losses [79, 80]. The model is based on 

the Bloch equations, the luminescence equations, and Boltzmann scattering equations. This 

methodology proved to provide successful results when compared with experimental 

measurements [81, 82].  

In addition to accurate design of quantum wells, the resonant periodic gain mentioned in 

the previous chapter, plays an important role in maximizing the effective gain of the VECSEL 

active region. The longitudinal confinement factor is expressed as [83] 

 

Γ𝑧 =
∫ 𝐸2(𝑧)𝑑𝑧

∫
𝑎𝑐𝑡𝑖𝑣𝑒

∫ 𝐸2(𝑧)𝑑𝑧
𝐿

  (2.4) 
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where 𝐸 is the electric field, the numerator is the integral over the active regions and the 

denominator is the integral over the whole structure. When the RPG condition is fulfilled with 

the standing wave antinodes positioned at the QWs, Γ𝑧 ≈ 2 and the effective gain is enhanced 

 

𝑔𝑒𝑓𝑓 ∝ Γ𝑧𝑔  (2.5) 

 

Since there is a strain mismatch between the QWs and GaAs barrier layers, strain 

compensating layers have to be used [84]. Thus, to fulfill the RPG requirement, the 

composition and thickness of each layer have to be carefully selected. See Figure 2.1 for a layer 

schematic of a typical VECSEL semiconductor structure.  

 

 

2.1.2 Distributed Bragg reflector 

The distributed Bragg reflector is the second part of the VECSEL semiconductor 

structure. Its design is based on a series of alternating high and low refractive index layers with 

quarter wave optical thickness. The high reflectivity is obtained thanks to the constructive
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Figure 2.1 Semiconductor layer structure of optically pumped VECSEL chip. 
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interference at the interfaces of alternating layers. In the case of GaAs based VECSELs, a 

stack consisting of 20 − 25 pairs of GaAs (high index) and AlGaAs (low index) is used to 

achieve a high reflectivity (HR) (> 99.9 %) DBR. Figure 2.1 illustrates a DBR structure in a 

schematic of a full VECSEL semiconductor chip. Since the DBR is a relatively thick layer and 

separates the active region from the heat spreader, it is a heat barrier. Thus, the overall 

thickness has to be chosen in a way such that the heat extraction is not compromised. 

 

 

2.1.3 Optical pumping 

Optically pumped VECSELs are the only type employed for experiments in this 

dissertation. In all cases a high power diode pump laser operating at 808 𝑛𝑚 is utilized. A large 

core diameter high power fiber is used for coupling in the light from the diode bars. The 

output beam from the fiber is then collimated and refocused onto the VECSEL chip. The 

pump beam is incident at the angle of 25° − 35° to the chip surface. A pair of standard fiber 

collimator and focusing lenses is used to reimage the pump laser. A set of focusing, collimator 

lenses and fibers allows us to obtain the desired optical pump spot size diameter on the chip 

surface, which can be calculated with a simple equation 

 

𝐷𝑠𝑝𝑜𝑡 =
𝑓𝑓𝑜𝑐

𝑓𝑐𝑜𝑙
𝐷𝑓𝑖𝑏𝑒𝑟  (2.6) 

 

where 𝑓𝑓𝑜𝑐 is focusing lens focal length, 𝑓𝑐𝑜𝑙 is collimator focal length and 𝐷𝑓𝑖𝑏𝑒𝑟 is the fiber core 

diameter. In most cases spot sizes of 400 − 600 𝜇𝑚 in diameter are used. 
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2.2 Fabrication 

The fabrication of VECSEL samples is crucial to the overall performance of the laser. One 

of the main factors on which laser performance depends is thermal management. To avoid 

unwanted thermal effects, the heat has to be efficiently extracted from the active region. For 

this purpose, VECSEL chips are mounted on a chemical vapor deposition diamond heat 

spreader, which has a high thermal conductivity  > 18 𝑊 (𝑚 ∙ 𝐾)⁄  [85]. Scattering and 

diffraction losses are the second factor limiting VECSEL performance. Thus, a careful 

substrate removal process is utilized to provide excellent surface quality as well as the use of 

the polished CVD diamond with very low surface roughness of < 50 𝑛𝑚 [85].  

The VECSEL heterostructures, which are used to fabricate the devices utilized in the 

experiments presented here, are grown using the so called “bottom emitter” design as shown 

in Figure 2.2. The name simply refers to the layer growth order, where on top of the GaAs 

semiconductor substrate an etch stop layer is grown first, followed by the MQW active region 

and DBR layer.  

The full fabrication process for functioning VECSEL chips, which involves metallization, 

bonding and chemical wet etching, is described in detail below. 

 

GaAs 
substrate

DBR 

MQW 

Figure 2.2 “Bottom emitter” design of VECSEL structure. 
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2.2.1 Metallization 

The fabrication process starts with cleaving VECSEL chips from a wafer into about         

3 − 4 𝑚𝑚2 rectangular or square pieces. The high thermal conductivity of the CVD diamond 

heat spreader is utilized if the thermal impedance between the chip and the diamond is 

minimized. This requirement is fulfilled by metallizing both VECSEL chips and CVD 

diamond heat spreaders with thin layers of titanium, gold and indium. The 50 𝑛𝑚 titanium 

layer and 300 − 400 𝑛𝑚 gold layer are deposited using an e-beam evaporation system on the 

polished CVD diamond and on the DBR side of the cleaved VECSEL chip. When the Ti/Au 

deposition process ends, the metallized pieces are transferred to a thermal evaporation 

chamber, where a 6 − 7 𝜇𝑚 thick layer of indium is deposited. During an earlier fabrication 

step, a 50 𝜇𝑚 thick indium foil was used in the bonding process. Switching to the new indium 

thermal deposition process allowed us to control and reduce the thickness of the material as 

well as minimize the number of voids between the chip and heat spreader. The titanium layer 

on the CVD diamond and semiconductor chip is required as it acts as an adhesive for the gold 

layer. The gold layer is then needed to form an alloy with indium during the bonding process. 

This allows for efficient heat extraction from the gain region due to the high thermal 

conductivity of gold and indium. 

 

 

2.2.2 Bonding 

Before the bonding process starts, the surfaces of the metallized CVD diamond and 

VECSEL chip are deoxidized in 49 % hydrochloric acid to ensure that indium surfaces are free 

of oxidation. Then, the chip is stacked on top of the heat spreader with a weight (~200 𝑔) and 

placed into a vacuum chamber. The pieces are heated up to a temperature of ~230 ℃ to melt 
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the indium, thus bonding both pieces together. The slow cooldown period extending over    

30 minutes ensures that the sample will not crack due to rapid thermal dimensional changes. 

Maintaining the whole process under vacuum prevents any new oxidation occurring in the 

solder layer.   

 

 

2.2.3 Wet etching 

After the VECSEL chip is mounted and bonded to a CVD diamond heat spreader, the 

process is completed with GaAs substrate removal to reveal the actual VECSEL chip 

structure. The etch stop layers grown prior to the active region make chemical wet etching the 

method of choice for substrate removal. The proper composition of the etch stop layers as 

well as a careful and well controlled etching process prevent any damage to the window or 

active region layers. The bulk of the 500 𝜇𝑚 thick GaAs substrate is removed using aggressive, 

fast, non-selective piranha etchant, which consists of a 1: 1: 8 ratio of 98 % sulfuric acid, 

deionized water and 30 % hydrogen peroxide. When less than 100 𝜇𝑚 of the substrate is left, 

the etchant is replaced with a slower and selective four parts citric acid and one part H2O2 

etchant. Thanks to a thin high aluminum content AlGaAs etch stop layer, further etching is 

prevented. Strongly diluted 5 % hydrofluoric acid is used to remove the final etch stop layer 

without affecting the window layer. The finalized VECSEL heterostructure has a surface 

roughness of less than 30 𝑛𝑚 and stands ~6 𝜇𝑚 tall on top of the bonded diamond heat 

spreader, realizing the goals of efficient heat extraction and high surface quality.  

Figure 2.3 presents the pictures taken at each step of the fabrication process: a) cleaved 

VECSEL chip and CVD diamond, b) after Ti/Au metallization, c) bonded chip with CVD 

diamond after indium deposition, d) finished etched VECSEL sample. When the VECSEL 
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device is ready to use, it is mounted on a water cooled copper heat sink for temperature control 

purposes.  

In the experiments described in this dissertation VECSEL chips from four wafers with 

different structure designs were used. Due to their lasing wavelength, they are referred to as 

980 𝑛𝑚, 1180 𝑛𝑚, 970 𝑛𝑚 and 1070 𝑛𝑚 chips. The latter two come from newer, more optimized 

wafer designs and thus are characterized with much greater performance. 

 

 

a)     b)      

c)     e)  

Figure 2.3 Steps of the VECSEL chip fabrication process: a) cleaved VECSEL chip and 

CVD diamond, b) after Ti/Au metallization, c) chip bonded with CVD diamond after 

indium deposition, d) finished VECSEL sample after substrate etching. 
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2.3 Basic characterization 

After a VECSEL chip is fabricated, its lasing properties are characterized. The 

photoluminescence (PL) spectrum, which is determined by the QW emission, DBR, and 

microcavity, provides information about the VECSEL structure peak gain wavelength. The 

output power measurements allow us to determine the maximum output power and efficiency 

of the laser. The obtained lasing spectrum provides information about lasing wavelengths and 

if it corresponds well to the PL spectrum. In addition, the wavelength tuning measurements 

give insight about spectral width of the gain. Finally, beam quality measurements ensure proper 

cavity design for fundamental TEM00 mode operation. A picture of the VECSEL setup used 

for characterization is shown in Figure 2.4. A chip clamped to the copper heatsink is visible 

as well as the fiber with attached focusing optics and a half-inch curved output coupler mirror. 

 

          

 

Figure 2.4 VECSEL linear cavity setup used for basic characterization. 
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2.3.1 Photoluminescence 

The PL spectra are taken using a multimode fiber with one end connected to the optical 

spectrum analyzer (OSA) and the other end placed close, and normal, to the VECSEL chip 

surface. The spectra are captured at different pump powers to observe the gain peak shift. 

Figure 2.5 is an example of a surface PL spectra taken for a 1070 𝑛𝑚 chip at a few pump power 

levels. The two peaks at ~1020 𝑛𝑚 and ~1065 𝑛𝑚 correspond to microcavity resonances, while 

the small bump at ~1045 𝑛𝑚 comes from the QWs gain peak. It is noticeable that at the lowest 

pump power the gain peak wavelength is at a shorter wavelength, whereas at high pump power 

the peak is red-shifted. This difference in wavelength between the low and high pump power 

peaks is called the detuning and it is purposefully incorporated into the VECSEL design. As 

mentioned previously, the spectral shift for the gain region varies differently from one for the 

microcavity resonance. The initial detuning allows for the gain peak to align with microcavity 

resonance at high pump power, thus the high output power lasing can occur before thermal 

rollover. 

 
Figure 2.5 Surface PL spectra at different pump power levels. 
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2.3.2 Output power 

The output power characterization is usually performed using the linear cavity VECSEL 

geometry. A curved mirror with transmission of 2 − 6 % serves as the output coupler (OC). 

Figure 2.6 presents an example of such measurements. The output power is plotted against 

the optical pump power absorbed on the chip at various temperatures of the copper heat sink. 

The lasing threshold is seen in the graph. As the temperature rises, the lasing threshold drops, 

but at the cost of the slope efficiency. This is caused by the initial gain detuning mentioned in 

the previous section. The slope and optical efficiencies can be calculated based on the acquired 

data. For a heatsink temperature of 15℃, over 9.5 𝑊 of output power was achieved for a 

~550 𝜇𝑚 diameter spot size and 3 % transmission 25 𝑐𝑚 ROC OC. The slope efficiency was 

~44% and the optical efficiency at maximum power was ~36 %. 

 

 

 

 

 

Figure 2.6 Output power at different heat sink temperatures from linear cavity with 3 % 

transmission output coupler. 
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2.3.3 Lasing spectra 

The lasing spectra are measured in a similar manner to the PL spectra, but the fiber tip is 

placed in the beam path after the OC. A plot with spectra captured at different pump powers 

is shown in Figure 2.7. The lasing spectra correspond well with the previously collected PL 

spectra. Also, as expected, there is a red shift of several nanometers between the lasing 

wavelength peaks as the pump power rises.  

 

 

2.3.4 Intracavity wavelength tuning  

The two most common elements used for intracavity wavelength tuning are a Fabry-Perot 

etalon and a birefringent filter (BF). A brief explanation of their operating principles will be 

described below, starting with the etalon.   

Figure 2.7 Lasing spectra at different pump powers from linear cavity. 
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A Fabry-Perot etalon consists of two optically flat partially reflective parallel surfaces 

separated by a certain distance [86], as illustrated in Figure 2.8. A light beam incident at angle 

𝜃 on the first surface is partially reflected. The transmitted beam passes through the medium 

with refractive index 𝑛 and is partially reflected of the second surface. With each round trip 

path of the beam, some light is reflected back and some is transmitted through the etalon. Due 

to these multiple reflections, a constructive interference occurs if the beams are in phase. As 

a result, the etalon transmission has high intensity peaks, which are described by a transmission 

function 

 

𝑇 =
(1−𝑅)2

1+𝑅2−2𝑅 cos 𝛿
   (2.8) 

 

where 𝑅 is the surface reflectance and the phase difference upon each reflection is  

 

𝛿 = (
2𝜋

𝜆
) 2𝑛𝐿 cos(𝜃)  (2.9)  

 

The etalon free spectral range (FSR) is defined by the separation between the adjacent 

transmission peaks, thus 

R1 

R2 

R3 

T1 

T2 

𝜃 

𝑛 

Figure 2.8 Schematic of light beam paths in a Fabry-Perot etalon. 
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𝐹𝑆𝑅 = ∆𝜆 =
𝜆0

2

2𝑛𝐿 cos(𝜃)+𝜆0
  (2.10) 

 

where 𝜆0 is a nearest peak central wavelength. The commonly used parameter for describing 

an etalon is the finesse defined as 

 

ℱ ≈
𝜋√𝑅

1−𝑅
  (2.11) 

 

and it relates the FSR to the full width half maximum (FWHM = 𝛿𝜆) of the peak 

 

ℱ =
∆𝜆

𝛿𝜆
  (2.12) 

 

The transmission of a 250 𝜇𝑚 thick fused silica glass slide with 85 % reflectivity coatings on 

both facets serving as a Fabry-Perot etalon is shown in Figure 2.9. The linewidth of the peaks 

strongly depends on the finesse; the FSR and FWHM are marked on the graph.  

Figure 2.9 Transmission calculated for a 250 𝜇𝑚 thick fused silica etalon with 85 % 

reflectivity coatings on both facets. 
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The other common method of laser tuning is with the use of a birefringent filter. In the 

simplest case, the filter consists of a plate made of a uniaxial crystal (e.g. quartz) with its optical 

axis oriented parallel to the surface of the plate [87]. It is inserted into the cavity at Brewster’s 

angle to the beam propagation direction, thus each of the plate surfaces acts as a partial linear 

polarizer. The ordinary and extraordinary components of the beam will experience different 

phase shifts 

 

∆𝜙 =
2𝜋

𝜆
(𝑛𝑒 − 𝑛𝑜)𝐿  (2.13) 

 

where 𝑛𝑒 and 𝑛𝑜 are extraordinary and ordinary refractive indices, 𝜆 is the wavelength and 𝐿 is 

the plate thickness along the beam. Then the transmission function is equal to 

 

𝑇 = 2 cos2 (
∆𝜙

2
)  (2.14) 

 

Now, the beam does not suffer any loss from the BF under the following condition 

 

∆𝜙 =
2𝜋

𝜆
[𝑛𝑒(𝜃′) cos(𝜃𝑒) − 𝑛𝑜 cos(𝜃𝑜)]𝑑 = 2𝑚𝜋  (2.15) 

 

where 𝜃′ is the angle between the direction of propagation and optical axis, 𝜃𝑒 and 𝜃𝑜 are the 

extraordinary and ordinary rays refraction angles inside the plate and 𝑑 is plate thickness. 

Rotating the BF around its normal effectively changes the refractive index seen by 

extraordinary ray, thus shifting the peaks of the transmission function. In this way the 

VECSEL emission wavelength can be tuned. Moreover, the BF plate thickness determines the 

FSR and FWHM. A thinner plate will result in long FSR and wide FWHM, while a thicker one 

will provide shorter FSR and narrower FWHM. An example of a VECSEL tuned with BF is 
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presented in Figure 2.10. A 2 𝑚𝑚 thick BF was placed intracavity and rotated. Every 1 𝑛𝑚 the 

optical spectrum was captured and the output power was measured. On the graph each 

spectral peak is normalized to the output power achieved at this wavelength and the dashed 

line marks the overall tuning trend.   

 

 

2.3.5 Beam quality 

The process of measuring the beam quality is described in detail in Chapter 3.5. Here, in 

Figure 2.11, is presented an example of measured beam properties. The computer software 

delivered with the scanning slit beam profiler DataRay Beam Map2 [88] allows us to determine 

the beam divergence, the 𝑀2 beam quality factor, as well as the simulated image of the beam 

shape. Here, the average 𝑀2 was ~1.29 for an output power of ~9 𝑊. 

 

Figure 2.10 Wavelength tuning using a 2 𝑚𝑚 thick BF inserted in a linear cavity. 
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Figure 2.11 Measured beam quality, divergence and 3D beam profile. 
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Chapter 3 – VECSEL Resonator Cavity 

Design and Optimization 

 

 

 

3.1 ABCD matrix and Gaussian beam q-parameter for cavity design 

The resonant laser cavity geometry plays a crucial role in VECSELs efficient operation 

and flexibility. The choice of the size of the optical pump beam on the chip, mirror curvatures 

and distances between the cavity elements gives the freedom of design to obtain fundamental 

TEM00 mode lasing. This mode which propagates within the cavity is most desirable due to its 

high brightness and diffraction limited properties. The optical pump spot size determines the 

area of the gain being utilized for lasing but does not ensure the TEM00 mode operation. 

Therefore, higher order modes, or more than one mode, can be maintained in the cavity. By 

considering the cavity parameters in the design so that the calculated fundamental transverse 

mode diameter is slightly smaller than that of the optical pump spot, the optimal beam quality 

can be achieved. 

We typically consider Gaussian beams propagating inside a laser resonator. This allows us 

to utilize a universal approach known as ABCD ray transfer matrix analysis to design the cavity 

[89]. In this method, an entering ray 𝑥1 is considered as it passes through an optical element 

𝑀 

 

x1 

x2 

Figure 3.1 Schematic of the ABCD ray transfer matrix method. 
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described by a 2 × 2 matrix 𝑀. This matrix transforms the entry ray 𝑥1 into exiting ray 𝑥2. This 

concept is schematically shown in Figure 3.1. The correlation between the entry and exit rays 

is described by the following formula 

 

𝑥⃗2 = [
𝑥2

𝑥2
′ ] = (

𝐴 𝐵
𝐶 𝐷

) × [
𝑥1

𝑥1
′ ] = 𝑀𝑥⃗1  (3.1) 

 

where 𝑥𝑖 and 𝑥𝑖
′ are the position and the slope of the ray, respectively. The equation is not 

limited to a single element case and the total ABCD matrix 𝑀 can be a product of several 

single optical element 𝑀𝑛 matrices, such that 

 

𝑀 = 𝑀𝑛𝑀𝑛−1 ⋯ 𝑀2𝑀1  (3.2) 

 

Thus an arbitrary number of optical elements can be used as long as they can be suitable 

described by a ray matrix. The ray transfer matrices are predefined for simple optical 

components, thus the calculations remain fairly simple. The propagation of a beam through a 

medium of thickness 𝑡 and constant refractive index 𝑛 is described by 

 

(
1

𝑡

𝑛

0 1
)  (3.3) 

 

For refraction at an interface with radius of curvature 𝑅 from a medium with refractive index 

𝑛1 transmitted into a medium with refractive index 𝑛2 the matrix is equal to 

 

(
1 0

𝑛1−𝑛2

𝑅

𝑛1

𝑛2

)  (3.3) 

 

Reflection from a surface with radius of curvature 𝑅 at an angle 𝜃 is described by 
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(
1 0

−
2

𝑅𝑒
1)  (3.4) 

 

where 𝑅𝑒 = 𝑅 cos 𝜃 is the effective radius of curvature in the tangential plane and 𝑅𝑒 = 𝑅 cos 𝜃⁄  

is the effective radius of curvature in the sagittal plane. In addition to these matrices, the           

q-parameter is used to describe a beam with a fundamental Gaussian mode [89] 

 

1

𝑞
=

1

𝑅
− 𝑗

𝜆

𝜋𝑤2   (3.5) 

 

which is complex, with 𝑅 the radius of curvature of the mode wavefront, 𝑤 the radius of the 

mode (beam radius or size) and 𝜆 the wavelength of the propagating light. Based on the (3.5) 

it is noticeable that the wavefront radius of curvature relates to the real part of the q-parameter 

and mode radius to the imaginary part. Putting everything together, the Gaussian beam 𝑞1 

transformed by a complex system described by 𝑀 will result in 

 

𝑞2 =
𝐴𝑞1+𝐵

𝐶𝑞1+𝐷
  (3.6) 

 

In any design of a laser cavity, a stable resonator is required – the fundamental beam should 

remain unchanged after a single roundtrip. Thus, the input and output q-parameters have to 

be equal to each other such that 

 

𝑞1 =
𝐴𝑞1+𝐵

𝐶𝑞1+𝐷
  (3.7) 

 

where 𝐴, 𝐵, 𝐶 and 𝐷 are elements of the 𝑀 matrix describing one cavity roundtrip. Finding the 

roots for this equation and separating the imaginary part from the real part yields the solution 

for the beam radius 
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𝑤 = √
𝜆

𝜋
|𝐵|

1

√4−(𝐴+𝐷)2
   (3.8) 

 

The beam radius has a special case where the Gaussian beam contracts to a minimum diameter 

and the wavefront becomes a plane (𝑅 = ∞).  This is called a beam waist which has a diameter 

of 2𝑤0. Moreover, one can ensure that the designed cavity is stable by making sure that the 

values of the ABDC transfer matrix fulfill the requirement 

 

−1 <
𝐴+𝐷

2
< 1  (3.9) 

 

A full description of any type of resonant cavity can be obtained from above equations, thus 

allowing the modeling of a large variety of VECSEL geometries. These various geometries will 

be examined in the following sections.  

 

 

3.2 Linear cavity 

The most basic resonator geometry for a VECSEL is a linear cavity as shown in Figure 3.2. 

A gain chip makes for a plane mirror and the cavity is enclosed by a curved mirror with radius 

of curvature 𝑅. Figure 3.3 shows the fundamental mode for Gaussian beam propagation in 

this type of cavity calculated in Matlab. It is noticeable from the figure that the beam waist is

 

                                VECSEL chip 

curved                                              
mirror 

Figure 3.2 Schematic of a linear cavity VECSEL. 
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located at the chip DBR, since there has to be a plane wave at the flat mirror surface, and the 

beam diverges towards the curved mirror. Figure 3.4 depicts the dependence of the beam waist 

size at the chip surface and beam diameter on the curved mirror as the cavity length  𝐿 changes. 

While the beam waist diameter on the chip has its maximum at 𝐿 = 𝑅 2⁄ , the spot size on the 

Figure 3.3 Gaussian beam propagation in a 10 𝑐𝑚 long linear cavity with 20 𝑐𝑚 ROC mirror. 

Figure 3.4 Beam size dependence on the linear cavity length with 20 𝑐𝑚 ROC fold mirror. 
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mirror gets larger as the cavity length increases. Also, the cavity becomes unstable if 𝐿 > 𝑅, 

resulting in the fundamental mode not being supported. Linear cavities are most commonly 

used for basic characterization of the VECSEL chips such as output power and lasing spectra.  

 

 

3.3 V-cavity 

Another type of a resonator commonly used with VECSELs is a so-called V-folded cavity (V-

cavity), as shown in Figure 3.5. This cavity geometry is based on a VECSEL chip and two 

mirrors out of which at least one mirror is curved. Usually the curved mirror is the fold mirror 

and allows refocusing of the beam onto the end flat mirror. However, since the fold happens 

on the curved mirror, astigmatism is introduced and the Gaussian beam has both tangential 

(horizontal) and sagittal (vertical) components. Due its V shape, the cavity can be divided into 

two arms:  the first arm between the chip and the fold mirror and the second arm between the 

fold mirror and the flat mirror. At first glance this geometry seems simplistic, however, this 

cavity provides huge flexibility on obtainable spot sizes on both the chip and the flat mirror. 

A full picture of how the spot sizes change with respect to the resonator arms lengths is shown 

in Figure 3.6. It is noticeable that there are some restrictions on distances between the cavity

 

   curved fold 
mirror 

flat 
mirror 

 

VECSEL chip 

 
Figure 3.5 Schematic of a V-folded cavity VECSEL. 
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elements to maintain the system stability. The most striking feature is that there are asymptotes 

at 𝑅 2⁄  which are the cutoffs for a stable resonator if one of the arm lengths is less than this 

value. The other characteristic clearly noticeable is that if one arm becomes longer, the choices 

for the second arm length become limited. The distance from the chip to the fold mirror has 

Figure 3.6 Spot size variation vs. arms lengths in V-cavity with 10 𝑐𝑚 ROC fold mirror. 
 

Figure 3.7 Spot sizes variation vs. one arm length change when the other arm length is fixed 

in a V-cavity with 10 𝑐𝑚 ROC fold mirror. 
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a great influence on the spot diameter on the end mirror, while the distance from the fold 

mirror to the end mirror mostly affects the spot size on the chip. This can be seen if the spot 

size variation is plotted against one arm length, while the other length is fixed, as presented on 

Figure 3.7. Here, the first arm is fixed and the dependence is shown with respect to the second 

arm. While the spot size on the end mirror varies slightly through most of stability region, the 

beam diameter at the chip sees a great change and becomes smaller for larger distances. Finally, 

a simulation of a Gaussian beam propagating in a V-cavity is shown in Figure 3.8. The location 

of the fold mirror is clearly demonstrated by the noticeable refocusing of the beam. As 

mentioned before, there is a difference between beam radii of the tangential and sagittal modes 

of the Gaussian beam due to the non-zero fold angle at the curved mirror. This difference is 

shown in Figure 3.8 for propagation through the cavity. In the most common case, one of the 

arms is much longer than the other, which is due to the most common application of V-cavity 

VECSEL: nonlinear frequency conversion [24-27]. A large beam diameter on the chip allows 

Figure 3.8 Gaussian beam propagation in V-cavity with 15 𝑐𝑚 and 6 𝑐𝑚 long arms, and 10 𝑐𝑚 

ROC fold mirror. 
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for utilization of a lot of gain area, while the small spot size on the nonlinear crystal positioned 

near the end mirrors ensures efficient conversion.  

 

 

3.4 T-cavity 

A patented T-cavity VECSEL [90] design utilizes two VECSEL chips lasing in a linear or 

V-cavity configuration, but merged into one setup by incorporating an intracavity polarizing 

beam splitter (PBS) or dichroic mirror. A simple T-cavity schematic is demonstrated in 

Figure 3.9. A lasing mode in the first cavity passes through a PBS or a dichroic mirror, while 

the second cavity is bent due to the reflection of said PBS (dichroic mirror). This results in a 

resonator geometry which consists of three distinct regions: two regions where the circulating 

modes from both chips are independent and one where those circulating beams are merged 

and collinear. The design and simulations of a T-cavity remain the same, because both 

VECSEL chips constitute the individual cavities. This VECSEL configuration provides 

collinear dual wavelength operation with access to the intracavity circulating power making it 

most suitable for nonlinear frequency conversion. While there are other means to obtain two

 

PBS 

 
curved mirror 

VECSEL chip 1 

VECSEL chip 2 

Figure 3.9 Schematic of a simple T-cavity VECSEL. 
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wavelength emission, such as an intracavity etalon for lasing mode selection or a gain medium 

engineered for quantum well emission at two different wavelengths [91, 92], the T-cavity 

allows for broadband tuning and freedom of lasing wavelength separation [77]. In case of the 

small wavelength separation the PBS is used in the cavity making the collinear beam’s 

polarizations orthogonal, thus allowing for type II sum or difference frequency generation. If 

the wavelength separation is greater than ~100 𝑛𝑚, a dichroic mirror designed for the lasing 

wavelengths is preferable. The collinear beam’s polarizations can be the same or orthogonal, 

thus type I or II sum or difference frequency generation is possible.  

 

 

3.5 Beam quality measurements 

The quality of a laser beam is measured to ensure good TEM00 mode operation. To 

qualitatively describe the beam quality, the 𝑀2 factor is used, which can be defined as the ratio 

of a real beam to the ideal perfect Gaussian beam [93]. The most common methods of

 

Figure 3.10 DataRay Beam Map2 scanning slit beam profiler setup used to characterize the 

beam quality. 
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measuring 𝑀2 values are by using a beam profiling CCD camera or a scanning slit beam 

profiler. For the purposes of this research, a DataRay Beam Map2 scanning slit beam profiler 

was used due to its high resolution and broad range of operating wavelengths from              

190 − 2500 𝑛𝑚 [88]. There are certain restrictions on the power density allowed into the 

profiler, which along with beam power attenuation, need to be considered so the 

measurements will not be erroneous. Thus, the beam profile characterization cannot be done 

at very high output powers, and the power is ordinarily maintained below 15 𝑊. Figure 3.10 

shows a photo of the setup used to perform the measurements. The beam waist of a lasing 

mode has to be refocused into the beam profiler using a preferably short focal length lens to 

obtain a small beam diameter and large divergence at the device, which is required by the beam 

profiler to ensure an accurate measurement. A simple simulation of the beam propagation was 

calculated in Matlab, as presented in Figure 3.11, to make sure the chosen lens and distances 

were correct.  The software provided with the device gathered all of the beam parameters and 

Figure 3.11 Gaussian beam propagation and focusing with 50 𝑚𝑚 into the DataRay Beam 

Map2 scanning slit beam profiler. 
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calculated the  𝑀2 values. The beam profiles of visible and infrared lasing modes can be 

characterized this way, and in the case of the T-cavity, the collinear emission and mode overlap 

can be confirmed.  
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Chapter 4 – Nonlinear Frequency 

Conversion with Gaussian Beams 

 

 

 

4.1 Review of Nonlinear Optical Processes 

Nonlinear optical phenomena are the consequence of high intensity light interacting with 

a material and modifying its optical properties. Since the first demonstration of second 

harmonic generation (SHG) by Franken, Hill, Peters and Weinreich in 1961 [48], nonlinear 

optics became its own field of grand scale, with many of applications [94]. Nonlinear frequency 

conversion turned out to be a way to develop laser sources with emission in spectral ranges 

for which the material gain does not exist or is of very low efficiency. For example, frequency 

doubled and quadrupled solid state Nd:YAG lasers became sources for green (532 𝑛𝑚) and 

UV (266 𝑛𝑚) light which are being used in areas such as medical surgeries, dermatology and 

ophthalmology [95-97]. With respect to VECSELs, their open cavity design and high intensity 

circulating light fields, have made them become a great platform for nonlinear frequency 

conversion.  

Nonlinear effects are described by the dependence of the material polarization 𝑃(𝑡) on the 

strength of the applied optical field 𝐸(𝑡) [94, 98]. In the case of the linear processes, the induced 

polarization is linearly related to the optical field strength and can be described by 

 

𝑃(𝑡) = 𝜖0𝜒(1)𝐸(𝑡)  (4.1) 

 

where 𝜖0 is free space permittivity and 𝜒(1) is linear susceptibility. In nonlinear optics, this 

equation is generalized by expressing polarization as a power series in the field strength 
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𝑃(𝑡) = 𝜖0[𝜒(1)𝐸(𝑡) + 𝜒(2)𝐸(𝑡) + 𝜒(3)𝐸(𝑡) + ⋯ ] 

                          ≡ 𝑃(1)(𝑡) + 𝑃(2)(𝑡) + 𝑃(3)(𝑡) + ⋯   (4.2) 

 

where 𝜒(2) and 𝜒(3) are the second- and third-order nonlinear susceptibilities. 𝑃(2)(𝑡) and 𝑃(3)(𝑡) 

are referred to as second- and third-order nonlinear polarizations. Polarization can be split 

into the linear and nonlinear components 

 

𝑃⃗⃗ = 𝑃⃗⃗(1) + 𝑃⃗⃗𝑁𝐿  (4.3) 

 

Since the nonlinear frequency conversion processes are of second-order, only the second-

order polarization and susceptibility values are considered, because 𝑃(3)(𝑡) is very small. 

Light propagating in a nonlinear medium can be described with the wave equation. We 

start with the Maxwell’s equations for a medium containing no free charges and no free 

currents 

 

∇ ∙ 𝐷⃗⃗⃗ = 0  (4.4) 

 

∇ ∙ 𝐵⃗⃗ = 0  (4.5) 

 

∇ × 𝐸⃗⃗ = −
𝜕𝐵⃗⃗

𝜕𝑡
 (4.6) 

 

∇ × 𝐻⃗⃗⃗ =
𝜕𝐷⃗⃗⃗

𝜕𝑡
  (4.7) 

 

Then the wave equation can be derived from the above equations and is written as 

 

∇2𝐸⃗⃗ −
𝜖1

𝑐2

𝜕2𝐸⃗⃗

𝜕𝑡2 =
1

𝜖0𝑐2

𝜕2𝑃⃗⃗𝑁𝐿

𝜕𝑡2    (4.8) 
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where 𝜖1 is a scalar dielectric tensor and 𝑐 is the speed of light. This equation can be used to 

describe the specific nonlinear conversions and has to be satisfied for all frequency 

components. 

 

 

4.1.1 Sum Frequency Generation 

A schematic of sum frequency generation (SFG) and its energy diagram are presented in 

Figure 4.1. All of the waves are propagating in the same direction z. Two incident waves with 

frequencies 𝜔1 and 𝜔2 are interacting with a medium with nonlinear coefficient 𝑑𝑒𝑓𝑓 and length 

𝐿, which results in a sum frequency output wave with frequency 𝜔3. The amplitudes of the 

waves can be described with a slowly varying function of 𝑧 and are denoted as 𝐴𝑗(𝑧), where 

𝑗 = 1,2,3. The electric field of the sum frequency wave is described by  

 

𝐸3(𝑧, 𝑡) = 𝐴3𝑒𝑖(𝑘3𝑧−𝑤3𝑡)  (4.9)  

 

and the polarization is equal to 

 

𝑃3(𝑧, 𝑡) = 4𝜖0𝑑𝑒𝑓𝑓𝐴1𝐴2𝑒𝑖[(𝑘1+𝑘2)𝑧−𝜔3𝑡]  (4.10)  

 

 

𝜔1 

𝜔2 

𝜔3 = 𝜔1 + 𝜔2 
𝑑𝑒𝑓𝑓 =

1

2
𝜒(2)  

𝐿 

𝜔1 

𝜔3 

𝜔2 

Figure 4.1 Sum frequency generation schematic and its energy diagram. 
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where 

 

𝑘1 =
𝑛1𝜔1

𝑐
 and 𝑛1 = √𝜖(1)(𝜔1)  (4.11a) 

 

𝑘2 =
𝑛2𝜔2

𝑐
 and 𝑛2 = √𝜖(1)(𝜔2)  (4.11b) 

 

𝑘3 =
𝑛3𝜔3

𝑐
 and 𝑛3 = √𝜖(1)(𝜔3)  (4.11c) 

 

The above equations are plugged into the wave equation, which then is solved by utilizing the 

slowly varying amplitude approximation. As a result, three coupled amplitude equations are 

obtained 

 

𝑑𝐴1

𝑑𝑧
=

2𝑖𝑑𝑒𝑓𝑓𝜔1
2

𝑘1𝑐2 𝐴3𝐴2
∗ 𝑒−𝑖∆𝑘𝑧  (4.12) 

 

𝑑𝐴2

𝑑𝑧
=

2𝑖𝑑𝑒𝑓𝑓𝜔2
2

𝑘2𝑐2 𝐴3𝐴1
∗𝑒−𝑖∆𝑘𝑧  (4.13) 

 

𝑑𝐴3

𝑑𝑧
=

2𝑖𝑑𝑒𝑓𝑓𝜔3
2

𝑘3𝑐2 𝐴1𝐴2𝑒−𝑖∆𝑘𝑧  (4.14) 

 

where 

 

∆𝑘 = 𝑘1 + 𝑘2 − 𝑘3  (4.15) 

 

is the wavevector mismatch or momentum conservation equation. 

The intensity of the 𝜔3 wave can be simply calculated if the amplitudes 𝐴1 and 𝐴2 are 

considered constant. The integration of the (4.14) and replacing amplitudes with intensities 

results in 
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𝐼3 =
8𝑑𝑒𝑓𝑓𝜔3

2𝐼1𝐼2𝐿2

𝑛1𝑛2𝑛3𝜖0𝑐2 sinc2 (
∆𝑘𝐿

2
)    (4.16) 

 

The sinc factor in the above equation is called the phase mismatch factor and it relates the 

efficiency of the three wave mixing to the ∆𝑘𝐿 as shown in Figure 4.2. The efficiency increases 

with the crystal length for ∆𝑘 = 0 and a coherence length can be defined as  

 

𝐿𝑐𝑜ℎ =
2

∆𝑘
  (4.17)  

 

at which point the output wave is out of phase with its driving polarization.  

 

 

4.1.2 Second Harmonic Generation 

The process of second harmonic generation (SHG) is schematically shown in Figure 4.3 

together with its energy diagram. Through a nonlinear interaction process, the input wave of 

Figure 4.2 Sum frequency generation efficiency dependence on wavevector mismatch. 
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frequency 𝜔1 generates an output field with frequency 𝜔2 = 2𝜔1. A derivation process similar 

to the one for SFG can be carried out to obtain the coupled amplitude equations for the case 

of SHG:  

 

  
𝑑𝐴1

𝑑𝑧
=

2𝑖𝑑𝑒𝑓𝑓𝜔1
2

𝑘1𝑐2 𝐴1𝐴1
∗𝑒−𝑖∆𝑘𝑧  (4.17)  

 

𝑑𝐴2

𝑑𝑧
=

𝑖𝑑𝑒𝑓𝑓𝜔2
2

𝑘2𝑐2 𝐴1
2𝑒𝑖∆𝑘𝑧  (4.18) 

 

where the wavevector mismatch is now equal to 

 

∆𝑘 = 2𝑘1 − 𝑘2  (4.19) 

 

 

 

4.1.3 Difference Frequency Generation 

Lastly, Figure 4.4 illustrates a difference frequency generation process (DFG) schematic 

and its energy diagram. The nonlinear interaction of two incident waves of frequencies 𝜔1 and 

𝜔3 within a medium results in an output wave with a difference frequency 𝜔2. In this case, the 

𝜔3 field is assumed to be strong, thus the amplitude 𝐴3 can be considered constant. Again, 

𝜔1 𝜔2 = 2𝜔1 
𝑑𝑒𝑓𝑓 =

1

2
𝜒(2)  

𝐿 

𝜔1 

𝜔2 

Figure 4.3 Second harmonic generation schematic and its energy diagram. 

𝜔1 
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with the method analogous to the previous cases, the coupled amplitude equations describing 

DFG can be determined and described as 

 

  
𝑑𝐴1

𝑑𝑧
=

2𝑖𝑑𝑒𝑓𝑓𝜔1
2

𝑘1𝑐2 𝐴3𝐴2
∗ 𝑒𝑖∆𝑘𝑧  (4.20)  

 

𝑑𝐴2

𝑑𝑧
=

𝑖𝑑𝑒𝑓𝑓𝜔2
2

𝑘2𝑐2 𝐴3𝐴1
∗ 𝑒𝑖∆𝑘𝑧  (4.21) 

 

where 

∆𝑘 = 𝑘3 − 𝑘2 − 𝑘1  (4.22)  

 

 

4.2 Phase matching 

The coupled amplitude equations serve as a basis to calculate the intensity of the generated 

light. In this dissertation, nonlinear optical interactions with Gaussian laser beams are 

discussed. The following section will be dedicated to the topic considering the power of light 

generated through nonlinear conversion with Gaussian beams. Since the frequency conversion 

efficiency is dependent on the wavevector mismatch and drastically decreases if ∆𝑘 = 0 is not 

fulfilled, the various phase matching conditions will be discussed first. The condition for 

perfect phase matching with collinear beams is defined by 

𝜔1 

𝜔2 

𝜔3 = 𝜔1 − 𝜔2 
𝑑𝑒𝑓𝑓 =

1

2
𝜒(2)  

𝐿 

𝜔1 

𝜔3 

𝜔2 

Figure 4.4 Difference frequency generation schematic and its energy diagram. 
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𝑛1(𝜔1)𝜔1 + 𝑛2(𝜔2)𝜔2 = 𝑛3(𝜔3)𝜔3   (4.23)  

 

and it is assumed that 𝜔1 ≤ 𝜔2 ≤ 𝜔3 and energy is conserved through ℏ𝜔1 + ℏ𝜔2 = ℏ𝜔3. Clearly, 

the (4.22) cannot ordinarily be satisfied as the refractive index changes monotonically with the 

frequency. To overcome this issue, material birefringence can be utilized by which the 

refractive index depends on the direction of polarization of the optical field. Thus, in order to 

achieve phase matching, the highest frequency wave has to be polarized in the direction which 

sees the lower refractive index, while at least one of the lower frequency waves has to be 

polarized in the direction of the higher refractive index. A birefringent crystal is characterized 

by principal indices 𝑛𝑥, 𝑛𝑦 and 𝑛𝑧, which correspond to the axis. In the case of uniaxial crystals, 

𝑛𝑥 = 𝑛𝑦 ≠ 𝑛𝑧 and the ordinary index is 𝑛𝑜 = 𝑛𝑥 = 𝑛𝑦, while the extraordinary index is 𝑛𝑧 = 𝑛𝑒. 

On the other hand, for biaxial crystals, all of the refractive indices are different: 𝑛𝑥 ≠ 𝑛𝑦 ≠ 𝑛𝑧. 

Moreover, the birefringent crystals can be positive or negative, which corresponds to which 

principal indices are the highest, as presented in Table 4.1.  

 

 

 

 Uniaxial crystal Biaxial crystal 

Positive 𝑛𝑥 = 𝑛𝑦 < 𝑛𝑧 𝑛𝑥 < 𝑛𝑦 < 𝑛𝑧 

Negative 𝑛𝑥 = 𝑛𝑦 > 𝑛𝑧 𝑛𝑥 > 𝑛𝑦 > 𝑛𝑧 

Table 4.1 Summary of principal refractive indices for uniaxial and biaxial crystals. 
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4.2.1 Temperature phase matching 

The refractive index is also temperature dependent and in some crystals this effect is strong 

enough that it can be utilized in phase matching. The temperature of a nonlinear crystal can 

be varied so the values of refractive indices seen by the interacting beams will fulfill the phase 

matching condition.  

 

 

4.2.2 Angle phase matching 

Angle phase matching refers to the case when a nonlinear crystal is precisely oriented with 

respect to the light propagation direction in such way that the refractive indices seen by the 

polarized beams satisfies the phase matching condition. Thus, is it clear that the collinear 

beams will experience different refractive indices based on the incident angle with respect to 

the crystal axis. Here, the general case for collinear phase matching in biaxial crystals, which is

 

SHG 
Type I 𝑛𝑝𝑢𝑚𝑝

(𝑓𝑎𝑠𝑡)
𝜔𝑝𝑢𝑚𝑝 = 2𝑛𝑠𝑖𝑔𝑛𝑎𝑙

(𝑠𝑙𝑜𝑤)
𝜔𝑠𝑖𝑔𝑛𝑎𝑙 

Type II 𝑛𝑝𝑢𝑚𝑝
(𝑓𝑎𝑠𝑡)

𝜔𝑝𝑢𝑚𝑝 = 𝑛𝑠𝑖𝑔𝑛𝑎𝑙
(𝑠𝑙𝑜𝑤)

𝜔𝑠𝑖𝑔𝑛𝑎𝑙 + 𝑛𝑠𝑖𝑔𝑛𝑎𝑙
(𝑓𝑎𝑠𝑡)

𝜔𝑠𝑖𝑔𝑛𝑎𝑙 

SFG 

Type I 𝑛𝑝𝑢𝑚𝑝
(𝑓𝑎𝑠𝑡)

𝜔𝑝𝑢𝑚𝑝 = 𝑛𝑠𝑖𝑔𝑛𝑎𝑙
(𝑠𝑙𝑜𝑤)

𝜔𝑠𝑖𝑔𝑛𝑎𝑙 + 𝑛𝑖𝑑𝑙𝑒𝑟
(𝑠𝑙𝑜𝑤)

𝜔𝑖𝑑𝑙𝑒𝑟 

Type II 
𝑛𝑝𝑢𝑚𝑝

(𝑓𝑎𝑠𝑡)
𝜔𝑝𝑢𝑚𝑝 = 𝑛𝑠𝑖𝑔𝑛𝑎𝑙

(𝑓𝑎𝑠𝑡)
𝜔𝑠𝑖𝑔𝑛𝑎𝑙 + 𝑛𝑖𝑑𝑙𝑒𝑟

(𝑠𝑙𝑜𝑤)
𝜔𝑖𝑑𝑙𝑒𝑟 

𝑛𝑝𝑢𝑚𝑝
(𝑓𝑎𝑠𝑡)

𝜔𝑝𝑢𝑚𝑝 = 𝑛𝑠𝑖𝑔𝑛𝑎𝑙

(𝑠𝑙𝑜𝑤)
𝜔𝑠𝑖𝑔𝑛𝑎𝑙 + 𝑛𝑖𝑑𝑙𝑒𝑟

(𝑓𝑎𝑠𝑡)
𝜔𝑖𝑑𝑙𝑒𝑟 

DFG 

Type I 𝑛𝑖𝑑𝑙𝑒𝑟
(𝑠𝑙𝑜𝑤)

𝜔𝑖𝑑𝑙𝑒𝑟 = 𝑛𝑝𝑢𝑚𝑝
(𝑓𝑎𝑠𝑡)

𝜔𝑝𝑢𝑚𝑝 − 𝑛𝑠𝑖𝑔𝑛𝑎𝑙
(𝑓𝑎𝑠𝑡)

𝜔𝑠𝑖𝑔𝑛𝑎𝑙 

Type II 
𝑛𝑖𝑑𝑙𝑒𝑟

(𝑠𝑙𝑜𝑤)
𝜔𝑖𝑑𝑙𝑒𝑟 = 𝑛𝑝𝑢𝑚𝑝

(𝑓𝑎𝑠𝑡)
𝜔𝑝𝑢𝑚𝑝 − 𝑛𝑠𝑖𝑔𝑛𝑎𝑙

(𝑠𝑙𝑜𝑤)
𝜔𝑠𝑖𝑔𝑛𝑎𝑙 

𝑛𝑖𝑑𝑙𝑒𝑟
(𝑓𝑎𝑠𝑡)

𝜔𝑖𝑑𝑙𝑒𝑟 = 𝑛𝑝𝑢𝑚𝑝
(𝑓𝑎𝑠𝑡)

𝜔𝑝𝑢𝑚𝑝 − 𝑛𝑠𝑖𝑔𝑛𝑎𝑙
(𝑠𝑙𝑜𝑤)

𝜔𝑠𝑖𝑔𝑛𝑎𝑙 

Table 4.2 Summary of phase matching methods for SHG, SFG and DFG for all crystal 

types. 
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based on [99], will be presented. For both uniaxial and biaxial crystals, there are two different 

refractive indices for a single direction of propagation, thus they will be referred to as “fast” 

and “slow” indices and always 𝑛𝑓𝑎𝑠𝑡 < 𝑛𝑠𝑙𝑜𝑤. Since uniaxial crystals have ordinary and 

extraordinary indices, they will be renamed accordingly to simplify the notation. Now, let’s 

also redefine the frequency naming to be consistent for all nonlinear conversion schemes such 

that  𝜔𝑝𝑢𝑚𝑝 ≥ 𝜔𝑠𝑖𝑔𝑛𝑎𝑙 ≥ 𝜔𝑖𝑑𝑙𝑒𝑟. Thus, the possible phase matching conditions considering the 

slow and fast refractive indices, regardless of crystal type, can be easily summarized.  Table 4.2 

represents these possibilities for SHG, SFG and DFG. The beams will be incident on the 

crystal at a certain angle, thus the crystal axis has to be considered. Figure 4.5 shows principal 

refractive indices for the general case of a biaxial crystal, with an incident 𝑘 vector in an 

arbitrary direction. The refractive index 𝑛(𝑠̂) in any given direction 𝑠̂ = (𝑠𝑥 , 𝑠𝑦 , 𝑠𝑧) can be found 

using Fresnel’s equation of wave normals in terms of the crystal principal dielectric axes [4.6] 

 

𝑠𝑥
2

𝑛−2(𝑠̂)−𝑛𝑥
−2 +

𝑠𝑦
2

𝑛−2(𝑠̂)−𝑛𝑦
−2 +

𝑠𝑧
2

𝑛−2(𝑠̂)−𝑛𝑧
−2 = 0  (4.24) 

 

𝑛𝑧 

𝑛𝑦 

𝑛𝑥  

 

𝜃 

𝜙 

Figure 4.5 Principal refractive indices for a biaxial crystal with wave vector incident at 

arbitrary angle. 
 

𝑘 
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where 

 

𝑠̂ = (
sin 𝜃 cos 𝜙
sin 𝜃 sin 𝜙

cos 𝜃

)

𝑥,𝑦,𝑧

  (4.25) 

 

and 𝑛𝑥, 𝑛𝑦 and 𝑛𝑧 are the principal refractive indices at a given wavelength. The above equation 

can be solved for 𝑛(𝑠̂), which gives solution for both fast and slow polarizations 

 

𝑛𝑓𝑎𝑠𝑡 = [
2

𝐵+(𝐵2−4𝐶)1 2⁄ ]
1 2⁄

  (4.26) 

 

𝑛𝑠𝑙𝑜𝑤 = [
2

𝐵−(𝐵2−4𝐶)1 2⁄ ]
1 2⁄

  (4.27) 

 

with  

 

𝐵 = [𝑠𝑥
2 (

1

𝑛𝑦
2 +

1

𝑛𝑧
2) + 𝑠𝑦

2 (
1

𝑛𝑧
2 +

1

𝑛𝑥
2) + 𝑠𝑧

2 (
1

𝑛𝑥
2 +

1

𝑛𝑦
2)]  (4.28) 

 

and 

 

𝐶 = [
𝑠𝑥

2

𝑛𝑦
2 ∙𝑛𝑧

2 +
𝑠𝑦

2

𝑛𝑧
2∙𝑛𝑥

2 +
𝑠𝑧

2

𝑛𝑥
2∙𝑛𝑦

2]  (4.29) 

 

With this set of equations the phase matching condition can be found for any of the cases 

listed in Table 4.2. Since it is the most general case, any type of nonlinear crystal can be chosen 

and its values of principal refractive indices can be found with Sellmeier equations. Once the 

desired wavelengths (frequencies) and nonlinear process type is decided, the fast and slow 

refractive indices can be calculated, thus the phase matching condition can be solved 

numerically for any angle 𝜙 or 𝜃. The type II SFG in a negative biaxial lithium triborate crystal 
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is used as example of calculated phase matching angles 𝜃 when 𝜙 = 90° for the input 

wavelength range of 800 − 1500 𝑛𝑚 as presented in Figure 4.6. After the phase matching angles 

 

Figure 4.6 Phase matching angle 𝜃 for type II SFG in a LBO crystal (𝜙 = 90°) for input 

wavelengths range of 800 − 1500 𝑛𝑚. 

 

Figure 4.7 All possible 𝑑𝑒𝑓𝑓 values for type I SFG in a BBO crystal. 
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are found, the nonlinear coefficient can be calculated based on the tabulated 𝑑𝑒𝑓𝑓 equations 

provided for specific nonlinear crystals [100]. On the other hand, 𝑑𝑒𝑓𝑓 can be calculated for all 

the possible angles for the chosen phase matching type. Figure 4.7 illustrates all possible 𝑑𝑒𝑓𝑓 

values for negative uniaxial beta-barium borate crystal for type I SFG.   

 

 

4.2.3 Quasi phase matching 

For cases when the crystal birefringence is insufficient or the nonlinear coefficient is not 

large enough, the quasi phase matching technique can be used. The method utilizes a 

periodically poled nonlinear crystal which is fabricated in a way such that the orientation of 

one of the crystalline axes is inverted periodically along the propagation direction. This allows

 

     Λ 

Figure 4.8 Schematic of a periodically poled crystal with corresponding field amplitude along 

the propagation distance. 
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for inversion of the sign of the nonlinear coefficient, thus the periodic variation of the 𝑑𝑒𝑓𝑓 

sign compensates for a nonzero wavevector mismatch ∆𝑘. The schematic of such a nonlinear 

crystal is shown in Figure 4.8 along with the graph showcasing the quasi phase matching effect 

on the field amplitude. The poling period is chosen to fulfill the following requirement 

 

Λ = 2𝐿𝑐𝑜ℎ =
2𝜋

∆𝑘
   (4.30)  

 

and ∆𝑘 is the wavevector mismatch for any type of three wave mixing.  

 

 

4.3 Focusing Gaussian beam into nonlinear crystals 

The Gaussian beam propagating within the VECSEL laser cavity is focused into a 

nonlinear crystal to increase its intensity and hence the efficiency of the nonlinear conversion. 

Boyd and Kleinman, in their extensive paper [101], derive the optimal conditions for which 

the generated wave has the maximum power. The efficiency of the conversion is related to the 

focusing parameter which is defined as 

 

𝜉 =
𝐿

𝑏
  (4.31) 

 

where  

 

𝑏 =
2𝜋𝑛𝑤0

2

𝜆
  (4.32)  

 

is the confocal parameter for a Gaussian beam with a beam waist 𝑤0 and wavelength 𝜆 

propagating in a medium with refractive index 𝑛. A new function, which contains the 

optimizable parameters phase mismatch 𝜎 and focusing strength 𝜉, is introduced. In the more 
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general case of the walk-off, material absorption and focal position are also included. Here, 

the walk-off and material absorption are considered negligible and the Gaussian beam is 

assumed to be focused at the center of the crystal. This function directly relates the power of 

the input waves to the new wave output power and is written as 

 

ℎ𝑚(𝜉, 𝜎) =
1

4𝜋
(∫

cos 𝜎𝜏+𝜏 sin 𝜎𝜏

1+𝜏2

𝜉

−𝜉
𝑑𝜏)

2
   (4.33) 

 

where 𝜏 is an integration variable describing the Gaussian beam position away from its focus 

point in the nonlinear crystal and the phase mismatch parameter is equal to 

 

𝜎 =
1

2
𝑏∆𝑘  (4.34) 

 

For the case of SHG, the optimization process allows determination of the maximum value 

of the ℎ𝑚 function for certain values of 𝜉 and 𝜎. Surprisingly, the highest intensity of the 

generated wave is obtained for a non-zero value of the wavevector mismatch.  This is due to 

the 𝜋 phase shift experienced by the beam after passing through its focus point, which has to 

be compensated, so the nonlinear polarization can couple to the generated wave amplitude. 

The ℎ𝑚 function with optimal value of 𝜎 plotted against 𝜉 is shown in Figure 4.9. The peak 

value of 1.068 is achieved for 𝜉 = 2.84. This value of focusing parameter can be plugged into 

equation (4.31) and the optimal Gaussian beam waist can be found for a chosen crystal length. 

Also, in the case of the SHG the output power of the second harmonic wave is equal to 

 

𝑃𝑝𝑢𝑚𝑝 =
16 𝜋2𝑑𝑒𝑓𝑓

2 𝐿

𝜖0𝑐𝑛𝑠𝑖𝑔𝑛𝑎𝑙
2 𝜆𝑠𝑖𝑔𝑛𝑎𝑙

3 ℎ𝑚(𝜉)𝑃𝑠𝑖𝑔𝑛𝑎𝑙
2   (4.35) 
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where 𝑃𝑠𝑖𝑔𝑛𝑎𝑙 is the input power of the fundamental wave. In the [101] Boyd and Kleinman 

state that the ℎ function can be used and optimized to describe the cases of SFG and DFG. 

Then, the output power of the sum frequency wave is described by 

 

𝑃𝑝𝑢𝑚𝑝 =
32 𝜋2𝑑𝑒𝑓𝑓

2 𝐿

𝜖0𝑐𝑛𝑝𝑢𝑚𝑝𝜆𝑝𝑢𝑚𝑝
2 (𝑛𝑠𝑖𝑔𝑛𝑎𝑙𝜆𝑖𝑑𝑙𝑒𝑟+𝑛𝑖𝑑𝑙𝑒𝑟𝜆𝑠𝑖𝑔𝑛𝑎𝑙)

𝑃𝑠𝑖𝑔𝑛𝑎𝑙𝑃𝑖𝑑𝑙𝑒𝑟 (4.36)    

 

where the 𝑃𝑠𝑖𝑔𝑛𝑎𝑙 and 𝑃𝑖𝑑𝑙𝑒𝑟 are similarly the powers of the two fundamental waves. 

The case of difference frequency generation has been further expanded in [102, 103], with 

the ℎ function extended for two input wavelengths 

 

ℎ(𝜇, 𝜉) =
1

2𝜉
∫ 𝑑𝜏′𝜉

0 ∫ 𝑑𝜏
𝜉

−𝜉

1+𝜏𝜏′

(1+𝜏𝜏′)2+
1

4
(

1+𝜇

1−𝜇
+

1−𝜇

1+𝜇
)

2
(𝜏−𝜏′)2

   (4.37) 

 

Figure 4.9 Function ℎ𝑚(𝜉) plotted for optimum phase matching condition. 
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where 𝜏 and 𝜏′ are integration variables describing both fundamental Gaussian beams positions 

away from their focus point in the crystal and 

 

𝜇 =
𝑘𝑠𝑖𝑔𝑛𝑎𝑙

𝑘𝑝𝑢𝑚𝑝
  (4.38)  

 

The ℎ function plotted for a few values of 𝜇 is presented in Figure 4.10. The peak value occurs 

for 𝜉 = 1.3 and is dependent on the pump and signal wavelengths. The output power of the 

difference frequency wave is equal to 

 

𝑃𝑖𝑑𝑙𝑒𝑟 =
(2𝜔𝑖𝑑𝑙𝑒𝑟𝑑𝑒𝑓𝑓)

2
𝐿

𝜖0𝜋𝑐3𝑛𝑝𝑢𝑚𝑝𝑛𝑠𝑖𝑔𝑛𝑎𝑙𝑛𝑖𝑑𝑙𝑒𝑟

ℎ(𝜇,𝜉)

𝑘𝑠𝑖𝑔𝑛𝑎𝑙
−1 +𝑘𝑝𝑢𝑚𝑝

−1 𝑃𝑠𝑖𝑔𝑛𝑎𝑙𝑃𝑝𝑢𝑚𝑝  (4.39)  

 

Moreover, for sum and difference frequency generation, the conversion efficiency is the 

highest if the confocal parameters of input beams are equal. In addition, the new wave will 

have the same confocal parameter as the input waves, thus it is valid for all the cases that

Figure 4.10 Function ℎ(𝜉) plotted for the DFG case for a few values of 𝜇. 
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𝑏 =
2𝜋𝑛𝑝𝑢𝑚𝑝𝑤0𝑝𝑢𝑚𝑝

2

𝜆𝑝𝑢𝑚𝑝
=

2𝜋𝑛𝑠𝑖𝑔𝑛𝑎𝑙𝑤0𝑠𝑖𝑔𝑛𝑎𝑙
2

𝜆𝑠𝑖𝑔𝑛𝑎𝑙
=

2𝜋𝑛𝑖𝑑𝑙𝑒𝑟𝑤0𝑖𝑑𝑙𝑒𝑟
2

𝜆𝑖𝑑𝑙𝑒𝑟
 (4.40) 

 

To summarize, since the beam focusing and crystal length can be controlled, the dependence 

of optimal beam waist radius on crystal length is described by: 

 

𝑤0 = √
𝐿𝜆

2.84∙2𝜋𝑛
  (4.41) 

 

for SHG and SFG, and 

 

𝑤0 = √
𝐿𝜆

1.3∙2𝜋𝑛
   (4.42)  

 

for DFG. Figure 4.11 illustrates the preferable beam waist diameter for various nonlinear 

crystal lengths at 𝜆 = 1070 𝑛𝑚.  

Figure 4.11 Beam waist diameter for various crystal lengths for 𝜆 = 1070 𝑛𝑚. 
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4.4 Nonlinear crystals 

In order for a nonlinear crystal to be suitable for the desired application, it has to fulfill 

the phase matching conditions at the desired wavelengths and have a large enough nonlinear 

coefficient for efficient frequency conversion. In case of VECSELs, additional two 

requirements are crucial: high damage threshold and very high transparency at fundamental 

wavelengths. The nonlinear crystal has to operate within the laser cavity, where the circulating 

field power is of the order of hundreds of Watts, thus a high damage threshold prevents 

possible damaging of the crystal. Since the VECSEL is a low gain laser, any loss added to the 

system can drastically decrease the performance efficiency, thus a crystal with a very low 

absorption coefficient at the fundamental wavelength is necessary. In addition, any absorption 

will result in heating of the nonlinear crystal, thus destabilizing the phase-matching condition. 

Moreover, the absorption at the generated wavelength should be low as well for its effective 

extraction.  

For the purposes of second harmonic and sum frequency generation, well established 

lithium triborate (LBO) crystals are utilized. It has an absorption coefficient of ~0.00035 𝑐𝑚−1 

and 𝑑𝑒𝑓𝑓 ≈ 0.8 𝑝𝑚 𝑉⁄  in the wavelength range of 900 − 1200 𝑛𝑚 [100]. In the experiments it is 

used for type I SHG to blue and green and for type II SFG to green. For further down 

conversion to the UV range, a beta barium borate (BBO) crystal is used. Its absorption 

coefficient is ~0.01 𝑐𝑚−1 for visible light and 𝑑𝑒𝑓𝑓 ≈ 1.4 𝑝𝑚 𝑉⁄  [100]. In case of the DFG to 

reach the mid-IR range, silver thiogallate (AGS) is utilized. For the fundamental wavelengths 

the absorption coefficient of AGS is ~0.01 𝑐𝑚−1 and it provides a large nonlinear coefficient 

of > 11 𝑝𝑚 𝑉⁄  [100]. Finally, a magnesium oxide doped periodically poled lithium niobate 

crystal (MgO2:PPLN) is used in attempt to generate THz radiation. The absorption coefficient 

is ~0.002 𝑐𝑚−1 in the fundamental wavelength range [4.8], but is very in the THz range, thus 
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usually the idler beam is propagated perpendicular to the direction of the fundamental beams. 

The nonlinear coefficient is ≈ 20 𝑝𝑚 𝑉⁄  along the optical axis of the PPLN crystal [100]. 
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Chapter 5 – High Power Second Harmonic 

Generation to Visible Spectrum 

 

 

 

The intracavity second harmonic generation in VECSEL lasers allows achievement of high 

power, tunable outputs with excellent beam quality. Here, semiconductor chips with MQWs 

designed for emission at ~970 𝑛𝑚 and ~1070 𝑛𝑚 are utilized for frequency conversion to blue 

and green radiation, respectively. In both cases a folded V-cavity geometry was used with an 

intracavity birefringent filter for tuning purposes. An LBO crystal served as the nonlinear 

element for SHG. 

 

 

5.1 Green VECSEL 

 

5.1.1 Setup design 

In the experiment a VECSEL heterostructure grown using metal oxide chemical vapor 

deposition (MOCVD), designed to emit at ~1070 𝑛𝑚, was used. The active region consists of 

12 compressively strained 8 𝑛𝑚 thick InGaAs quantum wells with GaAs pump absorbing 

barriers and a layer of GaAsP between each QW for strain compensation.  On top of the 

multi-quantum wells are 25 pairs of alternating AlGaAs/AlAs grown to serve as a high 

reflectivity (~99.9 %) distributed Bragg reflector at the emission wavelength. The specific 

thickness and composition of the heterostructure layers were designed to achieve resonant 

periodic gain. The VECSEL chip was fabricated using the processes described in Chapter 3 
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and served as one of the end mirrors in a V-cavity configuration. A spherical concave mirror 

with radius of curvature equal to 10 𝑐𝑚 served as a folding mirror, while a flat mirror served 

as the other end mirror, as illustrated in Figure 5.1. Both mirrors were high reflectivity coated 

for 1075 𝑛𝑚 while the flat mirror was also HR coated for 535 𝑛𝑚. This allows all of the green 

light to be extracted through the fold mirror which had a low reflectivity (< 5 %) coating at 

537 𝑛𝑚. The optical pumping delivered by the fiber-coupled 808 𝑛𝑚 pump diode resulted in a 

pump spot with a diameter of ~550 μ𝑚 on the chip surface. The beam spot size on the end 

mirror was chosen to provide optimal conversion efficiency in the nonlinear crystal. Since a 

1.5 𝑐𝑚 long crystal is used, the mode diameter was estimated to be ~80 μ𝑚. To ensure 

fundamental TEM00 operation while mode matching to the optical pump spot and maintaining 

the appropriate beam size at the nonlinear crystal, the distance between the chip and curved 

mirror was ~20 𝑐𝑚 and the distance from the curved mirror to the flat mirror was ~6 𝑐𝑚. LBO 

crystals with dimensions of 3 × 3 × 15 𝑚𝑚3 and both facets AR coated for both 1075 𝑛𝑚 and 

537 𝑛𝑚 were placed in the proximity of the end mirror. The LBO was cut for type I angular 

phase-matching at angles 𝜃 = 90° and 𝜙 = 11°. Also, a 3 𝑚𝑚 thick BF was inserted for linewidth 

10 𝑐𝑚 ROC mirror 
HR @ 1075 𝑛𝑚  
𝑅 < 5 % @ 537 𝑛𝑚 

flat mirror  
HR @ 1075 𝑛𝑚  

+ 537 𝑛𝑚 

 

                         
1070 𝑛𝑚 VECSEL  

chip 

                         
BF 

LBO 

green 
output 

Figure 5.1 V-cavity VECSEL setup for SHG to green output. 



77 
 

and tunability purposes. Lastly, during the experiment, the copper heat sink was maintained 

at 10℃.  

 

 

5.1.2 Experimental results 

Before proceeding with the SHG, the fundamental operation of the VECSEL chip was 

first characterized. The same cavity configuration was used, except all of the intracavity 

elements were not yet in place and the flat mirror was switched to a 96.5 % reflective output 

coupler. Figure 5.2 presents the output power with respect to the absorbed pump power. A 

maximum output power of ~27.1 𝑊 was achieved. The slope efficiency value was near 50 % 

and the optical efficiency was ~35 % at highest power level. The free lasing spectra is shown 

in Figure 5.3 at various pump levels with the peak power wavelength at ~1077 𝑛𝑚. To inspect 

the gain tunability, the BF was placed into the long arm part of the cavity. While maintaining 

the pump power at ~59 𝑊, tuning measurements were performed. In steps of 1 𝑛𝑚 between

Figure 5.2 Fundamental output power characteristics of the V-cavity with 3.5 % transmission 

output coupler. 
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the peaks, each wavelength spectrum was captured and the output power was measured to 

demonstrate the gain tunability curve. These spectral peaks were normalized to the 

corresponding output power and this data is presented in Figure 5.4. Based on the graph, the 

tunability range was 24 𝑛𝑚 and the linewidth of each peak was less than 0.15 𝑛𝑚.  

Figure 5.3 Fundamental free lasing spectra from V-cavity VECSEL. 

Figure 5.4 Fundamental output tuning with 3 𝑚𝑚 thick BF at a pump power level of ~59 𝑊. 

Each peak is normalized to the output power obtained at the corresponding wavelength. 
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After characterizing the fundamental operation of the chip, the flat end mirror was 

replaced with the one that was HR coated at 1075 𝑛𝑚 and 537 𝑛𝑚 to achieve a high Q cavity. 

The LBO crystal was introduced into the cavity and the BF was adjusted to maximize the 

green output power. Figure 5.5 presents the green output power versus the absorbed pump 

power, with the highest power of ~21.2 𝑊 at 537 𝑛𝑚. The optical conversion efficiency from 

the 808 𝑛𝑚 pump diode to green output was ~27 % at maximum output and the overall slope 

efficiency was ~34 %. The process of tuning the green output was similar as in the fundamental 

wavelength case. As the BF was adjusted, the spectral peaks were captured and the output 

power was measured at each step. The data taken at a pump power of ~64 𝑊 is shown in 

Figure 5.6. Again, the graph presents the spectral peaks versus the output power. The 

linewidths of the green spectral peaks were maintained below 0.15 𝑛𝑚, while the tunability 

range was 15 𝑛𝑚.  

Figure 5.5 Green output power characteristics of V-cavity VECSEL with 1.5 𝑐𝑚 long LBO 

crystal. 
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Lastly, to ensure the TEM00 operation of the laser, the beam profiles for both fundamental 

and second harmonic emission were characterized in a manner described in Chapter 3. The 

𝑀2 value of the fundamental beam was measured for output power at ~15 𝑊 and at ~7 𝑊 for 

the green beam. The 3D profiles of both beams are represented in Figure 5.7. The 𝑀2 values 

were ~1.8 and ~1.4 for the fundamental and the green beams, respectively. Based on these 

results, even at the maximum green power level, the beam quality 𝑀2 value should 

Figure 5.6 Green output tuning with 3 𝑚𝑚 thick BF at pump power level of ~64 𝑊. Each 

peak is normalized to the output power obtained at the corresponding wavelength. 

 

 

Figure 5.7 The profiles of the fundamental (left) and green (right) beams, with the 𝑀2 values 

of ~1.8 and ~1.4, respectively. 
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stay below 2. The picture taken of the high power green VECSEL setup during operation is 

presented in Figure 5.8.  

VECSELs are capable of outputs exceeding 20 𝑊 in green emission by the means of 

second harmonic generation. The visible light can maintain good beam quality at high power 

levels and the output can be tunable over a broad range. Further power scaling, up to a possible 

30 𝑊 of cw green output power, can be achieved by increasing the optical pump spot size on 

the chip and using a longer nonlinear crystal.   

 

 

5.2 Blue VESCEL 

 

5.2.1 Experimental setup 

The VECSEL setup used for SHG of blue light is very similar to the one used for green 

generation. Here, all of the cavity elements used are designed for fundamental emission at

Figure 5.8 The picture of green output from VECSEL SHG setup. 
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~970 𝑛𝑚 and for generation and extraction of the emission at ~485 𝑛𝑚 as illustrated in 

Figure 5.9. The VECSEL chip was of the same structural design, also with twelve 8 𝑛𝑚 thick 

MQWs. The same fabrication process was also applied. Due to the wavelength difference, the 

V-cavity lengths were slightly different with a ~20 𝑐𝑚 long arm and a ~5.5 𝑐𝑚 short arm. The 

optical pump spot size stayed the same, but the spot diameter on the flat end mirror was 

reduced to ~75 𝜇𝑚, thus the cavity length was adjusted to support fundamental TEM00 

operation. The 10 𝑐𝑚 ROC fold mirror was HR coated at ~970 𝑛𝑚, and at ~485 𝑛𝑚 the 

reflectivity was < 10 %. For blue output generation, the 15 𝑚𝑚 long LBO crystal was used and 

had 3 × 3 𝑚𝑚2 facets, AR coated for the fundamental and corresponding second harmonic 

wavelength. For the nonlinear crystal to be properly cut, the angle phase-matching 

requirement was 𝜃 = 90° and 𝜙 = 17°.For the initial fundamental wave power characteristics, 

the flat end mirror was 96 % reflective. This was later replaced with a broadband HR flat 

mirror.  

 

 

10 𝑐𝑚 ROC mirror 
HR @ 970 𝑛𝑚  
𝑅 < 10 % @ 485 𝑛𝑚 

flat mirror  
broadband HR 

 

                         
970 𝑛𝑚 VECSEL  

chip 

                         
BF 

LBO 

blue output 

Figure 5.9 V-cavity VECSEL setup for SHG to blue output. 
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5.2.2 Experimental results 

Figure 5.10 presents the output power characteristics for the fundamental emission with 

no intracavity elements. The maximum output of ~26.8 𝑊 was obtained with optical efficiency 

~31 % at the highest power and the calculated slope efficiency value was near 47 %. In 

Figure 5.10 Fundamental output power characteristics of V-cavity with 3.5 % transmission 

output coupler. 
 

Figure 5.11 Fundamental free lasing spectra from V-cavity VECSEL. 
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Figure 5.11 the free lasing spectra at various pump levels is shown, with the peak power 

wavelength at ~976 𝑛𝑚. Similarly to the previous VECSEL setup, the 3 𝑚𝑚 thick BF was 

inserted in the cavity to perform the gain tuning. Figure 5.12 shows the tunability curve at 

Figure 5.12 Fundamental output tuning with 3 𝑚𝑚 thick BF at pump power level of 

~67.8 𝑊. Each peak is normalized to the output power obtained at the corresponding 

wavelength. 
 

Figure 5.13 Blue output power characteristics of V-cavity VECSEL with 1.5 𝑐𝑚 long LBO 

crystal. 
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67.8 𝑊 pump power with captured spectral peaks normalized to the output power measured 

at the corresponding wavelength. The spectral peaks had FWHM of less than 0.15 𝑛𝑚 and the 

overall tuning range was ~13 𝑛𝑚.  

The results of the SHG are shown on the output power curve in Figure 5.13. With the 

optical conversion efficiency of ~20 %, the maximum output was ~16.1 𝑊 and the slope 

efficiency was ~29 %. The blue spectrum is presented in Figure 5.14. The SHG lead to 

emission at ~486 𝑛𝑚.  

Again, beam quality measurements were performed for both fundamental and blue output. 

Figure 5.15 showcases the 3D profiles of both beams captured at ~10 𝑊 and ~5 𝑊 for 

fundamental and blue output powers, respectively. The 𝑀2 value was ~1.5 for the ~972 𝑛𝑚 

emission and ~1.4 for the ~486 𝑛𝑚 emission. These results are a good indication that the beam 

can preserve its high brightness at high output power levels. A photo of the blue VECSEL 

setup was also captured and is presented in Figure 5.16.  

Figure 5.14 The blue output coherent spectrum at pump power level of ~64 𝑊. 
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The VECSEL can deliver cw high output power in blue spectral regions as well. Over 

16 𝑊 at ~486 𝑛𝑚 was achieved with good beam quality. Similar power scaling measures can be 

taken in this case as well, and outputs beyond 25 𝑊 could be reached 

 

 

 

 

 

 

Figure 5.15 The profiles of the fundamental (left) and blue (right) beams, with the 𝑀2 values 

of ~1.5 and ~1.4, respectively. 
 

Figure 5.16 The picture of blue output from the VECSEL SHG setup. 
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Chapter 6 – Sum Frequency 

Generation in T-cavity VECSEL 

 

 

 

The T-cavity geometry expands the VECELs flexibility even further, allowing for type I 

or type II sum frequency generation to the visible spectrum. With the possibility to 

independently tune each of two gain chips, the overall tuning range can be greatly extended. 

Here, a T-cavity with a set of chips lasing at ~980 𝑛𝑚 and ~1180 𝑛𝑚 is used for the conversion 

to green radiation by the means of type II SFG. In addition, a slight modification to the cavity 

allowed simultaneous achievement of SHG and SFG with a collinear output of blue and green 

light. 

 

 

6.1 SFG to Green Output 

 

6.1.1 Setup design 

A set of two chips from different wafer growths was used in the experiment. The first 

structure (~980 𝑛𝑚) consisted of 14 compressively strained 8 𝑛𝑚 thick InGaAs quantum wells, 

which were surrounded by GaAsP strain compensation layers and GaAs pump absorbing 

barriers. The 25 alternating Al0.2Ga0.8As/AlAs pairs grown on top of the active region 

constituted the distributed Bragg reflector layer. The RPG was also incorporated into the 

design. The second chip (~1180 𝑛𝑚) was cleaved from a heterostructure with a gain stack 

consisting of 10 compressively strained 7 𝑛𝑚 thick InGaAs QWs, also surrounded by GaAsP 
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strain compensation layers and pump absorbing GaAs barriers. The RPG design was utilized 

as well. The DBR stack was made of 21 pairs of GaAs/AlAs layers. Both chips were fabricated 

using the techniques described in Chapter 3. 

The T-cavity had to be adjusted to allow for the beam to refocus into a nonlinear crystal. 

The original output coupler became a fold mirror and a flat end mirror is added as shown in 

Figure 6.1, thus the common part of the setup resembles the V-cavity. The polarizing beam 

splitter defines the linear polarization of cavity regions. All of the sides of the PBS are AR 

coated for the fundamental wavelengths and the intracavity losses introduced by it are 

estimated to be ~0.5 % and ~2 % for ~980 𝑛𝑚 and ~1180 𝑛𝑚 wavelengths, respectively. The 

~1180 𝑛𝑚 chip is part of the p-polarized cavity, which also includes a 2 𝑚𝑚 thick BF. The 

other arm of the T-cavity consisted of the ~980 𝑛𝑚 chip and another 2 𝑚𝑚 thick BF which 

was oriented to match the s-polarized circulating field. The shared fold mirror had a 15 𝑐𝑚 

ROC and was positioned ~17 𝑐𝑚 away from the two chips. The distance from the fold mirror 

to the end mirror was ~10 𝑐𝑚, which resulted in ~ 200 𝜇𝑚 diameter spot on the flat end mirror, 

15 𝑐𝑚 ROC mirror 
HR @ 980 𝑛𝑚 + 1180 𝑛𝑚  
𝑅 < 10 % @ 537 𝑛𝑚 
 

p-polarized 
~1180 𝑛𝑚 chip  

s-polarized 

~980 𝑛𝑚 chip 

 

Figure 6.1 Schematic of a folded T-cavity VECSEL used for type II SFG. 

BF 

BF 

PBS 

green output 

flat mirror  
broadband HR  

LBO 
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while the pump spot diameter on each chip was ~ 500 𝜇𝑚. The curved mirror was HR coated 

for fundamental wavelengths and low reflection (< 5 %) coated for the visible spectrum. The 

flat mirror had a HR broadband coating applied. For the purpose of type II SFG, the               

3 × 3 × 10 𝑚𝑚2 LBO crystal was introduced into the laser cavity. The crystal was cut at angles 

𝜃 = 35.6° and 𝜙 = 90° and its facets were AR coated for fundamental and green wavelengths. 

This cut provides an effective nonlinear coefficient of 0.54 𝑝𝑚 𝑉⁄ . During the experiment both 

chips were mounted to copper heat sinks and maintained at 15℃ temperature.  

 

 

6.1.2 Experimental results 

The efficiency of SFG depends on two beams overlapping in the nonlinear crystal, thus 

the collinearity of fundamental beams was ensured by characterizing their profiles. The beams 

were refocused onto a DataRay BeamMap2 beam profiler and the measurements were 

performed for three cases: only with the ~1180 𝑛𝑚 chip lasing, only with the ~980 𝑛𝑚 chip 

lasing, and with both chips lasing simultaneously. The 3D beam profiles for all cases are shown 

in Figure 6.2 and for each case the 𝑀2 values were < 1.4, thus confirming the collinear 

alignment of the beams. Next the output power of generated green emission was

 

Figure 6.2 Beam profiles in the T-cavity VECSEL: (a) only ~980 𝑛𝑚 output; (b) only 

~1180 𝑛𝑚 output; (c) collinear combined lasing modes. In all cases 𝑀2 < 1.4. 
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characterized. The measurements were taken when the absorbed 808 𝑛𝑚 pump power was the 

same on each chip as illustrated graphically in Figure 6.3. A maximum of 2 𝑊 was achieved. 

The green output tuning was accomplished by adjusting the birefringent filters in both arms 

Figure 6.3 The type II SFG green output power characteristics in T-cavity VECSEL. 

Figure 6.4 The green output tuning performed by adjusting the 2 𝑚𝑚 thick BF in both arms 

of the T-cavity. 
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of the T-cavity. The T-cavity’s tuning range of 5 𝑛𝑚 is presented in Figure 6.4. The picture of 

the VECSEL delivering green output is showcased in Figure 6.5. 

 

 

6.2 Simultaneous SFG and SHG within T-cavity 

 

6.2.1  Setup design 

The exact same setup was modified to allow for simultaneous conversion to blue 

wavelengths via type I SHG and to green wavelengths via type II SFG. The altered setup is 

presented in Figure 6.6. About 1 𝑐𝑚 way from the flat end mirror, a thin etalon partially coated 

for ~1180 𝑛𝑚 is inserted.  It acts as a simple filter for the ~980 𝑛𝑚 circulating mode and as a 

~99 % reflective mirror for the ~1180 𝑛𝑚 beam. Thus, a small region of high intensity ~980 𝑛𝑚 

mode exists. On the other hand, the circulating ~1180 𝑛𝑚 lasing mode suffers an additional 

1 % loss. An LBO crystal was cut at angles 𝜃 = 90° and 𝜙 = 17° for blue generation with its

Figure 6.5 The picture of the SFG green output from T-cavity. 
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facets AR coated for fundamental and second harmonic wavelengths. This crystal was inserted 

between the end mirror and the etalon. On the other side of the etalon, the previously used 

LBO crystal was inserted. In this manner the circulating s-polarized fundamental mode can 

interact with both LBO crystals, while the p-polarized fundamental modes interacts only with 

the LBO designed for type II SFG. 

 

 

6.2.2 Experimental results 

For the optical pump power of ~30 𝑊 absorbed in each chip, the combined output of blue 

and green emission exceeded 450 𝑚𝑊. The lasing spectra of two simultaneous visible 

wavelengths is shown in Figure 6.7 with peaks at ~490 𝑛𝑚 and ~536 𝑛𝑚. The TEM00 mode 

profiles of the generated beam are shown in Figure 6.8. A beam quality factor of 𝑀2 < 1.4 for 

each individual beam was measured and the profile of the combined beams proves the 

15 𝑐𝑚 ROC mirror 
HR @ 970 𝑛𝑚 + 1180 𝑛𝑚  
𝑅 < 10 % @ 537 𝑛𝑚 + 485 𝑛𝑚 
 

p-polarized 
~1180 𝑛𝑚 chip  

s-polarized 
~970 𝑛𝑚 chip 

 

Figure 6.6 Schematic of a folded T-cavity VECSEL used for collinear type I SHG and type 

II SFG. 

 

 

BF 

BF 

PBS 

green and 
blue outputs 
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broadband HR  

LBO 
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collinear output was maintained. To showcase the mutlicolor operation of this cavity, three 

pictures were taken when: only the SFG crystal was inserted, only the SHG crystal was inserted 

and with both crystals were inserted. Figure 6.9 provides these captured images and blue, green 

and mixed blue and green (cyan) beams are visible.  

The green output powers and tuning shown in these two experiments are not as satisfying 

as for the case of SHG described in previous chapter. There are a few factors which had a 

Figure 6.7 Spectra of simultaneous and collinear type I SHG blue and type II SFG green 

outputs. 

 

Figure 6.8 Beam profiles of (a) only blue output; (b) only green output; (c) collinear 

combined blue and green lasing modes, which were generated in T-cavity VECSEL. 
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large influence on these results. Firstly, the chips used here come from an older wafer design 

with lower overall performance. Secondly, at the time of the experiment, a fold mirror with a 

proper radius of curvature was unavailable, thus the beam waist size at the LBO crystal was 

not optimal. And lastly, the 𝑑𝑒𝑓𝑓 for type II SFG is almost two times lower than that for SHG. 

However, with more efficient VECEL chips and optimized cavity design, a much improved 

result should be achievable.  

 

  

 

a)  b)  

c)  

 

Figure 6.9 Pictures of the modified T-cavity VECSEL when: a) only the SFG crystal is 

inserted, b) only the SHG crystal is inserted, c) both crystals are inserted. 
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Chapter 7 – Difference Frequency 

Generation in T-cavity VECSEL 

 

 

 

In the previous chapter, the operation and flexibility of a folded T-cavity VECSEL was 

demonstrated with the example of sum frequency generation. Here, the main application for 

this cavity geometry is discussed. The fundamental pump and signal sources with wavelengths 

at ~980 𝑛𝑚 and ~1180 𝑛𝑚 are used for type II difference frequency generation with a silver 

thiogallate crystal as the nonlinear medium. A tunable mid-IR output around ~5.4 𝜇𝑚 was 

achieved. Additionally, a setup with VECSEL chips, for which the wavelength separation was 

~1 𝑛𝑚, was utilized in an attempt to generate THz radiation in a periodically poled lithium 

triborate crystal. 

 

 

7.1 Mid-infrared VECSEL 

 

7.1.1 Setup design 

In the experiment, a set of two VECSEL chips with active regions engineered to emit at 

~980 𝑛𝑚 and ~1180 𝑛𝑚 was used. These chips come from the same wafers as in the SFG 

experiment, thus their structure design description can be found in Chapter 6. The copper 

heat sinks, to which the chips were clamped, were maintained at a temperature of 10℃. 

The T-cavity schematic is illustrated in Figure 7.1. Here, the polarizing beam splitter is 

replaced with a dichroic mirror, which was AR coated for ~980 𝑛𝑚 and HR coated at 10° 
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incident angle for ~1180 𝑛𝑚. During VECSEL operation, the intracavity losses introduced by 

the dichroic mirror are estimated to be ~1 % and ~0.5 % for ~980 𝑛𝑚 and ~1180 𝑛𝑚, 

respectively. The optical pumping was delivered by fiber coupled 808 𝑛𝑚 laser diodes, which 

were focused into the chips to a spot size diameter of ~530 𝜇𝑚. The common fold mirror was 

broadband HR coated to cover both fundamental wavelengths and had 10 𝑐𝑚 ROC. The flat 

end mirror, which enclosed the cavity, was made of calcium fluoride (CaF2) glass to ensure 

mid-IR transmission. The surface was HR coated for ~980 𝑛𝑚, ~99 % at ~1180 𝑛𝑚 and ~20 % 

reflective at ~5.4 𝜇𝑚. The distance between each chip and the curved mirror was ~15 𝑐𝑚, thus 

providing a beam waist diameter at the flat mirror of ~120 𝜇𝑚 for both fundamental modes. 

The length of the shorter arm was ~6 𝑐𝑚, so that the beam size on the chips would match the 

pump spot size, thus ensuring fundamental TEM00 mode lasing operation. Each independent 

arm of the T-cavity contained 1 𝑚𝑚 thick birefringent filters, which were oriented in s-

polarization and p-polarization for ~980 𝑛𝑚 and ~1180 𝑛𝑚 beams, respectively. The BFs 

10 𝑐𝑚 ROC mirror 
HR @ 980 𝑛𝑚  
𝑅 ≈ 99 % @ 1180 𝑛𝑚 
 

s-polarized 
~980 𝑛𝑚 chip  

p-polarized 
~1180 𝑛𝑚 chip 

 

Figure 7.1 Schematic of a folded T-cavity VECSEL used for type II DFG. 

BF 

BF 

dichroic 
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HR @ 980 𝑛𝑚 + 1180 𝑛𝑚  
𝑅 < 20 % @ 5.5 𝜇𝑚 

AGS 



97 
 

allowed for wavelength narrowing and independent wavelength tuning. The nonlinear element 

in the cavity was a silver thiogallate crystal placed in the collinear region of the cavity, near the 

beam waist of the Gaussian beams. The AGS crystal dimensions were 5 × 5 × 5 𝑚𝑚 and its 

facets were AR coated for pump and signal wavelengths. A < 10 % reflective coating for the 

mid-IR wavelength was also applied. The type II DFG phase-matching required the crystal to 

be cut at the angle 𝜃 = 47° which resulted in 𝑑𝑒𝑓𝑓 = 11.7 𝑝𝑚 𝑉⁄ . 

 

 

7.1.2 Experimental results 

As in the previous case, the first step was to use the beam profiler to ensure collinear 

operation of the T-cavity. Figure 7.2 shows the profiles of the individual beams as well as both 

beams overlapping. In all cases the high beam quality was confirmed, with 𝑀2 < 1.4. 

The mid-IR wave in the AGS crystal was generated in both directions because of the 

double-pass of the fundamental waves, which is the same as in the SFG case. However, due 

to the mirrors used to construct the cavity, essentially only the beam coupled out through the 

CaF2 mirror is utilized in the measurements. The output idler beam was then collimated with 

a CaF2 lens and redirected into an optical spectrum analyzer to confirm that the wavelength 

Figure 7.2 Beam profiles in T-cavity VECSEL: (a) only ~980 𝑛𝑚 output; (b) only ~1180 𝑛𝑚 

output; (c) collinear combined lasing modes. In all cases 𝑀2 < 1.4. 
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was the result of difference frequency generation. A high-resolution Bristol Instruments 721B 

XIR mid-IR laser spectrum analyzer was used, with a specified range of  2 − 12 𝜇𝑚 and a 

resolution of ±1 𝑝𝑝𝑚 [104], which was very well suited for the measurements. The spectra of 

the fundamental lasing modes were measured first to ensure proper separation between pump 

and signal wavelengths. The plot in Figure 7.3 demonstrates the fundamental peaks at ~967 𝑛𝑚 

and ~1180 𝑛𝑚, which lead to a difference of ~213 𝑛𝑚. With the emission fixed at these 

wavelengths, the spectrum of the mid-IR wave was captured. Figure 7.4 showcases emission 

at ~5358 𝑛𝑚, which matches the expected value.  

Before measuring the output power, it was also necessary to reject any remaining 

fundamental power leaking through the flat end mirror, while preserving high transmission 

for the mid-IR output. A germanium (Ge) filter was the best choice due its high absorption at 

the pump and signal wavelengths. Additionally, an AR coating for 4 − 12 𝜇𝑚 range allowed the 

filter to transmit ~95 % of the DFG output wave. The Ge filter was placed after the CaF2 lens 

and the idler beam power was measured without being altered by the collinear pump and signal 

Figure 7.3 The independently tunable s-polarized pump and p-polarized signal spectra 

utilized for type II DFG. 
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beams. A high sensitivity thermopile detector was used to obtain the data points. The power 

characteristics are presented in Figure 7.5, where the mid-IR output is plotted against the pump 

power absorbed in each chip. A maximum value of over 5 𝑚𝑊 was achieved at ~30 𝑊 optical 

pump power. The circulating intracavity power could be estimated by measuring the residual 

power leaking through the HR mirror. This allowed determination of the power of the pump 

and signal waves interacting in the nonlinear crystal. Thanks to this, equation 4.39 in Chapter 

4 was used to estimate the idler power generated in the AGS crystal. In the Figure 7.5, the 

plotted theoretical curve takes into account that the experimental values are ~50 % smaller 

than the estimated ones as previously reported in [105]. The mid-IR beam saw multiple losses 

from the output coupler mirror, along with Fresnel reflections at the CaF2 lens and Ge filter, 

which were estimated to be ~40 %. If this is considered, the new wavelength power generated 

in the AGS crystal, which is also plotted in Figure 7.5, is in reasonable agreement with the 

computed values. 

Figure 7.4 Mid-IR emission at ~5358 𝑛𝑚 corresponding to ~213 𝑛𝑚 separation of the 

fundamental waves. 
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Lastly, the BFs in both the pump and signal wavelength arms are rotated in order to obtain 

the tuning spectra of the DFG wavelength. Figure 7.6 presents the mid-IR lasing peaks when 

~30 𝑊 pump power was absorbed into each chip. The idler wavelength values ranged from 

Figure 7.5 The ~5358 𝑛𝑚 measured output power compared to the power generated in AGS 

crystal considering ~40 % losses and the calculated theoretical output. 

 

Figure 7.6 Tunability of the mid-IR output from the T-cavity VECSEL. 

 



101 
 

~5.35 𝜇𝑚 − 5.5 𝜇𝑚, thus continuous tunability over a 150 𝑛𝑚 range was achieved. The photo 

of the whole setup used it this experiment is shown in Figure 7.7. The T-cavity VECSEL is at 

the bottom of the picture, the collimating lens and two flat silvered mirrors used to direct the 

mid-IR beam into the spectrum analyzer are all also visible. 

The tunable mid-IR output power delivered via type II DFG in the folded T-cavity 

VECSEL demonstrated here was obtained with available optical elements which were far from 

optimal. All of the coatings on the mirrors and AGS crystal did not allow extraction of the 

~5.4 𝜇𝑚 beam efficiently. In addition, for efficient frequency conversion, the 5 𝑚𝑚 long 

nonlinear crystal requires a much smaller beam waist compared to the one used in this 

experiment. 

 

 

 

 

Figure 7.7 Picture of the setup used in the mid-IR VECSEL experiment: T-cavity at the 

bottom of the picture followed by additional optics and spectrum analyzer used for 

wavelength characterization. 
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7.2 THz VECSEL 

 

7.2.1 Setup design 

Difference frequency generation to the THz region requires fundamental wavelength 

separation of just a few nanometers, thus the two chips used in this experiment were cleaved 

from the ~980 𝑛𝑚 wafer of the same design as previously mentioned. In order to separate the 

pump and signal arms of the T-cavity, a polarizing beam splitter had to be used. Here, full 

advantage of the PBS is taken, since it is the only way to make two VECSEL sources with a 

small wavelength gap independently tunable. Thus, the cavity geometry is very similar to the 

one presented in Figure 7.1, or the one used for SFG in Chapter 6. Both chips were maintained 

at 15℃ while optically pumped with an 808 𝑛𝑚 laser diode. The spot diameter on each chip 

was ~380 𝜇𝑚, and in the common region of the cavity, the collinear beams were refocused to 

~200 𝜇𝑚 diameter beam waist. The use of a 15 𝑐𝑚 ROC fold mirror required the longer arm

 

 

 

 

 

𝐸𝑝𝑢𝑚𝑝  
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Figure 7.8 Schematic of the periodically poled crystal with incident beams polarized at 45° 

and the perpendicular emission of the THz beam; the top view shows the defined poling 

angle and poling period. 
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of the cavity to be ~15 𝑐𝑚 and the shorter arm to be ~11 𝑐𝑚 to support these spot sizes. Both 

the fold mirror and the flat end mirror were HR coated for ~980 𝑛𝑚 to obtain high circulating 

power. Due to the low absorption coefficient at the fundamental wavelength, magnesium 

oxide doped periodically poled lithium niobate nonlinear crystal was used. While this material 

provides a large nonlinear coefficient, the high absorption in the THz region requires that the 

idler emission is collected perpendicular to the circulating fundamental modes. Since the pump 

and signal are orthogonally polarized with respect to each other, type II DFG has to be utilized. 

This puts an additional requirement for the fundamental waves to have their polarizations at 

45° from the y-direction. The propagation and polarization of pump, signal, and idler beams 

in the MgO:PPLN is schematically shown in Figure 7.8. In this case the effective nonlinear 

coefficient was calculated to be 6.5 𝑝𝑚 𝑉⁄ . To fulfill the phase-matching, the MgO:PPLN 

crystal had a poling period of Λ = 57.2 𝜇𝑚 and a poling angle of 𝛼 = 67°, as defined in Figure 

7.8. Once again, the alignment of the fundamental beams was confirmed with the scanning-

slit beam profiler. 

  

 

7.2.2 Experimental results 

As the MgO:PPLN crystal was inserted into the common region of the cavity, with the 

use of the BFs, the pump wavelength was set to ~979 𝑛𝑚 while the signal wavelength was 

tuned to ~982 𝑛𝑚. The lasing spectra of the fundamental beams are shown in Figure 7.9. The 

obtained ~3 𝑛𝑚 separation corresponded to the new DFG frequency of ~0.93 𝑇𝐻𝑧.  

The output power was measured using a Gentec THz thermopile power meter detector 

calibrated in the THz spectral range [106]. In order to prevent the measurement of any stray 

light, the power meter was cover with black polyethylene plastic, which is highly absorptive in 



104 
 

the IR range but transmits THz. The detector was placed in close proximity to the nonlinear 

crystal and oriented such that the THz beam would be at normal incidence to the detector’s 

surface. During all of the measurements, the pump power of ~28 𝑊 and ~24 𝑊 was absorbed 

into the s-polarized and p-polarized chips, respectively. A directional output of 4.42 𝑚𝑊 was 

measured. To ensure the emission was propagating from the crystal, the power meter was 

passed over the crystal causing the measured power to drop. This, however, was not the THz 

output power as the detector is very sensitive to the thermal heat generated by the optical 

pumping of the VECSEL chips. A series of tests were performed in order to verify type II 

DFG in the MgO:PPLN crystal. When the s-polarized cavity arm was blocked with an aperture 

to shut off the lasing, the power reading dropped to 2.8 𝑚𝑊. Similarly, when the p-polarized 

cavity was blocked while the s-polarized mode was lasing, the power meter indicated 3.03 𝑚𝑊. 

In addition, the T-cavity was purposely misaligned to reduce the beam overlap at the nonlinear 

crystal, which resulted in the decrease of the power measured by the THz detector. These 

Figure 7.9 The pump and idler wavelength spectra with separation of ~3 𝑛𝑚, used for 

difference frequency generation of ~0.93 𝑇𝐻𝑧 output.  
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effects prove the DFG interaction occurred, though the accurate measurement of the THz 

beam power could not be performed, due to the high thermal sensitivity of the detector and 

the complicated orientation of the MgO:PPLN crystal. On the other hand, based on the 

estimated intracavity circulating power of 300 𝑊, the expected idler output power could be 

calculated. At this power level, the THz output should have exceeded 500 𝜇𝑊.  

To summarize, the two chip T-cavity VECSEL is capable of difference frequency 

generation to a tunable mid-IR or THz region based on the set of chips utilized in the setup. 

The chips used in the described experiments were cleaved from the older wafers whose 

performance was lacking as mentioned previously in Chapter 2. If the newer wafers were 

available at the time of the experiments, the results should have been more encouraging.  
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Chapter 8 – Fourth Harmonic 

Generation in modified T-cavity VECSEL 

 
 

 

 

Fourth harmonic generation can be utilized to achieve emission in the UV spectral range 

for the case when the fundamental wavelength is in the IR region. This first lasing in the visible 

spectrum, which in the case of VECSELs is obtained by intracavity SHG. Next, in most cases, 

the visible light is coupled into an external bowtie cavity, which contains a nonlinear crystal 

for further up-conversion into UV radiation. Efficient coupling requires a locking technique 

to actively stabilize the bowtie cavity [23]. Thus, additional electronic equipment is required, 

adding bulk to the whole setup. Here, a modified T-cavity geometry with a single VECSEL 

chip is used. An intracavity polarizing beam splitter allows extraction of the second harmonic 

green light from the fundamental beam and provides a simple resonant cavity for green 

radiation buildup. Thus, conversion to the deep UV is accomplished. 

 

 

8.1 Setup design 

This experiment involves a VECSEL chip cleaved from a 1070 𝑛𝑚 wafer. The fabrication 

steps remained the same as previously described. The active region consisted of 

12 compressive strained 8 𝑛𝑚 thick InGaAs MQWs, with a GaAsP strain compensating layer. 

Since the “bottom emitter” design is used, 25 pairs of alternating AlGaAs/AlAs layers were 

grown on top of the active region and served as a high reflectivity (~99.9 %) DBR. Resonant 

periodic gain was also supported. The chip was mounted to a water cooled copper heat sink 

and was kept at 10℃. 
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The schematic of the setup used is shown in Figure 8.1. The fundamental cavity utilized a 

V-folded geometry with a 5 𝑐𝑚 ROC fold mirror HR coated for both 1064 𝑛𝑚 and 532 𝑛𝑚 

wavelengths. A flat broadband HR mirror enclosed the resonator. The 808 𝑛𝑚 pump spot 

diameter on the chip was ~400 𝜇𝑚. To ensure a TEM00 circulating mode, the longer cavity arm 

was ~9 𝑐𝑚 long, whereas the shorter arm was ~3 𝑐𝑚 long. In addition, these resonator 

dimensions provided optimal focusing for the nonlinear crystal placed in proximity to the flat 

end mirror, where the beam waist diameter was ~80 𝜇𝑚. A 3 𝑚𝑚 thick birefringent filter was 

utilized for maintaining p-polarization and wavelength narrowing of the fundamental mode. 

A 3 × 3 × 15 𝑚𝑚2 lithium triborate crystal with both facets AR coated for fundamental and 

second harmonic wavelengths was utilized. The phase matching angles 𝜃 = 90° and 𝜙 = 11° 

5 𝑐𝑚 ROC mirror 
HR @ 532 𝑛𝑚  
𝑅 < 10 % @ 266 𝑛𝑚 

5 𝑐𝑚 ROC mirror 
HR @ 1064 𝑛𝑚 + 532 𝑛𝑚  

p-polarized 
~1070 𝑛𝑚 chip  

s-polarized 
green 

 

Figure 8.1 Schematic of modified T-cavity VECSEL used for type FHG to UV. 

 

BF PBS 

UV output 

flat mirror  
broadband HR  

LBO 

flat mirror 
HR @ 532 𝑛𝑚 + 266 𝑛𝑚 

BBO 
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were chosen to realize type I SHG, which resulted in an effective nonlinear coefficient of 

0.8 𝑝𝑚 𝑉⁄ . During the conversion process, the new wave obtains a polarization orthogonal to 

the one of the input waves, thus the polarizing beam splitter can be used as the output coupler 

for the green light. The PBS with all of its sides broadband AR coated was placed in the 

fundamental cavity. While the ~1070 𝑛𝑚 p-polarized field could pass unhindered through the 

PBS, the ~535 𝑛𝑚 s-polarized mode was reflected off to the side.  

A second resonant cavity was built for this green lasing mode. A second mirror with 

5 𝑐𝑚 ROC was used to refocus the green beam onto the flat mirror which enclosed the cavity. 

To utilize the double pass through the UV nonlinear crystal, the flat mirror was HR coated 

for both 532 𝑛𝑚 and 266 𝑛𝑚, whereas the fold mirror was HR coated for both 532 𝑛𝑚 and low 

reflectivity (𝑅 < 10 %) coated at 266 𝑛𝑚. The distance separating the two curved mirrors was 

~14 𝑐𝑚, whereas the second fold mirror and the flat end mirror were ~2.5 𝑐𝑚 apart. These 

dimensions were chosen to maintain the green transverse mode size at the fundamental cavity 

end mirror, whereas at the second flat mirror the green beam waist was ~70 𝜇𝑚 in diameter. 

At this position a 3 × 3 × 10 𝑚𝑚3 beta barium borate crystal was placed. The cut for type I 

SHG from 532 𝑛𝑚 to UV required angles 𝜃 = 47° and 𝜙 = 0° and the crystal facets were AR 

coated for these wavelengths to minimize the losses. The nonlinear coefficient in this case 

was 1.8 𝑝𝑚 𝑉⁄ . 

 

 

8.2 Experimental results 

The first step in the experiment was to achieve optimal conversion to green in the LBO 

crystal. The output power of green light was measured after the reflection of the PBS and it 

was equal to ~12 𝑊 for an optical pump power of ~48 𝑊. After the green resonant cavity 
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was adjusted, the residual power leaking through the flat end mirror was measured with a 

thermal power detector in order to estimate the buildup of the circulating green light. Since 

the system lacked of any stabilization scheme, the measured power was not stable, but the 

estimated circulating power of ~48 𝑊 was consistent, thus resulting in a four times buildup of 

the green.  

The UV output power characteristics are presented in Figure 8.2. The measured UV power 

is plotted against the 808 𝑛𝑚 pump power absorbed in the chip. The maximum cw power 

exceeded 100 𝑚𝑊 at 265 𝑛𝑚. In addition, Figure 8.2 presents the theoretical values of output 

power calculated based on the equations provided in Chapter 4. The experimental results stand 

in good agreement with the estimated power. Also, for comparison, the estimated UV power 

is plotted for the case of a single pass through the crystal with a beam of similar characteristics. 

It is noticeable that even without any stabilization, the green cavity provides much better 

results. At the maximum power level, the conversion efficiency from the optical pump to UV 

Figure 8.2 The characteristics of the UV output power achieved via fourth harmonic 

generation in T-cavity VECSEL. 
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was ~0.25 %. Such low efficiency is mostly due to lack of any type of stabilization as well as a 

lack of single frequency operation of the green wave. Moreover, the available mirrors did not 

allow achievement of an optimal beam waist size for the green Gaussian beam at the BBO 

crystal. 

Finally, as a proof of proper frequency conversion, Figure 8.3 illustrates the optical spectra 

measured for fundamental, second harmonic and fourth harmonic wavelengths. As expected, 

the fundamental wavelength of ~1060 𝑛𝑚 resulted in ~265 𝑛𝑚 in the UV region. 

A modified, single chip T-cavity VECSEL was demonstrated as a bowtie cavity alternative 

to achieve UV outputs by the means of fourth harmonic generation. Over 100 𝑚𝑊 of cw 

Figure 8.3 The optical spectra of the fundamental, second harmonic and fourth harmonic 

signals in T-cavity VECSEL. 
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output at 265 𝑛𝑚 was produced. If a stabilization method is introduced, the second harmonic 

light buildup should be an order of magnitude higher, thus increasing the UV conversion 

efficiency into tens of percent [23]. As in previous cases, the flexibility of VECSELs allows 

for further power scaling, usage of different gain materials to reach different UV wavelengths, 

single frequency operation with an additional Fabry-Perot etalon, or tunable UV output. 

Moreover, the stabilized and fully optimized VECSEL geometry of this sort should make deep 

UV laser sources exceeding 1 𝑊 of output power feasible.  
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Chapter 9 – Conclusion and Future Work 

 

 

 

Since the first demonstration of a linear cavity VECSEL in 1997, their complexity has been 

greatly expanded. In the past 20 years it has been confirmed that high power operation with 

high fundamental beam quality is achievable, thanks to power scaling, lasing cavity 

optimization, and careful gain chip fabrication. A wide range of available group III-V 

semiconductor compounds allows for bandgap engineering to achieve emission in the desired 

wavelength spectrum. Moreover, the ability to utilize nonlinear optical effects in VECSELs 

expands the range of applications even further. Novel designs of VECSEL cavities, utilizing 

various nonlinear frequency conversion techniques, have been extensively investigated in this 

dissertation. 

The folded T-cavity geometry was presented as a flexible foundation for every type of 

nonlinear frequency generation. The pair of VECSEL gain chips utilized in the setup can be 

chosen freely, thus the wavelength separation between fundamental emission wavelengths can 

range from sub-nanometer to a few hundreds of nanometers. Here, bottom emitter VECSEL 

structures designed to operate at wavelengths of ~980 𝑛𝑚 and ~1180 𝑛𝑚 were used. The 

frequency separation between these heterostructures was exploited and type II difference 

frequency generation to provide mid-IR output at ~5.4 𝜇𝑚 was demonstrated. By reducing the 

wavelength difference to a few nanometers, the first attempt to produce a signal in THz range 

was presented. On the opposite side of frequency spectrum, a ~1070 𝑛𝑚 emission single chip 

modified T-cavity was utilized to demonstrate fourth harmonic generation to the UV range. 

This compact setup could be a viable alternative for commonly used bowtie cavity laser setups 
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used for UV generation. In addition, upon acquiring new, more efficient VECSEL wafers 

designed for fundamental lasing at ~970 𝑛𝑚 and ~1070 𝑛𝑚, well optimized folded V-cavities 

were capable of delivering over 16 𝑊 and 21 𝑊 of cw type I second harmonic generated blue 

and green output power, respectively. 

The unique properties of the two chip T-cavity VECSEL design has the most potential in 

the case of difference frequency generation although current performance is low. As the result 

of the two separated regions in the T-cavity, the capability to independently tune both 

fundamental wavelengths has a great advantage over other laser sources. This feature could 

allow development of a THz laser source that is continuously tunable over tens of THz. In 

case of mid-IR emission, with new nonlinear crystals, such as orientation patterned gallium 

phosphate, a laser source covering the range up to 12 𝜇𝑚 is in sight.  Moreover, since the 

wavelength separation can be tailored to be in the tens of microns, the far IR region could be 

fully accessible. With more efficient gain chips and optimized conversion in the nonlinear 

crystal, watt levels of mid-IR output and hundreds of milliwatts THz output should be 

realizable.  

The single chip T-cavity VECSEL, modified to enable fourth harmonic generation for 

deep UV emission with an incorporated stabilization technique, should allow achievement of 

Watt levels of output power. The birefringent filter or etalon intracavity elements could be 

utilized as well, if single frequency or tunable output is desired. 

In the case of the visible light generation, the system could be expanded to a multiple chip 

cavity and longer nonlinear crystals could be introduced. If the VECSEL structures are further 

optimized to a specific task, visible output powers far beyond 50 𝑊 should be attainable. 

Additionally, all of these cavity geometries can be further expanded to provide pulsed 

operation. The free-space laser resonator design leaves room to incorporate saturable absorber 
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mirrors into the cavity for mode-locking purposes. Mode-locking has been a well-established 

technique for achieving femtosecond or picosecond pulses from IR VECSELs, although it 

has not yet been used simultaneously with DFG or FHG.  

Overall, the flexibility which comes from both the cavity and heterostructure design of the 

VECSELs makes them a laser source with operational features that can be tailor-made to 

provide a solution to specific applications. The nonlinear frequency conversion techniques 

incorporated in the VECSEL platform increase the range of possibilities even further. 
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