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ABSTRACT 

 

Optically pumped semiconductor lasers (OPSLs) combine features including an 

engineerable emission wavelength, good beam quality, and scalable output power and are 

desirable for a wide variety of applications. Power scaling of OPSLs requires a 

combination of accurate epitaxial quantum design, accurate wafer growth and good 

thermal management. Here a fabrication process for OPSL devices was developed to 

ensure efficient OPSL device cooling and minimum surface scattering. A systematic 

thermal analysis was performed to optimize thermal management. Strategies for 

optimizing power extraction were developed; including increasing the gain/micro-cavity 

detuning that increases the threshold but also increases the slope efficiency and the roll-

over temperature, recycling the excess pump via reflection from a metalized reflector at 

the back of a transparent DBR, anti-reflection coating at the pump wavelength while 

preserving the signal micro-cavity resonance. 

With optimized thermal management and the strategy of using large gain/micro-

cavity detuning structure, a CW output power of 103 W from a single OPSL device was 

achieved. 42% optical-to-optical efficiency from the net pump power was obtained from 

the OPSL device with the double pass pump design and 39% optical-to-optical efficiency 

with respect to the total pump power was obtained with the new pump anti-reflection 

coating. For the fundamental mode operation, over 27 W of CW output power was 

achieved. To our knowledge, this is the highest 1 µm TEM00 mode power reported to date 

for an OPSL. Finally, strategies for generating high peak power are also discussed. A 
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maximum peak power of over 270 W was achieved using 750 ns pump pulses. 
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CHAPTER 1  
INTRODUCTION 

 

Since the first demonstration of lasers, they have been used for applications in a 

wide variety of fields, including consumer electronics, communication, 

sciences, biomedical instruments, industry, entertainment, the military and many others. 

For example, the laser disc player (CD, DVD and Blue-ray) was the first successful laser-

based consumer product and is used in almost every household. Nowadays, the Internet 

has become a necessity in modern society and, optical fiber networking technology using 

lasers enables fast data transmission. Another widespread laser application is the barcode 

scanner commonly seen in stores. Each of these applications requires a particular 

combination of laser properties, such as emission wavelength, wavelength tunability, 

optical power, output efficiency, beam quality and high-speed modulation. The optically 

pumped semiconductor laser (OPSL), a fairly recent category of semiconductor lasers, 

combines features including an engineerable emission wavelength which can be tailored 

over a wide range, good beam quality, and scalable output power and thus becomes a 

good candidate for a variety of applications where either continuous wave (CW) or ultra-

fast pulses are required. In this chapter we give a brief introduction to OPSLs including 

their history, basic principles and different application types. 
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1.1 History of OPSLs  

In the early development of semiconductor lasers the active medium, which is a 

homojunction structure or a heterojunction structure had very low efficiency [1, 2]. The 

lasing threshold was high and operation was restricted to pulsed mode at a low 

temperature. To solve this problem, a double hetrostructure (DHS) was proposed [3]. The 

DHS is a structure with a layer of low bandgap material sandwiched between two high 

bandgap layers. This structure provides for carrier confinement and optical confinement 

meaning that the injected electrons and holes are confined in a narrow region where the 

optical field is also confined. Therefore, much lower threshold current is required in DHS 

lasers and continuous wave operation at room temperature was achieved. The next 

milestone in the history of the development of semiconductor laser structures is the 

invention of quantum well (QW) structures [4]. It was found that if the active layer was 

thin enough the electron levels would be split apart. By changing the thickness of the 

active layer, the wavelength of QW lasers can be tuned, thus bringing a most 

advantageous property to recent semiconductor lasers.  

In terms of emission direction, conventional semiconductor lasers have two 

general configurations that require different growth approaches: edge emitters (in-plane 

lasers) and surface emitters. In the edge emitter, light is confined by an optical waveguide 

in the growth direction and index-guided or gain guided in the lateral direction [5]. The 

output of an edge-emitter is asymmetric and highly divergent. In order to obtain single 

transverse mode operation, a small waveguide dimension is required which leads to a 

limited output power of a few hundred milliwatts. In addition, such a small area creates a 
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high optical power density at the emitting facet leading to catastrophic optical damage 

(COD) [6]. By using wide-strip lasers, the output power can be scaled up to tens of watts 

but only with highly multi-transverse modes. In contrast, vertical cavity surface emitting 

lasers (VCSELs) emit optical output in the growth direction and the output of VCSELs is 

symmetric and much less divergent than for edge-emitters. Similar to edge-emitters, the 

output power of VCSELs is limited by the small output diameter that is required for 

single transverse mode operation. Novalux extended-cavity surface-emitting laser 

(NECSEL) technology [7], on the other hand, uses an extended cavity/an external output 

mirror to control the optical mode so it enables a laser beam diameter of hundreds of 

microns which is an order-of magnitude larger than for traditional VCSEL designs. The 

large diameter of the output beam also prevents the semiconductor chip from COD. 

Although an external mirror can control the laser transverse mode for a larger output 

beam diameter, uniformly injecting current over such a large area is very difficult. The 

output power in single transverse mode operation is only about 500 mW from a single 

NECSEL device [8]. Therefore, in brief, it is very difficult to simultaneously achieve 

high power and circular, single transverse mode output with conventional edge-emitters 

or NECSELs. 

OPSLs, which were first demonstrated in 1997 [9], are not limited in this respect 

since optical pumping provides scalable, uniform pump power while the external cavity 

controls the laser mode leading to a high power output (tens of watts) with near-

diffraction-limited beam quality. Moreover, the semiconductor materials in the OPSL 

structure are undoped so the optical loss due to free carrier absorption is reduced. Thanks 
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to the broad absorption band of semiconductors, the optical pump source needs can adopt 

a broad wavelength range. The flexible wavelength choice of the pump laser gives the 

OPSL a big advantage compared to conventional solid state lasers. The latter only can be 

efficiently pumped by a wavelength that matches an absorption band. Many of these 

advantages make the OPSL a suitable laser choice for a wide variety of applications. For 

example, the circular output beam with a small divergence angle and large continuous 

mode-hop free tuning range make OPSLs suitable for intra-cavity laser absorption 

spectroscopy (ICLAS) [10, 11]. The OPSL is also an excellent choice for laser cooling as 

it provides a wide range of wavelength choices for energy transitions of different atomic 

systems [12, 13].  In life science applications, the OPSL is a good light source for flow 

cytometry, microscopy, diagnostic imaging or genomics because of its good beam quality 

and low noise [14]. High brightness green or blue light generated by frequency doubling 

a NIR-OPSL is a good candidate for display or light show purposes [15]. OPSLs have 

been improved over the last decade and have showed the world their unique, remarkable 

properties. It is believed that the future OPSL will be able to provide wider emission 

wavelength coverage, a higher CW output power up to hundreds of watts, faster output 

pulses with higher average power and still maintain excellent beam quality. There is no 

doubt that OPSL will be a major laser source in the future.  

 

1.2 The Principle of OPSLs 

The three important components in a laser are the gain medium, the pump source 

and the optical resonator. In the OPSL system, the gain medium is the active region 
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The common pump configuration of the OPSL is a fiber-coupled pump beam 

from a multi-mode fiber-coupled diode stack expanded and imaged onto the OPSL device 

at a small angle of incidence (Fig. 1.2). The pump optics usually contains a collimator 

lens and an imaging lens. The pump spot size on the OPSL device can be easily scaled by 

changing the focal length of the imaging lens. As mentioned earlier, the wide absorption 

band of the barrier layer enables a flexible choice of pump lasers, but usually the barrier 

is designed and engineered to absorb a specific laser wavelength which is cheap, and 

easily accessible. 

The optical resonator in the OPSL system is formed between the distributed 

Bragg reflector (DBR) inside the OPSL structure and one or more external mirrors as 

shown in Fig. 1.2 and Fig. 1.3. The DBR consists of layer pairs of quarter wavelength 

layers with high and low refractive index resulting in a high reflectivity at the designed 

wavelength. The output coupling of the OPSL system is determined by the external 

mirror while the laser beam quality is determined by the aperture size of the pump area 

and the resonator geometry. The fundamental transverse mode size is chosen to match the 

pump spot size on the OPSL chip to achieve single transverse mode operation. Optical 

resonator configurations having more than one external mirror, such as V-shaped and Z-

shaped cavities provide flexibility for inserting intra-cavity elements [18-20]. Fig. 1.3 

shows an example of a V-cavity with a nonlinear crystal for frequency doubling. Inside 

the first arm of the V-cavity are a birefringent filter and an etalon for wavelength 

selection. In the other arm, the nonlinear crystal is placed close to the flat end mirror so 

that the resonator mode size is ideally small resulting in large optical intensity inside the 
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1.3 Types of OPSLs 

For different applications, OPSLs provide many key advantageous properties, 

including high power output, operating wavelength from UV to NIR, and ultra-fast short 

pulsed operation. In this section, the various forms of OPSLs are introduced and 

discussed and recent progress is reviewed. 

 

1.3.1 Top emitters and bottom emitters 

Based on the growth order of the epitaxial layers, OPSLs are of two types: top 

emitters or bottom emitters. If the DBR is the first layer grown on the substrate (bottom), 

followed by the active region and cap layer, this structure is called a top emitter (Fig. 1.4). 

On the other hand, if the cap layer or the etch-stop layer is first grown on the substrate, 

followed by the active region and the DBR, this structure is referred to as a bottom 

emitter. Usually, top emitters and bottom emitters require different fabrication processes 

in order to efficiently remove the dissipated heat which is the major parameter limiting 

the OPSL output power. In the bottom emitter geometry, the semiconductor chip is first 

bonded to a heat spreader which has high thermal conductivity, and then the substrate is 

removed by chemical etching; the processed bottom emitter device has a thickness of few 

microns. During laser operation, the heat transfer path is through the DBR and the heat 

spreader to the heat sink. For top emitters, the additional processing for removing the 

entire substrate is not necessary. The common thermal management used for top emitters 

is capillary bonding or directly contacting a transparent heat spreader to the cap layer 

which has a thickness of a few hundred nanometers. In this case, the heat transfer 
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pathway is much shorter than the case in bottom emitters so the heat removal efficiency 

should be better in top emitters. However, so far, the reported output performance of 

bottom emitters is much better than top emitters, indicating relatively poor contact 

between the semiconductor and the heat spreader, potential degradation of the contact at 

high power densities and relatively poor heat sinking due to reduced heat sink volume. In 

addition, the additional dielectric layer causes multiple reflections inside the heat 

spreader and also changes the standing wave pattern inside the semiconductor structure. 

Consequently, the output performance of OPSLs may be affected. 

 

 

FIGURE 1.4 Structures of a surface emitter and a bottom emitter 

 

1.3.2 High power OPSLs and power scaling OPSLs 

The first demonstrated high power OPSL showed >0.5W CW, near diffraction 

limited output and power scalability. The concept of power scaling is to increase the 

pump area while maintaining a constant power density to obtain a higher output power. 
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The uniform optical pumping and the optical resonator geometry enable scaling of the 

pump and the laser mode size separately leading to a high power output with good beam 

quality. In semiconductor lasers, the output performance is usually limited by heating and 

catastrophic optical damage. Since the pump size is usually much larger than the OPSL 

structure thickness, the major heat flow direction is vertically through the thin OPSL 

structure to the heat sink at its back. Nearly one-dimensional heat transfer in the direction 

perpendicular to the pump plane enables enlarging the pump area without affecting the 

cooling efficiency. With good thermal management, OPSL output scaling from a pump 

spot over several hundred microns has been demonstrated [21-25]. Chilla et al. 

demonstrated nearly 30 W of CW output power from a single OPSL chip in 2004 [21]. 

This laser was running with an M2 around 3 and of wavelength of 980 nm and 920 nm. In 

2008, Rudin et al. used a 480 µm diameter pump spot to achieve over 20 W of CW 

output power in a fundamental transverse mode (M2<1.1) at 960 nm [24]. However, the 

heat sink temperature in this system was at -20 ºC.  

When further power scaling is limited by excess heating, higher output power can 

be achieved by increasing the number of OPSL chips in the optical resonator [26-28]. In 

this scenario, each OPSL device is cooled separately so the cooling efficiency is 

improved. Moreover, the thermal lensing effect in OPSL is negligible [23] and hence 

positioning multiple OPSL chips in one optical resonator can be easily achieved. In 2007 

Chilla et al. achieved over 50 W output at 532 nm by using three OPSL chips [23]. The 

output beam quality was excellent with M2 less than 1.3. Multimode output power 

exceeding 60 W was also shown in this geometry.  
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1.3.3 Long wavelength OPSLs and frequency converting OPSLs 

Research activities in OPSLs are mainly focused on InGaAs/AlGaAs based 

structures emitting around 1 μm. There is also some interest in InGaNAs and InGaPAs 

based OPSLs emitting at 1.3 µm and 1.5 µm for optical fiber communication [29, 30]. A 

Sb-based material system enables OPSL to access the 2-2.5 µm region which is of 

particular interest for eye-safe remote sensing [31-33]. However, the output power is 

much lower compared to InGaAs/AlGaAs based structure. Recently, OPSLs emitting at 

longer wavelength (4.5-5µm) using narrow bandgap IV–VI (lead-chalcogenide) materials 

have also been reported [34, 35]. CW power over 16 mW was demonstrated [34].  

OPSLs can further expand their spectral coverage by intra-cavity frequency 

conversion. For example, it is important to use “real” red–green–blue (RGB) wavelengths 

of 620, 532, and 460 nm, respectively, for displays. Therefore, green and blue lasers 

obtained from intra-cavity second harmonic generation of 1064 and 920nm InGaAs/GaAs 

based OPSLs have been developed very intensely over the past few years [15, 36]. 

Moreover, frequency doubling of 976 nm OPSLs can replace the inefficient Argon laser 

at 488 nm [21, 37, 38]. OPSLs are also the best candidate of efficient yellow-orange 

lasers around 580-590 nm where no effective light sources are available [19]. 

 

1.3.4 Mode locked OPSLs 

Ultrafast lasers provide enormous potential for applications in science and 

technology. Particular applications include optical clocking of microprocessors [39, 40], 

throughputs in computer interconnects [41], sensing and imaging of biological processes, 
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and metrology. Currently, most of these applications rely on Ti-sapphire lasers that 

require a pump wavelength in the green spectral range making the laser system complex 

and expensive. The passively mode-locked OPSL which has a semiconductor saturable 

absorber mirror (SESAM) in the optical resonator to generate self-starting mode-locked 

pulses has been proposed as a new candidate ultrafast laser source. The first 

demonstration of a passively mode-locked OPSL in 2000 reported 21.6 mW in 22-ps 

pulses at a repetition rate of 4 GHz [42]. This mode-locked laser emits at 1030 nm. Since 

then, improvements in thermal management and SESAM design have been made. In 

2012, our group demonstrated a passively mode-locked OPSL emitting at 1030 nm with 

682 fs duration at 1.71 GHz with 5.1 W average output power which is the highest 

average power reported so far [43]. In this case, we found an irrecoverable reduction of 

output power due to the damage of the SESAM. Further improvements are expected by 

using a larger laser mode size on the SESAM to keep optical intensity below damage 

threshold of the SESAM.  

The idea of integration of both the laser gain and saturable absorber into a single 

semiconductor structure was proposed in 2007 (Fig. 1.5) [44]. This new device is referred 

as a MIXSEL (mode-locked integrated external-cavity surface emitting laser). In the 

latest report, 28-ps pulses at a repetition rate of 2.5 GHz with 6.4 W average output 

power at 959 nm was achieved [45]. The output beam of this system also showed very 

good transverse mode quality (M² < 1.05). From the review above, the mode-locked 

OPSL has shown itself to be a candidate for a new generation of ultrafast lasers that are 

sufficiently compact, robust, reliable and cost-effective to enjoy widespread use. 
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spectrum (sPL). 

Chapter 3 focuses on temperature effects on OPSL performance and thermal 

management for a high power OPSL. The power limiting mechanism and the power 

scalability of OPSLs are discussed.  We then look in detail at the parameters affecting 

thermal management and present the thermal management scheme used here for high 

power operation and power scaling. 

In chapter 4, the experimental setup and the optical resonator design for high 

power multi-transverse mode operation are discussed. The influence of room temperature 

detuning on the OPSL performance is investigated. The characteristics of three OPSL 

structures with different amounts of detuning are shown and their lasing threshold, 

optical power, and output efficiency are compared. Experimental results of power scaling 

OPSLs are presented. 

Chapter 5 presents approaches for improving the optical efficiency and external 

efficiency of OPSLs. A double-passed pump scheme is used for improving differential 

efficiency and the structure is described. The output performance of structures with and 

without double-passing pump design is compared. The effects of anti-reflection (AR) 

dielectric coating on the surface of the OPSL on laser performance are also discussed in 

this chapter. Characteristics of OPSL devices with two different AR coating designs are 

introduced and their lasing performance is compared. 

In Chapter 6, we present an OPSL with high peak power operation. The OPSL 

device is pumped by a 755 nm alexandrite laser. The optimization strategies for 

extracting high peak power pulses and the limitation of output power are discussed.  
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Chapter 7 presents a high power OPSL in single transverse mode operation. The 

experimental setup and the optical resonator design are discussed. Experimental results of 

power scaling OPSLs in the fundamental transverse mode are presented. 

Chapter 8 concludes the dissertation, summarizes the achievements and provides 

the possible optimizations. 
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CHAPTER 2  
OPSL STRUCTURE DESIGN AND DEVICE FABRICATION 

 

An OPSL structure is essentially a complex multi-layer semiconductor structure 

with three functional regions: the distributed Bragg reflector (DBR), the active region, 

and the cap layer having high band-gap energy to prevent non-radiative recombination at 

the structure surface. The semiconductor materials, the thickness, the number of layers 

and the relative position of each layer in the OPSL structure determine the OPSL 

characteristics including the absorption/gain, emission wavelength, and the effective gain. 

The fabrication of an OPSL device, which is a substrate-removed OPSL structure 

mounted on a heat spreader, usually includes two major processes: flip-chip bonding and 

chemical etching. Both processes are important to OPSL performance since the solder 

junction between the semiconductor chip and the heat spreader affects the heat removal 

efficiency which is the key to high power generation. The surface quality and the 

thickness of the cap layer after chemical etching affects the surface scattering loss and the 

emitting wavelength. In this chapter the structure design, fabrication, and characterization 

of OPSL devices are discussed. 

 

2.1 OPSL Structure 

The OPSL structure discussed here is an InGaAs/GaAs based structure for high 

power generation at a near-infrared wavelength (1µm). The factors affecting the structure 

design include increasing efficiency, maximizing the optical gain at the desired 

wavelength and minimizing the optical loss at the DBR. Three important aspects of the 
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OPSL structure design are usually followed for efficient OPSL operation: 

1. DBR needs to have high reflectivity (> 99%) at the designed laser wavelength. 

2. Quantum wells are placed at the standing wave antinodes of the designed laser 

wavelength inside the OPSL structure.  

3. The resonance of the micro-cavity formed between the DBR and the semiconductor-

air interface matches to the quantum well gain peak at the designed wavelength and 

temperature for effective gain enhancement. 

Based on these three concepts, the design and theoretical modeling of OPSL structures 

used in this dissertation are introduced in the following sections. 

 

2.1.1 DBR 

The DBR serving as a mirror in the OPSL resonator consists of an alternating 

sequence of high and low refractive index layers with quarter wavelength thickness. The 

mirror reflectivity, R is affected by the number of high and low refractive index layer 

pairs and the index contract between the two materials. The refractive index contrast also 

determines the bandwidth of reflectivity of the stopband, ∆λDBR [46]: 

 

ܴ = ێێێۏ
1ۍ − ቀ݊௘݊௢ቁ ൬ ݊௟௢௪݊௛௜௚௛൰ଶே1 + ቀ݊௘݊௢ቁ ൬ ݊௟௢௪݊௛௜௚௛൰ଶேۑۑۑے

ଶې
(2.1)
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஽஻ோߣ∆ = ߨ௖ߣ4 sinିଵ ൮1 − ൬ ݊௟௢௪݊௛௜௚௛൰1 + ൬ ݊௟௢௪݊௛௜௚௛൰൲ (2.2)

 

no, ne, nlow and nhigh are the refractive indices of the original material (the material 

in front of the first layer of the DBR), exiting material (the material next to the last layer 

of the DBR), and two DBR materials. N is the number of repeated pairs of two 

alternating materials and λc is the designed central wavelength of the stopband. From 

(2.1), increasing the number of periods leads to a higher DBR reflectivity. However, it 

also increases the entire DBR thickness resulting in a longer heat transfer path thereby 

reducing heat removal efficiency. As a result, a minimum number of periods is usually 

desired to achieve a given reflectivity.  

Fig. 2.1 shows the DBR designed for a 1040 nm OPSL used in this study. We use 

different material combinations for the DBR in two separate structure designs. The first 

design uses 20 AlAs (n=2.95) and GaAs (n=3.49) pairs. The AlAs layers and GaAs layers 

are with thickness: 

 

݀஺௟஺௦ = 1040	݊݉4 × ݊஺௟஺௦ = 88.1	݊݉	
 

݀ீ௔஺௦ = 1040	݊݉4 × ݊ீ௔஺௦ = 74.3	݊݉ 
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The second design uses 20 AlAs (n=2.95) and AlGaAs (n=3.46) pairs. The Al0.2Ga0.8As 

layers have thickness: 

 

݀஺௟ீ௔஺௦ = 1040	݊݉4 × ݊஺௟ீ௔஺௦ = 75	݊݉ 

 

 

FIGURE 2.1 Two DBR designs for 1040 nm OPSL 

 

Fig. 2.2 shows the simulated reflectivity spectrum of two DBR designs. A DBR 

structure with higher index contrast has higher reflectivity so the AlAs/GaAs DBR has 

higher reflectivity than the AlAs/AlGaAs DBR for the same number of periods. However, 

GaAs absorbs pump light at 808 nm resulting in heating and a lower output efficiency. 

The OPSL performance of the OPSL with an AlAs/AlGaAs DBR for the double pass 
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pump scheme is discussed in detail in the chapter 5. 

 

 

FIGURE 2.2 (A) AlAs/GaAs DBR (B)AlAs/AlGaAs DBR 

 

2.1.2 Active region 

The active region is the functional region where pump-laser energy conversion 

involving pump absorption, carrier production and carrier recombination takes place. 

There are two active region configurations in terms of the pumping approaches: in-well 

pumping and barrier pumping. For in-well pumping, pump light is absorbed in the QWs 

creating electron-hole pairs that also recombine in the QWs. In this case, the pump 

photon energy is very close to the laser energy so the quantum defect is very small (<20%) 

and the generated heat is reduced resulting in a high optical efficiency [47-49]. This 

approach has been demonstrated to achieve 25% optical efficiency for an OPSL device 

emitting at 2.3 µm, which is the highest efficiency reported so far for an OPSL emitting 

beyond 2 µm [49]. However, the pump absorption in the thin QW layers is fairly small. 
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a resonant pump absorption amounting to over 60%, which is still low compared to the 

barrier pumped structure which, on the other hand, absorbs the pump in thick barrier 

layers, resulting in a higher single-pass absorption (>80%). For the barrier pumping 

structure, the carriers produced in the barrier layers diffuse and are trapped in the QWs 

which have a smaller band gap energy. Although the quantum efficiency of the barrier 

pumped structure is smaller than the in-well pumped structure, to date, however, the 

barrier pumped structure performs much better than the in-well pumped structure in terms 

of output power for OPSLs emitting at 1 µm. The standard number for the quantum 

defect is about 20%-30% for 1 µm OPSLs using 808 nm pump sources while the 

quantum defect is about 50% for 2 µm OPSLs using a 980 nm pump source. The original 

smaller quantum defect plus a much better pump absorption efficiency make the barrier 

pumped structure the obvious choice for high power OPSLs emitting at 1 µm.  

The OPSL structure we use is a barrier pumped, bottom emitter (Fig. 2.4). The 

active region consists of 10 InGaAs quantum wells placed between GaAs buffer layers 

and strain compensating GaAsP barrier layers resulting in 80% pump absorption in a 

single pass. For obtaining a stable structure, the strain compensating layers are used to 

reduce structure stress caused by the strained quantum wells which are commonly used to 

improve operating characteristics. 

The QW gain, which depends on the semiconductor composition and the 

thickness of QWs determines the laser characteristics and performance. To accurately 

calculate the gain, we use fully microscopic many-body models which have been 

demonstrated to reproduce and agree well with experimental observations. Unlike  
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ݐ݀݀ ௞ܲ௝௜ = 1݅ħ ቐ෍ቂℰ௝,௝ᇲ,௞௛ ௜,௜ᇲߜ + ℰ௜,௜ᇲ,௞௘ ௝,௝ᇲቃߜ ௞ܲ௝ᇲ௜ᇲ௜ᇲ,௝ᇲ + ൣ1 − ௞݂௘,௜ − ௞݂௛,௝൧࣯௜,௝,௞ቑ 

                          

−Γ௞௝௜,ௗ	 ௞ܲ௝௜ + ෍ Γ௞,௤௜ᇲ௝ᇲ ௤ܲ௝ᇲ௜ᇲ௜ᇲ,௝ᇲ,௤   (2.3)

                       

where 

 

ℰ௜,௜ᇲ,௞௘ = ε௞௘,௜ߜ௜,௜ᇲ −෍ ௞ܸି௤௜௜ᇲᇲ௜ᇲ௜ᇲᇲ ௤݂௘,௜ᇲᇲ௜ᇲ,௤  (2.4)

            

ℰ௝,௝ᇲ,௞௛ = ε௞௛,௝ߜ௝,௝ᇲ −෍ ௞ܸି௤௝௝ᇲᇲ௝ᇲ௝ᇲᇲ ௤݂௛,௝ᇲᇲ௝ᇲ,௤  (2.5)

 

࣯௜,௝,௞ = (ݐ)ܧ௜௝,௞ߤ− − ෍ ௞ܸି௤௜௝ᇲ௝௜ᇲ ௤ܲ௝ᇲ,௜ᇲ௜ᇲ,௝ᇲ,௤   (2.6)

 

here i, i’/ j, j’are subband indexes for electron/holes and k, q are in-plane wavevectors, ε is 

the single particle energy and μ are the interband dipole matrix elements. In eq. (2.4)-

(2.6), V denotes the Coulomb potential, while Ԑ and ࣯ are the renormalized single 
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particle energies and the renormalized field. The renormalizations due to the Coulomb 

effect describe the bandgap energy which is carrier density dependent and the 

renormalized Rabi frequency which leads to Coulomb enhancement of absorption/gain 

and excitonic resonances [52]. The last two terms in (2.3) denote the microscopic 

electron-electron and electron-phonon scattering which lead to the dephasing of the 

macroscopic polarization. 

The optical spectra are determined by summing up the microscopic polarization to 

obtain the macroscopic polarization P: 

 

P = Vିଵ ∑ ௞௞ߤ ௞ܲ௝௜ , (2.7)

where V is the volume of medium. The optical susceptibility χ (ω) is then derived by 

taking the Fourier transform of the macroscopic polarization into frequency space. The 

real part of the optical susceptibility gives the refractive index and the imaginary part 

gives the absorption/gain spectrum which can be computed under different carrier density 

and temperature conditions. Fig. 2.5 is the computed gain of the 1040 nm OPSL structure 

illustrated in Fig. 2.4. This gain modeling is carried out using SimuLaseTM, which is a 

semiconductor laser modeling software developed based on fully microscopic modeling 

that we discussed above [53]. The left plot of Fig. 2.5 shows the modal gain at 300K with 

carrier density from 0.9×1012 cm-1 to 3.1×1012 cm-1. With increasing carrier density, the 

gain amplitude increases, and the gain peak is blue shifted due to band filling and 
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Coulomb enhancement. The right plot in Fig. 2.5 illustrates the modal gain at different 

structure temperatures. The gain peak shifts to longer wavelength with increasing 

temperature and, the gain intensity reduces at higher temperatures. The effects need to be 

considered in the structure design to achieve OPSL performance with the desired 

properties.  

 

  

FIGURE 2.5 Left: computed gain with varied carrier densities at 300 K; Right: computed 
gain at varied structure temperature with carrier density 3.1×1012 cm-1 

 

2.1.3 Micro-cavity 

The micro-cavity of the OPSL structure is formed between the DBR and the 

interface between air and the semiconductor structure surface, which is the InGaP cap 

layer in our structure illustrated in Fig. 2.4. The optical gain spectrum and the reflectivity 

spectrum strongly depend on the electric field amplitude inside the OPSL micro-cavity, 

[54, 55] which can be calculated using the transfer matrix method. Fig. 2.6(a) shows 
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wave propagation through the ith interface and Fig. 2.6(b) shows wave propagation 

through the ith layer of a multilayer structure. We first build the individual transfer 

matrix for the two conditions and then calculate the complete transfer matrix by 

multiplying all individual transfer matrices.  

 

 

FIGURE 2.6 (a) Transmission and reflection at an interface. (b) Propagation through a 
layer. 

 

For wave propagation through an interface, the amplitudes of the forward (Ei
+) and 

backward waves (Ei
-) just at the left (EiL) and at the right (EiR) of the ith interface are 

related by: 

E௜௅ି = ௜E௜௅ା(௜ିଵ)ݎ + ௜(௜ିଵ)E௜ோିݐ (2.9)

 

E௜ோା = ௜E௜௅ା(௜ିଵ)ݐ + ௜(௜ିଵ)E௜ோିݎ (2.8)
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where  ݎ(௜ିଵ)௜ and ݐ(௜ିଵ)௜ are the complex reflection and transmission coefficients given 

by: 

for TE wave: 

 

௜(௜ିଵ)ݎ = E௜௅ିE௜௅ା = ݇௜ିଵ − ݇௜݇௜ିଵ + ݇௜ = ݊௜ିଵ cos ௜ିଵߠ −݊௜ cos ௜݊௜ିଵߠ cos ௜ିଵߠ +݊௜ cos ௜ (2.10)ߠ

 

௜(௜ିଵ)ݐ = E௜ோାE௜௅ା = 1 + ௜(௜ିଵ)ݎ = 2݇௜ିଵ݇௜ିଵ + ݇௜ = 2݊௜ିଵ cos ௜ିଵ݊௜ିଵߠ cos ௜ିଵߠ +݊௜ cos ௜ (2.11)ߠ

 

and for TM wave: 

 

௜(௜ିଵ)ݎ = E௜௅ିE௜௅ା = ݊௜ିଵଶ ݇௜ − ݊௜ଶ݇௜ିଵ݊௜ିଵଶ ݇௜ + ݊௜ଶ݇௜ିଵ = ݊௜ cos ௜ିଵߠ −݊௜ିଵ cos ௜݊௜ߠ cos ௜ିଵߠ +݊௜ିଵ cos ௜ (2.12)ߠ

 

௜(௜ିଵ)ݐ = E௜ோାE௜௅ା = ݊௜ିଵ݊௜ ൫1 + ௜൯(௜ିଵ)ݎ = 2݊௜ିଵ cos ௜ିଵ݊௜ߠ cos ௜ିଵߠ +݊௜ cos ௜ (2.13)ߠ

 

where ki is the z component of the wave vector in the ith layer defined as ݇௜ = ݊௜ ଶగఒ  , 

with ni the complex refractive index of the ith layer material. 
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Since the laser wave is usually at perpendicular incidence for the OPSL operation, 

there is no difference between the TE and TM case. Equation (2.8) and (2.9) can be 

rearranged to a relation between the forward and the backward propagating wave: 

 

൤E௜௅ାE௜௅ି൨ = ௜(௜ିଵ)ݐ1 ൤ 1 ௜(௜ିଵ)ݎ௜(௜ିଵ)ݎ 1 ൨ ൤E௜ோାE௜ோି൨ = M(௜ିଵ)௜ ൤E௜ோାE௜ோି൨ (2.14)

 

where M(i-1)i denotes the transfer matrix for wave propagation through the ith interface. 

Next, we build the transfer matrix for wave propagation through the ith layer (Fig. 2.6b) 

by the following relations: 

 

E௜௅ା = E(௜ିଵ)ோା ݁ି௜௞೔ௗ೔ ୡ୭ୱఏ೔ (2.15)

E(௜ିଵ)ோି = E௜௅ି݁ି௜௞೔ௗ೔ ୡ୭ୱఏ೔ (2.16)

 

where di is the thickness of layer i. After rewriting equations (2.15) and (2.16), the 

transfer matrix for wave propagation through the ith layer is obtained: 

 

M௜ = ൤݁௜௞೔ௗ೔ ୡ୭ୱఏ೔ 00 ݁ି௜௞೔ௗ೔ ୡ୭ୱఏ೔൨ (2.17)
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Thus, the complete transfer matrix of the electric field propagation through the multilayer 

structure can be obtained by multiplication of all individual transfer matrixes: 

 

൤E଴୐ାE଴୐ି൨ = M ቈE(୒ିଵ)ୖାE(୒ିଵ)ୖି ቉ (2.18)

where 

 

M=M଴ଵMଵMଵଶMଶ ∙∙∙ M(୒ିଵ)M(୒ିଵ)୒ (2.19)

 

We now assume a plane wave with amplitude, E୐଴ା , incident on the multilayer structure 

and calculate the reflectivity spectrum of the OPSL structure using the equations 

described above. First, the individual transfer function can be obtained using the complex 

refractive index of semiconductor materials calculated using a fully microscopic model. 

As there is no light coming from the right side of the entire structure, we have E(୒ିଵ)ୖି =0. Thus, the resulting matrix formulation is: 

 

൤E଴୐ାE଴୐ି൨ = ൤Mଵଵ MଵଶMଶଵ Mଶଶ൨ ൤E(୒ିଵ)ୖା 0 ൨ (2.20)

 

The reflectivity of the structure is given by: 
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R=ቆE0L-E0L+ ቇଶ = ൬M21M11൰ଶ (2.21)

 

Since the imaginary part of the complex refractive index obtained from the fully 

microscopic model is temperature, carrier density and wavelength dependent, the 

calculated reflectivity is also temperature, carrier density and wavelength dependent. Fig. 

2.7 shows the computed reflectivity spectra of the OPSL structure at different 

temperature and carrier density conditions. Compared to the computed reflectivity 

spectrum of the DBR shown in Fig. 2.2, the reflectivity spectrum of the OPSL structure 

in Fig. 2.7 shows a dip/dome inside the reflectivity stop band. The dip/dome denotes the 

QW absorption/gain enhanced by the micro-cavity resonance and the depth/height of the 

dip/dome denotes how well the QW absorption/gain and the micro-cavity resonance are 

aligned. Fig. 2.8 shows the reflectivity (red), QW absorption (blue), and the longitudinal 

confinement factor (green), which peaks at the micro-cavity resonance for the OPSL 

structure at 325 K and carrier density 0.05×1012 cm-1. At this temperature, the absorption 

is at a shorter wavelength than the micro-cavity resonance is. The reflectivity dip is 

located at the wavelength at which the QWs have the strongest absorption after the 

micro-cavity resonance enhancement. Therefore, it is not always at the exact wavelength 

of the absorption peak or the micro-cavity resonance. For example, at 325 K, the dip is at 

the wavelength between the absorption peak and the micro-cavity resonance. The 

temperature dependence of the absorption dip is shown in Fig. 2.7(a). With the same 

carrier density, the reflectivity spectrum and the micro-cavity resonance enhanced QW 
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absorption shift to longer wavelength with the increasing temperature. Moreover, the 

depth of the dip also depends on the structure temperature because of temperature 

dependent spectral overlap between the QW absorption and the micro-cavity resonance. 

From Fig. 2.7(b), the dip at the center of the stop band becomes a dome indicating a QW 

“gain” when the carrier density is increased to 2.4×1012 cm-1.  

The transfer matrix method also can be used to calculate the electric field 

distribution inside the OPSL micro-cavity. Fig. 2.9 shows the refractive index profile and 

the standing wave pattern at 1040 nm and 375 K. At this temperature, the standing wave 

antinodes of the cavity propagating mode coincide with the QWs, leading to resonant 

periodic gain. 
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FIGURE 2.7 (a) computed reflectivity spectrum without excitation; (b) computed 
reflectivity spectrum with varied carrier densities at 325 K. 

 

 

FIGURE 2.8 Blue: calculated QW absorption. Green: the confinement factor. Red: 
Reflectivity spectrum. The temperature of the structure is at 325 K and the carrier density 
is 0.05×1012 cm-1. 
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2.2 Device Fabrication 

For our high power OPSL devices, we use the bottom emitter configuration for 

the OPSL structure. The flow diagram of the fabrication processes is shown in Fig. 2.10. 

The fabrication includes two major processes: heat spreader attachment and substrate 

removal. The details of each process are discussed in this section. 

 

2.2.1 Bonding 

The first processing step for a bottom emitter structure is soldering the 

semiconductor chip onto a heat spreader. In this step, the material of the solder layer and 

the heat spreader need to be carefully chosen by considering their thermal conductivity 

and thermal expansion coefficient. For our OPSL devices, we use indium solder to bond 

the semiconductor chip with a diamond heat spreader with a thickness varying from 500 

µm to 1 mm. Before the bonding process, both semiconductor chips and diamond heat 

spreaders are metalized with 100 nm titanium (Ti) or chromium (Cr) followed by 100 nm 

gold (Au) layer. The Ti layer is used to improve the adhesion of the Au layer which 

forms an alloy with the indium solder layer during the bonding process. In the early stage 

of processing development, a 50-µm thick indium film was used as the solder layer and 

the bonding process was done in the atmosphere without prevention of indium oxidation. 

An ultrasound image of a processed OPSL is shown in Fig. 2.11(a). The high-intensity 

area in the ultrasound image denotes solder voids which are air gaps/bubbles inside the 

solder junction. These air gaps block the heat transfer pathway leading to high local 

temperature and hence early thermal roll-over or burning of the chip. Consequently, the  
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semiconductor chip, the solder layer and the diamond heat spreader. 

 

 
FIGURE 2.12 Vacuum bonding station 

 
FIGURE 2.13 Temperature setting for semiconductor-heat spreader bonding 

 

To confirm the quality of the solder junction using the bonding procedure 

described above, the processed OPSL device is investigated by ultrasound imaging (Fig. 

2.11(b)). The ultrasound image shows a nearly void-free junction of the processed OPSL 

device indicating the successful development of bonding procedure for high power OPSL 
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devices. For better cooling efficiency, some of our OPSL devices are soldered on the Ti-

Au metalized copper submount which is a part of the water heat sink using indium or 

indium-tin solder film (Fig. 2.14). If indium film is used, all the components including 

the semiconductor chip, the diamond heat spreader, the indium film and the copper 

submount are properly aligned and bonded all together at once. On the other hand, the 

semiconductor device can be bonded on copper submount separately using lower 

soldering temperature (140 ⁰C) if indium-tin film is used for soldering. Although indium 

has higher thermal conductivity (81 W/m·K) than indium-tin alloy (34 W/m·K), the 

indium-tin soldering process provides a more flexible way for fitting OPSL devices on 

different water heat sink geometries because of the separate soldering process. 

 

 

FIGURE 2.14 OPSL device soldered on the copper submount 
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FIGURE 2.15 Stirring fixture 

 

2.2.2 Chemical wet etching 

After thinned semiconductor chips are bonded on diamond heat spreaders, the 

substrate of the semiconductor chip is removed by chemical wet etching. The choice of 

etchant for this step depends on the substrate material and the etch-stop layer material. 

High etching selectivity, i.e. the etching rate ratio of the substrate material to the stop 

layer material, is required for properly terminating the etching reaction on the etch-stop 

layer. For our semiconductor chips, the InGaP cap layer in the epitaxial structure also 

serves as the etch-stop layer, which has an etching rate of 5 nm/min in pH 8.5 hydrogen 

peroxide and ammonium hydroxide mixture, while the GaAs substrate is etched at 6 

µm/min in this etchant. Since the temperature of the etchant affects the etching rate and 

the pH value, the temperature during the etching process needs to be well controlled and 

fixed at 27 ⁰C.  Fig. 2.15 shows the stirring fixture we used for the etching process. The 

two arms of the machine rotate 65 degrees back and forth so the surface of the GaAs 
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FIGURE 2.17 Reflectivity spectrum measured at 120 ⁰C. The dip wavelength of the 
OPSL structure vs. etching time after the GaAs substrate is totally removed as an inset is 
shown. 

 

The etching process also affects the spectral position of the micro-cavity 

resonance and hence, the laser operation wavelength. The etching process does not 

completely stop at the etch-stop layer but etches the stop layer slowly. The final thickness 

of the cap layer, which is also the etch-stop layer in our case, together with other layers in 

the OPSL structure determine the micro-cavity resonance, which determines the lasing 

wavelength. Fig. 2.17 shows the 120 ⁰C reflectivity spectra of an OPSL structure with 

different amount of over-etching. The absorption dip becomes 1.6 nm shorter with every 

minute of over-etching which means the laser runs at a shorter wavelength if the OPSL 

device is over-etched. As the result, it is very important to control the etching process to 

prevent lasing wavelength deviation from the original design. One may carefully control 

the over-etching to change the laser operation wavelength if a little shorter wavelength is 
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desired. 

 

 
FIGURE 2.18 TDR of 1010 nm OPSL device 

 

2.2.3 Structure characterization 

Before we build optical resonators and test the power performance of our OPSL 

devices, we measure the temperature dependent reflectivity (TDR) spectrum and surface 

photoluminescence (sPL) for device characterization. Due to the temperature dependent 

QW absorption and temperature dependent refractive index of semiconductor materials, 

both the QW gain and the micro-cavity resonance shift to longer wavelength but with 

different shift rates. By observing the spectral position and the depth of the absorption dip 

in TDR, information about the dynamic relationship between the QW gain and the micro-

cavity resonance can be obtained. Thus, the behavior of the OPSL, such as the related 

lasing threshold, the optimal operation temperature, and the lasing wavelength can be 

deduced. For example, Fig. 2.18 shows TDR spectra of an OPSL structure with a QW 
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absorption designed at a shorter wavelength than the micro-cavity resonance at room 

temperature. This design is referred to as the negative detuning design.  

Since the QW absorption is shorter than the micro-cavity resonance at room 

temperature, the partial overlap between them leads to a shallower absorption dip in the 

reflectivity spectrum measured at 40 ⁰C. The depth change from 40 ⁰C to 120 ⁰C reflects 

the process of QW absorption catching up to the micro-cavity resonance and then running 

away since the absorption peak shifts faster than the micro-cavity resonance. The 

temperature where the TDR has the deepest dip is the temperature where the absorption 

and the micro-cavity resonance align. Without excitation, the actual QW detuning can be 

calculated by multiplying the difference of this temperature and room temperature with 

the spectral shift rate difference of the QW absorption and the micro-cavity resonance. 

Under laser operation where carrier density is much higher than the condition in which 

TDR is measured, the QW “gain” peak is at a longer wavelength than the QW 

“absorption” at a given temperature, so the temperature at which TDR has the deepest dip 

is not exactly the temperature at which the QW “gain” and the micro-cavity align. 

Although the optimal laser operation temperature is not directly obtained from the TDR, 

we still can get an approximate idea about relative threshold and roll over behavior 

among different structures by comparing the temperature where their TDR has the 

deepest dip. Another thing that can be obtained from TDR is the lasing wavelength, 

which pretty much follows the micro-cavity resonance. The lasing wavelength of an 

OPSL that is operated at the optimal working condition can be deduced accordingly. 

Moreover, the information on deviations, such as layer thickness and semiconductor 
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composition can be obtained by comparing the measured reflectivity spectrum with a 

computed one using fully microscopic modeling [56]. Thus, the measured TDR together 

with the simulated reflectivity spectrum provide a useful tool for OPSL structure 

diagnostics. 

Surface photoluminescence (sPL), which is the PL spectrum measured in the 

direction perpendicular to the surface of OPSL devices using low optical excitation, is 

another common tool for OPSL device characterization. Although the experimental setup 

is easy, and the measurement is done quickly, sPL is a complex multi-peak spectrum 

containing features that cannot be directly related to optical properties of OPSL devices. 

The spectral position and the amplitude of peaks in the sPL spectrum are not the same as 

the PL signal detected from the QW emission in free space. The PL signal emitted from 

the QWs is modified by a filter function resulting from the dielectric environment of each 

layer of the OPSL structure. In addition, the temperature dependent PL and refractive 

index of each layer inside the OPSL structure make sPL temperature sensitive. In order to 

correctly analyze the sPL, we should compare the experimental sPL data measured at a 

given temperature with the computed sPL at the same temperature. The computed sPL is 

calculated as the product of the QW PL and the filter function described in [57]. The QW 

PL is calculated by solving the semiconductor luminescence equations (SLE) [58, 59]. 

Fig. 2.19(a) shows a measured sPL spectrum, a computed sPL spectrum, a computed PL 

and the filter function at 10 ⁰C [56]. It is obvious that the peaks in the sPL are not at the 

same wavelength as the material PL peak nor the filter function. The linewidth and the 

shape of sPL spectrum is not only determined by the spectral shape of the QW PL and the 
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Fig. 2.19(b) shows the measured and calculated sPL at 10 ⁰C and 40 ⁰C. The good 

agreement between theory and experiment is found at both temperatures. The calculated 

sPL at 40 ⁰C was obtained only by changing the temperature parameter in the simulation 

which is based on the fully microscopic model. No inputs or assumptions were 

implemented additionally or differently for predicting sPL at 10 ⁰C and 40 ⁰C. Again, the 

fully microscopic model needs no specific experimental inputs for fitting measurement 

conditions. Therefore, the calculated sPL can be obtained for over wide ranges of 

temperature without additional measurements. 

Comparing the experimental data to the computed sPL spectrum or reflectivity 

spectrum allows us to derive the inhomogeneous broadening, experimental carrier density, 

and actual structure parameters like layer thickness and material composition. With this 

information, we can then simulate actual gain spectra at high carrier density for laser 

performance prediction. 
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CHAPTER 3  
TEMPERATURE EFFECTS, THERMAL ANALYSIS AND OPTIMIZATION OF 

OPSLS 

 

OPSLs have been proven to be capable of high power operation due to their 

power scalability. Theoretically, power scaling is achieved by increasing the pump spot 

size while maintaining a fixed pump power density to keep the heat flux constant. 

However, the temperature rise increases with the pump spot size and hence limits the 

power scalability. Therefore, reducing the thermal impedance is an important key to high 

power generation in OPSLs.  

In this chapter, the mechanisms of temperature effects limiting OPSL output 

power are discussed and the temperature inside the QWs during laser operation is 

modeled. We analyze the influence of different parameters on the temperature rise in the 

QWs using commercial COMSOL Multiphysics 4.2 finite element analysis software and 

develop heat management strategies accordingly. 

 

3.1 Power limiting mechanism 

During laser operation, only a portion of the incident pump is converted to the 

laser output. The quantum defect, which is the photon energy difference between the 

pump and the laser, together with other lasing inefficiencies, such as non-radiative carrier 

recombination, are dissipated as heat from the active region. The dissipated heat in the 

active region induces a peak wavelength shift and reduction of the gain magnitude. In 

addition, the effective gain is determined by the temperature dependent spectral overlap 
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between the QW gain and the micro-cavity resonance. The dissipated heat eventually 

causes spectral mismatch between the QW gain and the micro-cavity resonance leading 

to reduction of the effective gain. When the effective gain becomes smaller or eventually 

less than the threshold condition, thermal roll-over occurs and the laser shuts off. 

Moreover, the local high temperature may also cause permanent damage, especially when 

a defect is in the pump area.  

 

3.1.1 Temperature dependent effective gain of OPSLs 

In a multi-QW structure, the gain is localized in each QW. The total effective gain, 

Ge is proportional to the material gain G and the intensity of the electric field at each QW 

location described by the longitudinal confinement factor Γz as [60]: 

 

௘ܩ ∝ ௭߁ܩ (3.1)

 

௭߁ = ∑ หE୧౭ା + E୧౭ିหଶ௪|E଴ା|ଶ + |E଴ି |ଶ (3.2)

   

where E୧౭	is the electric field in the wth QW at the iwth layer inside the OPSL structure.  

The “+” and “-” sign denote wave propagation in the forward and the backward 

directions, respectively. Since both the material gain and the longitudinal confinement 

factor are temperature dependent, the effective gain is also temperature dependent. Let us 
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start with the temperature effect on the material gain G0. In Chapter 2, we showed how 

the peak intensity and the spectral position of G0 depend on the QW temperature in Fig. 

FIGURE 2.5. With increasing temperature, the bandgap of the QWs shrinks and the gain 

peak shifts to longer wavelength with a rate of approximately 0.3~0.4 nm/K for InGaAs 

based 1 µm material. The second effect that temperature has on the material gain is 

temperature dependent gain magnitude which is also shown in Fig. 2.5. It is clear to see 

that the gain decreases with increasing temperature. This effect will not be further 

discussed in this section. More detailed and comprehensive discussions can be found in 

ref. [61].  

The second way that temperature rise influences the effective gain is through the 

longitudinal confinement factor, which has a spectral peak at the wavelength of the 

micro-cavity resonance. Due to the temperature induced refractive index change of the 

semiconductor layers, the resonance wavelength shifts to longer wavelength at a rate of 

0.1 nm/K. As a result of the different thermally induced shift rates, the material gain and 

the micro-cavity resonance only align at a certain temperature. Beyond this temperature, 

the material gain passes the micro-cavity resonance and the effective gain drops. Because 

the gain of the laser is clamped at the threshold gain, higher carrier density is required to 

achieve this gain at high temperatures due to the temperature effects mentioned above 

[62]. Eventually, the laser turns off in a thermal roll-over process which is the major 

mechanism that limits output power in OPSLs.  
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FIGURE 3.1 Mechanisms of Auger recombination processes: (a) CHCC process and (b) 
CHHH process. 

 

3.1.2 Auger recombination 

The pump-laser conversion in OPSLs is a process of pump absorption, carrier 

production and carrier recombination. The output characteristics of OPSLs, such as lasing 

threshold, output efficiency and thermal rollover are deeply affected by the carrier 

recombination process. It is necessary to understand the dependence of carrier losses in 

OPSLs on the rising temperature during laser operation.  

The carrier loss rate is usually modeled using a simple “ABC” power law, where 

the dependence on temperature can be included in the temperature dependent A, B, C 

coefficients which are usually determined from experimental data [63]. On the other hand, 

the microscopic approach provides a fully predictive tool to investigate the carrier losses 

and a detailed discussion can be found in [64]. Here, we give a short introduction to 

Auger recombination which is usually the dominant effect in non-radiative carrier 

recombination. 

(a)

1

1’

2

2’

(b)

1

1’

2

2’

Split-off band

Light hole band
heavy hole band

Conduction band



p

(

e

e

B

t

m

a

f

(

i

r

F
t

Fig. 

process (a) 

(1 and 1’ i

electron in 

energy band

Both proce

thermal vibr

mechanisms

affected by 

for the OPS

(thick dashe

increased h

recombinati

 

FIGURE 3.
the density 

3.1 illustrat

and the CH

in the figur

the form of

d, while the 

sses create 

rations. In o

s during O

heating. Th

SL structure

ed line) is 

heating. As 

ion induced 

2 Carrier lo
squared. Th

tes two mec

HHH process

re) recombi

f kinetic ene

released en

excited ca

other words

OPSL opera

he microsco

e is shown i

found to be

the result, 

 by the Aug

oss currents 
he thick dash

chanisms of

s (b) [65]. In

ine and the

ergy (2 to 2

nergy is tran

arriers which

, the Auger 

ation. Mean

opic modeli

in Fig. 3.2 [

e more sign

the increa

ger process a

per well at 
hed lines rep

f Auger reco

n the CHCC

e released e

2’ in Fig. 3.

nsferred betw

h lose their

recombinat

nwhile, the

ing based A

[56]. From 

nificant at a

se of devic

and vice ver

275 K (bla
present Aug

ombination 

C process, a

energy is tr

1(a)) witho

ween holes 

r excess en

tion process

e Auger re

Auger recom

the figure, 

a higher tem

ce temperat

rsa. 

ack) and 375
ger recombin

processes: t

an electron a

ransferred t

ut moving t

in the CHH

nergy in the

s is one of th

ecombinatio

mbination c

Auger reco

mperature, l

ture increas

 

5 K (grey) d
nation loss. 

66 

the CHCC 

and a hole 

to another 

to another 

HH process. 

e form of 

he heating 

on rate is 

calculation 

mbination 

leading to 

ses carrier 

divided by 



67 

3.1.3 Optical and thermal damage 

Catastrophic optical damage (COD) is one of the common power limiting mechanisms of 

semiconductor lasers. COD occurs when the semiconductor material absorbs too much 

light leading to recrystallization at the laser facet. Since the pump spot size used in 

OPSLs is usually several hundred microns in diameter, the pump power density at the 

semiconductor surface is much lower than the damage threshold of COD which is 

normally between10 to 20 MW/cm2. Nevertheless, permanent damage is still observed in 

OPSLs. The causes of the permanent damage are usually due to thermal issues. In high 

power OPSL experiments, two types of permanent damage induced by local heating are 

observed. The first type of damage is observed when a local solder void exists at the 

solder junction. This kind of damage usually occurs at a low pump power density and is 

in the form of a burned hole. Sometimes when the air void is large, the damage process 

creates a lot of semiconductor particles, contaminating the device surface and leading to  

high scattering loss. On the other hand, the smaller solder voids can be observed by 

illuminating with low power pump light before they are burned. Fig. 3.3(a) shows voids 

under illumination from a 840 µm diameter pump spot. The solder voids appear as high 

intensity features on the CCD camera. If the pump power increases, the local temperature 

increases rapidly due to the blocked heat transfer path caused by the solder voids. As a 

consequence, the area where the void is located leads to burning and leaves a hole 

precluding laser operation. 

The second type of thermal damage usually occurs at the center of the pump spot 

and is observed around laser rollover. During high power operation, the temperature rise  
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              (a) 

 
 

                                (b)  

 
FIGURE 3.3 (a) Solder voids and thermal damage (b) crossed-crack damage 

 

at the pump spot center is usually much higher than that at the edge. The laser may shut 

off at the center but still be working at the pump spot edge before thermal rollover of the 

output power. As the pump power keeps increasing, the central temperature is so high 

that the semiconductor cracks as shown in Fig. 3.3(b). This damage manifests itself as 

dark lines that differ in appearance from solder void induced thermal damage. Sometimes 

the semiconductor is cracked only in one direction so the damage looks like a dark line.  

This kind of damage also happens when a local structure defect is present. 
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3.2 Introduction of heat transfer in OPSLs 

For our OPSL device, which is a thinned semiconductor structure soldered on a 

diamond heat spreader, the major cooling is accomplished a heat sink that is cooled by a 

water circulating chiller. The major heat path is from the active region to the heat sink 

through the DBR, the solder layer, the heat spreader and the copper submount. Two 

major heat exchange mechanisms are involved in this heat transfer process, conduction 

and convection. 

 

3.2.1 Heat transfer in solids (conduction) 

Heat transfer in solids is through conduction which is a mode of energy transfer 

due to a temperature gradient. Conduction is described by Fourier’s law: 

 

ܳ = −݇௧௛ܣ∇ܶ (3.3)

 

or 

௛ݍ = −݇௧௛∇ܶ (3.4)

 

where Q is heat flow rate (SI units, W), qh is heat flux (SI units, W/m2), kth is thermal 

conductivity (SI units, W/m∙K), and T is temperature. Fourier’s law states that the rate of 

heat conduction is proportional to the area (A) normal to the direction of heat flow and to 

the temperature gradient (∇T). One can derive a general conduction equation (3.5) using 
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equation (3.3) and applying a Taylor series expansion using the principle of conservation 

of energy which states that the rate of change of internal energy equals the summation of 

the internally generated heat (Qi) and the heat flow rate into and out from a volume 

element [66].  

 

ܥߩ ݐ߲߲ܶ = ∇ ∙ (݇௧௛∇ܶ) + ܳ௜ (3.5)

 

In equation (3.5), ρ is density (kg/m3) and C is specific heat capacity (J/kg∙K). For a 

material where the thermal conductivity is constant, i.e. both independent of temperature 

and invariant throughout the medium, the steady state conduction equation without 

internal heat generation can be expressed as Laplace’s equation: 

 

∇ଶT = 0 (3.6)

 

To solve the conduction equation, boundary conditions must be adopted and these 

can be formulated in several different ways. The first kind of boundary condition 

commonly used for solving the heat conduction equation consist of defining the 

temperature on the boundary explicitly. In the water cooled OPSL system, this boundary 

condition is usually applied at the heat sink water interface where the temperature at this 

boundary is set at the same value as the water temperature. The second kind of boundary 
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condition is through specifying an explicit value for the heat flux which is related to the 

temperature gradient via Fourier’s law (3.4). This kind of boundary condition is also used 

in the middle of active region to supply the heat source for solving the temperature inside 

the OPSL device. A boundary condition of a third kind specifies an external heat transfer 

coefficient h, which is related to the temperature gradient (assuming heat flow is in the x 

direction) through the boundary temperature Tb and the reference fluid temperature Tref 

by [66]: 

 

−݇௧௛(߲߲ܶݔ)௕௢௨௡ௗ௔௥௬ = ℎ( ௕ܶ − ௥ܶ௘௙) (3.7)

 

The third kind of boundary condition describes heat transfer between a solid medium and 

external mobile fluids (liquids or gases). This kind of heat transfer is referred to as 

convection and is discussed in the next section. 

Given the boundary conditions, the exact temperature at any point in an analyzed 

solid system can be obtained by analytically solving the conduction equation. However, 

solving the partial differential conduction equation analytically is usually complicated 

even for simple systems. Real systems like water cooled OPSL devices are usually 

composed of different components with various thermal properties and shapes and the 

actual boundary conditions tend to be complicated making solution of the conduction 

equation even more difficult. Numerical techniques, on the other hand, give approximate 

solutions to partial differential equations at “mesh points” providing a good tool for 
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efficiently solving partial differential equations over complicated domains. In the thermal 

analysis discussed in 3.2.3, we use simulation software based on finite element analysis, 

one of the numerical techniques used to determine the temperature inside the OPSL 

device. The details of the system geometry and the boundary conditions are also 

described in 3.2.3. 

 

3.2.2 Convection 

Convection is the form of heat transfer that takes places in moving fluids (liquids 

or gases). If the motion of fluids is generated by external means such as a pump or a fan, 

it is referred to as forced convection. If the fluid motion is created by density variations 

induced by temperature differences, it is referred to as natural convection. In convective 

heat transfer, the heat flow rate Q from a solid surface to an adjacent moving fluid is 

expressed as: 

 

ܳ = ℎܣ( ௕ܶ − ௥ܶ௘௙) (3.8)

 

or 

ݍ = ℎ( ௕ܶ − ௥ܶ௘௙) (3.9)

 

The equations (3.8) and (3.9) look very simple, but complexities are hidden in the 

convective heat transfer coefficient h (SI units, W/m2K). The convective heat transfer 
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coefficient is not a thermal property like thermal conductivity but depends on the velocity 

of the fluids, the presence of turbulence or laminar flow, surface geometry and fluid 

properties like density, viscosity, and thermal conductivity. As a result, not only the 

configuration of the OPSL device itself but also the specification of the external chiller, 

heat sink geometry, and coolant types affect the thermal impedance of OPSLs during 

laser operation.   

 

 

FIGURE 3.4 Water heat sink. Left: heat sink body without the copper submount. Right: 
heat sink with the copper submount and an OPSL device 

 

It is important to assume convective heat transfer for the boundary condition at 

the heat sink surface contacting with the coolant instead of using a fixed temperature 

when analyzing temperature rise in OPSLs to indentify opportunities for thermal 

management improvement. Fig. 3.4 shows the water heat sink that we used for cooling 

our OPSL devices. This cooling system is based on forced convective cooling using an  
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ℎ = ௨ܰ ݇௙ܮ௧ , (3.10)

 

where kf is thermal conductivity of the coolant fluid and Lt is the length of the cooling 

target. In general, the Nusselt number depends on the Reynolds number Re, the ratio of 

nozzle-to-target distance to the nozzle diameter (S/Dn), and the ratio of radial distance to 

the nozzle diameter (r/Dn). A larger Reynolds number gives a larger heat transfer 

coefficient. The Reynolds number Re is of the form: 

 

ܴ௘ = V௙ܮ௧ߥ௙ , (3.11)

 

where Vf is the fluid velocity inside the nozzle and νf is the kinematic viscosity of fluid. 

From (3.11), one can see that the Reynolds number depends on the fluid velocity inside 

the nozzle which is determined by the chiller pump and the diameter of the nozzle (Dn). 

The other parameters, S/Dn and r/Dn also depend on Dn [67]. The details of the effects 

upon the impingent jet from the two parameters, S/Dn and r/Dn, are not discussed here but 

a rule of thumb is to use S/Dn close to 6 and to use as small on r/Dn as possible [67-70]. 

In the next section, we calculate the heat transfer coefficient for an improved heat sink 

design based on the discussion above. 
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3.3 Thermal simulations 

As described earlier, thermal issues are detrimental to the OPSL performance in 

several ways and thus optimization of thermal management is essential for high power 

OPSLs. In this section, we model the temperature rise at the center of the QWs in 

different device cooling formats to optimize and improve thermal management by using 

commercial COMSOL Multiphysics 4.2 finite element software. Parameters such as the 

pump intensity profile, materials and geometries of the heat spreader, solder layers and 

the heat sink submount are considered in detail here. 

 

 

FIGURE 3.6 Geometry and standard parameters used for thermal simulations 

  

1.5 mm Cap 0.16 μm

QWs 1.64 μm

DBR 3.24 μm

Indium 6 μm
2.5 mm CVD Diamond 0.5 mm

Indium film 50 μm

1.27 cm Copper sub mount 1.5 mm−݇ݐℎ(߲߲ܶݔ) = ℎ(ܾܶ − ݂݁ݎܶ ) ; h=33000 W/m2K
Tref=283K

Thermal insulated

Heat flux: 5 th order super Gaussian
radius =0.5 mm
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3.3.1 System geometry and boundary conditions 

Improvement and optimization of thermal management focuses on three areas, 

convective cooling of the water heat sink, the heat source, and conduction in the OPSL 

device. Fig. 3.6 shows the system geometry and parameters to be optimized. In the 

modeling, an axially symmetric device is assumed and all thermal conductivities are kept 

constant.  Since convective cooling at the water-heat sink interface is one of the boundary 

conditions, we start with strategies for improving convective cooling and the formulation 

of this boundary condition. 

In 3.2.2 we introduced the impingent jet based water heat sink we use for cooling 

our OPSLs and the dependency of the heat transfer coefficient on nozzle geometry. 

Several parameters affecting the Nusselt number are not easily altered for improvement, 

such as coolant properties and the chiller pump characteristics. Here, the improvement is 

only based on one parameter, the nozzle diameter (Dn), which affects the fluid velocity 

inside the nozzle and the ratios S/Dn and r/Dn. A previous water heat sink design has a 6 

mm diameter nozzle giving S/Dn of 1.9 (S=11.5 mm) and maximum of r/Dn 0.42 if a 5×5 

mm diamond heat spreader is used. The improved design has Dn = 4 mm and the new 

S/Dn and r/Dn are 2.9 and 0.6, respectively. The Nusselt number for the old and the 

improved design can be calculated using (3.11) by [71]: 

 

௨ܰ = 1.29ܴ௥଴.ହ ௥ܲଵଷ = ௡ܦ	ݎ݋݂)	402 = 4	݉݉) = 329 ݎ݋݂) ௡ܦ = 6 ݉݉) (3.12)
 

where Pr is the Prandtl number. The values of the parameters used for this calculation are 
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listed in Table 3.1. The heat transfer coefficients calculated using (3.10), and (3.12) for 

the two designs are around 33000 W/m2K for  Dn = 4 mm and 27000 W/m2K for  Dn = 6 

mm. More than a 20% increase in the heat transfer coefficient is obtained by simply 

reducing the nozzle diameter. This improvement reflects a 3~4 ⁰C reduction of the OPSL 

temperature in the center of the active region when the standard system geometry (Fig. 

3.6) is used for the simulation. Further reducing the nozzle diameter can further increase 

the fluid velocity and thus the Reynolds number, but it also increases r/Dn which causes a 

dramatic decrease in the Nusselt number. The other boundary conditions used in the 

simulation include a boundary heat source with a 5th order super Gaussian profile (∝	exp(-r/w)5) located in the middle of the quantum wells, and thermally insulated 

boundaries imposed on all other surfaces except for the axis of symmetry and the bottom 

surface of the copper submount.  

 

TABLE 3.1  
Parameters for heat transfer coefficient calculation 

Vf the fluid velocity inside nozzle 
= 10 m/s for Dn = 4 mm 

= 4.4 m/s for Dn = 6 mm 

νf  
the kinematic viscosity of fluid  
(50% Ethylene glycol) 4.81x10-6 m2/s   [ref] 

Lt width of OPSL device  5 mm 

Pr Prandtl number 40 

kf  thermal conductivity of 50% ethylene glycol 0.42 W/m∙K 
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3.3.2 Heat source 

    
FIGURE 3.7 Transverse profiles of heat sources. (a) Normalized Gaussian, super-
Gaussian and uniform pump profile with a radius of 250 µm (b) Heat flux profiles of 
Gaussian, super-Gaussian and uniform pump source with a power of 100 W 

 

The transverse intensity profile of the boundary heat source in a system has a 

large influence on the temperature distribution and the maximum local temperature at 

thermal equilibrium. Therefore, the maximum temperature of the pump area can vary 

considerably when it is pumped by lasers with different transverse intensity profiles. Fig. 

3.7(a) shows a Gaussian, a 5th order super-Gaussian and a top-hat (or uniform) pump 

profile. All three pumps have a radius of 250 µm where the intensities of the Gaussian 

and the super-Gaussian drop to 1/e2 of the peak value. The heat flux profiles of the three 

heat sources with 100 W of dissipated power are shown in Fig. 3.7(b). One can see that a 

Gaussian pump has a much higher local heat flux at the center of the pump beam. This 

high heat flux can therefore induce high local temperatures leading to thermal rollover in 

OPSL operation. Fig. 3.8 shows the radial temperature distribution across the center of 

the active region. As shown in the figure, the central temperature in the active region of  
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FIGURE 3.8 Radial temperature distribution of OPSL devices pumped by uniform beam, 
super-Gaussian beam and Gaussian beam 

 

the device pumped by a Gaussian profile beam has much higher value compared to the 

temperature rise caused by the other two pump profiles. Since thermal rollover depends 

on a local temperature value, the device would have thermal rollover at a lower pump 

power if it is pumped by a Gaussian distributed beam. In addition, the temperature 

difference between the center and the edge of the pump area is larger for devices pumped 

by a Gaussian profile beam. As the central temperature reaches the rollover temperature, 

the output power from the pump spot center decreases and eventually shuts off. However, 

the temperature at the pump spot edge is still low so the laser is operating normally in 

multi-mode operation. The total output power contributed from the center and the edge of 

the pump spot may not show reduction at some points even if the center area has shut off. 

Thus, continued pumping in this area may cause permanent thermal damage at the center 

before a total output power roll-over is observed (Fig. 3.3b). On the other hand, the center 

temperature and the temperature difference are much lower in the device pumped by a 
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top-hat like beam. Therefore, the top-hat like beam is most suitable for high power OPSL 

operation. 

 

3.3.3 Thermal optimization of high power OPSL devices 

To obtain high power output from a single OPSL device, the common method is 

to scale the pump area with a constant pump power density so that the output power is 

scaled with the pump area. In the previous thermal analysis, we compared the 3D heat 

flux from the active region of the OPSL chip when pumped by a 500 µm and a 1 mm spot 

(1/e2 diameter) [72]. The larger pump spot displays a quasi-1D heat extraction near center 

signifying a path to power scaling via pump spot increase. However, the absolute 

temperature inside the active region was higher from the larger pump spot due to the 

reduction of heat spreading at the center of the pump. The temperature rise increases with 

the pump spot size and hence limits the power scalability of OPSLs. Fig. 3.9 shows the 

central temperature in the active region of an OPSL device pumped by a 5th order super-

Gaussian beam with a diameter from 500 µm to 1200 µm. The pump power density is 

fixed at 191 W/mm2 for all pump sizes. Although the heat flux is fixed, the center 

temperature is not a constant. As we discussed earlier, thermal rollover occurs when the 

local temperature exceeds the rollover temperature.  When a larger pump spot is used, the 

rollover temperature is reached at a lower pump power. Thus, the power scaling of 

OPSLs is limited.  

For improving the power scalability of OPSLs, we optimized the device geometry 

and tried to minimize the slope of the pump size dependent temperature curve (Fig. 3.9).  
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FIGURE 3.9 Simulated pump spot size dependent center temperature. The pump power 
density is fixed at 191 W/mm2 for all pump sizes.  

 

Each parameter is analyzed independently meaning that only one variable is used in one 

simulation and other structure parameters are unchanged using the values shown in Fig. 

3.6. The first factor discussed here is the thickness and the width of the heat spreader. 

Many papers have discussed the importance of material selection for the heat spreader 

and CVD diamond is considered the best material for heat spreading and heat sinking due 

to its high thermal conductivity. Here, CVD diamond with a thermal conductivity of 1800 

W/m∙K is used as the heat spreader. The influence of the diamond width and thickness on 

the temperature are plotted in Fig. 3.10(a) and (b). With the increase of the diamond 

thickness/width, the degree of heat spreading increases and hence a lower temperature 

rise is calculated. In addition, the slope of the pump size dependent temperature curve is 

reduced when the diamond dimension increases. This influence becomes less significant 

when the diamond width is larger than 7 mm and the thickness is larger than 500 µm. 

Therefore, the best diamond dimension for power scaling is about 7 × 7 × 0.5  mm 
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considering the device cost and the cooling efficiency. 

 

 

 
FIGURE 3.10 Simulated pump spot size dependent center temperature. (a) Center 
temperature in OPSL devices with various diamond widths (b) Center temperature in 
OPSL devices with various diamond thicknesses. 

 

The second parameter we analyze is the thickness of the indium solder between 

the semiconductor chip and the diamond heat spreader. Fig. 3.11 illustrates the center 

temperature for different pump spot sizes when different thicknesses of the indium solder 

are used. Although the slopes of the pump size-temperature curves in the figure are 
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almost the same, the absolute temperature in the active region increases significantly with 

increasing solder thickness. Every 2 µm decrease in solder thickness reduces the 

temperature by approximately 7 ⁰C. However, bonding weakness, which could cause 

thermal damage or early thermal rollover, is observed if the thickness of the indium 

solder is reduced too much. To achieve both a good bonding junction and effective 

cooling, we use a thickness of 6 µm for high power OPSL operation. 

 

 
FIGURE 3.11 Simulated pump size dependent temperature in devices with different 
indium solder thickness 

 

There is another indium layer in our OPSL device/cooling system. This indium 

layer bonds the OPSL device and a copper submount together. In the early version of the 

OPSL device/heat sink setup, the two components were not soldered together but only 

contacted to one another. Mounting irregularities sometimes cause an air gap between the 

copper submount and the OPSL device and hence affect OPSL output performance. 
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FIGURE 3.12 Simulated pump size dependent temperature in OPSL devices soldered on 
the copper submount for different thicknesses of the indium solder 

 

We now solder OPSL devices onto the copper submount to make OPSL performance 

more reproducible and unaffected by the mounting condition. The influence of the 

submount solder thickness on power scaling is also analyzed for further optimization. Fig. 

3.12 shows the temperature at the center of active region in OPSL devices soldered on the 

copper submount with different thicknesses of the indium solder. Unlike the indium layer 

between the diamond and the OPSL chip, the indium layer between the OPSL device and 

the copper submount has less influence on the temperature rise in the active region. The 

dependence of the temperature on solder thickness is insignificant, with the temperature 

about 1 ⁰C lower for every 10 µm reduction in indium thickness. Moreover, the indium 

layer used between the copper submount and the OPSL device is in the form of a metal 

film which is soft and difficult to handle when it is too thin. Therefore for easier 

processing, most of our OPSL devices are bonded on the copper submount by a 50 µm 

thick indium solder film.  
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The final structure that we analyze is the copper heat sink submount. As shown in 

Fig. FIGURE 2.14, this structure is a 1 inch diameter copper disc for fitting into the heat 

sink body. For thermal optimization, we calculate the temperature in the active region by 

changing the thickness of the copper submount; the results are shown in Fig. 3.13. From 

the figure, we observe a slight temperature drop for the device bonded on a thicker 

copper submount, especially from 1.5 mm to 2 mm (about 5 K for a spot size larger than 

1000 µm). This result indicates that this copper submount not only exchanges heat from 

the OPSL device to the external pumped coolant, but also spreads the heat from the 

OPSL device. Therefore, the thicker copper submount can lead to a lower temperature in 

the active region. 

Except for the copper thickness, we made some geometry changes to the copper 

submount for increasing the area that the diamond heat spreader contacts the copper 

submount. The new version of the copper submount is shown in Fig. 3.14. A rectangular 

recess is drilled at the center of copper disc for an OPSL device to fit in and indium-tin 

solder is used for filling the gap between the diamond and the copper. We anticipate that 

this new copper submount can provide additional cooling at the sides so that temperature 

in the active region will be further reduced. In order to investigate this, we calculated the 

pump spot size dependent temperature and compare this result to the simulated result we 

discussed earlier in Fig. 3.13. It is found that the temperature in the active region is much 

lower when the new version of the copper submount is used. Increasing the area of 

diamond contacting the cold copper block helps to spread the produced heat so the 

maximum temperature is reduced in the system.  
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FIGURE 3.13 Simulated pump size dependent temperature in OPSL devices soldered on 
copper submount with various thicknesses and temperature in the OPSL device soldered 
on a copper submount with side cooling design. 

 

 

FIGURE 3.14 Copper submount with a recess for side cooling.  
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CHAPTER 4  
HIGH POWER MULTI-TRANSVERSE MODE OPSLS 

 

High-power semiconductor lasers are of particular interest in applications such as 

pump sources for diode-pumped solid-state lasers (DPSSLs) and high-energy Q-switched 

Nd:YAG lasers since the emission wavelength of the semiconductor lasers can be 

designed to fit the pump wavelength that the solid state lasers require. For traditional 

single element semiconductor lasers, edge emitters are usually preferred for high power 

applications because they deliver tens of watts of output power at high conversion 

efficiencies. However, the output beam of edge emitters is highly elliptical and highly 

divergent, while the output beam of OPSLs is circular and symmetric. Moreover, uniform 

optical pumping over few hundred microns is achievable so output power of several tens 

of watts can be realized from a single OPSL device [23, 73]. In the last two chapters, the 

theoretical and practical basics for the development of high power OPSLs have been 

discussed. Here we demonstrate over 100 W of CW power from a single OPSL device as 

a stepping stone to developing a kW-level OPSL system. 

 

4.1 Experimental setup 

The OPSL experimental setup is illustrated in Fig. 4.1. The processed device was 

mounted on a water heat sink with the coolant kept at 10 ⁰C or lower. One or two 808-nm 

pump beams from multi-mode, fiber-coupled diode stacks are expanded and imaged onto 

the OPSL device at a small angle of incidence. A simple linear cavity was used for high 

power multi-transverse mode OPSL experiments. The concave output coupler has a 10 
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FIGURE 4.2 (a) Intensity profile of Apollo laser. (b) Left: intensity profile of DILAS 
laser. Right: Intensity profile of DILAS laser with fiber bending 

 

difference across the pump area. The second pump laser is a 200 W fiber-coupled (400 

µm core) diode laser from DILAS which has an intensity distribution close to a Gaussian 

beam on top of a top-hat profile. The center intensity is much higher than the edge so it is 

likely to causes thermal rollover at a pump power lower than that which causes thermal 

rollover by the Apollo laser. To investigate this, we pumped an OPSL device using the 

two pump lasers in different combinations and the OPSL power curves are shown in Fig. 

4.3(a). Curve A denotes output performance of an OPSL device pumped by a 132 W  
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FIGURE 4.3 Power performance of the OPSL device pumped by two lasers with 
different contribution. (a) Before altering intensity profile of the DILAS laser. (b) After 
altering intensity profile of the DILAS laser. 

 

Apollo laser (solid line) and 52 W DILAS laser (dashed line) while curve B denotes 

output performance of OPSL device pumped by 135 W DILAS laser (solid line) and 38 

W Apollo laser (dashed line). When the OPSL device is pumped dominantly from the 

Apollo laser (curve A in the plot), the maximum achieved output power is 57 W. On the 

other hand, the maximum achievable output power is 55 W when the major pump power 
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is from the DILAS laser. The smaller achievable output power obtained from curve B 

indicates an inferior heating condition due to the high central intensity in the intensity 

profile of DILAS laser. 

To address this issue, we altered the intensity profile of the DILAS laser by 

bending the output fiber and obtained the intensity profile shown in Fig. 4.2(b). By doing 

this, we are able to get an intensity profile close to what Apollo laser has. Fig. 4.3(b) 

shows the power performance of an OPSL device pumped by two lasers with different 

contributions. Curve A is primarily pumped by the Apollo whereas curve B is primarily 

pumped by the DILAS laser. No matter which laser contributes more pump power, the 

same maximum achievable output power is obtained. The two lasers are not an ideal top-

hat profile, but they also don’t have very high intensity at the center which can lead to 

premature thermal rollover. 

 

4.1.2 Ratio of pump beam spot size to laser TEM00 mode size 

The cavity length of an optical resonator determines the fundamental transverse 

mode radius of the laser. For single transverse mode operation, the cavity is chosen so 

that the cavity mode size matches the pump spot size. On the other hand, the OPSL 

operates in multi-transverse mode if the cavity mode size is smaller than the pump spot 

size. In this case, a higher output power can be extracted.  

Fig. 4.4 shows OPSL output performance for several cavity lengths. The OPSL 

device is pumped in the same area for the three power curves, and the three curves use 

the same output mirror which has 30 cm radius of curvature. By changing the cavity 
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length from 290 mm to 150 mm, the fundamental laser mode diameter changes from 267 

µm to 445 µm resulting in changing the pump-to-mode size ratio from 3.15 to 1.88. From 

the power curves, the pump-to-mode size ratio of 3.15 gives the highest output power at 

140 W net pump power and shows no sign of thermal rollover. On the other hand, the 

pump-to-mode size ratio of 1.88 has the lowest output power and the power curve starts 

bending at 130 W of net pump power indicating thermal rollover. As the result, a large 

ratio of the pump radius to the mode radius is favored for high power multi-transverse 

mode OPSLs. 

 

FIGURE 4.4 Power performance of OPSLs with different ratios of the pump radius to the 
mode radius. 

 

4.1.3 Double-pass/single pass gain 

In the previous section, we investigated how the pump-to-mode size ratio affects 
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We used three OPSL devices processed from three different wafers that have a 

different amount of negative detuning at room temperature. Before the laser experiment, 

we measured the temperature dependent reflectivity (TDR) to understand their detuning 

characteristics. Fig. 4.7 shows the TDR spectrum of the three devices. As discussed 

earlier in Chapter 2, the center wavelength of the dip represents the strongest absorption 

wavelength enhanced by the micro-cavity resonance and the depth of the dip indicates the 

overlap between the quantum well absorption and the micro-cavity resonance. The 

optimal temperature for the electric field-quantum well interaction can be accordingly 

known from the temperature at which the TDR has the deepest dip.  However, for a given 

temperature, the quantum well “gain” peak under high carrier density conditions is about 

8-10 nm longer than the “absorption” peak at low carrier density and hence the optimal 

temperature for the light-quantum well interaction is about 30 K lower than the 

temperature at which the TDR has the deepest dip. From Fig. 4.7, we can see that the 

temperature at which the TDR has the deepest dip is around 100 ⁰C, 120 ⁰C, and > 120 

⁰C for the three devices, so the optimal temperature for laser operation is about 70 ⁰C, 90 

⁰C and > 90 ⁰C respectively. The room temperature detuning can be determined by 

multiplying the difference of spectral shift rates between the quantum well gain and the 

micro-cavity resonance by the difference between room temperature and the optimal 

temperature for operation. The calculated room temperature detuning for the three 

devices is about 12 nm, 18 nm and greater than 18 nm. Since a temperature higher than 

120 ⁰C was not applied in the TDR measurement to prevent indium solder softening, the 

exact value of the detuning cannot be deduced from the TDR. In fact, the room 
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temperature detuning of the last wafer is designed to be 34 nm. 

 

FIGURE 4.7 Temperature dependent reflectivity of three OPSL devices from three 
different wafers. 
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Fig. 4.8 shows the input-output curves of the three devices. Although much higher 

threshold pump power is required for the device with 34 nm of negative detuning, the 

output power increases rapidly with increasing pump power. The maximum achieved 

output power obtained from this device is 73 W, which is much larger than 57 W and 23 

W obtained from the devices with 18 nm detuning and 12 nm detuning respectively. By 

comparing their lasing wavelength to the dip wavelength in the TDR spectrum, the 

temperature at the thermal roll-over can be determined. A roll-over temperature of over 

120 ⁰C is found in device with the largest detuning while it is about 95 ⁰C in the device 

with 12 nm detuning. The device with a fairly large negative room temperature detuning 

shows a better high-temperature tolerance and is capable of high power generation. 

 

 

FIGURE 4.8 Output performance of the OPSL devices with different amount of detuning. 
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4.3 Power scaling OPSLs 

The major limitation to power scaling OPSLs is the heating issue which we 

discussed in Chapter 3. We analyzed the influence of the heat sink geometry, dimension 

of the diamond heat spreaders, the solder thickness and the geometry of the copper 

submount on the temperature rise in the QWs. Based on the simulation results and the 

discussions in the previous sections, an OPSL device including a 3.5×3.5  mm 

semiconductor chip (structure C) and a 8 × 8 × 0.6  mm diamond heat spreader soldered 

on a new version of copper submount, is used for a power scaling experiment. The water 

temperature in the heat sink was set at 10 ⁰C. With several magnifications of the pump 

imaging optics, we scaled the pump spot diameter from 750 µm to 1170 µm (1/e2). The 

OPSL device was pumped by the Apollo laser with a pump spot diameter of 750 µm. For 

a pump diameter larger than 750 µm, two pump lasers (Apollo and “bent” DILAS) are 

used to provide sufficient pump power. An 8.5 cm linear cavity having a concave output 

coupler with 10 cm radius of curvature gave a fundamental lasing mode diameter of 217 

μm on the OPSL device that was used under all pumping conditions. 

This structure emits in the wavelength range between 1032 nm and 1040 nm from 

the lasing threshold to thermal rollover. The power curves of the OPSL pumped with 

different pump spot size are plotted in Fig. 4.9 (a) [72]. Due to the different core diameter 

and the availability of optics, the 750 µm pump size is only available from the Apollo 

laser and the power curve shows a pump-limited output power of 60 W. An output power 

of 78 W was achieved by using 880 µm pump diameter and 95 W was achieved by 

scaling the pump size to 1170 µm. A pump limited output power of 93 W was obtained 
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by further scaling the pump spot to 1500 µm (not shown here) and no indication of 

thermal rollover was observed. When the water temperature was set to 0 ⁰C, we achieved 

103 W using a 1170 µm-diameter pump spot without damaging the OPSL device. Fig. 

4.9 (a) also shows the corresponding theoretical output characteristics (dashed lines). One 

parameter required to generate these curves is the thermal impedance (Rth) of the OPSL 

device, which depends on the pump spot size according to the thermal simulation results 

we showed in Chapter 3. Consequently, based on the simulation data, we use a spot-size 

dependent but temperature independent value for Rth. The regions of the plots in Fig. 4.9 

(a) closer to threshold that show deviations from the theory are likely due to lateral 

amplified spontaneous emission (ASE) or even lasing. From these power scaling results, 

we see that the output power increases with the pump area, but the output power is not 

linearly proportional to the pump area. Fig. 4.9 (b) shows the output power density versus 

the pump power density. It is clear that the output power from the larger pump beam 

shows rollover at lower pump intensities than that from the smaller beam although it 

gives a higher gross output power. In addition, we see that the threshold pump power 

density decreases with the pump beam size, indicating a higher temperature is induced by 

the same amount of pump power density in a larger spot size. The current OPSL device 

has a large amount of spectral detuning between the QW gain and the micro-cavity 

resonance and hence it requires more heating to achieve sufficient gain for the threshold 

condition. From Chapter 3, we know that a large pump beam causes a higher temperature 

at a constant pump power density, so threshold is easier to achieve when using a larger 

pump beam.  
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CHAPTER 5  
EFFICIENCY IMPROVEMENT OF OPSLS 

 

In addition to optical power, high optical conversion efficiency is also a desired 

laser property. In this chapter, we use two separate approaches to improve optical 

efficiency and external efficiency of high power OPSLs. 

 

5.1 Double Pass Pump Design 

For standard barrier pumped, InGaAs-based 1-µm OPSLs, single-pass pump 

absorption is about 80%, depending on the number of QWs. The remaining pump light 

propagates through the DBR and is absorbed in it or in the metallization layers behind the 

DBR, or both. In our high power OPSL devices discussed in Chapter 4, the DBR 

structure is composed of GaAs/AlAs which has substantially high absorption at the 808 

nm pump wavelength. The single-pass pump absorption in our structure is about 80% and 

the residual pump (20%) is absorbed and converted to heat in the DBR structure. This 

heating in the DBR structure could reduce heat removal efficiency and therefore the laser 

output performance. In output performance simulations [56], we found that the maximum 

output power can be improved by over 100% if all net pump power is absorbed in the 

active region (shown in Fig. 5.1). The reduction of pump loss in the structure not only 

improves the optical efficiency but also reduces generated heat, leading to thermal 

rollover at higher pump power levels. In Fig. 5.1 we also show the calculated power 

characteristic curves of the OPSL structure with different numbers of quantum wells. By 
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Other approaches to improve the pump absorption efficiency in the active region 

include double passing the incident pump beam. This can be achieved by designing the 

DBR structure to have high reflection at both the pump and the laser wavelength [24, 25]. 

The DBR stopband shifts with the cosine of the incident angle to shorter wavelength. The 

incident angle of the pump can be chosen so that the cosine of the internal angle equals 

the ratio of the pump to the laser wavelength. Therefore, in order to achieve sufficiently 

high reflectivity at the pump wavelength in the DBR, the OPSL device can only be 

pumped at the optimized angle. This is a drawback, since a large incident angle is needed 

for OPSLs when the pump wavelength and the laser wavelength are far apart. In this case, 

extra effort is required to maintain a circular pump aperture on the device surface.  

An alternate method of reflecting the pump removes the requirement for the DBR 

to reflect both the pump and the laser wavelength. In this approach, which we used in the 

results reported here, the DBR reflects the lasing wavelength and is transparent to the 

pump wavelength. This is done by using AlGaAs/AlAs, which is transparent at the 808 

nm pump wavelength for the DBR structure. An Au-In alloy layer deposited on the back 

of the DBR then reflects the pump back through the structure for a second pass. As we 

mentioned in Chapter 2, a layer of 100 nm of Ti or Cr is used for better Au adhesion. 

This layer also absorbs the pump, so in order to minimize heating only 5 nm of Cr was 

used. This reduced the round-trip pump absorption in the Cr layer from > 99 % to 30 %. 

Reflecting the pump has two advantages; it reflects the pump back through the structure 

so that more of the pump light is absorbed, and secondly it reduces the temperature of the 

device since there is less heating due to absorption of the pump in the DBR.  
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were tested by using a 8 cm-linear cavity with a concave output mirror with 10 cm radius 

of curvature. The pump beam was 820 µm in diameter and the heat sink temperature was 

10 ⁰C. The maximum achieved power for the device without the double pass pump 

design is 23 W at a net pump power of 107 W while the maximum achieved power for 

the device with the double pass pump design is 50 W at a net pump power of 142 W. The 

maximum optical conversion efficiencies of the two devices are 25% and 42%, 

respectively, with respect to the net pump power, defined as the incident pump power 

minus the reflected pump power. 10% more net pump power is absorbed in resonant 

periodic gain (RPG) resulting in a higher output power at the same net pump level. 

Moreover, with the absence of pump absorption in the DBR, less heat is produced during 

laser operation also improving the output performance. 

 

 

FIGURE 5.3 Output performance of OPSL devices with/without the double pass pump 
design. 
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5.2 Pump Anti-reflection Coating (PARC) 

In a typical OPSL structure, quantum wells are placed at the standing wave anti-

nodes of the optical field to provide RPG for maximizing gain. Since maximum 

amplification occurs for those modes that have the best overlap between their maxima 

and the QWs, the lasing wavelength is influenced by the spacing of the wells. This 

wavelength selection effect is more prominent when the refractive index contrast is high 

at the semiconductor-air interface. During laser operation, the generated heat causes 

refractive index changes of the semiconductor structure leading to a shift of the mode 

(micro-cavity resonance) and therefore, the lasing wavelength. Furthermore, the effective 

gain which depends on the overlap between the QW gain and the micro-cavity resonance 

is affected by the temperature as well. The OPSL performance is sensitive to temperature 

as we discussed in Chapter 3. Anti-reflection coating the semiconductor surface at the 

laser wavelength has been suggested as a way to decrease the micro-cavity effect, making 

the OPSL device more insensitive to temperature excursions. The common way to 

accomplish an anti-reflection coating is to deposit a layer of material with a refractive 

index between those of air and the semiconductor cap layer. The thickness of the coating 

material is usually chosen to be a quarter wavelength of the operating laser so the optical 

field changes its phase by 180⁰ after double passing this layer. Thus, if the mode had a 

maximum at the air interface without the coating, it will have a minimum with the 

coating.  As the result, the OPSL structure no longer has high lasing-mode selection and 

also operates at modes which don’t have their maxima in the QWs. This leads to a 

reduction of the effective gain and a wider lasing spectrum. Anti-reflection coating the  
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FIGURE 5.4 Refractive index profile (blue) and 1040 nm lasing mode (red) for an OPSL 
operating at 1040 nm at 375 K. 

 

semiconductor surface is also commonly used for OPSL structures where the PL peak 

and micro-cavity resonance are misaligned. In this case, the reduction of lasing 

wavelength selectivity due to the anti-reflection coating improves laser performance. 

However, in general, OPSL structures which are well-designed and grown properly 

perform better without an anti-reflection coating since they can take advantage of the 

enhanced effective gain. Fig. 5.4 shows the refractive index profile and the standing wave 

pattern for an OPSL with laser wavelength anti-reflection coating (LARC) operating at 

1040 nm at 375 K; the coating material used here is silicon nitride (Si3N4).  The optical 

field intensity inside the active region is obviously reduced compared to the optical field 

intensity we show in Fig. FIGURE 2.9. The reduced optical field leads to a reduction in 

the effective gain. Therefore, higher carrier density/net pump power is required to reach 
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the lasing threshold, leading to more heating and a reduction in optical efficiency or even 

the maximum achievable output power. Moreover, without the enhancement of the 

effective gain, fairly low output coupling is required to achieve high power output 

resulting in a loss-sensitive cavity. Any loss due to added optical components will 

significantly reduce output power performance. 

Fig. 5.5 presents the input-output power curves of the OPSL structure C 

(introduced in Chapter 4) with and without LARC. The device was tested by using a 8 

cm-linear cavity with a concave output mirror with a 10 cm radius of curvature. The 

pump spot was 820 µm in diameter and the heat sink temperature was 10 ⁰C.  As we 

mentioned in Chapter 4, the optimal output coupling for an uncoated OPSL device is 

about 4-5%. However, the output rolled over quickly when we used a 4% mirror when 

testing the OPSL with a LARC. The best output performance obtained from available 

mirrors in our lab was about 34 W with a 1.5 % out-coupling mirror. On the other hand, 

over 55 W of output power was achieved from the same OPSL device without a LARC 

by using 5 % out-coupling. From the figure, we can see that the threshold is very high for 

the OPSL device without a LARC. This is because of the adopted large detuning design 

for making device work better at high temperatures, resulting in thermal rollover at 

higher pump power levels. Other than this aspect, the output performance is much better 

without the LARC. Although the out-coupling is not optimized for the OPSL device with 

the LARC, it is unlikely that it can reach the same output power level as the OPSL 

without the LARC even when an optimized out-coupling is used.  
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FIGURE 5.5 Input-output curves of an OPSL device with and without a LARC. 

 

The reduction of the reflection at pump wavelength is the most important positive 

influence the LARC will usually have, other than improving the effect of spectral 

misalignment between the micro-cavity resonance and the QW gain. The reduction of the 

pump reflection at the semiconductor-air interface leads to an improved external 

efficiency. To maintain the benefit of effective gain enhancement and improve the 

external efficiency at the same time, we apply a specially designed anti-reflection coating 

for the 808-nm pump wavelength at the semiconductor surface. As we mentioned earlier, 

a conventional anti-reflection coating is achieved by depositing a layer of material of 

quarter wave thickness at the target wavelength. By doing so, not only the pump 

reflection is eliminated but also the reflectivity at the laser wavelength is diminished 

leading to the reduction of the micro-cavity resonance effect and thus the effective gain.  
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FIGURE 5.6 Refractive index profile (blue) and 1040nm lasing mode (red) for an OPSL 
operating at 1040 nm at 375 K (a) with a quarter wavelength thick anti-reflection coating 
for the pump wavelength at 808 nm (b) with three quarter wavelength thick anti-
reflection coating for the pump wavelength at 808 nm (the new PARC). 

 

In contrast, the new pump anti-reflection coating (PARC) is based on a lower index 

material with an optical thickness of three fourths of the pump wavelength, 

corresponding to nearly half of the lasing wavelength. Thus, the new PARC eliminates 
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only the pump reflection and the laser mode still has its maximum at the semiconductor-

air interface. Fig. 5.6 shows the refractive index profile and the laser standing wave 

pattern for (a) a 1040 nm OPSL with conventional Si3N4 anti-reflection coating at the 

pump wavelength (808 nm) and (b) with the new PARC which has a thickness of three 

fourths of the pump wavelength. Like the LARC, the optical intensity is low when the 

conventional anti-reflection coating is applied to the OPSL surface. Furthermore, the 

laser mode has its minimum at the semiconductor-air interface so the resulting 

configuration no longer has high mode selectivity. On the other hand, the OPSL device 

with the new PARC design has similar optical intensity to the uncoated device inside the 

active region. The lasing mode which has its maxima at the QWs experiences an 

enhanced gain and hence is preferred during laser operation. 

To investigate the effect of the new PARC design, we compare the TDR and the 

output performance of an OPSL device processed from structure B. In the TDR shown in 

Fig. 5.7, the absorption dip of the OPSL device with the PARC has similar reflectivity 

compared to the same device before coating. This indicates that the micro-cavity effect is 

not reduced much so the absorption is still enhanced at the resonant wavelength. We also 

find that the detuning of the OPSL device with the PARC is larger than it was without the 

PARC. The deepest absorption dip now occurs at 110 ⁰C instead of 90 ⁰C and the 

spectral position of the dip is now at a longer wavelength.  This is due to the additional 

optical path in the PARC layer and can be corrected by using a thinner cap layer. Overall, 

the TDR does not change significantly before and after applying the PARC. The micro-

cavity effect is retained so we expect a similar output power can be obtained from the  
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FIGURE 5.7 TDR of the OPSL device with and without the ¾ λ PARC. 

 

device with the PARC. 

In the laser experiment, we found that the reflectivity of the pump decreased from 
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FIGURE 5.8 Output characteristics versus total pump power for an OPSL device with 
and without the ¾ λ PARC. The device was tested by using an 8 cm-linear cavity with a 
concave output mirror with 10 cm radius of curvature. The pump spot was 820 µm in 
diameter and the heat sink temperature was 10 ⁰C. 

 

pumps the device for a given amount of gross pump, leading to higher external efficiency. 

The total pump power-output power curves are shown in Fig. 5.8. Both curves were 

measured from the same spot on the OPSL device. The pump spot was 820 µm in 

diameter and the heat sink temperature was 10 ⁰C. The maximum achieved output power 

was about 45 W for both devices with 4.5 % output coupling. The same optimal output 

coupling found in the OPSL device with the PARC indicates that the micro-cavity is still 

maintained. We expected a lower threshold to be required for the OPSL device with the 

PARC. However, a similar threshold power was measured in the experiment. The 

changes we found in the micro-cavity resonance from the TDR might be the major cause 
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of the higher threshold found in the PARC device. Since the detuning is found to be 

larger, more heating is needed to align the QW gain and the remaining micro-cavity 

resonance for reaching sufficient gain for threshold. Above threshold, the OPSL device 

with the PARC consistently has a higher output power at the same gross pump power 

compared to the OPSL without the PARC. 39% maximum optical-to-optical efficiency 

was achieved with respect to the total incident power whereas it was 28% without the 

PARC. From these results, the PARC demonstrates its ability for improving the external 

efficiency without deteriorating the effective gain and thus the maximum achievable 

output power.  
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6.1 Experimental Setup 

OPSL devices used in pulsed operation use structure B, which has 18 nm of room 

temperature detuning as we discussed in Chapter 4. Such detuning indicates a good match 

of the intrinsic QW gain and the micro-cavity resonance at a temperature of about 90 ⁰C. 

The OPSL chip was soldered to 500 µm-thick CVD diamond for heat spreading and a 

water-cooled copper heat sink was used to control the heat sink temperature. As in OPSL 

experiments mentioned earlier, a simple linear cavity was used in this experiment. The 

output mirror transmission is 4 % at the laser wavelength at 1040 nm. We have two 

different pump sources available for generating pulsed OPSLs. One is the DILAS diode 

laser operated in a pulsed mode, with the available pulse width in this operation mode 

ranging from 40 µs to 32 ms. The pulse period can be set from 200 µs to 65 ms. To 

minimize the generated heating during laser operation, the smallest pulse duration (40 µs) 

is used in this experiment. With a pulse period of 64 ms, the pump laser repetition rate is 

about 15 Hz. Under this operating condition, the DILAS laser is able to deliver up to 180 

mW of average power and 288 W of corresponding peak power. The pump spot size from 

the DILAS laser on the OPSL chip is about 800 µm in diameter and the pump intensity 

profile is shown in Chapter 4. The other pump source is a lamp-pumped alexandrite laser 

operating at 755 nm with a repetition rate of 3 Hz. This low duty cycle ensures sufficient 

time for OPSLs to dissipate heat before each new pump pulse. The pulse duration can be 

varied by changing the pump rate of the alexandrite rod.  Higher pump rates generate 

shorter pulses which are ideal for reducing device heating. However, higher order 

transverse modes are generated at higher pump rates and make the pulse trains unstable. 
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To obtain stable pulse trains, the alexandrite laser was operated at a pump rate close to 

the lasing threshold. For this condition, the pulse duration is varied from 1 µs to 700 ns 

depending on the pump rate. Fig. 6.1 shows the experimental setup with the alexandrite 

laser as the pump laser. The output from the alexandrite laser first propagates through a 

half wave plate and a polarizing beam splitter cube. The pump power from the 

alexandrite laser is adjusted by rotating the half wave plate. The pump beam is then 

focused by an imaging lens to form a 1 mm-diameter spot on the OPSL surface. Since the 

alexandrite laser operates in TEM00 mode near the threshold, the transverse intensity 

profile is of Gaussian distribution.  

 

 

FIGURE 6.2 Power performance of OPSL in CW and pulsed operation. 
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6.2 Results and Discussion 

The input-output power curves of the OPSL in CW and pulsed operation are 

shown in Fig. 6.2. For this experiment, a 75 mm linear cavity was used and the heat sink 

temperature was set at 20 ⁰C. The red and the blue curve are respectively the OPSL 

output generated for the DILAS laser pumping in both CW mode and 40 µs-pulse mode. 

The green curve is the output from the OPSL pumped by the alexandrite laser with 850 ns 

pulse width. The output performance for 40 µs pulse pumping shows similar slope 

efficiency compared to CW pumping, but it shows no sign of thermal roll-over for a 

(peak) pump power of 150 W where CW output starts decreasing. A reduction of heating 

by using 40-µs pump pulses leads to pump limited output power of 62 W. The heating 

reduction is even more significant when the 850 ns alexandrite pump pulse is used. A 

maximum peak power over 110 W is reached without thermal roll-over for peak pump 

power of 635 W indicating a minimum heating among the three curves. Indeed, 

simulation of the maximum temperature rise in the active region shows over 15 ⁰C of 

temperature reduction for a pump peak power of 1-kW when decreasing pump pulse 

duration from 850 ns to 750 ns [75]. From the results shown above and the simulation, 

the output power should be improved if a shorter pulse is used to pump the OPSL device.  

As observed before with a 2 µm GaSb based device [33], the use of shorter cavity 

length leads to a shorter laser build –up time. Moreover, higher peak power is obtained 

from a shorter cavity length. To investigate this, we compared the pulse shapes and the 

output power from 45 mm and 75 mm cavities (shown in Fig. 6.3). The alexandrite laser 

pump pulse with 850 ns pulse width is used for both cavity configurations. The pulse 



s

O

d

t

c

l

b

C

F
(

shapes obse

Output puls

delay indica

the inset of 

cavity as ob

lifetime and

build-up tim

CW, multi-t

 

FIGURE 6
(FWHM) pu

erved from a

ses from bot

ating that th

f Fig. 6.3). H

bserved in re

d thus of th

me. We note

transverse m

6.3 OPSL p
ump pulse (

an oscillosco

th cavity co

he OPSL rea

However, sl

ef. [33]. Thi

he intra-cavi

ed that altho

mode operat

performance
(olive), the O

ope show no

onfiguration

aches thresh

lightly bette

is effect mig

ity photon 

ough a large

tion, this pre

es for diff
OPSL pulse

o obvious d

ns follow the

hold very ea

er performan

ght be attrib

saturation n

er pump/lase

eference is n

ferent cavit
ewidth is 750

difference in

e pump puls

arly in the p

nce is obser

buted to an i

number, wh

er mode siz

not obvious 

ty configura
0 ns (pink). 

n the output 

se without s

pump pulse 

rved from t

increase in t

hich leads to

ze ratio is pr

for pulsed o

ation. Inset

121 

threshold. 

significant 

(shown in 

the shorter 

the photon 

o a longer 

referred in 

operation. 

 

t: 830 ns 



122 

 
FIGURE 6.4 OPSL output with over 270 W peak power. 

 

For another OPSL device which has a maximum output power of 61 W in CW 

operation, a maximum peak power of over 270 W was achieved using 750 ns pump 

pulses (Fig. 6.4). The cavity length used in this experiment is about 4 cm giving a 

fundamental mode about 255 µm diameter on the OPSL device. Although the device did 

not show thermal roll-over, permanent damage occurred when further increasing the 

pump power. Since the pump average power is low, the damage should not be heating-

induced. One possibility would be a microscopic defect inside the pump area so that the 

damage threshold is much lower than the typical damage threshold. We also suspect that 

the unstable output of the alexandrite laser at a higher pump rate leads to an 

inhomogeneous pump intensity across the pump area. High intensity spikes from the 

unstable pump laser can cause local heating and result in partial melting or cracking of 

the OPSL surface. To solve the stability issue, an intra-cavity aperture was inserted in the 
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alexandrite laser cavity to force the laser to operate in the TEM00 mode without 

fluctuation. Using an 820 ns pump pulse, a maximum peak power of 355 W was obtained 

[75]. Further improvement in the output performance to a peak power of 400 W was 

achieved by reducing the pump pulse width to 400 ns [75]. The maximum achieved 

power is still limited by laser induced permanent damage, and the next possible 

improvement will result from improving the surface quality of the OPSL device to 

increase the damage threshold. 
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CHAPTER 7  
HIGH POWER TEM00 MODE OPERATION 

 

It has been a big challenge for conventional semiconductor lasers to achieve high 

power while simultaneously maintaining near-diffraction-limited beam quality. For edge-

emitters or VCSELs, the output power is restricted to a few hundred milliwatts due to the 

small output beam diameter which easily causes facet damage. Although the external 

output mirror allows a NECSEL to operate at a larger mode diameter, the highest output 

reported is less than 1 W owing to the difficulty of uniform current injection over a large 

area. OPSLs have features of semiconductor lasers but do not suffer from limitations in 

the pump or mode area as conventional semiconductor lasers do. Uniform and scalable 

optical pumping together with the controllable cavity mode size of the external cavity 

configuration enables OPSLs to achieve more than 20 W of CW power in the 

fundamental transverse mode [76][24]. Here we demonstrate an OPSL providing 27 W 

CW power with beam quality M2 1.1 and 34.5 W with M2 < 1.4. To our knowledge, this 

is the highest output power ever reported for OPSLs in near fundamental mode operation. 

 

7.1 Optical Resonator Design 

For OPSLs, the optical pump beam spot serves as a soft aperture constraining the 

maximum allowable laser mode size on the OPSL device. The fundamental transverse 

mode (TEM00) size is determined by the geometry of the external cavity of the OPSL. 

When the size of the pump aperture on the OPSL is larger than the size of the TEM00 

mode, the OPSL will tend to operate in a multi-transverse mode.  On the contrary, single 
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transverse mode operation is preferred when the pump aperture is about the same size as 

the TEM00 mode. In order to achieve high power and single mode operation, the pump 

aperture and the mode size should be scaled simultaneously. In this way, the heat load per 

unit area decreases while the large fundamental mode size on the OPSL device ensures a 

high mode-discrimination between the TEM00 mode and higher order modes. 

In Chapter 4, a simple linear cavity was used for high power OPSLs operating in 

multi-transverse modes. This cavity can also be used for fundamental transverse mode 

operation by properly choosing the mirror curvature and the cavity length to match the 

TEM00 mode size to the pump spot size. However, a very large curvature mirror and a 

long cavity are required to fulfill the need of a mode size near 1 mm for power scaling, 

leading to an inconveniently long system. Furthermore, the large curvature mirror plus 

the flat OPSL increases the difficulty of aligning the cavity. A common approach to 

increase the cavity mode volume but maintain a compact system size is to use a folded 

cavity. A V-shaped cavity is often used for OPSLs operating in the fundamental 

transverse mode [73, 77]. When using a concave mirror as the folding mirror in a V-

cavity to create a large laser mode, the system will have substantial astigmatism, which 

gives an elliptical mode shape on the OPSL surface. Using a large curvature folding 

mirror may solve this problem but again, the system will be difficult to align and be more 

sensitive. One can also use the OPSL chip itself as the folding mirror to eliminate the 

astigmatism. In this way, the OPSL is passed twice in a round trip resulting in higher gain 

so a higher optimal out-coupling is expected. In addition, the laser now propagates with 

an angle inside the OPSL structure so the DBR reflectivity and the micro-cavity 
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resonance will shift and hence affect the output performance. On the other hand, a Z-

shaped telescopic cavity provides a large laser mode with a small amount of astigmatism 

with a laser propagation direction normal to the OPSL surface. This cavity can be 

designed to minimize thermal lensing and mode size fluctuation on the OPSL device for 

maintaining stable TEM00 mode operation over a range of operating conditions. 

Furthermore, a design concept discussed below offers the ideal mode-selectivity 

characteristics of a confocal resonator [78]. 

 

 

FIGURE 7.1 Linear optical resonator. 

 

The standard expression for laser mode sizes w1 and w2 at mirrors 1 and 2 (with 

curvatures R1 and R2, respectively) of an optical resonator, as shown in Fig. 7.1 is [79]: 

 

ଵଶݓ = ߨߣܮ ൬ ݃ଶଵ݃(1 − ଵ݃݃ଶ)൰ଵଶ (7.1)
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ଶଶݓ = ߨߣܮ ൬ ଵ݃݃ଶ(1 − ଵ݃݃ଶ)൰ଵଶ (7.2)

 

where L is the cavity length, g1=1-L/R1, and g2=1-L/R2. Assuming mirror 2 is the OPSL 

device, it can be shown from eq. (7.2) that the fractional change of spot size on the OPSL 

(dw2/w2) due to a fractional change (dg2/g2) is given by 

ଶݓଶݓ݀  = 14 (2 ଵ݃݃ଶ − 1)1 − ݃ଵ݃ଶ ݀݃ଶ݃ଶ (7.3)

 

When g1g2=0.5, the laser mode size on the OPSL becomes insensitive to variations of g2. 

This method is often used for compensating thermal lensing in solid state lasers. 

Although the thermal lensing effect is very small in the thin OPSL device, the Z-cavity 

design can not only minimize the mode size fluctuation but also achieve the confocal 

resonator characteristic, increasing mode selectivity. 

Fig. 7.2 illustrates the telescopic Z-shaped cavity and its equivalent linear cavity. 

Mirror 2 is a distance l away from telescope mirror 2 and the end mirror (mirror 1) is a 

distance L away from telescope mirror 1. The two mirrors of the telescope are spaced by 

d+δ where d is the summation of the focal length of the telescope mirrors, fT1 and fT2 (Fig. 

7.2) and δ is the telescope defocusing. The ABCD matrix for the telescope is expressed 

as 
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assume the OPSL device is mirror 2. In most cases, 1/R2=0 since thermal lensing effects 

are very small for OPSLs. This leads to R2’= fT.  

We now have the equivalent linear telescopic resonator so we can write the 

single-pass ABCD matrix and find the g1, g2 parameter as: 

 

ଵ݃ = 1)ܯ − (ᇱܴଵܮ (7.8)

 

݃ଶ = ܯ1 (1 ᇱܴଶᇱܮଶܯ− ) (7.9)

 

Also, the mode size on the OPSL device is given by [78]: 

 

ଶଶݓ = ߨߣ ଵ/ଶ(ܦܥܤܣ−) = ߨߣ ( ଵ݃ܯଶܮᇱଶ݃ଶ(1 − ଵ݃݃ଶ))ଵ/ଶ (7.10)

 

where A,B,C,D are elements in the single-pass ABCD matrix of the telescopic resonator 

and L’=L-fT1. Since M, R1, fT1, and fT2 are known the relationship between L and w2 can 

be obtained from (7.10). Then, δ can be obtained by applying the condition, g1g2=0.5 to 

equation (7.8) and (7.9) so the distance between the two telescope elements can be 

obtained accordingly.  
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The red curve in Fig. 7.4 shows the relation between the distance L and the mode 

diameter (2 × wଶ)  on the OPSL device and the blue curve is the corresponding distance 

between the two telescope mirrors for each distance L for the condition g1g2=0.5. The 

radius of curvature RT1 of the first mirror of the telescope is 50 mm and the radius of 

curvature RT2 of the second mirror of the telescope is 350 mm. Both mirrors have high 

reflectivity at the laser wavelength at 1040 nm. The end mirror R1 is a flat mirror with 4% 

transmission at 1040 nm. For each pump spot size, we chose a proper L to match the 

mode size to the pump size and then the distance between the two telescope mirrors is 

decided based on the blue curve. 

 

 

FIGURE 7.4 The telescope mirror spacing and corresponding mode diameter vs. L for 
g1g2=0.5. The radii of curvature for RT1, RT2 and R1 are 50 mm, 350 mm, and infinity, 
respectively. 
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mode size in the y-direction. From Fig. 7.4, a mode size below 600 µm requires over 30 

cm spacing between the two telescope mirrors. In order to decrease the length of the 

cavity, we use RT2=200 mm to match the pump spot size of 590 µm.  

The laser light leaking from the second telescope mirror is focused by a 100 mm 

focal length for an M2 measurement. The M2 factor is a parameter for determining the 

degree of beam divergence. A perfect TEM00 beam has an M2=1. It can be calculated 

from the measured evolution of the beam widths (D4σ beam widths) along the 

propagation direction [80]. We use a Spiricon beam profiler to determine the D4σ beam 

widths. Half of the data points were measured within a Rayleigh length and half of the 

measurement points were more than two Rayleigh lengths away from the beam focus. In 

the experiment, we observed a second peak appearing in the laser spectrum at high pump 

power, indicating the presence of higher order modes although there was no obvious 

change in beam profile observed from the beam profiler. In order to eliminate the higher 

order mode, a hard aperture was placed inside the cavity as shown in Fig. 7.5. 

 

 

FIGURE 7.6 Left: pump and the cavity mode profile in the x-direction. Right: pump and 
the cavity mode profile in the y-direction. 
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FIGURE 7.7 Input-output curves of the OPSL device with pump diameter Dpump=590, 
730 and 880 µm. 

 

7.3 Results and Discussion 

In the experiment, the beam quality was determined by observing the laser 

spectrum and the beam profile at one Rayleigh length away from the focus of the laser 

light leaking from the folding mirror. The CW output power curves for the OPSL with 

the three mode sizes are shown in Fig. 7.7. Since the OPSL device is processed from 

structure C which has a fairly large detuning between the QW gain and the micro-cavity 

resonance, the threshold pump power is high. For the 590 µm pump spot, the threshold is 

about 45 W and it is about 67 W for the 880 µm pump spot. The maximum achieved 

output power is 22 W, 23 W and 27 W for the OPSL with 590, 730 and 880 µm pump 
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pump area is increased more than twice but the output power only increases 23%, heating 

issues seem to be more significant in TEM00 mode operation. Since the intensity 

maximum of the TEM00 mode is at the center of the pump spot, the temperature is highest 

there. In Chapter 3, we showed that the central temperature of the pump area inside the 

active region increases with the pump spot size. For a large pump area, the center reaches 

the roll-over temperature at a much lower pump power density and the power of TEM00 

mode stops increasing. On the other hand, the output power of the OPSL operating in 

multi-transverse mode can keep increasing while the center part has already shut-off.  

With a hard aperture inside the cavity, the M2 of the 27 W OPSL is 1.03 in the x-

direction and 1.1 in the y-direction as shown in Fig. 7.8. This is a very high quality beam, 

M2=1 is almost never achieved in practice. By enlarging the aperture, the output power 

increases to 34.5 W at a pump power of 126 W where the OPSL with a hard aperture has 

27 W output power. This pump power is also very close to the pump limit. The M2 of this 

34.5 W beam is about 1.3 and 1.4 for the x and y-direction. Although the OPSL did not 

show thermal roll-over at 34.5 W, we did not try to pump it harder. From Fig. 7.8, the 

two power curves for the 880 µm pump spot overlap each other below 10 W of output 

power. Beyond this point, the output power difference between the two conditions 

increases indicating that more and more power from higher order modes is contributed to 

the output power of the OPSL with a larger aperture. A much higher M2 is expected for 

the OPSL output when thermal roll-over occurs. 
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CHAPTER 8  
CONCLUSION AND OUTLOOK 

 

Optimized high-power operation of OPSLs for targeted wavelengths requires 

proper wafer design, precise wafer growth, careful device fabrication and good thermal 

management. Strategies for improving thermal management and laser efficiency were 

realized in this thesis. Record output power performance was achieved in CW and pulsed 

operation. 

The OPSL structure used in this thesis is a barrier pumped, bottom emitter. The 

design concept of this structure is to achieve effective gain enhancement by placing QWs 

at the standing wave antinodes of the designed laser wavelength and matching the micro-

cavity resonance to the QW gain peak at the designed wavelength. For improving thermal 

management, we established an advanced bonding facility and technique. A 6 µm thick 

evaporated indium layer was used to bond the OPSL chip on a diamond heat spreader in a 

vacuum chamber. A near void-free solder junction was achieved with this bonding 

technique. We also developed a reliable chemical etching process to ensure a uniform and 

smooth surface for power scaling. 

We utilized the concept of power scaling by increasing the pump area while 

maintaining a constant power density to obtain a higher output power. However, the 

power scalability is limited by device heating. The temperature rise inside the active 

region increases with the pump spot size for a constant power density. To improve the 

thermal management, a systematic thermal analysis was performed in this thesis. First, 

we improved the heat sinking by decreasing the nozzle diameter inside the impingent jet 
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heat sink. More than 20% increase in the heat transfer coefficient was obtained and this 

improvement reflects a 3~4 ⁰C reduction of the device temperature. Second, the influence 

of the pump intensity profile on the temperature rise was investigated. The simulation 

showed a much lower temperature in the active region for the device pumped by a top-hat 

like beam. In the experiment, improved output performance was achieved from the 

altered pump laser profile by bending its output fiber. This causes the beam to be more 

top-hat like. Then, we also optimized the dimensions of the diamond heat spreader and 

the copper submount. With an increase of the diamond thickness/width, the degree of 

heat spreading increases and a lower temperature rise is calculated. We found that the 

copper submount also has a heat-spreading function, so a lower temperature rise was 

obtained from a thicker copper submount. Finally, we analyzed a new design of the 

copper submount which allows for side cooling the OPSL device, with 8 ⁰C of 

temperature reduction predicted by the simulation.  

One strategy we used to obtain high output power was to use the OPSL structure 

with a larger negative detuning at room temperature. A larger negative detuning at room 

temperature requires higher threshold pump power because of the spectral misalignment 

between the QW gain and the micro-cavity of the cold device. A larger negative detuning 

also leads to a higher optimal operation temperature and a higher roll-over temperature. 

This increases the high-temperature tolerance of the device so a higher output power is 

expected. We investigated this influence by comparing the output performance of three 

OPSL devices with different amounts of negative detuning, specifically 12 nm, 18 nm 

and 34 nm. The maximum achieved output power obtained from the 3 devices was 23 W, 
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57 W and 73 W, respectively. The OPSL structure with 34 nm negative detuning 

demonstrated better high-temperature tolerance and output performance so this structure 

was used for the power scaling experiment. We scaled the pump spot diameter from 750 

µm to 1170 µm (1/e2), but the laser cavity mode was fixed at about 217 µm. Therefore, 

the OPSL operated in multi-transverse mode. With the improved thermal management, 

103 W of output power from a single OPSL device was achieved using a 1170 µm pump 

spot. This is the first demonstration of OPSLs with an output power over 100 W. For  

fundamental mode operation, we used a z-shaped telescopic resonator to increase the 

cavity mode volume to 880 × 852 µm for matching the pump spot diameter of 880 ×866 µm. With the intra-cavity aperture, 34.5 W output power was achieved with beam 

quality M2≈ 1.4 in the tangential and 1.3 in the sagittal direction. By reducing the aperture, 

the output beam quality was improved to 1.1 in the tangential and 1.03 in the sagittal 

direction, with 27 W CW output power was achieved. 

To improve optical efficiency, we utilized a double pass pump scheme without 

increasing the complexity in the design and the growth. An Au-In alloy layer was 

deposited on the back of the DBR which is transparent to the pump, to reflect the pump 

back through the structure for a second pass. Optical efficiency was improved from 25 % 

without double-passing the pump to 42 % with the double-pass pump design. The double 

pass pump strategy not only increases optical efficiency but also reduces the temperature 

of the device since there is less heating due to absorption of the pump in the DBR or the 

Cr layer. Therefore, over 100 % improvement in output power was achieved in the 

experiment. We also designed a new pump anti-reflection coating which has an optical 
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thickness of three fourths of the pump wavelength to eliminate the pump reflection and 

retain the micro-cavity effect. With respect to the total incident power, 39% maximum 

optical-to-optical efficiency was achieved. 

The output performance of OPSLs in pulsed operation was also investigated. By 

pulsed pumping the OPSL device, output power was significantly increased because of 

reduction of the average heating power. A maximum peak power over 270 W was 

achieved using 750 ns pump pulses from the alexandrite laser.  

In this thesis, we have demonstrated a high power OPSL as a pathway to 

developing kilowatt-level high-brightness, high-power semiconductor lasers. However, 

the strategies for the improvement in output power and in efficiency were realized 

separately. The next step of OPSL optimization should integrate these strategies together, 

including optimization of detuning, double pass pump design and the PARC. The 

technique of over-etching the cap lay to shift the micro-cavity resonance could also be 

used to optimize the detuning between the QW gain and the micro-cavity resonance. 

With the increase of optical efficiency, we hope the threshold pump power can be 

reduced. Another possible optimization would be beam-shaping the pump beam to 

generate a donut-shaped profile. From a thermal management point of view, a donut-

shaped profile can compensate for the overheating at the center of the pump beam and 

extend the power scalability of OPSLs. The trade-off of this strategy would be the 

reduction of the carrier density at the center of the pump area. This may affect the output 

performance of the OPSL in the fundamental transverse mode operation. Therefore, 

careful optimizations of the central intensity and the size of the donut hole are extremely 
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important to realize benefit from this strategy. 
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