
Novel Cavities and Functionality in High-
Power High-Brightness Semiconductor Vertical

External Cavity Surface Emitting Lasers

Item Type text; Electronic Dissertation

Authors Hessenius, Chris

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:35:24

Link to Item http://hdl.handle.net/10150/301667

http://hdl.handle.net/10150/301667


 
NOVEL CAVITIES AND FUNCTIONALITY IN HIGH-POWER HIGH-

BRIGHTNESS SEMICONDUCTOR VERTICAL EXTERNAL CAVITY SURFACE 
EMITTING LASERS 

 
 

by 
 
 

Chris Hessenius 
 
 

____________________________ 
 
 
 

A Dissertation Submitted to the Faculty of the 
 
 

DEPARTMENT OF OPTICAL SCIENCES 
 
 

In Partial Fulfillment of the Requirements 
 

For the Degree of 
 
 

DOCTOR OF PHILOSOPHY 
 
 

In the Graduate College 
 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 

2013 
 
 
 
 
 
 
 



 2

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

 
As members of the Dissertation Committee, we certify that we have read the dissertation 
prepared by Chris Hessenius, titled Novel Cavities and Functionality in High-Power 
High-Brightness Semiconductor Vertical External Cavity Surface Emitting Lasers and 
recommend that it be accepted as fulfilling the dissertation requirement for the Degree of 
Doctor of Philosophy. 
 
 

_______________________________________________________________________ Date: 07/17/2013 

Dr. Mahmoud Fallahi    
 
_______________________________________________________________________ Date: 07/17/2013 

Dr. Robert Norwood    
    
_______________________________________________________________________ Date: 07/17/2013 

Dr. Stanley Pau    
 
    
    
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date: 07/17/2013 
Dissertation Director:  Mahmoud Fallahi    
 
 
 
 
 
 
 
 
 
 
 
 
 



 3

STATEMENT BY AUTHOR 
 

This dissertation has been submitted in partial fulfillment of the requirements for 
an advanced degree at the University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the Library. 
 

Brief quotations from this dissertation are allowable without special permission, 
provided that an accurate acknowledgement of the source is made.  Requests for 
permission for extended quotation from or reproduction of this manuscript in whole or in 
part may be granted by the head of the major department or the Dean of the Graduate 
College when in his or her judgment the proposed use of the material is in the interests of 
scholarship.  In all other instances, however, permission must be obtained from the 
author. 
 
 
 

SIGNED: Chris Hessenius 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 4

ACKNOWLEDGEMENTS 
 
 

I would like to express my sincere gratitude to all of those who have made this 
dissertation possible. 
 

I am forever grateful for the guidance and support from my supervisor, Prof. 
Mahmoud Fallahi. He presented me an excellent opportunity to conduct research on 
VECSELs and provided a great deal of support and encouragement throughout my 
graduate education at the University of Arizona.  

I would especially like to thank Professors Stanley Pau and Robert Norwood for 
always being available on such short notice. Their advice and review of this dissertation 
provided many valuable insights.  

I am extremely thankful for all of the conversations with Dr. Robert Bedford and am 
fortunate to have had the opportunity to work with him at the Air Force Research Labs. 
Over the years our conversations have lead to my better understanding of not only the 
testing of VECSELs, but also computer modeling of laser systems.  

Thank you to all of my colleagues with whom I have worked over the years, Dr. Li 
Fan, Dr. Carl Borgentum, Dr. Nathan Terry, Dr. Jerome Moloney, Dr. Yushi Kaneda, Dr. 
Mike Yarborough, Olli Nordman, Pierre Yves Guinet, Michal Lukowski, and Charles 
Greenlee. I could not have made it this far without all of your help. 
To all of the wonderful people at the College of Optical Sciences, you have made it a 
pleasure to come and work every day. I thank all of you for your help and support during 
these years at the College of Optical Sciences.  

Finally, I would like to thank my parents, Gary and Beverly Hessenius, and 
special thanks to my wife Nina and my children Hera and Wynnstan. Thank you for 
understanding all of the long days and strange work schedule. None of this would have 
been possible without your love and support.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 5

DEDICATION 
 
 

To 
 

Nina, Hera, and Wynnstan 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 6

TABLE OF CONTENTS 
 
LIST OF FIGURES               8 
 
ABSTRACT                14 
 
CHAPTER 1: INTRODUCTION TO HIGH POWER VECSEL         16 

1.1 A brief history of the development of VECSELs         16 
1.2 Operating principles of VECSELs           21 

1.2.1 Structure             22 
1.2.2 Thermal management            24 
1.2.3 Device characterization           25 

1.3 Electrical –vs- optical pumping           31 
1.4 Dissertation Outline             33 

 
CHAPTER 2: DESIGN AND FABRICATION OF VECSELS         35 

2.1 VECSEL Structure             35 
2.1.1 Pump laser             35 
2.1.2 Active region             37 
2.1.3 DBR              41 
2.1.4 Subcavity             44 

2.2 VECSEL Fabrication             47 
2.2.1 Metallization             48 
2.2.2 Solder bonding            48 
2.2.3 Wet etching             49 

 
CHAPTER 3: VECSEL CAVITY DESIGN AND OPTIMIZATION        52 

3.1 Matrix methods for cavity design           52 
3.2 Theory of intracavity nonlinear optics          55 

3.2.1 Review of three wave mixing           55 
3.2.2 Intracavity sum frequency generation          66 

3.3 Linear cavity              71 
3.4 V-Cavity              73 

3.4.1 Folded at VECSEL chip           73 
3.4.2 Folded at curved output coupler          74 

3.5 Wavelength tuning by cavity geometry          76 
3.6 Amplified spontaneous emission           88 

 
CHAPTER 4: VECSEL FOR SODIUM GUIDESTAR LASER         99 

4.1 Experimental Design             100 
4.2 LBO crystal              101 
4.3 The sodium D1 and D2 spectral lines           102 
4.4 Intracavity Linewidth narrowing and wavelength tuning        102 

4.4.1 Fabry-Perot etalon            103 



 7

TABLE OF CONTENTS - Continued 
 
4.4.2 Birefringent filter            106 

4.5 Simulation              108 
4.6 Experimental results             111 

 
CHAPTER 5: GAIN COUPLED VECSELS            119 

5.1 Experimental design             120 
5.2 Rate equation analysis                   122 
5.3 Experimental Results             124 

 
CHAPTER 6: T-CAVITY CONFIGURATION           129 

6.1 High power two wavelength design           129 
6.1.1 Experimental design            130 
6.1.2 Polarization beam splitter           132 
6.1.3 Experimental results            133 

6.2 Sum frequency generation            138 
6.2.1 Experimental results            139 

6.2.1.1 Blue-Green laser           139 
6.2.1.2 Green laser            145 

 
CHAPTER 7:  CONCLUSION AND FUTURE WORK          149 

7.1 Mid-IR VECSEL             149 
7.2 THz VECSEL              150 
7.3 UV VECSEL              152 
7.4 Conclusion              154 

 
REFERENCES               156 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 



 8

LIST OF FIGURES 
 
Figure 1.1: Edge emitting laser configuration uses wave guiding structure and results in 
an elliptical output beam.              17 
 
Figure 1.2: a) Diagram of vertical cavity surface emitting laser (electrically pumped) b) 
Diagram of optically pumped vertical external cavity surface emitting laser.        18 
 
Figure 1.3: Laboratory set-up of VECSEL.             21 
 
Figure 1.4: VECSEL structure diagram.             22 
 
Figure 1.5: Linear VECSEL cavity configuration.            23 
 
Figure 1.6: Temperature dependent reflectivity spectra from 980nm VECSEL.        27 
 
Figure 1.7: Edge emitting PL from 1178 nm VECSEL at low pumping levels.        28 
 
Figure 1.8: a) Surface PL at low pump power b) At high pump power.         29 
 
Figure 1.9: Lasing spectra from linear cavity.            30 
 
Figure 1.10: Output power from linear cavity with 4% transmission OC.         30 
 
Figure 1.11: Measured M2 value of 1.91 for an output power of 9W at 1178nm.        31 
 
Figure 2.1: Pump configuration with collimator and focusing lens.          36 
 
Figure 2.2: Imaged VECSEL surface with a 480µm pump spot diameter.         37 
 
Figure 2.3: a) Linear cavity VECSEL b) V-cavity VECSEL with fold at chip.        41 
 
Figure 2.4: Alternating layers of high and low index in a DBR structure.         42 
 
Figure 2.5: Interface in DBR at incident angle θi.            43 
 
Figure 2.6: a) DBR reflectivity at normal incidence. b) DBR reflectivity at 200 inside 
VECSEL structure. Cavity fold causes blue shift in peak DBR reflectivity.        43 
 
Figure 2.7: Layer structure of VECSEL wafer.            44 
 
Figure 2.8: Bottom emitter VECSEL design.            47 
 
Figure 2.9: Fabrication process for VECSEL samples using CVD heat spreader.        50 



 9

LIST OF FIGURES - Continued 
 
Figure 2.10: Surface scan of processed VECSEL chip showing an average surface 
roughness of ~26nm.                51 
 
Figure 3.1: Schematic for ABCD matrix method.            52 
 
Figure 3.2: Schematic of sum frequency generation.           59 
 
Figure 3.3: Quasi-Phase matched material design and SFG output.          63 
 
Figure 3.4: V-cavity design for intracavity SHG.            67 
 
Figure 3.5: Linear cavity VECSEL design.             72 
 
Figure 3.6: Calculated TEM00 Mode propagation in a linear cavity 25cm long with 30cm 
ROC output coupler.                72 
 
Figure 3.7: V-cavity design folded at the VECSEL chip.           73 
 
Figure 3.8: Calculated fundamental Gaussian mode propagation through a v-cavity folded 
at the VECSEL chip.                74 
 
Figure 3.9: V-cavity design folded at a curved external mirror.          75 
 
Figure 3.10: Calculated fundamental Gaussian mode propagation through a v-cavity 
folded at an external curved mirror VECSEL chip. Astigmatism caused by the curved 
mirror requires calculation of mode propagation in both the tangential and sagittal planes.  
                 76 
 
Figure 3.11: Linear cavity configuration using 510µm pump spot diameter with 96% 
40cm ROC output coupler for VECSEL characterization.           78 
 
Figure 3.12: V-cavity for angle tuning measurements. The angle theta is the full fold 
angle about the VECSEL chip.              79 
 
Figure 3.13: The wavevectors associated with the linear and v-shaped cavity geometry. 
By relating photon energy to wavevector we see the cavity supports shorter wavelengths 
as the fold angle is increased.              81 
 
Figure 3.14: Surface PL taken at normal incidence to the 980nm VECSEL chip.        82 
 
Figure 3.15: Output power from four different angles in the v-cavity configuration with 
heat sink held at 15C.                83 



 10

LIST OF FIGURES - Continued 
  
Figure 3.16: Normalized Free lasing spectra from the four different v-cavity fold angles.  
                 84 
 
Figure 3.17: Calculation of angle tuning free lasing wavelength. Measured wavelength as 
a function of v-cavity angle shown as red dots. In black, a fitted curve based on Snell’s 
Law accurately predicts wavelength as a function of angle.           85 
 
Figure 3.18: Tuning curves for each v-cavity folding angle. A 1mm thick BF was used 
and the sample was tested at a heat sink temp of 15C. The cavities were tested with a net 
pump power of 17W.                87 
 
Figure 3.19: Output powers from linear cavity at three different temperatures. As the 
temperature decreases, lateral lasing becomes more prevalent.          91 
 
Figure 3.20: Temperature dependence of lateral lasing. The top row shows the lateral 
lasing scattered the chip edge when the heat sink is held at a temperature of 5C. The 
middle and last rows show heat sink temperatures of 15C and 25C respectively. The 
images show that as the device temperature is decreased, lateral lasing becomes more 
prevalent.                 92 
 
Figure 3.21. Surface PL image taken from a VECSEL sample that was etched in a star 
pattern. The ASE is funneled into the star points in order to quench direct feedback from 
the edge. Image from Air Force Research Labs.            93 
 
Figure 3.22: Diagram of ASE reduction by edge Ge deposition. Lateral lasing was 
observed from the scatter at the edge of the chip. A Layer of Ge was edge deposited in 
order to absorb and prevent ASE reflections back through the pump area.        95 
 
Figure 3.23: a) Output power from a 480um pump spot diameter before and after Ge 
deposition on two edges of the sample. b) For the same sample the pump spot diameter is 
increased to 620um and a similar increase in performance is observed before and after Ge 
deposition.                 96 
 
Figure 3.24: Output before and after Ge deposition of an 1178nm sample when only one 
edge of the samples is coated with Ge.             97 
 
Figure 3.25: VECSEL surface images showing the reduction of lateral lasing due to Ge 
deposition. The top row shows the lateral lasing scattered from the left edge of the sample 
prior to coating one edge of the sample with Ge at three different net pumping levels. The 
bottom row shows the same spot on the sample after Ge deposition when no scatter from 
lateral lasing is observed.               98 
 



 11

LIST OF FIGURES - Continued 
 
Figure 4.1: Cavity design for intracavity frequency doubling of the 1178nm VECSEL. By 
folding the LBO crystal is placed at a beam waste for maximum conversion efficiency. 
The HR flat end mirror allows all 589nm output to be extracted from the curved fold 
mirror.                 101 
 
Figure 4.2: Ray diagram showing beam path for transmission through a Fabry-Perot 
etalon.                  103 
 
Figure 4.3 Calculated transmission through 1mm thick fused silica solid Fabry-Perot 
etalon with R = 90% on each face.              105 
 
Figure 4.4: Transmission through an ideal quarts birefringent filter. The green curve 
shows the transmission through a 1mm thick BF while the blue curve demonstrates the 
line narrowing in a 3 piece Lyot filter configuration.           108 
 
Figure 4.5: Calculations for SHG output of the VECSEL sodium guide star laser. a) 
Calculated SHG output power as a function of crystal length. b) Output power as a 
function of phase mismatch for a 1cm crystal.            110 
 
Figure 4.6: The performance of the fundamental ~1180nm laser with the heat-sink 
temperatures maintained at 0 C. With a 98% output coupler the maximum output power 
obtained was 3.8 W with a slope efficiency of ~ 15%.          112 
 
Figure 4.7: Fundamental operation of the 1180nm VECSEL. a) Surface PL of the sample. 
b) The free lasing spectrum from the v-cavity. At maximum output power, the spectrum 
shifts to a nearly ideal wavelength of 1181nm.             113 
 
Figure 4.8: Map of the natural polarization of the VECSEL sample. The cause of the 
polarization is not completely understood but is believed to be a result of solder bonding. 
                 114 
 
Figure 4.9: Images from a scanning Fabry-Perot interferometer showing single frequency 
operation of the fundamental 1180nm laser with a resolution limited linewidth 
measurement of 10 MHz.               115 
 
Figure 4.10: Lasing spectrums of the narrow linewidth sodium guide star laser. a) The 
fundamental lasing spectrum. b) The lasing spectrum of the generated second harmonic. 
The wavelength of 588.996 nm corresponds to the sodium D2 line.          116 
 
Figure 4.11: The output power at 588.991 nm corresponding to the sodium D2 spectral 
line. A maximum output of 4.11W was achieved with a slope efficiency of ~ 16%.     117 
 



 12

LIST OF FIGURES - Continued 
 
Figure 4.12: Measured dips in transmission thorough a sodium reference cell. The dips in 
transmission at 589.991nm and 589.595nm correspond to the sodium D2 and D1 lines 
respectively.                 118 
 
Figure 5.1: Schematic design of the gain coupled dual cavity VECSEL design.        120 
 
Figure 5.2: Map of the output power for each cavity as a function of the wavelength with 
(a) the linear cavity (1) and (b) the v-shaped cavity (2) for cavity wavelengths at a fixed 
pump power of ~15 W. Gray-scale changes from completely off (dark), to completely on 
(light). The lines in (a) and (b) show the positions of the equal uncoupled threshold, 
indicating areas where both cavities operate simultaneously. Δλ1,2 is the offset with 
respect to the wavelength of the minimum uncoupled threshold.          125 
 
Figure 5.3: Plot of output power versus time for different cavity tunings. The linear cavity 
was chopped in the dual cavity configuration. (a) Cavity tuned such that cavity switches 
from completely on to completely off. (b), (c) Various tuning such that the switching is 
less complete. Simulated results are shown as solid curves.           126 
 
Figure 6.1: Schematic design of the two-chip co-linear T-cavity VECSEL for two 
wavelength generation. The BF’s are oriented in each cavity so as to produce orthogonal 
polarizations.                 132 
 
Figure 6.2: Transmission for S and P polarization through the polarizing beam splitter.  
                 133 
 
Figure 6.3: Output power from the T-shaped co-linear cavity. The combined output 
power of the device is equivalent to the sum of each orthogonally polarized cavity.     134  
 
Figure 6.4: Free lasing spectra of the combined output showing a wavelength separation 
of 38nm between the lasing peaks.              135 
 
Figure 6.5: Independently-tunable two-wavelength generation using BF in each arm of 
the T-cavity. A minimum separation of 35nm and a maximum separation of 52nm are 
achieved from the VECSEL chip set.             137 
 
Figure 6.6: Measured outputs beam profiles from the T-cavity configuration.  a) P-
polarized beam profile. b) S-polarized beam profile. c) Combined S and P output beam 
profile.                 138 
 
Figure 6.7: Two chip Co-Linear VECSEL design for Type II sum frequency generation.  
                 140  
 



 13

LIST OF FIGURES - Continued 
 
Figure 6.8: Fundamental lasing spectra of the collinear s and p polarized circulating 
modes in the T-cavity configured for Type II SFG.            142 
 
Figure 6.9: Tuning capabilities in the Type II SFG T-cavity configuration. The s-
polarized output (dashed spectra) was maintained at ~ 979nm, while the p-polarizing 
wavelength (solid spectra) was tuned from ~ 977nm to 985nm.          143  
 
Figure 6.10: Lasing spectra from the Type II SFG output. Tunable sum frequency 
generation was achieved from the high circulating power collinear fundamental modes 
resulting in blue-green outputs near 488.5nm.            144 
 
Figure 6.11: Corresponding “blue green” output power of the Type II sum frequency 
generation in the T-cavity configuration.             145 
 
Figure 6.12: Image of Type II intracavity sum frequency generation.         145 
 
Figure 6.13: Two wavelength output from folded T-cavity with one sample at 980nm and 
the other at 1175nm.                146 
 
Figure 6.14: Tunable green output from Type II SFG using 980nm and 1175nm VECSEL 
chips.                  147  
 
Figure 6.15: Image of green output from Type II SFG using 980nm and 1175nm 
VECSEL chips.                148 
 
Figure 7.1: a) Two chip collinear VECSEL design for mid-IR output. b) a SESAM is 
added to introduce pulsed mid-IR generation.            150 
 
Figure 7.2:  Folded T-cavity scheme for THz generation. The THz radiation is extracted 
perpendicular to the PPLN nonlinear crystal.            152  
 
Figure 7.3: Design for UV generation in modified T-cavity.          153 
 
Figure 7.4: Blue light build up in modified T-cavity for UV generation.         154 

 
 
 
 
 
 

 
 



 14

ABSTRACT 
 

 

Ever since the first laser demonstration in 1960, applications for laser systems have 

increased to include diverse fields such as: national defense, biology and medicine, 

entertainment, imaging, and communications. In order to serve the growing demand, a 

wide range of laser types including solid-state, semiconductor, gas, and dye lasers have 

been developed. For most applications it is critical to have lasers with both high optical 

power and excellent beam quality. This has traditionally been difficult to simultaneously 

achieve in semiconductor lasers. In the mid 1990’s, the advent of an optically pumped 

semiconductor vertical-external-cavity surface-emitting laser (VECSEL) led to the 

demonstration of high (multi-watt) output power with near diffraction limited (TEM00) 

beam quality. Since that time VECSELs covering large wavelength regions have been 

developed.   

It is the objective of this dissertation to investigate and explore novel cavity designs 

which can lead to increased functionality in high power, high brightness VECSELs. 

Optically pumped VECSELs have previously demonstrated their potential for high 

power, high brightness operation. In addition, the “open” cavity design of this type of 

laser makes intracavity nonlinear frequency conversion, linewidth narrowing, and 

spectral tuning very efficient. By altering the external cavity design it is possible to add 

additional functionality to this already flexible design. 

In this dissertation, the history, theory, design, and fabrication are first presented as 

VECSEL performance relies heavily on the design and fabrication of the chip. Basic 
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cavities such as the linear cavity and v-shaped cavity will be discussed, including the role 

they play in wavelength tuning, transverse mode profile, and mode stability. The 

development of a VECSEL for use as a sodium guide star laser is presented including the 

theory and simulation of intracavity frequency generation in a modified v-cavity. The 

results show agreement with theory and the measurement of the sodium D1 and D2 lines 

are demonstrated. A discussion of gain coupled VECSELs in which a single pump area 

accommodates two laser cavities is demonstrated and a description of mode competition 

and the importance of spontaneous emission in determining the lasing condition is 

discussed.  

Finally the T-cavity configuration is presented. This configuration allows for the 

spatial overlap of two VECSEL cavities operating with orthogonal polarizations. 

Independent tuning of each cavity is presented as well as the quality of the beam overlap 

and demonstration of Type II intracavity sum frequency generation. Future applications 

to this configuration are discussed in the generation of high power, high brightness lasers 

operating from the UV to far-infrared and even terahertz regimes.  
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CHAPTER 1 
INTRODUCTION TO HIGH POWER VECSEL 

 
 
1.1 A brief history of the development of VECSELs 
 

 
One of the most important types of lasers currently available is semiconductor lasers. 

Semiconductor lasers represent one of many different types of lasers, but their popularity 

stems from the wide variety of semiconductor laser materials capable of spanning many 

different parameters for a multitude of applications as well as their relative ease of 

manufacture.  

There are two main semiconductor laser designs; edge emitting [1-3] and surface 

emitting [4-6]. The edge emitting laser design, shown in Figure 1.1, uses a waveguide 

structure in order to confine light to the plane of the semiconductor chip. The laser 

resonator is then formed at the front and back face of the device. The output beam, taken 

from the edge of the laser, has an elliptical shape defined by the gain cross section [7]. 

The narrow output beam (on the order of 1µ by 10µm) results in a large divergence angle 

which is different along each direction. In order to power scale the device, a wider 

waveguide structure is needed in order to improve the thermal management process and 

prevent optical damage [8]. This power scaling concept can result in very large outputs 

[9-10], but has negative effects of a very elongated multimode output beam [11-12]. As 

such it has been a major goal to develop a high power, high beam quality semiconductor 

laser.  
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Figure 1.1: Edge emitting laser configuration uses wave guiding structure and results 
in an elliptical output beam. 

 

In 1997, Kuznetsov et al. combined the approach of solid state thin disk lasers with 

that of semiconductor vertical cavity surface emitting lasers (VCSELs), diagramed in 

Figure 1.2a, and demonstrated the first VECSEL shown in Figure 1.2b [13].  The device 

removed one DBR of a VCSEL structure and replaced it with an external mirror which, 

in conjunction with an optical pumping scheme, allowed for large pump areas and the 

ability to control the transverse mode profile. This resulted in high output power (>0.5 W 

CW) and circular TEM
00 

beams operating around 1 μm at room temperature. 
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a)      b) 

Figure 1.2: a) Diagram of vertical cavity surface emitting laser (electrically pumped) 
b) Diagram of optically pumped vertical external cavity surface emitting laser. 

 

One of the most important aspects of the VECSEL is multi-quantum well (MQW) 

active region. The history of the quantum well dates back to the early 1970’s when C. 

Henry realized electrons could be confined by the potential well formed from the 

bandgap difference in double heterojunction structures. This lead to the filing of U.S. 

Patent #3,982,207, issued September 21, 1976, to R. Dingle and C. H. Henry titled, 

“Quantum Effects in Heterostructure Lasers” [14].  It wasn’t until the late 1970’s that the 

terminology was used, and in 1975 a quantum well laser was first demonstrated [15].  

This quantum well structure lead to the idea of “bandgap engineering” in which the 

wavelength of semiconductor QW structures can be tuned by changing the thickness of 

the active layer. This is one of the most advantageous properties of VECSELs.  
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There are two choices when it comes to pumping the active region of a VECSEL, 

electrical pumping or optical pumping. In a conventional side emitting laser, electrical 

pumping is usually employed. However, optical pumping of semiconductor lasers dates 

to 1973 when Chinn et al. [16] demonstrated pulsed operation with edge emitting GaAs 

optically pumped semiconductor lasers. In VECSELs, there are several advantages for 

optical pumping schemes. The first advantage being that it is a very simple way to 

achieve a large uniform pump area. This allows the carriers to be confined to the pump 

spot diameter which in turn provides for efficient power scaling as a uniform pump area 

combined with the external cavity controls the laser mode and leads to high output power 

with near diffraction limited TEM00 beam quality. In addition, no p/n junctions or 

electrical contacts are needed which further simplifies the device processing and wafer 

growth which can be done with undoped materials.  This is also important because it 

reduces the optical loss due to free carrier absorption. Free carrier absorption in doped 

cladding layers is the major power limitation for edge-emitting lasers. It should also be 

noted that the broad absorption band of semiconductors allows for the use of wide range 

of optical pump sources with broad wavelength ranges. This is an advantage over solid 

state lasers which can only be efficiently pumped by sources with wavelengths that match 

the absorption band. In fact, optically pumped VECSELs are often considered bandgap 

engineered laser sources which convert high power, low quality multimode lasers into 

high power, high brightness sources with the desired spatial and spectral properties.  

Even though there are many advantages to optical pumping, there is still great interest 

in electrically pumped VECSELs. This is often due to system stability and cavity 
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alignment as it is difficult to maintain cavity mode alignment with the optical pump 

source. This is especially critical for mobile laser sources. Recently, VECSELs using an 

electrical pumping scheme have been developed by a group at Novalux Inc. commonly 

referred to as Novalux extended-cavity surface-emitting laser or NECSELs [17]. Since 

high uniform carrier density over a large area is much more difficult to achieve by 

electrical pumping than it is by optical pumping, excessive heat (I2R) is generated in the 

active region by parasitic resistances. To date, the output power achieved in a single 

transverse mode for a NECSEL device is only ~500 mW [18]. Thus at this point, the 

output power offered by electrically pumped NECSELs can not compete with optically 

pumped VECSELs.  

Throughout the short history of the development of the VECSEL, several trends have 

become apparent. First, scaling up optical power to multi-watt to hundreds of watts [19-

22] requires larger pump spot diameters and currently eliminates the possibility for 

electrical pumping. Second, excellent diffraction limited TEM00 beam quality beams are 

maintained by control of the laser cavity [23-25]. Third, bandgap engineering allows for 

the generation of lasing wavelengths that are difficult or impossible to generate with 

traditional laser sources. And fourth, as time goes on; additional functionality is being 

included in VECSEL design.  

Since the first VECSEL demonstration in 1997, there has been extensive research in 

various VECSEL properties including: power scaling, long wavelength infrared 

VECSELs [26-27], UV VECSELs [28-29], intracavity nonlinear frequency conversion 

[30-35], ultrashort pulse generation [36-42], and single frequency operation [43-44].  In 
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the near future, the open cavity, flexible design of VECSELs will provide a laser source 

capable of enormous spectral coverage with a high output power, pulsed or continuous 

wave (CW) outputs and excellent near diffraction limited TEM00 beam quality. 

Undoubtedly, VECSELs will have a large impact in many commercial fields in the near 

future.  

 
1.2 Operating principles of VECSELs 
 
 

A vertical external cavity surface emitting laser (VECSEL) is no different than any 

other laser in that it is composed of an active region (gain source), a pump (energy 

source), and a resonator which allows the build up of the light field. Figure 1.3 shows a 

laboratory set-up of a VECSEL cavity.  

 

 
Figure 1.3: Laboratory set-up of VECSEL. 

 
 
 
 
 
 

Resonator 

Pump 
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1.2.1 Structure 
 

 
The image of Figure 1.3 shows the simplicity of the design, but does not illustrate the 

intricacy of the VECSEL chip structure. Specifically, the incident pump radiation is 

absorbed by the pump absorbing barrier regions and the generated electron-hole pairs 

diffuse and are captured by quantum wells. Electron-hole recombination takes place in 

the quantum wells to provide the laser signal gain. A VECSEL band structure diagram is 

depicted in Figure 1.4. In the figure, the DBR structure, which will be discussed in 

Section 2.1.3, consists of pairs of quarter wavelength layers with high and low refractive 

index resulting in a high reflectivity cavity mirror. The multiple quantum wells are then 

positioned such that they are located at the antinodes of the cavity standing wave. This is 

done in order to achieve the highest possible modal gain and is referred to as a resonant 

periodic gain structure [45-46]. A window layer is grown on top of the active region in 

order to prevent non-radiative recombination on the surface of the VECSEL chip.   

 

 
Figure 1.4: VECSEL structure diagram. 
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The optical resonator in a VECSEL device is formed between the DBR inside the 

VECSEL chip and one or more external mirrors. Figures 1.3 and 1.5 depict a simple 

linear cavity configuration.  

MQW

DBRCVD

OC

 

Figure 1.5: Linear VECSEL cavity configuration. 
 
 

In the simplest linear cavity geometry of Figure 1.5, the output coupling mirror 

defines the external resonator that in turn determines which transverse modes are present 

in the VECSEL cavity. In order to achieve the best possible beam quality (TEM00) the 

fundamental transverse mode size is chosen to closely match the optical pump spot size 

on the VECSEL chip. More complex resonator designs such as the v-cavity and T-cavity 

contain more than one external mirror and provide additional design flexibility for 

inserting intracavity elements such as birefringent filters, etalons, and semiconductor 

saturable absorber mirrors (SESAMs) [47-49].  
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1.2.2 Thermal management 
 

As in any laser device, thermal management is important to the overall operation. In 

VECSELs, extraction of the quantum defect heat from the active region is a major 

problem for high power operation. The large energy difference between the pump and 

lasing wavelength lowers the quantum efficiency of the laser and generates waste heat in 

the active region. In addition, the quantum well gain is intrinsically temperature 

dependent as the bandgap of the semiconductor and the quasi-Fermi-Dirac distribution of 

the carriers are functions of temperature. Also, the refractive index of the semiconductor 

changes with temperature which in turn changes various device properties such as the 

position of the standing wave pattern. Because of this, control of the temperature within 

the active region of a VECSEL is of extreme importance and ultimately helps define the 

output characteristics of the device. 

The temperature increase of the active region due to the optical pumping process 

induces a spectral shift of both the optical resonance of the microcavity and also the 

quantum well gain peak. Specifically, the microcavity resonance shifts to longer 

wavelengths as a rate of ~ 0.1 nm/K
 

while the gain peak shifts at a rate of ~0.3 nm/K 

[50]. Thus, as the temperature within the active region increases, the microcavity 

resonance eventually “passes over” the gain peak and the output power then decreases. In 

order to maintain high output power the device must be pumped harder to help 

compensate for the reduced gain. This leads to increased carrier densities which further 

increases the temperature and this cycle continues until thermal roll-over is achieved and 

the device ceases to lase [51].  
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In order to prevent this thermal roll-over and maximize the laser efficiency, the waste 

heat generated due to the quantum defect must be removed from the active region. In 

order to achieve this, a high thermal conductivity (>18Wcm-1K-1) chemical vapor 

deposition (CVD) diamond with high surface quality (peak to valley height <100 nm) is 

used as the submount/heat spreader. The CVD diamond and the epitaxial side of a small 

~4mm x 4mm piece of VECSEL wafer are metalized with Ti and Au.  The wafer piece is 

then mounted on CVD diamond by solder bonding with a soft indium solder. After 

processing has been completed, the remaining VECSEL consists of a DBR stack and 

active region which is only ~6 µm thick. This allows for maximum heat extraction 

efficiency during high pumping. 

 
1.2.3 Device characterization 
 
 

When a VECSEL wafer is designed and grown it must be characterized in order to 

check the accuracy of the growth. This not only helps in understanding the performance 

(output power and lasing wavelength), but can also be used to improve the future device 

growth as appropriate adjustments can be made to maximize performance. The most 

common methods of wafer characterization are high resolution X-ray diffraction, which 

is the most direct and accurate method, or measurement of the reflectivity and 

photoluminescence (PL) spectra.  As X-ray diffraction equipment is usually not readily 

available, the standard method of VECSEL characterization is through measurement of 

the PL spectra. Typically, at low pumping levels (i.e. low carrier density) the PL spectra 

taken from the edge of the full structure reveals information on quantum well gain since 
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the microcavity resonance is not included in this direction. In contrast, the surface 

emitted PL gives information on microcavity resonance and material gain.  

The surface emitting photoluminescence (PL) spectrum of a VECSEL is measured 

normal to the sample surface with a multimode optical fiber. The surface PL is a 

convolution of the quantum well PL, DBR reflector and the microcavity etalon formed by 

the DBR and semiconductor/air interface. As such, for VECSEL structures, it can be used 

as a tool to measure the characteristic of spontaneous emission inside the microcavity, 

and to estimate the material gain peak wavelength. Specifically, the surface PL spectrum 

can be estimated by the edge-emitting PL spectrum multiplied by a frequency dependent 

filter function defined by the VECSEL subcavity [52]. The filter function can be 

calculated microscopically and contains all information about the dielectric environment 

for the QWs, allowing for the material PL of a single QW to be readily related to the 

surface PL of the VECSEL. 

The reflectivity spectra of a VECSEL chip can give information on the relationship 

between the QW gain and the microcavity resonance by measuring the spectra at 

different temperatures of the active region. Example spectra from a 980nm VECEL is 

shown in Figure 1.6. As can be seen from the figure, due to the temperature dependence 

of QW absorption combined with the temperature dependence of the refractive index of 

the semiconductor material layers, both the QW gain and the microcavity resonance shift 

to longer wavelengths. This shift however occurs at different rates and as such, by 

observing the spectral position and depth of the temperature dependent absorption dip, 
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information regarding the relationship between the QW gain and the microcavity 

resonance can be deduced.  

 
Figure 1.6: Temperature dependent reflectivity spectra from 980nm VECSEL. 

 

In order to further characterize VECSELs, measurements of the surface and edge PL 

can be taken. Figure 1.7 shows an edge emitting PL from an 1178 nm VECSEL. The 

edge PL was taken before processing of the sample by pumping from the DBR side with 

an 808 nm diode pump laser. In the figure it is seen that at low pumping levels the QW 

gain has a peak near 1150nm. This detuning of the gain peak from the desired 1180nm 

output is necessary since under high power operation, a thermally induced spectral shift 

occurs as previously indicated.   
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Figure 1.7: Edge emitting PL from 1178 nm VECSEL at low pumping levels. 

 
After taking the edge PL, the sample was processed and surface PL data was 

obtained. Figure 1.8a shows the surface PL measured at low pump level. In the figure, 

three distinct peaks are evident. The two peaks on the edge are due to the microcavity 

resonances that fit within the DBR stop bands while the center “bump” corresponds to the 

QW gain peak which matches what we had seen in the edge emitting PL spectra. By 

comparing Figures 1.8a and 1.8b, it is seen that as the pumping level increases the main 

gain peaks shifts form the lower level ~ 1100 nm to the high peak at ~1175 nm. This is a 

design feature that allows the VECSEL to operate with high pump power before thermal 

rollover occurs. As the pumping power increases, the temperature within the active 

region increases and this causes the microcavity resonances to align with the gain peak 

and produce high output powers.  
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a)      b) 
Figure 1.8: a) Surface PL at low pump power b) At high pump power. 
 

 

In order to further test the device, a simple linear cavity is constructed to characterize 

the performance of the VECSEL. Here a 30 cm radius of curvature (ROC) output coupler 

with 4% transmission was used.  The cavity length was ~25 cm which allows for good 

over lap of the fundamental (TEM00) transverse mode with the 480 µm pump spot 

diameter.  Figure 1.9 shows the lasing spectra obtained from the device. From the figure, 

the lasing spectra are in good agreement with the measured surface PL. The lasing output 

sees a red shift as the pumping power increases and reaches a maximum of ~ 1178 nm 

which was a good match to the design operating wavelength.  

 



 30

 
Figure 1.9: Lasing spectra from linear cavity. 
 
 

In addition, Figure 1.10 shows that a high output power of more than 10W was achieved 

at the desired wave length which indicates proper detuning of the QW gain and microcavity 

resonances.  

 

 
Figure 1.10: Output power from linear cavity with 4% transmission OC. 
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Furthermore, excellent beam quality at high output powers of 9W is shown in Figure 1.11 

indicating the ability of the device to not only operate at the desired wavelength and 

output power, but also maintain TEM00 operation with an M2 ~ 1.9. 

 

 
Figure 1.11: Measured M2 value of 1.91 for an output power of 9W at 1178nm. 
 
 
1.3 Electrical –vs- optical pumping 
 

 
There are two ways to pump the active region of a VECSEL; optically and 

electrically. Each has advantages and disadvantages and it is important to understand the 

differences in order to best match the pumping type with the desired application. The 

work included in this dissertation exclusively used optically pumped VECSELs for 

several reasons. The first and most obvious reason is that optical pumping is an easy and 

straight forward method to uniformly pump a large area. This essentially confines the 

carriers to the pump spot diameter where as electrical pumping does not produce such 

well confined carriers to the desired area. Also, in optical pumping since the VECSEL 

uses no p-n junctions or electrical contacts, the sample processing is much simplified. 
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Perhaps one of the greatest reasons for using optical pumping lies in the ability to use 

undoped semiconductor materials. Not only does this simplify the material growth, but 

more importantly reduces optical losses caused by the absorption of the excess free 

carriers. In electrically pumped edge emitting lasers, free carrier absorption in the doped 

cladding layers is one of the major power limitations.  

In addition to some of the obvious advantages of optical pumping, the design 

flexibility of the semiconductor layers can also be optimized for optical pumping. 

Specifically, bandgap engineering allows optimizing the distribution of pump power to 

eliminate carrier transport limitations in multi-quantum wells. Without current injection, 

there is no heating from parasitic I2R resistances which eliminates this potential heating 

mechanism.  Through proper design, the absorption coefficient of the barrier material can 

be very high (~10000 cm-1) so that pump radiation is efficiently absorbed over a broad 

wavelength band. This allows for the use of abundant, efficient, cheap diode pump lasers.  

The two major drawbacks to using optical pumping schemes are as follows. First, even 

though high power diode laser bars are readily available, compact, low-cost and efficient 

pump sources for VECSELs, most operate in the 700~1000 nm range. This becomes a 

problem when developing VECSELs with either very long or very short wavelength. In 

these cases different pump sources must be used. This is one of the main reasons why 

intracavity frequency conversion is used for VECSELs operation in the visible and UV 

spectra regimes. The other main drawback for optical pumping is the obvious 

disadvantage of needing an external pump setup. This clearly increases the overall size of 

the device and also reduces the overall mechanical stability of the system. For some 
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applications which require high degrees of stability, this may be a limiting factor which 

may exclude the use of VECSELs.  

 
1.4 Dissertation Outline 
 
 

The remaining sections of this dissertation are organized as follows: Chapter 2 

introduces the design and fabrication of VECSEL chips. This includes the design of the 

active region, DBR and subcavity. VECSEL fabrication techniques including bonding 

and wet etching are described which result in an optically smooth surface for optimal 

device performance.  

Chapter 3 is a theoretical review of device operation. Specific detail is given to the 

principles of cavity design and intracavity nonlinear optics. Device level phenomena 

amplified spontaneous emission is discussed as it is a cavity effect and directly relates to 

the overall device performance.  

Chapter 4 relates to the development of a high power, high brightness sodium guide 

star laser using VECSEL technology. Since VECSELs are wavelength flexible devices it 

is possible through bandgap engineering of the semiconductor quantum wells to design 

outputs in a wide range of wavelengths. Intracavity nonlinear optics can then be included 

in order to convert the fundamental laser into the visible spectrum. Techniques of 

linewidth narrowing are discussed in detail and device simulations are used to show the 

potential for high power outputs. Experimental results show more than 4W output at the 

sodium D2 spectral line with a fundamental linewidth of less than 10MHz. Measurement 
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of the sodium D1 and D2 lines is demonstrated by passing the lasing output through a 

sodium reference cell in order to measure the transmittance.  

Chapter 5 introduces gain coupling of VECSELs. In this design, a single VECSEL 

chip supports two VECSEL cavities. Specifically, a linear cavity and a v-shaped cavity 

are built around the same pump spot and operated simultaneously. It is shown that there 

are conditions in which the cavities can lase independently and there are special instances 

where lasing output occurs simultaneously in each cavity. This is explained in a rate 

equation model that includes the contributions of spontaneous emission.  

In Chapter 6 a new VECSEL cavity design is introduced. The so called T-cavity 

configuration is a way to overlap two VECSEL cavities using an intracavity polarizing 

beam splitter. This novel cavity design folds one VECSEL cavity around the beam 

splitter while the other passes unabated creating a region in which two separated 

VECSEL modes overlap. It is shown that each mode can be independently tuned, and 

spectrally filtered. Then, Type II intracavity sum frequency generation is demonstrated 

using a LBO crystal in the region of overlap of the two cavities. Tunable blue and green 

outputs are demonstrated in the cavity. 

Chapter 7 provides concluding remarks on optically pumped VECSELs as well as 

providing direction on further developments. Specifically, expansion of the T-cavity 

design is discussed in which pulsed or CW outputs can be achieved over a wide spectral 

band covering the UV to the mid-infrared and even the terahertz regimes.  
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CHAPTER 2 
DESIGN AND FABRICATION OF VECSELS 

 
 

2.1 VECSEL Structure 
 
 

In VECSELs, the semiconductor multilayer serves as not only the gain element but 

also as one of the cavity mirrors. This structure is in many ways the heart of the system 

and as such is the most critical component. While the laser is operating, carrier generation 

and recombination, light propagation, light-carrier interaction, and heat generation and 

transport all occur within the VECSEL chip. These processes define many of the laser 

properties and must all be considered when designing a VECSEL structure.  The 

following section provides background into the components of a VECSEL structure. 

 
2.1.1 Pump laser 

 

Before discussing the structure of the VECSEL it is important to understand the 

pumping mechanism which will generate the carriers within the semiconductor active 

region. The optically pumped VECSELs of this research use a fiber coupled, diode pump 

laser operating at 808nm. The beam from the diode bars is coupled into a multi-mode 

high power optical fiber. The output of the fiber is then collimated, expanded, and 

imaged onto the VECSEL sample at approximately a 300 angle.  Figure 2.1 shows the 

pump laser set-up.  
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Figure 2.1: Pump configuration with collimator and focusing lens. 

 
 
The pump optics seen in the figure usually contains a collimator lens and a focusing 

lens combination that images the pump laser onto the VECSEL chip. This fiber coupled 

pump configuration provides a simple way to alter the pump spot diameter as the 

diameter of the focused spot can be calculated as fcfl Dff   where ffl is the focal length 

of the focusing lens, fc is the focal length of the collimator lens, and Df is the diameter of 

the fiber core.  Figure 2.2 shows an image of a magnified VECSEL chip surface when 

using a 480 µm pump spot diameter. 
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Figure 2.2: Imaged VECSEL surface with a 480µm pump spot diameter. 

 
 
2.1.2 Active region 
 
 

The active region is the location where pump absorption, carrier generation and 

carrier recombination takes place. Often times a VECSEL chip is referred to as an active 

mirror since the reflection is greater than one. Using this terminology, the effective gain 

of the VECSEL active mirror is determined by the semiconductor subcavity and the 

multi-quantum wells. In addition, the effective gain is inherently dependent on 

wavelength, temperature, and the carrier density in the QWs.  

There are several methods available to calculate gain with varying levels of 

sophistication. In the first VECSEL experiments by Kuznetsov et al., a phenomenological 

logarithmic dependence of quantum well gain on the carrier density was used [13]. In this 

model the gain is expressed as: 
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where g0 is the material gain, N is the carrier density, and N0 is the transparency carrier 

density. In this formulism, the carrier lifetime is calculated as: 
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Here, A, B, and C being the monomolecular, bimolecular, and Auger recombination 

rates respectively. Even though this model led to the first VECSEL results, it is only good 

as a rough estimation model as the A, B, and C coefficients are structure dependent and 

not often well known. In addition, this model is not capable of predicting thermal rollover 

and shut-off of the VECSEL.  

Another method for designing the active region of VECSELs uses a transfer matrix 

method for propagating an optical field through the VECSEL structure [53-54]. This 

method uses a traditional method of using the imaginary part of the refractive index to 

model optical fields. Specifically, the intensity (I) of a propagating plane wave is written: 
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Where 00 2 k , d is the propagation distance, and thus  gn  4'' 0 . In this 

method, the QW gain is calculated using a parabolic band model with one dimensional 

quantum confinement with adjustable parameters: strain, hole band splitting, and 

Coulomb interaction. From this the imaginary refractive index is used in the transfer 

matrix and propagated through the structure to determine the gain/absorption. 

A more sophisticated treatment and the method used to design the structures used in 

this research is based on an approach derived described in [55-57] where the QW gain 

and the carrier lifetime due to spontaneous emission and Auger recombination are 

obtained using the fully microscopic many-body model. In this approach, the temperature 

and carrier density dependence of the QW gain and carrier lifetime are taken into account 

by rigorous microscopic quantum design. This model does not require fitting parameters, 

that are difficult to obtain and measure, but is rather based on semiconductor Bloch 

equations from carrier distribution functions and the equation of motion for microscopic 

polarizations [58]. In this model, the macroscopic polarization P is the sum of the 

microscopic polarizations: 

 

ji
kkk PVP  1          2.5 

 

Where i,j are the electron/hole indices, V is the volume, and µk are the Bloch 

functions. From this the optical susceptibility χ (ω) is the Fourier transform of P from 
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which the imaginary part gives the temperature and carrier dependent absorption/gain 

spectrum.  

Regardless of the design method used, the resulting MQW has an extremely high gain 

coefficient which is carrier (pumping) dependent, and can be higher than one thousand 

per cm-1. Even though the gain length is small, usually around 100 nm, the high MQW 

gain provides sufficient means for lasing to occur provided the cavity losses are 

minimized.   

As expected, the MQW gain structure has a great deal of influence on the laser 

performance and there are several critical design aspects. The longitudinal confinement 

factor, controlled by the microcavity formed by the DBR/air interface, induces strong 

spectral filtering and dominates the performance of the device. The QW’s must not only 

have the correct composition and thickness, but must also be accurately designed and 

grown such that the antinodes of cavity standing wave are properly aligned. This can 

greatly enhance the modal gain of the device.  Also, as discussed earlier, thermal 

management of the waste heat generated in the active region is an essential part of laser 

design. Since the microcavity resonance and gain peak shift at different rates due to 

temperature, proper detuning of the gain peak can result in higher efficiency and output 

powers. 
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2.1.3 DBR 
 

In VECSELs, the DBR typically acts as one end of the laser cavity (Figure 2.3a) but 

can also act as a fold mirror in a v-cavity configuration shown in Figure 2.3b.   

 

 

       
a)      b) 

Figure 2.3: a) Linear cavity VECSEL b) V-cavity VECSEL with fold at chip. 
 

The DBRs are typically designed for operation at normal incidence and as such act as 

and end mirror in the laser cavity. In this case the DBR consists of a series of alternating 

high and low refractive index layers with quarter wavelength thickness as depicted in 

Figure 2.4. The DBR works on the principle of constructive interference at the interface 

of each layer in the DBR. Since the index difference is relatively small between the 

layers, for example n1 = 2.88 for AlAs and n2 = 3.38 for GaAs, multiple layers are 

required in order to achieve a high reflectivity that can reach > 99.9%. In the figure, the 

n1/n2 (high/low) index layers are repeated until the desired reflectivity is achieved 

typically requiring on the order of 20-25 repeats of the high/low index pairs.  
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Figure 2.4: Alternating layers of high and low index in a DBR structure. 

 

In the case of non-normal incidence, the constructive interference case must be solved 

in a more complete manner. Shown in Figure 2.5 is a depiction of an incident field on the 

interface of a DBR layer. In the figure, the thickness of each layer is again a quarter wave 

thickness given by: 

 
in

d
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           2.6 

where ni is the index of refraction in the media. Simple geometry in each layer gives an 

optical path difference of 2X – Y using the notation in the figure. This along with the π 

phase shift upon reflection must equal 2π for constructive interference.  
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Figure 2.5: Interface in DBR at incident angle θi. 

 
 

In order to show the spectral shift of the DBR at different incident angles, plots for a 

25pair AlAs (n = 2.88) GaAs (n = 3.38) DBR design for operation at 1178nm are shown 

in Figure 2.6. From the figure, it can be seen that at normal incidence the reflectivity 

reaches ~100% with the center of the band at 1178nm. As the incident angle is increased 

to 150 the DBR reflectivity blue shifts to a center wavelength at near 1150nm.  

 
 

    
a)      b) 
Figure 2.6: a) DBR reflectivity at normal incidence. b) DBR reflectivity at 200 inside 
VECSEL structure. Cavity fold causes blue shift in peak DBR reflectivity. 
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2.1.4 Subcavity 
 

To this point, the main features of the VECSEL semiconductor layers have been 

discussed. As we will see now, the overall structure forms a subcavity which plays a 

central role in the operating characteristics of the device. Due to the critical nature of the 

VECSEL subcavity, the design of a VECSEL structure at a targeted wavelength begins 

with the design of the subcavity. In a typical VECSEL design, the subcavity consists of a 

multi-quantum well (MQW) gain structure, a highly reflective distributed Bragg reflector 

(DBR), and an output window/surface barrier layer as schematically shown in Fig. 2.7.  

 

 

Figure 2.7: Layer structure of VECSEL wafer. 

 
In most VECSEL designs a resonant periodic gain (RPG) structure is used to 

maximize the effective gain in the VECSEL subcavity.  In this design, the active region is 

designed so as to place the anti-nodes of the cavity standing wave at the position of each 

quantum well. This results in a multiplicative enhancement factor to the effective gain.  
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mzeff GG           2.7 

 

Where Geff is the effective gain Γz is the longitudinal confinement factor and Gm is the 

material gain. The RPG structure maximizes the overlap between the cavity standing 

wave and the QWs in the active region, characterized by the longitudinal confinement 

factor, to enhance the effective gain of the laser. The longitudinal confinement factor is 

defined as: 
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Where E is the electric field, L denotes the integral over the length of the total structure, 

and active
denotes the integral over the QW active regions.  

Another aspect of the MQW gain structure is that the QWs are usually strained due to 

the lattice mismatch between the QW and the substrate. The strain in the QW limits the 

maximum number of QWs that can be grown in the active region without exceeding the 

critical thickness and losing structural stability. To achieve a stable gain structure with a 

large number of QWs, strain-compensating layers have to be incorporated in the gain 

region to balance the strained QWs [59]. It must also be remembered that with increasing 

temperature, the bandgap of the QWs shrinks and the gain peak shifts to longer 
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wavelength at ~0.3 nm/K for InGaAs material. Also, due to the temperature induced 

refractive index change of the semiconductor layers, the microcavity resonance shifts to 

longer wavelengths at a rate of ~0.1 nm/K. This can alter the effective gain by reducing 

the longitudinal confinement factor since it has a spectral peak at the microcavity 

resonance.  

As discussed earlier, the DBR in the semiconductor subcavity consists of a number of 

pairs of quarter-wave layers with a large contrast in the refractive index. Since many 

parameters in the QW active region are temperature dependent, it is important to 

minimize the overall thickness of the DBR due to the low thermal conductivity of 

semiconductors. Thus it is important to select materials for the DBR that either have high 

thermal conductivity or a high index change (or both) such that the total thickness is 

minimized while maintaining a high reflectivity.  

The VECSEL subcavity is a complicated structure that involves three distinct design 

aspects: optical, thermal, and structural. The optical design of the VECSEL subcavity 

focuses on achieving a targeted operating wavelength and involves designing the QW 

composition and thickness, the RPG structure, and the DBR reflectivity. The thermal 

design of the subcavity is focused on reducing the thermal resistance of the DBR and the 

detuning of the material gain such that the subcavity resonance and material gain align to 

maximize laser efficiency. The structural design of the VECSEL subcavity is focused on 

the strained QW’s and the strain compensating barriers to maintain structural integrity.  
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2.2 VECSEL Fabrication 
 
 

Fabrication of VECSEL samples is vital to the overall performance since they are low 

gain lasers. In order to maximize performance, high surface quality is necessary to 

minimize scattering/diffraction losses. In addition, efficient heat extraction from the 

active region is needed in order to avoid thermal effects. In order to achieve these goals, 

the VECSEL samples are mounted on high thermal conductivity (>18 W/cm*K) 

chemical vapor deposition (CVD) diamond. The CVD diamond also has peak to valley 

surface height variations <100 nm which results in excellent surface quality.  

The VECSEL devices presented here use what is referred to as a “bottom” emitter 

design depicted in Figure 2.8.  

 

 
Figure 2.8: Bottom emitter VECSEL design. 

 
 

In a bottom emitter design an etch stop layer is first grown on a semiconductor 

substrate (GaAs for the devices presented here), the MQW active region is then grown 
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followed by the DBR layer. Fabrication of a VECSEL chip involves metallization, solder 

bonding, and wet chemical etching; the details of each are next presented.  

 
2.2.1 Metallization 
 
 

VECSEL chips are first cleaved from the wafer in roughly 4mm x 4mm pieces. 

Before the bonding process, both semiconductor chips and diamond heat spreaders must 

be metalized for solder bonding in order to achieve efficient heat extraction from the 

active region. Since the CVD diamond heat spreader has a high thermal conductivity, it is 

important to minimize the thermal impedance between the active region and the heat 

spreader. Thus thin layers of Ti and Au are used to facilitate the bonding. E-beam 

evaporated layers of 25nm titanium and 150nm gold are deposited on both the CVD 

diamond and the epitaxial side (DBR) of the VECSEL chip. The Ti layer is applied for 

adhesion to the CVD and semiconductor while the Au layer forms an indium/gold alloy 

with indium solder during the bonding process. 

 
2.2.2 Solder bonding 
 
 

For the solder bonding process, indium solder is used since it has a high thermal 

conductivity and can reduce thermal stress at the semiconductor/CVD interface. A 50 μm 

thick indium film was used as the solder layer and the bonding process is done under 

vacuum in order to prevent oxidation of the indium film. In order to prevent voids from 

forming in the indium solder, it is important to heat the indium much higher than the 

melting point. A temperature of ~230C was used to melt the indium solder which had a 
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melting point at 147C. During the cool down period, it is often better to cool the indium 

quickly, but this can lead to cracking of the sample. Thus the best performance was 

obtained with a steady cool down period that lasted nearly one half hour. 

It is also important to note that there is a mismatch in the thermal expansion 

coefficient between the semiconductor and the indium solder. It has been noticed that 

VECSELs tend to be linearly polarized and that solder bonding induced strain is a likely 

source. It may be worth further investigation into the directional strain in processed 

VECSEL chips caused by solder bonding. 

 
2.2.3 Wet etching 
 
 

The total VECSEL fabrication process is depicted in Figure 2.9. In the figure, the 

bottom emitter device is metalized and bonded to a CVD diamond heat spreader for 

efficient thermal management. This leaves the GaAs substrate that must be removed in 

order to have access to the VECSEL below. In order to achieve this, selective chemical 

wet etching is used to remove the substrate and etch stop layers. 
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Figure 2.9: Fabrication process for VECSEL samples using CVD heat spreader. 
 

 
The lasing wavelength and microcavity resonance of the VECSEL strongly depends 

on the microcavity thickness. Because of this, the VECSEL structure design often 

incorporates an etch stop layer that prevents damage to the window layer. The removal of 

the substrate and etch-stop must be well controlled in order to achieve the proper 

thickness of the microcavity and also obtain an optically smooth surface to prevent 

surface scattering losses. Two different methods are used that can reduce the thickness of 

the substrate to ~100µm. The first is mechanical lapping of the substrate and the second 

is by using a fast, non-selective, wet chemical piranha etchant consisting of 98 % sulfuric 

acid/water/30% hydrogen peroxide in a 1:1:8 ratio. The remaining GaAs substrate is 

removed with selective wet chemical etching using citric acid and hydrogen peroxide in a 

4:1 ratio. This reveals the AlGaAs etch stop layer that is removed with a diluted (5%) 

hydrofluoric acid. After substrate removal, the remaining VECSEL device is ~6 μm thick 
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which allows for efficient heat dissipation. Figure 2.10 shows a VEECO interferometer 

scan of the chip surface over a ~2mm x 2mm surface area. As can be seen in the figure, 

an average roughness of less than 30 nm is achieved leading to an optically smooth 

surface with minimal scattering losses and excellent beam quality. 

 

 
Figure 2.10: Surface scan of processed VECSEL chip showing an average surface 
roughness of ~26nm. 
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CHAPTER 3 
VECSEL CAVITY DESIGN AND OPTIMIZATION 

 
 

3.1 Matrix methods for cavity design 
 

For optically pumped VECSELs, the optical pump spot diameter serves as a sort of 

aperture which spatially constrains the transverse profile of the lasing mode by limiting 

the available gain. It is most desirable that only the fundamental (TEM00) mode propagate 

inside the cavity, but unfortunately due to the complexity of the device, the pump 

aperture does not ensure fundamental operation. Instead, the main parameter for 

maintaining TEM00 operation is through the laser cavity design. In order to ensure the 

most optimal beam quality, the fundamental transverse mode (TEM00) size should be 

nearly the same size as the pump diameter on the chip. Thus careful design of the laser 

cavity can help maximize beam quality and maintain TEM00 Operation.  

In order to properly design the laser cavity the well known ABCD matrix method 

approach is utilized [60]. Figure 3.1 illustrates the basic concept. 

 

 

Figure 3.1: Schematic for ABCD matrix method. 
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In the figure the exiting ray r2 is related to the entering ray r1 through a 2 x 2 matrix 

labeled M. In general the following formula applies: 

 

 1
1

1

2

2
2 ''

rM
r

r

DC

BA

r

r
r




























       3.1 

 

Where ri and ri’ indicate the displacement and slope of the incident and exiting ray. If the 

ray passes through multiple optical elements, it is possible to simply cascade the elements 

as: 
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While this method is often used in ray tracing through optical systems it is also valid for 

Gaussian beam optics as well [61]. It is particularly useful in tracing Gaussian beams 

through resonator cavities. In order to design a VECSEL cavity, some useful ABCD 

matrices are as follows: 

The translation matrix which propagates a beam through a constant medium with index 

of refraction n and thickness t is given as:  
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For refraction at a single dielectric surface with radius of curvature r, and where n1 is the 

index in the incident material and n2 is the index of the material transmitted into use: 
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For reflection at a single surface with radius of curvature r 
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From these matrices it is possible to cascade a fundamental TEM00 Gaussian mode 

through a VECSEL resonator cavity. The first thing to determine is if the cavity is stable. 

This is the case where the fundamental beam remains unchanged after one round trip. If 

Mtotal is the ABCD matrix for the total resonator, it can be shown that the stability 

condition is given by:  
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Additionally, the radius of the Gaussian beam is determined by: 
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From these equations it is possible to design stable cavities for a wide variety of 

VECSEL geometries as will be seen in the upcoming sections. 

 
3.2 Theory of intracavity nonlinear optics 
 
 

Nonlinear optics (NLO) describes the interaction of light in materials where the 

dielectric polarization (P) responds nonlinearly to an incident light electric field. In 

general this interaction is weak and because of this, very high light intensities are 

typically needed in order to observe the effects. In this regard, the open cavity design of a 

VECSEL allows for the placement of nonlinear materials in the large intracavity 

circulating light fields allowing for efficient interaction.  The following is a review of 

intracavity three wave mixing primarily for sum frequency generation and specifically for 

second harmonic generation.  

 
3.2.1 Review of three wave mixing 
 

In nonlinear optics [62-63], three wave mixing energy, twice the frequency, and half 

the wavelength of the fundamental photons. SHG is a special case of sum frequency 

generation (SFG) in which the interacting photons have the same wavelength. Second 

harmonic generation was first demonstrated by P. A. Franken, A. E. Hill, C. W. Peters, 
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and G. Weinreich at the University of Michigan, Ann Arbor, in 1961 using a ruby laser 

focused into a quartz sample.  

Due to the difficulty in finding suitable gain materials that cover the entire visible 

spectrum, nonlinear frequency conversion has frequently been used to generate emission 

frequency ranges which are traditionally difficult to achieve. Specifically, many 

applications such as: sodium guidestar lasers, quantum computing, and medical and 

surgical applications use sources based on frequency doubling of solid-state lasers, 

frequency doubling of Raman-shifted Yb (Nd) lasers, and frequency doubling of 

VECSEL’s.  

The optical response of a material is described by the induced polarization (P). For 

linear materials the relation between the polarization and the electric field (E) is given as:  
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Where )1( is the linear susceptibility and is related to the refractive index (n) by the 

equation: 
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In nonlinear optics, the response of the material is more generally described as a 

Taylor expansion of the material polarization in powers of the electric field. For SHG we 

need only consider the first two terms which yields: 
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The coefficients )(n  correspond to an nth order tensor. Typically the tensor can be 

reduced to a single effective nonlinear coefficient deff. An input field at frequency   is 

given by: 
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where c.c. denotes the complex conjugate, and iE  is the field amplitude at a given 

position. Considering only the second order term in equation 3.10 and using the 

expression for the input field results in the following equation for the second order 

nonlinear polarization. 
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From equation 3.12 it is obvious that the nonlinear polarization contains a component 

that radiates at twice the frequency of the input light. The zero frequency effect, known 

as optical rectification, seen in equation 3.12 will be ignored in the following discussion 

of SHG. 
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SHG is a special form of sum frequency generation which is an example of three 

wave mixing. This process is described through coupled modes that form the response of 

the nonlinear material acting back on the electric field via Maxwell’s equations 

(equations 3.9-3.12). 
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In the case of no free charges or currents (i.e. 0 J ) the wave equation can be 

derived from equations 3.13-3.16. 
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Now consider plane waves of constant amplitudes impinging upon lossless nonlinear 

medium as shown in Figure 3.2, for the case of sum frequency generation, every 

frequency component of the field must follow equation 3.17. Solving this equation in the 

presence of the nonlinear source term yields three coupled wave equations. An additional 

equation for momentum conservation is also given.  
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Figure 3.2: Schematic of sum frequency generation. 

 
In order to obtain sufficiently large frequency conversion efficiency we need 0k , 

the condition known as perfect phase matching. In general, there are two main 

classifications of phase matching, critical and non-critical. 

Non-critical phase matching, sometimes called temperature phase matching or 90° 

phase matching (quasi-phase matching is also an example), is a technique where the 

interacting beams are aligned such that they propagate along some axis of the birefringent 

nonlinear crystal. The phase mismatch is then minimized by adjusting the crystal 
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temperature such that the phase velocities of the interacting beams are equal. One 

disadvantage is that the crystal must be able to withstand the operating temperature and 

the temperature must also be maintained.  

Critical phase matching, often called angle phase matching, is a technique where the 

interacting beams are aligned at some angle to the axes of the index ellipsoid. Adjustment 

of the propagation angle affects the refractive index and for some particular angle, phase 

matching may be achieved. 

It is typically only possible to achieve phase matching in materials with normal 

dispersion near an absorption feature. Because of this, birefringent materials which have 

a dependence of refractive index on the direction of polarization are used. In order to 

achieve phase matching in birefringent materials, it is necessary that the highest 

frequency component 213   must be polarized in the direction that gives the 

lowest refractive index. This leads to the following two types of critical phase matching 

for second harmonic generation. 

 

- Type I Phase Matching 

 

In Type I SHG two photons having ordinary polarization with respect to the 

crystal will combine to form one photon with double the frequency. 

 

- Type II Phase Matching 
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In Type II SHG, two photons having orthogonal polarizations, one ordinary and 

one extraordinary, will combine to form one photon with double the frequency. 

 

There are two different types of nonlinear uniaxial crystals which must be considered, 

positive and negative uniaxial. Positive uniaxial crystals have ne > no and negative 

uniaxial have no > ne. When determining the proper crystal orientation equations for 

conservation of energy and conservation of momentum must be satisfied. In the case of 

SFG, conservation of energy requires 213    . In addition, the following 

momentum conservation equations are necessary in order to achieve phase matching in 

the various uniaxial crystal configurations.  

 

For positive uniaxial crystals (ne > no) 
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221133  eOO nnn   (Type II)      3.23 

 
For negative uniaxial crystals (ne < no) 
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It is also important to remember that the extraordinary polarized beam experiences a 

refractive index that is dependent on the angle between the optic axis of the crystal and 

the direction of propagation. This angle dependence is given by: 
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Special mention must be made regarding quasi phase matching because of the 

benefits it provides.  In particular, because periodic poling can be applied to crystal 

materials with high nonlinearity, quasi phase matching often makes it possible to utilize a 

larger nonlinear coefficient than is accessible with birefringent phase matching. Quasi-

phase matching is a non-critical phase matching technique in which a material with 

spatially modulated nonlinear properties is used. The main idea is to allow a phase 

mismatch over some propagation distance and then reverse the nonlinear interaction over 

another propagation distance thereby correcting the phase mismatch. 

Figure 3.3 is an illustration shows that the second harmonic generated by quasi phase 

matching is in general lower than traditional phase matching. However as noted earlier, 

materials with higher non-linearities may be available for quasi phase matching. In effect, 

the conversion efficiency can be significantly higher than for true phase matching. Figure 

3.3 shows a typical material configuration where 2lc is often referred to as the poling 

period. 
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Figure 3.3: Quasi-Phase matched material design and SFG output. 
 
 

For this discussion on SHG, we will consider plane wave solutions using the slowly 

varying envelope approximation (SVEA). This simplified approach leads to valid results 

in VECSELs as the Gaussian beams can be focused into the nonlinear elements making 

plane wave approximations valid in understanding intracavity second harmonic 

generation. The simplest case for analysis of second harmonic generation is a non-

depleted plane wave of amplitude E(ω) traveling in a nonlinear medium in the direction 

of its k vector. In this approximation, we assume that intracavity beams have reached 
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their steady state and that the intensity is constant throughout the nonlinear medium. A 

polarization is generated at the second harmonic frequency of the form: 
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where jk 2  is the degeneracy factor. In Type I eoo geometry j = k so 1 , and in 

oee Type 2 geometry 2 . Now use the wave equation along with the SVEA to obtain: 
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Integrating this equation over the length of the crystal (i.e. 0 to L), gives: 
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Now write this in terms of optical intensity 
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This gives the optical intensity at the harmonic frequency. 
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Notice this intensity is maximized for the phase matched condition 0k . If the 

process is not phase matched, the driving polarization at 2ω goes in and out of phase with  

the generated wave E(2ω) and conversion oscillates as sinc(Δkl/2). Also, note the 

importance of the coherence length defined as 
k

lc 



 that arose earlier for quasi phase 

matching. From this expression it is seen that there is no reason to have a nonlinear 

crystal much longer than the coherence length when using conventional phase matching. 

Earlier, pump depletion was neglected, but what happens when SHG becomes 

significant and we have to consider pump depletion? To account for this it is possible to 

modify the coupled wave equations as follows: 
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Following the same procedure as in the non-depleted case and using the simplest case 

of perfect phase matching, the intensity of the second harmonic is found to be: 
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To summarize, two photons of the same frequency can interact with a nonlinear 

material to produce photons with twice the frequency. We have also seen that the process 

is maximized when the phase matching condition is achieved.  

 
3.2.2 Intracavity sum frequency generation 

 
The previous section dealt with the general topic of sum frequency generation and 

specifically second harmonic generation. There, it was shown that SHG is generated by 

the second order susceptibility and that through various phase matching techniques 

(critical, non-critical, and quasi) it is possible to achieve efficient conversion from the 

fundamental. In this section, an expansion to the basic SHG theory will be added to 

include an optical resonator. Specifically, the laser geometry shown in Figure 3.4 will be 

used as it directly applies to intracavity frequency conversion for VECSELs.  
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Figure 3.4: V-cavity design for intracavity SHG. 

 
First of all the question arises why is there a need for intra-cavity SHG. This basically 

comes down to the fact that inside a laser cavity, the intensity of the beam is much higher 

than outside. Thus, since nonlinear frequency conversion is intensity dependent, this 

leads to higher SHG conversion.  In Figure 3.4 above, it is possible to make some basic 

calculations regarding the SHG output power that could be expected by varying some 

parameters. This will later be demonstrated in Chapter 4 for the sodium guidestar laser. 

Notice that in this configuration, the fundamental beam generated by the laser gain 

medium is essentially focused into the nonlinear crystal due to proximity to the HR flat 

mirror. Also notice that all of the mirrors are highly reflective at the fundamental 

wavelength, but the curved folding mirror allows the SHG power to completely escape 

the cavity. Because of this it is possible to consider the SHG to be a mirror loss to the 

system.  
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There are several different ways to begin, but the most direct approach is to start with 

the standard rate equations for an optically pumped quantum well gain material given as 

equations 3.36 and 3.37 
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Here Pp is the pump power, ph  is the energy of the pump, abs is the pump beam 

absorption efficiency, N is the carrier density, V0 is the optical mode volume, g is the 

group velocity, Np is the photon density,  Ng  is the gain coefficient,   is the carrier 

lifetime, p  is the photon lifetime,   is the optical confinement factor, sp  is the 

spontaneous emission factor, and spR  is the spontaneous emission rate. Now if the last 

term of equation 3.36 (stimulated emission) is ignored as a threshold condition, and 

realizing the carrier density and gain are clamped at their threshold values, a new steady 

state carrier rate equation can be written: 
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Here thP and thg represent the threshold pump power and threshold gain. Referring to 

equation 3.37, a relation between the total optical loss and the photon lifetime is as 

follows: 
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From equations 3.38 and 3.39 a solution for the photon density becomes. 
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There are now several approximations which will be made in order to simplify the 

solution, but still provide valid results. First, it will be assumed that the fundamental 

mode is constant everywhere inside the cavity. This includes inside the crystal. In reality, 

the fundamental will be depleted inside the crystal as it propagates, which would result in 

having to integrate across the length of the crystal. The other main approximation is that 

the transverse profile of the beam will be ignored. Essentially, this is a plane wave 

approximation where the Gaussian beam profile of the lasing mode is assumed to have a 

top hat profile that has the same power content across the length of the crystal. In 

addition to these, it is also assumed the mode size through the crystal remains constant 

and is the same as that of the mode size on the flat mirror. Again, this is not completely 
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correct, but the approximation is adequate, and allows for better understanding of the 

intracavity SHG. 

Now the SHG output can be determined by looking at the steady state of equation 

3.37 and realizing that since the SHG process was modeled as an optical loss, all that 

must be done is to include this loss of photons to determine a new photon rate equation: 

 

0
SHG

p

p

p
pthg

NN
Ngv


       3.41 

 

Now relate the internal power density of a SHG crystal to the photon density by: 
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Where gA and cA are the area of the mode through the gain medium and the crystal 

respectively. We can now use equations 3.38, 3.41, and 3.42 to determine the SHG power 

through the relation cSHGSHG AKIP 2 where K is the coupling coefficient to find [64]: 
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Here p is the pump wavelength, f is the fundamental wavelength, gl is the length of 

the gain material, SHGl  is the length of the SHG crystal,  is the fundamental angular 

frequency, effd is the effective non-linear coefficient, c  is the speed of light, 1n  is the 

index of the fundamental, 2n  is the index of the SHG, 0 is the permeability of free 

space, 0 is the permittivity of free space, and k is the phase mismatch between the 

fundamental and the SHG. 

As a brief summary, it was shown that the SHG process is the same either inside, or 

outside of a laser cavity. The only difference is that it is necessary to consider the 

intracavity gain and fundamental mode depletion as it passes through the nonlinear 

material in the intracavity case. Here several assumptions have been made regarding the 

fundamental lasing mode inside the cavity that greatly simplified the problem, but made 

for an easier understanding of the of the intracavity SHG problem.  

 
3.3 Linear cavity 
 

 
A linear VECSEL cavity is the simplest design as is depicted again in Figure 3.5 as 

reference.  
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Figure 3.5: Linear cavity VECSEL design. 
 

Figure 3.6 below is a Matlab calculation of the fundamental (TEM00) Gaussian mode 

propagating in a VECSEL cavity. As can be seen from the figure a beam waist is located 

at the VECSEL DBR and the beam diverges until it reaches the output coupler. This 

configuration is primarily used to characterize the VECSEL chip.  

 

 
Figure 3.6: Calculated TEM00 Mode propagation in a linear cavity 25cm long with 30cm 
ROC output coupler. 
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3.4 V-Cavity 
 
 
There are two types of v-shape cavities that are used for VECSELs they are as follows. 
 
 
3.4.1 Folded at VECSEL chip 
 
 

Figure 3.7 shows a v-cavity configuration with the fold at the VECSEL chip. This 

configuration provides a double pass through the gain medium and as will be seen in the 

upcoming sections can be used to tune the free lasing wavelength of the VECSEL to 

shorter wavelengths.  

 
Figure 3.7: V-cavity design folded at the VECSEL chip. 
 
 

A Matlab simulation of the fundamental Gaussian mode through the cavity is shown 

in Figure 3.8. The figure shows that the fold at a flat mirror, in this case the DBR, does 

not affect the mode structure and instead acts as a linear cavity. In this configuration the 

VECSEL chip must be placed at the position where the Gaussian mode diameter matches 

the pump spot diameter in order to maintain TEM00 operation. 
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Figure 3.8: Calculated fundamental Gaussian mode propagation through a v-cavity folded 
at the VECSEL chip. 

 
 
3.4.2 Folded at curved output coupler 
 
 

Figure 3.9 shows a v-cavity configuration with the fold at a curved external mirror. 

This configuration is used for intracavity frequency conversion as it provides two beam 

waists inside the laser cavity. The curved mirror can be used to focus the fundamental 

mode into a nonlinear media for efficient harmonic generation.  
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Figure 3.9: V-cavity design folded at a curved external mirror. 

 
 

Simulation of the fundamental Gaussian mode through the cavity is shown in Figure 

3.10 and shows that the fold at a curved external mirror allows for focusing of the beam 

onto another external flat mirror. This provides a place for a nonlinear crystal such that 

the cavity can be optimized for efficient nonlinear frequency conversion. In Figure 3.10, 

the propagation of the TEM00 mode in both the tangential and sagittal planes must be 

calculated due to the astigmatism caused by folding at a curved mirror.  
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Figure 3.10: Calculated fundamental Gaussian mode propagation through a v-cavity 
folded at an external curved mirror VECSEL chip. Astigmatism caused by the curved 
mirror requires calculation of mode propagation in both the tangential and sagittal planes.   
 
 
3.5 Wavelength tuning by cavity geometry 

 

Due to the inherent design flexibility of semiconductor quantum wells, and an open 

cavity design which allows for the addition of nonlinear and frequency selective 

elements, high power optically pumped VECSELs have shown their potential in a range 

of commercial and defense applications [65-67]. VECSELs are potentially excellent 

sources for a wide range of wavelengths, but thermally induced wavelength shift, 

wavelength variation across the wafer, and growth errors are drawbacks for applications 

where precise laser wavelength is required. Typically a birefringent filter (BF), Fabry-

Perot (FP) etalon, or a combination are used to tune the VECSEL to the desired 

wavelength [68-69], but often times it is not possible to tune far enough to reach the 
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desired wavelength.  One method of increasing the tuning capabilities is using a folded v-

cavity. A spectral blue shift is observed when a fold angle is introduced to the cavity at 

the VECSEL chip location. Thus, since earlier it was shown that the spectral band of the 

DBR mirror also blue shifts as a function of incident angle, it is possible to further reduce 

the free lasing wavelength of the laser as well as extend the tuning range of the VECSEL. 

By using this technique in cooperation with other frequency elements it is further 

possible to optimize the cavity design to maximize the output at a desired wavelength.  

For the investigation of the cavity tuning, a VECSEL structure designed for emission 

around 975 nm and grown by metal-organic vapor phase epitaxy (MOVPE) on an 

undoped GaAs substrate is used. The active region consisted of 14 InGaAs compressive 

strained quantum wells which are 8nm thick. Each quantum well is surrounded by a 31 

nm thick GaAsP strain compensation layer and an AlGaAs pump-absorbing barrier. The 

structure was designed and optimized such that each quantum well is positioned at an 

antinode of the cavity standing wave to provide resonant periodic gain (RPG). The 

complete VECSEL structure also incorporates a high reflectivity (R ~ 99.9%) DBR stack 

made of 25 pairs of Al0.2Ga0.8As/AlAs grown on the top of the active region. In addition, 

to aid in the substrate removal process, an etch-stop layer is grown between the active 

region and the substrate. The sample was cleaved to a 3mm by 3mm size and mounted on 

a chemical vapor deposition (CVD) diamond heat spreader by means of a soft indium 

solder. The substrate is removed by a selective chemical wet etch, and the sample is 

mounted on a water cooled copper block for thermal management purposes.  
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Figure 3.11: Linear cavity configuration using 510µm pump spot diameter with 96% 
40cm ROC output coupler for VECSEL characterization. 
 

For the experiments, two different cavity configurations were used as shown in 

Figures 3.11 and 3.12. Figure 3.11 shows a linear cavity configuration where a 40cm 

radius of curvature (ROC) 96% reflective output coupler (OC) was used. A cavity length 

of ~10cm properly matches the lasing mode to the 510um pump spot diameter giving a 

TEM00 output. This cavity was used to characterize the VECSEL and confirm proper 

design at ~975nm. Figure 3.12 shows the v-cavity design used in the experiments.  Here 

we use a 30cm ROC 96% reflective output coupler with a distance of 10cm between the 

mirror and chip which defines one end of the cavity. For the other end of the cavity we 

use a flat highly reflective (HR) mirror a distance of 6cm from the VECSEL chip. The 

angle theta shown in Figure 3.12 is defined as the full folding angle between the arms of 

the cavity. By adjusting this angle we are able to tune the cavity. 
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Figure 3.12: V-cavity for angle tuning measurements. The angle theta is the full fold 
angle about the VECSEL chip. 
 

There are other notable benefits of using a v-shaped cavity. Specifically, in a round 

trip pass through the cavity, a lasing mode passes through the active region four times in 

this configuration as opposed to the two passes in a linear cavity. Because of this, the v-

shaped cavity with the VECSEL chip at the cavity fold provides a higher round-trip gain 

for a given temperature and carrier density over a linear cavity configuration. It should be 

noted that this multi-pass through the VECSEL chip also results in additional scattering 

losses as well as walk off losses due to the wave guiding effect caused by the 

semiconductor layers. Overall, the larger roundtrip gain does not account for a spectral 

blue shift observed. While some extension of tunability may be achieved due to the 

increased gain, it is in large part negated by walk-off losses and surface scattering loss.  
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Here the effect the v-shaped geometry has on the lasing wavelength of the VECSEL 

is described. Figure 3.13 shows the wavevectors associated with both a linear and v-

shaped cavity configuration. The following equations show the relation between photon 

energy and the linear cavity wavevector kz. 
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In the v-cavity configuration a photon emitted at an angle θ contains wavevector 

components in both the lateralk


 and zk


 directions. Where lateralk


 is perpendicular to zk


. 

Thus it is necessary to decompose the wavevectors. Through geometrical relations notice 

that the energy of the photon emitted in the direction of the v-shaped cavity now has its 

wavevector components in two different directions.  
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By considering the fact that the chip was designed to operate at a wavelength of ~ 

975nm, and then due to the resonance condition kz is constant in either the linear or v-

shaped cavity. In the v-shape cavity we have an additional, non-zero klateral term which 

will increase the photon energy resulting in a spectral blue shift of the free lasing 

wavelength.  

 
Figure 3.13: The wavevectors associated with the linear and v-shaped cavity geometry. 
By relating photon energy to wavevector we see the cavity supports shorter wavelengths 
as the fold angle is increased.  
 

In order to demonstrate this experimentally, the VECSEL chip was first tested and 

characterized in a linear cavity configuration to confirm operation at the design 

requirements. Figure 3.14 shows the surface PL taken at three different pumping levels.  

The surface emitting PL spectrum, which is a convolution of the quantum well PL, DBR 
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reflector and the microcavity formed by DBR and semiconductor/air interface etalon, 

shows a peak at ~ 975nm indicating the VECSEL should operate as desired.  

 

 
Figure 3.14: Surface PL taken at normal incidence to the 980nm VECSEL chip. 
 

The sample was then comprehensively tested in four different configurations. First in 

the linear cavity, secondly in a v-shaped cavity with a full fold angle of 28 degrees as 

defined in Figure 3.12, next the angle was increased to 50 degrees, and finally the v-

cavity was tested with a full angle of 60 degrees. It should be noted that the VECSEL 

failed to lase as the folding angle was increased beyond this. Figure 3.15 shows the 

output power in each configuration. As can be seen from the figure, the output and slope 

efficiency remained relatively constant up to the 50 degree fold angle. Beyond this, the 

power dropped dramatically and eventually the VECSEL will not lase with increased 

angle.  
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Figure 3.15: Output power from four different angles in the v-cavity configuration with 
heat sink held at 15C. 
 

In Figure 3.16 the normalized free lasing wavelength from each cavity is shown. As 

the cavity angle increases, the wavelength shifts towards the blue. Earlier the effect that 

the external cavity has on the wavelength selection was discussed in general, but this can 

further be quantified regarding the lasing wavelength within the gain region. The 

emission wavelength for a VECSEL is inherently angular dependent due to the presence 

of the microcavity resonance. Specifically, a relation can be expressed as: 

 

'coskkz           3.49 

 

where zk  is the normal wavevector inside the active region. Expanding the k-vector to 

explicitly include the wavelength dependence we have: 
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Here, c is the emission wavelength for the angle '  inside the VECSEL chip and  is 

emission wavelength at normal incidence. Using Snell’s Law the derived emission 

wavelength is equal to:  
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Figure 3.16: Normalized Free lasing spectra from the four different v-cavity fold angles. 
 

The dashed line in Figure 3.17 shows the calculated wavelength shift as a function of 

folding angle. The red dots in the figure represent the wavelength peaks taken from figure 

3.16. Here it is shown that the data recorded of the free lasing wavelength matches the 
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predicted values. As the angle increases, the rate at which the wavelength blue shifts 

increases. Using this it is possible to help optimize the VECSEL design.  

 

 
Figure 3.17: Calculation of angle tuning free lasing wavelength. Measured wavelength as 
a function of v-cavity angle shown as red dots. In black, a fitted curve based on Snell’s 
Law accurately predicts wavelength as a function of angle.  
 

In order to further characterize the spectral shift inherent to angle tuning, a 1mm thick 

BF was introduced into the cavity in order to examine the tuning range of the device. A 

moderate pumping level of 17W net pump power into the chip was used to measure the 

tuning range of the device for each configuration. The expanded tuning range associated 

with the addition of the fold angle as well as the associated blue shift is evident in Figure 

3.18. This expanded tuning range can partially be explained by the multiple passes of the 

lasing mode through the active region, but it is also noticed there is a change in shape of 

the tuning curve indicating a cavity related effect. Other papers have reported on the 

relation between the VECSEL chip threshold gain and the confinement factor given in 
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equation 3.53 [45]. Here L is the cavity length, i is the internal loss, R is the mirror 

reflectivity, and  is the confinement factor. 
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It is often convenient to split the confinement factor as follows in equation 3.53. 

 

ryxL

d
          3.53 

 

Here x  and y  are the confinement in the x-y plane, d is the total length of the 

active region, and r is the relative confinement factor given in the equation below where 

t is the quantum well width. 
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A simple geometric argument can be made to show that as the angle of the v-cavity is 

increased we slowly change the position of the standing wave with respect to the 
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quantum wells thus decreasing r . For this reason, it is seen that the maximum output 

power decreases even though there are multiple passes through the active region of the 

device. In addition, when there is only a slight angle introduced to the cavity, the lasing 

mode sees only a slight decrease in the microcavity enhancement factor which results in a 

larger tuning range. This effect is further enhanced as surface scatter and walk off losses 

become larger with increasing angle as well. As the angle increases, the VECSEL is 

moved away from the RPG design and slowly moves to an anti-resonant periodic gain 

design which reduces the overall gain and broadens the confinement factor. This 

broadening, in conjunction with the parabolic gain shape, can account for the tuning 

spectra seen in Figure 3.18. 

 

 
Figure 3.18: Tuning curves for each v-cavity folding angle. A 1mm thick BF was used 
and the sample was tested at a heat sink temp of 15C. The cavities were tested with a net 
pump power of 17W. 
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3.6 Amplified spontaneous emission and lateral lasing 

 
Optically pumped VECSELs are capable of achieving multi-watt, high brightness 

emission. However, amplified spontaneous emission (ASE) and lateral lasing limit the 

maximum pump spot diameter and thus, power scaling of the device [70]. Inside the 

pumped region of a VECSEL, spontaneous emission is naturally emitted at all possible 

angles. Due to the index guiding from the device layer structure, photons emitted in the 

epitaxial plane are trapped by these guiding layers and amplified over the pump region 

which is ASE. This steals the gain from the surface emitting mode and results in 

instabilities and poor beam quality. While ASE is detrimental to VECSEL beam quality 

and overall stability and efficiency, the worst case is lateral (in-plane) lasing. Lateral 

lasing in VECSELs occurs when there is sufficient feedback of ASE from the edges of 

the chip to induce lasing. This has a cascading effect and further degrades the surface 

emitted VECSEL mode. 

To realize power scaling of the VECSEL, the pump spot size should be increased and 

the operating temperature should be decreased [71]. However, the large pump area 

greatly increases the gain length in the lateral plane significantly amplifying the guided 

spontaneous emission. In addition, the semiconductor gain is intrinsically temperature 

dependent since the bandgap of the semiconductor and the quasi-Fermi-Dirac distribution 

of the carriers are a function of temperature. As the temperature of the device is 

decreased the gain increases. This increase in gain also results in an increase in ASE and 

lateral lasing as will be shown later.  
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There is one other aspect that greatly promotes lateral lasing. As the device is 

pumped, the active region begins to heat. The energy bandgap of semiconductors tends to 

decrease as the temperature is increased since the increasing temperature causes an 

increase in inter-atomic spacing thus reducing the potential seen by the carriers in the 

material and reducing the energy bandgap [72].  For the longitudinal mode of a VECSEL, 

this heating causes the optical resonance of the microcavity and the quantum well gain 

peak to tune to longer wavelengths at the rate of ~ 0.1 nmK-1 and ~0.3 nmK-1, 

respectively as mentioned earlier. Since optical pumping is used, the temperature in the 

material outside of the pumped area is then colder due to the fact that the thermal flows in 

the device are primarily perpendicular to the surface due to the thin layer of the device 

and the efficient heat extraction through the CVD diamond heat spreader. Because of this 

the band gap in the pumped region is less than that in the surrounding area. This results in 

the areas surrounding the pump spot to be transparent to the spontaneous emission. The 

edges of the VECSEL chip then can act as mirrors and provide feedback for the ASE and 

in the worst case lateral lasing can occur.  

Two different structures were used in the experiments. For the first, a highly strained 

compensated InGaAs/AlGaAs/GaAsP multi-quantum well in a resonant periodic gain 

structure was designed to operate near 1178nm. The VECSEL structure consists of 10 

repeats of compressive strained InGaAs quantum wells. Each quantum well is 7nm thick 

and surrounded by GaAsP strain compensation layers and AlGaAs barriers, in which the 

808nm pump emission is absorbed. As was defined earlier, the thickness and 

compositions of the layers of the RPG structure are optimized such that each quantum 
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well is positioned at the antinodes of the cavity standing wave. A high reflectivity (R > 

99.5%) DBR stack made of 21-pairs of AlGaAs/AlAs is grown on the top of the active 

region. To avoid premature thermal rollover, a detuning between the quantum well gain 

peak and the microcavity resonance of about 30 nm is introduced which compensates the 

thermal detuning at higher temperatures and powers at the expense of a slight increase in 

threshold power.  

The second structure used was a similarly designed 980nm VECSEL structure 

consisting of 15 repeats of single 8nm quantum wells. Both structures used the same 

method for efficient heat dissipation. As described in Section 2.2, a thin Ti/Au 

metallization layer is deposited on the epitaxial side of the wafer and CVD diamond heat 

spreader. The samples were then solder bonded to the CVD diamond heat spreader using 

indium solder. The removal of the GaAs substrate was slightly different for the 1178 and 

980nm samples as the etch stop construction was different, but similar chemicals we used 

in the selective wet chemical etching process. In both cases the remaining semiconductor 

material consisting of the DBR-stack, RPG active layers, and window layer were 

approximately 6 µm thick. Neither sample had a surface antireflection (AR) coating 

applied.   

The 1178nm VECSEL structure was chosen for looking at the temperature 

dependence of ASE and lateral lasing since the large quantum defect heat (808nm pump) 

from the active region should generate more waste heat in the pumped region thus 

enhancing the lateral lasing effect. An 1178nm sample VECSEL was tested in a linear 

cavity of length ~ 22cm with an output coupler that had a 30cm radius of curvature and 
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was 4% transmissive. The pump spot was approximately 480 µm in diameter which 

resulted in single transverse mode operation. Figure 3.19 shows the output power from 

the device at three different operating temperatures.  Typically it is expected that, due to 

the temperature dependent gain, decreasing the temperature of the heat sink will increase 

the lasing threshold and increase slope efficiency and ultimately lead to higher output 

powers. In this case, it was noticed that the output increases from 25C to 15C, but at 5C 

the output becomes unstable and actually decreases.  

 

 
Figure 3.19: Output powers from linear cavity at three different temperatures. As the 
temperature decreases, lateral lasing becomes more prevalent. 
 

The output decreases and becomes unstable due to the gain competition between the 

longitudinal lasing mode of the VECSEL and that of the lateral lasing [73]. Figure 3.20 

shows a series of pictures taken during the test. The picture shows the lateral lasing 

scattered from the edge of the chip at various temperatures and levels of net pump power. 

As can be seen, there is virtually no lateral lasing when the temperature of the heat sink is 

held at 25C. This results in the steady output shown in Figure 3.19. Again, at 15C, it is 
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seen in the figure that some lateral lasing is now becoming evident, but this appears to 

have little effect on the stability of the output and the anticipated increase in performance 

is evident. As the sample is cooled further to 5C, it is now clear that lateral lasing 

becomes very intense. The reason for this is that as the device is cooled, the gain in the 

active region increased and a spectral red shift occurred. The edges of the semiconductor 

air interface caused a FP resonator to be formed in the lateral plane that competed with 

the axial lasing mode. For this reason the output became unstable. 

 

 
Figure 3.20: Temperature dependence of lateral lasing. The top row shows the lateral 
lasing scattered at the chip edge when the heat sink is held at a temperature of 5C. The 
middle and last rows show heat sink temperatures of 15C and 25C respectively. The 
images show that as the device temperature is decreased, lateral lasing becomes more 
prevalent. 

 

As mentioned earlier, it is necessary to control ASE and lateral lasing in order to 

power scale VECSEL devices. One such method of accomplishing this is to alter the 

shape of the VECSEL device. Figure 3.21 is an image of a 4mm diameter sample 

processed in a similar manner (i.e. Ti/Au metal evaporated, solder mounting using 
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evaporated indium, substrate removal, and AR coating).  However, instead of being 

square in shape as the previous sample, the edge of the sample has been patterned in a 

star shape. In this design, any ASE which impinges on the edge of the VECSEL is not 

Fresnel reflected back into the cavity, but is glancing-angle reflected much like a light 

trap into the points of the star.  This image is taken courteous of the Air Force Research 

Labs using a silicon CCD while pumping at 808nm and filtered such that we are 

primarily observing the photoluminescence.  As is evident in Figure 3.21, the points of 

the star are indeed brightest, showing that in-plane guided ASE is indeed making it to the 

points, but there is no lateral lasing observed in this sample. 

 

 
Figure 3.21. Surface PL image taken from a VECSEL sample that was etched in a star 
pattern. The ASE is funneled into the star points in order to quench direct feedback from 
the edge. Image from Air Force Research Labs. 

 
There is no perfect way to quantify how much power is lost due to ASE and lateral 

lasing since there is now way to directly turn it on and off. However, if we first induce 

lateral lasing and then reduce it, we should be able to gain a better understanding of the 
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detrimental effect it has on the VECSEL output. In order to quantify how much power is 

lost, it must first be possible to reduce ASE and lateral lasing. One way to achieve this is 

to damage the edges of the sample, or etch the sample into an unusual shape thus 

eliminating the lateral cavity as we have seen in the previous section. This may eliminate 

the lateral cavity, but it does not prevent reflections from the edge of the sample passing 

through the pumped region for further amplification. Because of this we chose to deposit 

a thin germanium (Ge) film on the edges of the sample. The large refractive index n = 

4.38, k = 0.12 of Ge at 1178nm [74] should reduce the Fresnel reflection coefficient at 

the sample edges and absorb the radiation inside the Ge film preventing feedback into the 

pumped region.  

For the experiment an 1178nm VECSEL structure was used in order to make use of 

the heating caused by the large quantum defect. In addition, the device was also carefully 

processed to ensure neatly cleaved edges to maximize the mirror reflectivity in the lateral 

plane. This resulted in a device that had very visible lateral lasing at 15C. The device was 

first mounted on a translation stage in a ~22cm linear cavity with a 98% 30cm ROC 

output coupler with a ~480um pump spot size on the chip. The performance of the chip 

was tested at 15C and the location of the pump spot was measured using the micrometer 

on the translation stage and an image of the surface was taken to verify the location. The 

sample was then removed and a thin 100nm layer of Ge was evaporated on two edges of 

the sample as shown in Figure 3.22. After the Ge was deposited, the sample was mounted 

on the same set up with the cavity set in the same configuration as before as verified by 

measurement as well as the surface image of the sample. The chip was then translated to 
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the same location and the performance was again recorded. As seen in Figure 3.23a, after 

the Ge was deposited, the lasing threshold remained constant, but the slope efficiency 

increased and the maximum output power of the device increased from 2.47W to 2.91W.  

The same test was performed using a 620 µm pump spot diameter as well. For this an 

8cm linear cavity with 98% 75cm ROC output coupler was used. Again, Figure 3.23b 

shows that the threshold was constant, but the slope efficiency increased and the 

maximum output power increased from 2.86W to 3.44W.  

 

 
Figure 3.22: Diagram of ASE reduction by edge Ge deposition. Lateral lasing was 
observed from the scatter at the edge of the chip. A Layer of Ge was edge deposited in 
order to absorb and prevent ASE reflections back through the pump area.   
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a)                            b) 
Figure 3.23: a) Output power from a 480um pump spot diameter before and after Ge 
deposition on two edges of the sample. b) For the same sample the pump spot diameter is 
increased to 620um and a similar increase in performance is observed before and after Ge 
deposition. 
 
 

In the previous experiments, it was shown that the introduction of absorbing regions 

onto two edges resulted in an increase of output power by approximately 20% for two 

different pump diameters. For the next experiment, a sample was again prepared in order 

to induce lateral lasing, where we specifically cooled the heat sink to 0C and used a large 

pump spot of around 550um inside a linear cavity of 6.4cm with 98%, 30cm ROC output 

coupler to again provide VECSEL lasing in a single transverse mode. Here only one edge 

of the VECSEL sample was coated with Ge in the path of the lateral lasing. This allowed 

for visible confirmation of lateral lasing elimination since the coating did not interfere 

with the scatter that was observed from the edge of the sample. Figure 3.24 shows the 

performance of the device before and after Ge deposition. Here, the threshold again 

remained about the same, but the slope efficiency is slightly reduced presumably caused 

by damage to the sample after extensive testing. However it is noticed that the output of 

the device still increased. Figure 3.25 shows the imaged pump spot at three different 
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levels of pumping before and after Ge deposition. Prior to Ge deposition, the lateral 

lasing at the edge of the chip is clearly visible, but after Ge deposition, there is no visible 

sign of lateral lasing.  

 

 
Figure 3.24: Output before and after Ge deposition of an 1178nm sample when only one 
edge of the samples is coated with Ge. 
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Figure 3.25: VECSEL surface images showing the reduction of lateral lasing due to Ge 
deposition. The top row shows the lateral lasing scattered from the left edge of the sample 
prior to coating one edge of the sample with Ge at three different net pumping levels. The 
bottom row shows the same spot on the sample after Ge deposition when no scatter from 
lateral lasing is observed. 

 

The research shows a strong temperature dependence of lateral lasing which inhibits 

power scaling of VECSEL’s. Because lateral lasing occurs when large amounts of ASE 

are accompanied by feedback, altering the edges of the sample through either patterning 

or Ge deposition is effective in reducing lateral lasing and ultimately increasing the 

performance of the device. Future work that combines both methods of edge mirror 

destruction may lead to further elimination of lateral lasing and reduce directionally the 

ASE and thus increase the performance of VECSELs. This should allow for not only the 

decrease in operating temperature of the device, but also allow for the use of larger pump 

areas which will in turn increase the beam quality and slope efficiencies resulting in 

higher output powers. 

30W Net Pump 39W Net Pump 47W Net Pump

Before Ge 
Deposition 

After Ge 
Deposition 
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CHAPTER 4 
VECSEL FOR SODIUM GUIDESTAR LASER 

 
 
 

Through bandgap engineering of the semiconductor quantum wells, VECSELs have 

been shown to be capable of providing tunable high output powers over a large range of 

fundamental operating lasing wavelengths (670nm – 2.4um) [75-77]. In addition, optical 

pumping in conjunction with the external cavity allows for excellent beam quality in a 

simple, compact, and flexible set-up. There is currently a great deal of interest in areas 

such as: optical metrology, high-resolution spectroscopy (e.g. LIDAR), and optical fiber 

communications. Specifically, there is need in the spectral bands covering the 570-590 

nm range for applications in sodium guidestar lasers, quantum computing, and medical 

applications [78-79].  Despite the many applications for single frequency lasers in this 

yellow-orange spectral range, development has been limited, mainly due to a lack of gain 

materials. Other methods of generation in this range have been explored including: 

frequency doubling of Yb solid-state lasers [80], frequencies doubling of Raman-shifted 

Yb (Nd) lasers [81], and frequency doubling of Bi-doped fiber lasers. Unfortunately, 

most of these approaches suffer from a combination of limited emission range, low 

output power or high cost. Thus the development of a semiconductor based yellow laser 

is very attractive due to the high-gain, large volume production and low-cost. However, 

the limited direct band-gap energy possibilities result in a restricted range of visible 

emission wavelengths. Therefore, a VECSEL based on a design of strained multi-

quantum wells operating in the infrared (IR) region near 1170nm combined with 

intracavity frequency conversion is an excellent solution for a laser operating in the 
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yellow-orange regime.  The open cavity concept design of the VECSEL not only makes it 

possible for the intracavity second harmonic generation (SHG), but also allows for the 

inclusion of multiple frequency selective elements for linewidth narrowing and tuning 

capabilities. A combination of intracavity elements can be employed to generate high 

power single frequency output in the visible region of the spectrum.  

 
4.1 Experimental Design 
 

 
To generate the fundamental 1178nm wavelength and the frequency doubled 589nm 

yellow laser, a folded cavity configuration shown in Figure 4.1 was used. In the diagram, 

the VECSEL chip and a flat mirror serve as two end mirrors and a concave spherical 

mirror as the folding mirror. For the ~650um pump spot diameter, the distance from chip 

to the curved mirror was ~17cm and the distance from the curved mirror to the distance 

to the flat mirror was measured to be ~5.5cm with a resulting full folding angle of about 

20 degrees. The folding concave mirror with a radius of curvature of 10cm is high-

reflective (HR) coated for the fundamental laser but is highly transmissive (~95%) for the 

frequency doubled output.  
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Figure 4.1: Cavity design for intracavity frequency doubling of the 1178nm VECSEL. By 
folding the LBO crystal is placed at a beam waste for maximum conversion efficiency. 
The HR flat end mirror allows all 589nm output to be extracted from the curved fold 
mirror. 
 
 
4.2 LBO crystal 
 
 

In order to generate the desired yellow output through intracavity second harmonic 

generation a lithium triborate (LiB3O5) LBO crystal is used. LBO is a nonlinear optical 

crystal discovered and developed by Fujian Institute of Research on the Structure of 

Matter, Chinese Academy of Sciences and has several properties which make it 

appropriate for this application. LBO is a biaxial crystal that has a broad transparency 

range from 160nm to 2.6µm, with SHG phase matching range from 0.55µm to 2.6µm. It 

has a relatively large effective SHG coefficient (about three times larger than that of 

KDP), and also has a high damage threshold of ~18.9 GW/cm2 for a 1.3ns laser at 

1.054µm. In addition, LBO also has a wide acceptance angle and small walk-off; all of 

these make LBO and excellent choice for this application.  
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4.3 The sodium D1 and D2 spectral lines 
 
 

The purpose of this research is to investigate the use of VECSELs as a laser guide star 

for adaptive optic (AO) telescopes. AO systems require a wavefront reference source in 

order to correct atmospheric distortion of light which degrades the clarity of images. 

Typically, a natural star which is sufficiently bright can be used for AO systems. 

However, not all parts of the sky have sufficiently bright stars available. One method to 

generate an artificial guide star source is with a laser shined into the atmosphere which 

can be positioned anywhere. One way to achieve this is to excite a layer of sodium atoms 

which are naturally present in the mesosphere at an altitude of around 90 kilometers. The 

sodium atoms then re-emit the laser light, producing a glowing artificial star.  

There are two spectral lines of sodium which can be excited. These are the sodium D 

lines discovered by Joseph von Fraunhofer. These two lines are close in wavelength and 

occur in the yellow region of the spectrum of neutral sodium at wavelengths of 588.9950 

(D2) and 589.5924 (D1) nanometers (approx. 5890 Å and 5896 Å). These D lines are 

emitted by electron transitions from the 3p to the 3s levels of sodium. The D2 line at 

588.9950 nm has twice the intensity of the line at 589.6 nm and is the primary focus for 

sodium guidestar lasers. 

 
4.4 Intracavity Linewidth narrowing and wavelength tuning 
 
 

The free lasing wavelength of VECSELs typically has a full width half max (FWHM) 

of around 2nm. For the sodium guidestar laser it is desired to have a spectral linewidth of 

< 10MHz in order to concentrate enough of the laser on the sodium lines in order to 
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induce enough absorption. In order to achieve such a narrow spectral width, two 

intracavity frequency selective elements were used; a Fabry-Perot etalon and a 

birefringent filter.  

 
4.4.1 Fabry-Perot etalon 
 

 
A Fabry–Perot etalon consists of a pair of partially reflective optical flat surfaces and 

can be spaced from millimeters to centimeters apart. Figure 4.1 shows a schematic of a 

light ray passing through the etalon at angle θ.  

 

Figure 4.2: Ray diagram showing beam path for transmission through a Fabry-Perot 
etalon. 

 
In the figure, as the ray passes through the surface of the material with index n, 

multiple Fresnel surface reflections produce multiple transmitted rays.  This results in a 



 104

varying transmission function of an etalon which is caused by constructive interference 

between the multiple reflections of light between the two reflecting surfaces. 

Constructive interference occurs if the transmitted beams are in phase, and this 

corresponds to a high-transmission peak of the etalon. In the simplest case where each 

surface has the same reflectance, a transmittance function is given by:  
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where R is the surface reflectance and F is the coefficient of finesse given by: 
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and δ is the phase difference between each reflection given by: 
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The wavelength separation between adjacent transmission peaks is called the free 

spectral range (FSR) of the etalon, Δλ, and is given by: 
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λ0 is the central wavelength of the nearest transmission peak. The FSR is then related to 

the FWHM, (δλ) through the finesse: 




           4.5 

Thus, Fabry-Perot etalons with a high finesse have narrow spectral lines which are 

desired for the sodium guide star application. Figure 4.3 shows calculated transmission 

spectra for a 1mm thick fused silica etalon with 90% reflective surfaces. 

 

Figure 4.3 Calculated transmission through 1mm thick fused silica solid Fabry-Perot 
etalon with R = 90% on each face. 
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4.4.2 Birefringent filter 
 
 

A simple form of birefringent filter is a waveplate placed between two parallel linear 

polarizers. The waveplate is simply a piece of uniaxial crystal with its c axis (optical axis) 

parallel to the plate surfaces. The transmission function is given by: 
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is the phase change and n0 and ne are the refractive indices for 

ordinary and extraordinary ray, λ is the vacuum wavelength, and L is the plate thickness 

along the beam direction within the plate.  When the BF is placed in the VECSEL cavity, 

a linear polarizer is not necessary if it is inserted at Brewster’s angle. In such 

configuration, each surface of the BF acts as a partial polarizer, not a perfectly linear 

polarizer. In this case the transmittance equals one under the condition:   
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Here m is an integer, θ’ is the angle between the direction of propagation and the crystal 

c-axis, θe, and θo are the refraction angles of the ordinary and extraordinary rays inside 

the BF and d is the thickness of the BF.  
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An intracavity BF is similar to a FP etalon and can actually be considered an 

interference filter if the input ray is decomposed into ordinary and extraordinary rays. 

When constructive interference occurs, maximum transmission occurs. Thus, when the 

BF is rotated about its normal, the refractive index for extraordinary ray changes with the 

angle θ’ between the crystal c axis and the propagation direction. This change in 

refractive index induces a spectral shift in the transmittance function and allows for 

spectral tuning in a VECSEL. Also, the thickness of the BF determines the spectral 

filtering and the free spectral range. A thinner BF will have a broad FWHM and a large 

FSR while thicker BF’s result in spectral narrowing with a shorter FSR. It is thus possible 

to use multiple BF’s in a laser cavity resulting in a Lyot filter.  An example of which is a 

three piece Lyot filter consisting of a BF of thickness d, and second of thickness 2d, and a 

third of thickness 4d. When used in a VECSEL cavity the large FSR of the thin BF 

eliminates the majority of lasing modes while the thicker BF’s narrow the spectral width. 

Figure 4.4 demonstrates this effect in a single piece BF and a 3 piece Lyot filter.  
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Figure 4.4: Transmission through an ideal quarts birefringent filter. The green curve 
shows the transmission through a 1mm thick BF while the blue curve demonstrates the 
line narrowing in a 3 piece Lyot filter configuration. 

 
 
4.5 Simulation 

 

In order to simulate the VECSEL for sodium guidestar laser applications a model 

based around Type I phase matching in an LBO crystal at a wavelength of 1.178um and 

following the techniques of intracavity SHG in Section 3.2.2 are used. The LBO is a 

crystal from the point group mm2 and it can be found that deff = d32cos(φ) in the XY 

plane. It is also well known that the nonlinear coefficient d32 = .98pm/V. Now using the 

v-cavity configuration shown in Figure 4.1 basic calculations assuming a non-depleted 

pump in the plane wave approximation can be made. A Matlab program using typical or 

measured values for a VECSEL operating at a fundamental wavelength of 1178nm and 
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employing an intracavity LBO crystal to convert to a 589nm yellow laser was used. The 

cavity lengths are such that the mode size on the crystal is calculated to be approximately 

140um using the ABCD matrix approach. Experiments have shown that using a crystal 

1cm in length will generate up to 5W of the second harmonic. 

The program plots the output power versus crystal length in Figure 4.5a. This figure 

indicates that as the crystal length increases the SHG output increases linearly. However, 

this is not entirely accurate as this result is simply a product of the approximations used 

in the program. Specifically, if pump depletion were considered there would be a point 

where the VECSEL could no longer support lasing and there would be an abrupt shut off 

point. In addition, the efficiency to SHG conversion would also decrease due to the 

Gaussian beam divergence within the crystal. This was not accounted for in the plane 

wave approximation.  
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a)          b) 
Figure 4.5: Calculations for SHG output of the VECSEL sodium guide star laser. a) 
Calculated SHG output power as a function of crystal length. b) Output power as a 
function of phase mismatch for a 1cm crystal. 
 

In Figure 4.5b the crystal length is restricted to 1cm which is within the region where 

a plane wave approximation is appropriate. This crystal length is also appropriate in 

assuming a steady state operation where pump depletion can be neglected. The figure 

shows the results of changing the phase mismatch. As expected, due to the sinc term in 

the modeling equations discussed in Section 3.2.2, it is seen that the condition for highest 

output is for in the perfectly phase matched case. This model predicts a SHG output of 

9W with alternating areas of high and no output when we are removed from the ideal 

condition. While many approximations have been made in the model, a good 

approximation to the previously measured 5W output is made.  
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4.6 Experimental results 

 
The structure of the VECSEL for sodium guidestar applications is similar to the 

devices mentioned previously. The structure designed for emission around 1178 nm, was 

grown by metal-organic vapor phase epitaxy (MOVPE) on GaAs substrate. An active 

region consisting of 10 InGaAs compressive strained quantum wells was used as the gain 

media. Each quantum well is 7 nm thick and surrounded by GaAsP strain compensation 

layers and AlGaAs barriers, in which the 808-nm pump emission is absorbed. The 

thickness and compositions of the layers are optimized such that each quantum well is 

positioned at an antinode of the cavity standing wave to provide resonant periodic gain 

(RPG). The complete VECSEL structure also includes a high reflectivity (R > 99.5%) 

DBR stack made of 21-pairs of AlGaAs/AlAs is grown on the top of the active region. In 

addition to the RPG active region and DBR stack, there is a high aluminum concentration 

AlGaAs etch-stop layer between the active region and the substrate to facilitate selective 

chemical substrate removal.  

The fabrication of the VECSEL was solder bonded to a high thermal conductivity ( 

>18Wcm-1K-1 ) CVD diamond heat spreader. The fabrication process included mounting 

and substrate removal of a 2.5mm x 3.5 mm VECSEL sample using soft indium solder as 

described previously.  

The performance of the fundamental (~1178 nm) VECSEL is first characterized by 

replacing the flat broadband mirror with 98% reflective output coupler. Figure 4.6 shows 
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the performance of the laser with the heat-sink temperatures maintained at 0 C. The 

maximum output power obtained was 3.8 W with a slope efficiency of ~ 15%. 

 

 
Figure 4.6: The performance of the fundamental ~1180nm laser with the heat-sink 
temperatures maintained at 0 C. With a 98% output coupler the maximum output power 
obtained was 3.8 W with a slope efficiency of ~ 15%. 
 

The surface-emitting photoluminescence (PL) spectrum is captured normally to the 

sample surface by a multimode fiber and shown in Figure 4.7a. Surface-emitting PL 

spectrum is a convolution of the quantum well PL, DBR reflector and the microcavity 

formed by DBR and semiconductor/air interface etalon. From the figure it is seen that as 

the pumping level is increased, the dominant peak at 1180nm corresponding to the 

electron/heavy hole recombination grows. Also observed was a gradual red shift in the 

PL spectrum indicating that at the highest pumping level, the free running laser should 
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operate near the desired fundamental wavelength of 1178nm. As can be seen in Figure 

4.7b, at threshold, the laser operates at 1176nm, and as maximum output power is 

reached, we achieve a center wavelength of ~ 1181nm indicating nearly ideal operation 

for conversion to 589nm.    

 

   
a)           b) 
Figure 4.7: Fundamental operation of the 1180nm VECSEL. a) Surface PL of the sample. 
b) The free lasing spectrum from the v-cavity. At maximum output power, the spectrum 
shifts to a nearly ideal wavelength of 1181nm. 
 

It has been noticed there is a natural linear polarization in VECSELs. While the cause 

of the polarization is not completely understood, it is speculated to be a result of the 

solder bonding. Because of this it is important to first characterize the nature of the 

polarization in order to maximize the second harmonic generation. Since a birefringent 

filter is inserted at Brewster’s angle it is desired to align the polarization of the VECSEL 

chip with that of the induced polarization of the BF in order to minimize losses and 

maximize the output efficiency. Figure 4.8 shows the measured polarization across the 

surface of the VECSEL chip. As can be seen from the diagram, the chip was uniformly 
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polarized across the 2mm x 3.5mm surface of the chip. With this chip polarization 

aligned with the induced polarization of the BF we are able to maximize the VECSEL 

performance. 

 

 
Figure 4.8: Map of the natural polarization of the VECSEL sample. The cause of the 
polarization is not completely understood but is believed to be a result of solder bonding.  

 

Linewidth narrowing and wavelength tuning needed for the second harmonic 

generation was achieved by using a combination of a 1mm thick intra-cavity birefringent 

filter (BF) inserted at Brewster’s angle and a low finesse 150um thick Fabry-Perot (FP) 

etalon. By using this combination of low-loss filters, it was possible to achieve single 

frequency operation of the fundamental wavelength with a linewidth of less than 10 

MHz. A combination of scanning Fabry-Perot interferometers were used to measure the 

linewidth and verify single frequency operation. As the total cavity length is 22.5cm it is 

expected the cavity would have a FSR of ~ 650 MHz. By first using scanning FP with a 

free spectral range of 10 GHz and a resolution of 90 MHz it was possible to see single 

frequency operation. Next a 1.5 GHz scanning FP with and a spectral resolution limit of 

10 MHz was used to measure the full width half max (FWHM) of the single longitudinal 
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mode. In Figure 4.9 the measurements from the 1.5 GHz device are shown. The figure to 

the left shows single frequency operation and the figure to the right allowed the 

measurement of the FWHM. It is calculated from the figures that a FWHM of the 

fundamental lasing output is 10 MHz. It is suspected that the actual FWHM is less than 

this as this measurement corresponds to the resolution limit of the device.   

 

 
Figure 4.9: Images from a scanning Fabry-Perot interferometer showing single frequency 
operation of the fundamental 1180nm laser with a resolution limited linewidth 
measurement of 10 MHz. 
 

After single frequency operation of the fundamental lasing mode was achieved, the 

cavity was tuned to the desired fundamental wavelength of 1178nm and an LBO 

nonlinear crystal was inserted at the beam waist as shown in Figure 4.1 for the second 

harmonic generation. After inserting the LBO the wavelength was fine tuned by rotating 

both the BF and the FP etalon. In addition, it was possible to rotate the LBO crystal 

around all axes to achieve optimal phase matching and maximize the laser output. Figure 

4.10a shows the fundamental spectrum and 4.10b shows the lasing spectra of the 

generated second harmonic.   

 



 116

 
a)        b) 
Figure 4.10: Lasing spectrums of the narrow linewidth sodium guide star laser. a) The 
fundamental lasing spectrum. b) The lasing spectrum of the generated second harmonic. 
The wavelength of 588.996 nm corresponds to the sodium D2 line. 
 

By rotating the intracavity elements it is possible to tune the VECSEL to a 

wavelength of 588.996 nm corresponding to the sodium D2 spectral line. With the 

VECSEL tuned to this wavelength the maximum output power of the generated second 

harmonic was measured to be 4.11 W. While it was not possible to directly measure the 

FWHM of the SHG output it is estimated to be less than 15 MHz based on the earlier 

measurement of the fundamental FWHM. The output power of the SHG shown in Figure 

4.11 shows the yellow output reaching 4.11 W with a slope efficiency of ~ 16%. 
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Figure 4.11: The output power at 588.991 nm corresponding to the sodium D2 spectral 
line. A maximum output of 4.11W was achieved with a slope efficiency of ~ 16%. 
 

With the high power single frequency VECSEL source now operating near 589 nm, 

the beam is passed through a sodium reference cell and the output is measured both 

before and after the cell. By rotating the BF and FP etalon the lasing output of the 

VECSEL is carefully tuned from 588 nm to 589 nm. Even though the system suffered 

from vibrations from the thermal management system as well as air movement from the 

uncovered set-up it was possible to measure the locations of the spectral lines. In Figure 

4.12 transmission dips at 588.991nm and 589.595nm corresponding to the sodium D2 and 

D1 lines respectively are measured using this technique. Due to the associated system 

instabilities, approximately a 10% reduction in transmission through the reference cell at 

the spectral line locations was measured.  
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Figure 4.12: Measured dips in transmission thorough a sodium reference cell. The dips in 
transmission at 589.991nm and 589.595nm correspond to the sodium D2 and D1 lines 
respectively. 
 

The theoretical simulations as well as the measurement of the sodium D1 and D2 lines 

demonstrate the ability for VECSELs to be a sodium guidestar laser source. By further 

refining the set-up with active linewidth stabilization it should possible to better measure 

response of the sodium reference cell. 
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CHAPTER 5 
GAIN COUPLED VECSELS 

 
 

Due to their open cavity design, VECSELs provide an inherently flexible design 

platform in order to explore a variety of systems. Furthermore, High brightness 

semiconductor lasers with wavelength switching capability are of great interest in a range 

of applications including free-space wavelength-multiplexed optical communication [82]. 

In considering the methods of coupling VECSELs, here a description of gain coupling 

VECSEL cavities for use in optical switching is described. In particular, two VECSEL 

cavities sharing a common gain region are explored. The competition for a common set 

of carriers dictates how these cavities interact. The easiest configuration to realize gain 

coupling is to utilize a linear cavity and a v-cavity built around a single VECSEL chip. 

The gain and loss of each cavity can be controlled independently through use of 

birefringent filters allowing for the ability to explore the design.  The operation of the 

coupled cavities may be explained with simple rate equations, and it is shown that if 

prepared properly, spontaneous emission plays a significant role in the operation. The 

following sections present unique behaviors such as high power optical switching and 

tunable dual wavelength emission in a gain coupled VECSEL system.  
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5.1 Experimental design 
 
 

The novel design, shown in Fig. 5.1, is the simplest dual cavity gain-coupled 

configuration consisting of a linear cavity (cavity 1) and a v-shaped cavity (cavity 2) 

coupled by sharing a common VECSEL quantum-well gain material. 

 

 

Figure 5.1: Schematic design of the gain coupled dual cavity VECSEL design. 
 
 

This design is unique in that each cavity oscillates at its own frequency, while the BFs 

eliminate optical coupling between the laser cavities which may occur due to scattering. 

Unlike other dual-wavelength VECSELs that employ a single external cavity with either 

quantum wells designed for different wavelengths [83] or polarization optics that split the 

mode into spatially separated regions on the gain chip [84-85], this configuration relies 
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on the naturally broad semiconductor gain and provides control over each cavity 

independently. This dual-cavity design avoids instabilities [86-87] due to photon 

interaction between the two cavities while maintaining the ability to simultaneously 

control the output of each. 

The VECSEL gain chip used in the experiment is designed for emission around 975 

nm. The active region consists of 14 InGaAs compressive strained quantum wells 8 nm 

thick surrounded by GaAsP strain compensation layers and AlGaAs pump-absorbing 

barriers. A 99.9%distributed Bragg reflector stack made of 25 pairs of Al0:2Ga0:8As/AlAs 

is grown on the top of the active region, and a single layer quarter wave low reflection 

coating of SiO2 is applied to the surface of the chip to enhance the 975 nm signal. 

The geometry, cavity lengths, and reflectivities are shown in Fig. 5.1. The output 

power of cavity 1 can be controlled by rotating the BF in cavity 2, and vice versa. For 

example, if a constant pump power is maintained and the BF in cavity 1 remains fixed, 

tuning the BF in cavity 2 creates regions where only cavity 1 lases and regions where 

only cavity 2 lases. In this case, the lasing wavelength of cavity 1 is essentially constant 

at the wavelength selected by the BF in cavity 1. 

The BFs are used to tune each cavity respective wavelength within the semiconductor 

gain bandwidth. The linear cavity (cavity 1) passes once through the chip in a round trip, 

while the v-shaped cavity (cavity 2) passes twice. Controls the threshold of the uncoupled 

cavities. We experimentally confirm this by measuring the threshold of each uncoupled 

cavity individually as a function of wavelength. Because the gain essentially “clamps” at 

threshold, the laser with the lowest threshold lases first, thereby inhibiting the ability of 
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the other cavity to reach the threshold. By comparing the values of the threshold for each 

uncoupled cavity, regions of equal threshold where the laser switches from one cavity 

output to the other can be determined. For most operating regimes, the relative threshold 

of the uncoupled cavities is sufficient to indicate which of the two laser cavities will be 

on when the two cavities are coupled together. The boundary between each cavity lasing 

occurs where the uncoupled cavity thresholds are equal. 

 
5.2 Rate equation analysis 
 
 

To understand this laser system a set of simplified rate equations are first introduced. 

Ignoring barrier absorption and spontaneous emission, the rate equations patterned after a 

single cavity case can be written as: 
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Introduced in the equations are P
~

 and g~ , to simplify notation, equivalent to 

   Vp  and vg respectively.  

In equations 5.1 - 5.3, N is the carrier density, S1;2 are the photon densities in the 

linear and the v-cavities (1 and 2, respectively), P is the incident pump power, Ω is the 

pump absorption efficiency, ωp is the angular frequency of the pump, τ is the carrier 

lifetime, vg is the group velocity, Γr1;r2 is the resonant periodic gain enhancement factor in 

each cavity, g is the gain, τp1;p2 are the photon lifetimes in each cavity, Γ1;2 are the total 

overlap integrals, and Va is the volume of the active region. The factor of 2 in front of the 

S2 term in Eq. (1) accounts for the chip being a fold of the cavity; a round-trip of cavity 2 

consists of twice the number of passes through the gain as cavity 1. There is no explicit 

photon coupling, so the two cavities are solely coupled through the carrier density in the 

gain element. 

In order to explain the cavity competition it is necessary to analyze the steady states 

of Equations 5.1 – 5.3. It becomes immediately evident that, for all cases where the 

uncoupled thresholds are not identical, either S1 or S2 will be zero. The cavity with the 

lowest losses lases first, preventing photons from building up in the other cavity. Fitting 

the threshold of cavity 1 without the influence of cavity 2 across the tuning range of the 

BF confirms this. We assume a logarithmic gain function      trNNgNg ln; 0 , 

explicitly ignoring the shift-carrier density typically included [53]. In this case, the 

constant coefficient go and the function  trN , are allowed to vary linearly with 

wavelength, are used as fitting parameters. This functional form was determined to be 
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suitable over the tuning range and approximate carrier densities present in this laser 

system by using commercially available many-body software [88]. We then use these 

values to calculate the cavity 2 threshold over the same wavelength range. By comparing 

the predicted thresholds of the two cavities, we determine the boundaries indicated by the 

lines in Figure 5.2.  

Figure 5.2 and the description in the preceding paragraph explain the behavior of the 

coupled system everywhere except near the boundary when the BFs are tuned such that 

both uncoupled cavities have similar thresholds. In this boundary regime, a close 

inspection of Figure 5.2 reveals regions where both S1 and S2 are nonzero, a scenario not 

predicted by solving equations 5.1 – 5.3, except at the boundary
2

1

1

2

pp 





. This unstable 

point is not achievable in practice owing to noises in real systems. However, we see 

operating conditions near the boundary allow both lasers to be on, even at differences in 

wavelengths of 17 nm and 22 nm in the second and fourth quadrants of Figure 5.2 

respectively. 

 
5.3 Experimental Results 
 

A map of the output power for each cavity as a function of wavelength of each of the 

two cavities is shown in Figure 5.2, as measured using a thermopile detector. Figure 

5.2(a) shows the output power of cavity 1 over the entire tuning range of the chip, while 

Figure 5.2(b) shows the output power of cavity 2. Figure 5.2 is given for a fixed pump 

power of ~15 W, and the two axes represent the tuning of each cavity with respect to the 
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wavelength corresponding to minimum uncoupled cavity threshold. Δλ1;2 are the offsets 

with respect to this minimum uncoupled threshold of each respective cavity. Figure 5.2 

shows there are broad operating regimes where either cavity 1 or cavity 2 is lasing. These 

regions result directly from gain competition between the two cavities. By adjusting the 

BF we alter the resonant periodic mode overlap enhancement.  

 

 
Figure 5.2: Map of the output power for each cavity as a function of the wavelength with 
(a) the linear cavity (1) and (b) the v-shaped cavity (2) for cavity wavelengths at a fixed 
pump power of ~15 W. Gray-scale changes from completely off (dark), to completely on 
(light). The lines in (a) and (b) show the positions of the equal uncoupled threshold, 
indicating areas where both cavities operate simultaneously. Δλ1,2 is the offset with 
respect to the wavelength of the minimum uncoupled threshold. 
 
 

By chopping one of the cavities and using a 200 MHz detector, the temporal aspects 

of the switching action are observed. Figure 5.3(a) represents a region in Figure 5.2, well 

away from the boundary, where cavity 1 is completely on and cavity 2 is completely off. 

We first block cavity 1, and then suddenly unblock the cavity, turning it on. Cavity 2 

tends to zero symmetrically in this case, as the uncoupled threshold of cavity 1 is lower 
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than that of the uncoupled cavity 2. Photons build up in cavity 1, dropping cavity 2 below 

the threshold; this result closely matches what is seen by chopping a single cavity. As we 

adjust the BF to tune closer to the regions of equal threshold, we see in Figure 5.3(b) and 

5.3(c) that the cavities begin to lase at the same time. 

 

 
Figure 5.3: Plot of output power versus time for different cavity tunings. The linear cavity 
was chopped in the dual cavity configuration. (a) Cavity tuned such that cavity switches 
from completely on to completely off. (b), (c) Various tuning such that the switching is 
less complete. Simulated results are shown as solid curves. 

 
 
To account for the case of simultaneous lasing, the effect of spontaneous emission 

must be included in Equations 5.2 and 5.3 by appropriately adding a 2
2,1 BN term, where 

B is the spontaneous emission coefficient and β1;2 is the coupling of this emission to each 

cavity mode. When spontaneous emission is included, the gain coupling prevents one 

cavity from running away and the other from shutting off completely. Consider the case 

shown in Figures 5.3(b) and 5.3(c), where cavities 1 and 2 are very near the areas of 
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equal threshold. Cavity 1 begins blocked and is unblocked at time t = 0. The uncoupled 

threshold of cavity 1 is initially slightly lower, and the photon density increases at the 

expense of the photon density of cavity 2. As the photon density of cavity 2 drops, the 

relative contribution of the spontaneous emission increases. Because spontaneous 

emission is an additive term to the photon equation, it can be considered as a mechanism 

for reducing the threshold gain of cavity 2, thus lowering the uncoupled threshold of 

cavity 2 below that of cavity 1 and effectively reducing the photon density of cavity 1. 

This cycle is damped by the photon lifetime, allowing both cavities to operate 

simultaneously. This effective reduction in the threshold is, of course, very small, which 

is why this effect is important only when the two uncoupled thresholds are very close. 

This effect is confirmed by solving Equations 5.1 – 5.3 with the aforementioned 

spontaneous emission term included. In the model, the values of Γr1,r2  are adjusted in 

order to simulate the tuning of the BF. It takes less than a 1% change in the resonant 

periodic gain to account for the difference between Figures 5.3(a) and 5.3(c). The 

calculated effect, shown as solid curves in Figure 5.3, nicely predicts the overall shape of 

the curves. The experimental fluctuations seen in Figures 5.3(b) and 5.3(c) are not fully 

understood, but they are believed to result from mechanical vibrations in the VECSEL 

experiment, which becomes very sensitive when the two cavities have nominally 

identical thresholds. Numerical investigations reveal that the switching time is primarily 

limited to the photon buildup of class A lasers, where the lifetime is a function of the sum 

of the uncoupled photon lifetimes. 
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The dual cavity design allows for gain coupling of the VECSEL cavities. We 

examined the simplest case that employs both a linear cavity and a v-cavity that are gain 

coupled. This coupling allows not only optical switching between two cavities operating 

at different wavelengths but also the simultaneous generation of different wavelengths 

from a common gain medium, at wavelengths anywhere near the boundaries where the 

two laser thresholds are similar. A fundamental set of rate equations is used to define an 

operation map where the areas of simultaneous operation and switching regions are 

plotted. We have numerically and experimentally identified and explained the boundary 

lines between linear and v-cavity dominance, defining the tuning capabilities of the dual 

wavelength generation. In addition, it may be possible to expand the system to include 

several cavities centered on a common gain medium to allow for even more flexibility. 
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CHAPTER 6 
T-CAVITY CONFIGURATION 

 
 
6.1 High power two wavelength design 
 

In this section the design and experimental results of a two chip collinear T-cavity 

VECSEL is shown. This is a novel cavity concept that is capable of generating two 

continuously tunable orthogonally polarized lasing wavelengths. A polarizing 

beamsplitter is used to overlap two VECSEL cavities thus generating high power, 

intracavity two wavelength generation ideal for Type II nonlinear frequency conversion. 

Since low loss intracavity elements are used, the output of the device is nearly equal to 

the sum of the individual VECSEL output capabilities.  

In this design the intrinsic design flexibility of the open cavity VECSEL is further 

exploited in order to realize the unique operational requirements for a high power dual 

wavelength source. High brightness semiconductor lasers operating at two different 

wavelengths are of great interest in a range of optical communication applications, and 

also as sources for optical distribution and generation of radar local oscillators [89].  

However, the access to the high circulating powers in the T-cavity VECSEL design is 

most attractive for intracavity nonlinear frequency conversion. There is currently a great 

deal of interest the high-power generation of mid-IR and THz lasers for defense and 

remote sensing applications [90-91]. 

VECSELs have been demonstrated to operate in dual wavelength modes, but in 

contrast to previous efforts, the T-cavity design exclusively utilizes the open cavity 

element of a VECSEL. By incorporating two VECSEL chips into a collinear T-cavity 
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built around a polarizing beamsplitter (PSB) distinct operating functionality which could 

be used for high-power optical switching and tunable dual-wavelength emission is easily 

demonstrated. The design architecture allows for the generation of two high power 

tunable laser modes with orthogonal polarization and the flexibility of the design can 

allow for a vast range of operating wavelengths as “chip sets” can be chosen such that the 

wavelength separation can range from zero to hundreds of nanometers. 

 
6.1.1 Experimental design 
 

For the experiment of high power, two wavelength generation, VECSEL structures 

designed for emission near 975 nm were used. The semiconductor multi-quantum wells 

(MQW) and a high reflectivity (R ~ 99.9%) distributed Bragg reflector (DBR) stack 

mirror made of Al0.2Ga0.8As/AlAs were grown on an undoped GaAs substrate. The active 

region consisted of 14 compressive-strained InGaAs quantum wells each being 8 nm 

thick and surrounded by GaAsP strain compensation layers and GaAs pump-absorbing 

barriers. As is typical in VECSEL structures, the thickness and composition of the layers 

were optimized such that each quantum well is positioned at an antinode of the cavity 

standing wave to provide resonant periodic gain (RPG). This is the so called “bottom 

emitter” design that was introduced earlier. The processing of the sample also followed 

the standard procedure and should be noted that no anti-reflection coatings were applied 

to the surface of either sample.  

Figure 6.1 shows the basic schematic of the two chip collinear T-shaped VECSEL 

cavity for tunable two wavelength generation. From the figure, it is evident the cavity has 
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three spatially distinct regions: one common section of collinear operation where both 

orthogonally polarized lasing modes circulate, and two separated arms where the lasing 

modes circulate independently from each other.  A polarizing beamsplitter (PBS) 

separates the orthogonally polarized cavities while an output coupler (OC) in the 

common arm is used to extract the desired two wavelength output.  In the two arms, near 

the semiconductor chips, birefringent filters (BF) are inserted at Brewster’s angle for 

linewidth narrowing (single mode operation) and wavelength tuning of each cavity.  The 

BF’s are oriented accordingly so as to satisfy the p-polarization condition for VECSEL 

chip 1 operating at λ1 and s-polarization for VECSEL chip 2 operating at λ2.  Clearly the 

circulating fields in the regions between the PBS and the VECSEL chips are independent 

from each other and intracavity elements inserted in these regions interact with only one 

of the lasing wavelengths. In the region between the PBS and the OC shared by both 

cavities the individual fields at wavelengths λ1 and λ2, overlap. As a result large 

circulating fields operating at two different wavelengths and orthogonal linear 

polarizations are created.  
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Figure 6.1: Schematic design of the two-chip co-linear T-cavity VECSEL for two 
wavelength generation. The BF’s are oriented in each cavity so as to produce orthogonal 
polarizations. 
 
 
6.1.2 Polarization beam splitter 
 
 

For the T-cavity configuration, the intracavity polarizing beam splitter (PBS) is the 

key element. Since it interacts with the intracavity field from both cavities it is vital that it 

be able to withstand the large circulating powers. Thus a PBS made of fused silica that 

was epoxy free bonded was used. The PBS is capable of withstanding energy densities 

exceeding 10 J/cm2 at 1064 nm, which is suitable for this application.  

For efficient operation of the device, the PBS must not only be able to withstand high 

circulating powers, but must also introduce very little loss into the system since 

VECSELs are low gain devices. As such, the PBS was designed to have an average 
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single pass transmission greater than 99% and have an extinction ratio greater than 

10,000:1. The transmission curve for the PBS is shown in Figure 6.2. 

 

 
Figure 6.2: Transmission for S and P polarization through the polarizing beam splitter. 
 
 
6.1.3 Experimental results 
 

For the first part of the experiment a set up similar to Figure 6.1 is used except the 

BF’s were removed from the cavities. An output coupler with a reflectivity of 94% and a 

radius of curvature of 30cm was used as the common mirror. The total length of each 

cavity is ~24cm.  In this set-up the BF’s were not needed as the he PBS ensures that p-

polarized light propagates unabated while the s-polarized light is reflected at 90 degrees 

thus creating two separate cavities. Each of the samples were optically pumped at 808 nm 

over a pump spot diameter of around 500m and attached to copper heat sinks and 

cooled to a temperature of 15C. Figure 6.3 shows the output power obtained from the 
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device. As seen in Figure 6.3, the independently operated p-polarized and s-polarized 

VECSELs were able to generate continuous wave (cw) output powers of 6W and 7W, 

respectively. When both cavities operated simultaneously in the full T-cavity 

configuration, the resulting output from the device is the sum of the collinear p-polarized 

and s-polarized cavities. For this chip set, a total output power of 13W has been achieved. 

This indicates the low loss operation of the PBS and is also indicative of no interaction 

between the lasing modes which would cause system instabilities. 
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Figure 6.3: Output power from the T-shaped co-linear cavity. The combined output 
power of the device is equivalent to the sum of each orthogonally polarized cavity.  
 

With both arms of the full T-Cavity configuration operating, the output was passed 

through an external PBS and fiber coupled to an optical spectrum analyzer. By measuring 

the reflected and transmitted spectra, it was confirmed that each arm of the cavity was 

able to maintain the desired polarization through simultaneous operation. Figure 6.4 
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shows the free lasing spectrum of the laser as measured through the OC without BF’s or 

additional intracavity elements. The p-polarized sample is operating near 1000 nm while 

the s-polarized chip is lasing at ~962 nm resulting in a spectral separation of ~38nm.  

Each lasing mode had a lasing linewidth of ~3nm and was not tunable in this 

configuration. Since the PBS has a broadband transmittance with a high extinction ration, 

chip sets with vastly different wavelength characteristics can be chosen. Thus the device 

can operate with virtually and desired wavelength separation. 
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Figure 6.4: Free lasing spectra of the combined output showing a wavelength separation 
of 38nm between the lasing peaks. 
 

In order to demonstrate high-Q wavelength tuning capabilities of the device, the 94% 

OC was replaced with a 99.9% OC and the BF’s were inserted into the independent arms 

of the cavity as was indicated in Figure 6.1.  The thicknesses of the BF’s were limited 

due to availability and as such, the p-polarized and the s-polarized region used a 1 mm 
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and 2mm thick BF respectively. A pump spot diameter of 500 µm was maintained on 

each VECSEL chip and the data was collected with ~40W of pump power absorbed into 

each sample. Each cavity was first operated independently in order to ensure that each 

cavity could be tuned. The total device was then operated with both samples lasing 

simultaneously and the output and tuning capabilities were recorded. As was the case 

previously with no BF’s in the cavities, it was again seen that the device is operating 

simultaneously at two different wavelengths with orthogonal polarizations. By rotating 

the BF’s in each cavity the separation between the two lasing wavelengths can be 

adjusted as desired. As shown in Figure 6.5, the separation between the spectral outputs 

could be tuned from 35nm to 52nm, resulting in a tuning in excess of 17nm between the 

two wavelengths. As the minimum separation of the device is controlled by the gain 

center of each of the VECSEL chips, it is thus possible to choose the minimum desired 

separation. 

The T-cavity not only has the flexibility of choosing chip sets which can differ in 

wavelengths from zero to hundreds of nanometers, but each of the wavelengths can be 

independently tuned over the entire gain spectrum of the VECSEL sample. In addition, 

other elements such as linewidth narrowing filters as discussed in earlier sections can be 

added to either of the arms. This creates the possibility for many configurations to be 

further explored. 
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Figure 6.5: Independently-tunable two-wavelength generation using BF in each arm of 
the T-cavity. A minimum separation of 35nm and a maximum separation of 52nm are 
achieved from the VECSEL chip set. 
 

Thus far it has been shown that two VECSEL cavities can operate using the same 

output coupler, but in order to fully demonstrate the co-axial operation of the lasing 

modes, a beam profiler was set up approximately one half meter away from the output 

coupler to observe the mode overlap.  Figure 6.6 shows a series of figures demonstrating 

the collinear operation. Figure 6.6a is the Gaussian profile observed from the p-polarized 

cavity, 6.6b is from the s-polarized cavity, and 6.6c is the profile of the combined output. 

As is seen in the figures, high beam quality for each lasing mode as well as the combined 

cavity is achieved confirming the co-axial operation of the laser. In addition, even though 

there is some leakage from one cavity to the other due to the non-ideal nature of the 

beamsplitter, we did not observe any power or wavelength fluctuations during 

simultaneous operation of the cavities. 
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           (a)           (b)        (c) 
Figure 6.6: Measured outputs beam profiles from the T-cavity configuration.  a) P-
polarized beam profile. b) S-polarized beam profile. c) Combined S and P output beam 
profile. 
 
 

In summary, the two chip, collinear T-shaped VECSEL cavity for tunable dual 

wavelength generation is based around a polarizing beamsplitter with two independent 

VECSEL chips allowing the generation of intracavity fields that are orthogonal in 

polarization and independently tunable. Due to the low loss PBS, the total output is the 

sum of the individual lasing outputs of each chip. In addition, Beam profile 

measurements ensure collinear operation of the combined cavity and no abnormal power 

or wavelengths fluctuations.  

 
6.2 Sum frequency generation 
 
 

In the previous section a novel T-cavity VECSEL configuration, in which two 

cavities share a collinear section that is capable of generating high power, orthogonally 

polarized, two color output with wide tunability was presented. This section expands 

upon the design, and introduces tunable intracavity Type II sum frequency generation 

(SFG) in a folded T-cavity configuration. Due to the high circulating powers from both 
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VECSEL chips it is possible to demonstrate high power, high stability operation in the 

blue-green spectral band. In addition, by using VECSEL chips operating at ~980nm and 

1180nm tunable green outputs are also realized.  

 
6.2.1 Experimental results 
 
 
6.2.1.1 Blue-Green laser 
 
 

For the demonstration of the blue-green laser via intracavity Type II SFG, strain 

compensated InGaAs/GaAs/GaAsP multi-quantum well (MQW) structures emitting 

around 980 nm were used for the experiments. These devices had the same structural 

design as those used in the two wavelength generation experiments and were processed in 

the same manner.   

Figure 6.7 shows the schematic of the two chip collinear VECSEL design for Type II 

SFG. One VECSEL cavity is folded around a polarizing beamsplitter (PBS) while 

allowing the second cavity to pass through unabated. Notice that a fold is introduced at 

output coupler (OC) which allows both lasing modes to be focused into a nonlinear 

crystal.  
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Figure 6.7: Two chip Co-Linear VECSEL design for Type II sum frequency generation.  
 

 
As was the case for the two wavelength generation configuration, the cavity consists 

of three spatially distinct regions of operation with unique mode behavior. In the region 

between the PBS and VECSEL chip 1, a birefringent filter (BF) is introduced in a p-

polarization orientation for linewidth narrowing and tuning of wavelength λ1. Similarly, 

near VECSEL chip 2 there is an independent area of operation at wavelength λ2 where a 

BF is included for linewidth control and tuning. In this region however, the BF is 

oriented such that s-polarized light is generated with minimum loss. As a result, 

independent tuning of each lasing wavelength is achieved over a wide range defined by 

the semiconductor gain band. In the collinear region, intracavity fields overlap providing 

co-axial high intracavity circulating power of each polarization.  

Folding the collinear cavities at the common OC allows for the simultaneous focusing 

of the overlapped lasing modes into a Type II cut nonlinear crystal. This flexibility in 

beam size control makes efficient sum or difference frequency generation possible.  
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For the experiments a pump spot diameter of ~500 microns was used on each sample. 

The distance from the surface of each sample to the curved OC was ~ 19 cm and the 

distance from the curved OC to the HR flat mirror which defined one end of the cavity 

was ~6 cm. The temperature on each samples heat sink was maintained at 15C. The HR 

flat end mirror incorporated a broadband coating for all wavelengths, and the curved OC 

was HR coated for the fundamental lasing wavelengths, but was coated for low reflection 

(LR) for the blue-green output. This allowed for all of the blue-green light which was 

generated to be extracted through the curved OC.  

By choosing two VECSEL chips from the same wafer growth, nearly identical gain 

center wavelengths are obtained. The wavelength separation is adjusted by controlling the 

BF rotation and individual wavelength tuning of each polarization. Figure 6.8 shows an 

output spectrum obtained form the device. BF’s with different thicknesses were used due 

to availability (1mm for p-polarization compared to 2mm for s-polarization), this resulted 

in a narrower linewidth for the s-polarized wavelength. In the high-Q cavity 

configuration with a 99.9% OC, more than 100 mW of the two-color output was 

measured indicating hundreds of watts of intracavity circulating power for each lasing 

mode. Such high circulating power is very critical for efficient intracavity nonlinear 

frequency conversion.  
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Figure 6.8: Fundamental lasing spectra of the collinear s and p polarized circulating 
modes in the T-cavity configured for Type II SFG. 

 

The wavelength tuning capability of the device was demonstrated by maintaining 

the s-polarized wavelength at ~979nm while tuning the p-polarized wavelength around 

the gain peak through BF rotation. Figure 6.9 shows the two-color tuning of the laser. 

Near the vicinity of the gain peak, the p-polarized wavelength was efficiently tuned from 

~974 nm to ~984 nm. The two-color separation is accurately controlled from nm5  

down to zero nm. As shown in the figure, both cavities can even lase at the same 

wavelength, which is a unique capability of the demonstrated laser cavity design. In 

particular, wavelength separation less than 1 nm is typically very difficult (if not 

impossible) to achieve with a single chip VECSEL configuration. A larger tuning 

separation between the two colors can be achieved by individual tuning of each chip’s 

wavelength within its gain bandwidth. As a result, much broader two color tuning is 

possible.  The flexibility of the T-cavity design can also accommodate a wider two-color 

wavelength gap by using chips with different gain peaks and simultaneous tuning of each. 

This could be exploited for further SFG and DFG experiments. 
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Figure 6.9: Tuning capabilities in the Type II SFG T-cavity configuration. The s-
polarized output (dashed spectra) was maintained at ~ 979nm, while the p-polarizing 
wavelength (solid spectra) was tuned from ~ 977nm to 985nm.  
 
 

With the two VECSEL chips operating at different orthogonally polarized lasing 

wavelengths, a lithium triborate (LBO) nonlinear crystal cut for Type II SFG was inserted 

near the HR flat mirror as indicated in Figure 6.7. The LBO crystal was 3mm x 3mm x 

10mm with θ = 32 deg and φ = 90 deg for Type II conversion. Each face of the crystal 

was low reflection (LR) coated for 980 nm and 490 nm.  As before, the s-polarized mode 

was maintained at ~ 979nm while the BF in the p-polarized cavity was rotated for tuning 

the blue-green output. Figure 6.10 shows the spectrum of the tunable blue-green output 

corresponding to the fundamental tuning demonstrated in Figure 6.9. From the figure, 

more than 3nm of tuning in the blue-green spectral region was achieved by only tuning 

the p-polarized lasing mode. Further tuning can be achieved by rotating the BF in the s-

polarized region of the cavity. 

The Type II SFG VECSEL also has an advantage over Type I SFG, in that only 

the sum frequency signal is generated. Indeed, Type I SFG with closely spaced 

fundamentals can also generate two additional peaks due to the second harmonic 
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generated (SHG).  A Type II crystal cut eliminates the SHG peaks since the crystal needs 

orthogonal polarization. 

 

 
Figure 6.10: Lasing spectra from the Type II SFG output. Tunable sum frequency 
generation was achieved from the high circulating power collinear fundamental modes 
resulting in blue-green outputs near 488.5nm. 
 
 

SFG output power was measured by monitoring the pump power absorbed into 

each VECSEL chip.  For blue-green SFG output at ~490nm, the corresponding output 

power was recorded and shown in Figure 6.11.  A maximum output power of more than 

780 mW was achieved despite the relatively low effective nonlinear coefficient of ~0.57 

pm/V at this wavelength for a Type II cut LBO crystal. Greater outputs can be achieved 

through the use of other nonlinear crystals with larger coefficients. Some minimal 

fluctuations in output power were observed since neither cavity was actively stabilized. 

In addition, the 490nm output was observed to be in TEM00 mode indicating very good 

mode overlap in the nonlinear crystal. 
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Figure 6.11: Corresponding “blue-green” output power of the Type II sum frequency 
generation in the T-cavity configuration. 
 
 
Figure 6.12 below is an image of the working device. 
 

 
Figure 6.12: Image of Type II intracavity sum frequency generation. 

 
6.2.1.2 Green laser 
 
 

A further expansion to the Type II SFG design is possible by using chip sets with 

large wavelength separations. For the green laser, a 980nm sample was used well as a 

sample designed for emission at ~1175nm. Both samples had structures similar to those 



 146

described in previous sections and were processed in the standard manner. The cavity 

configuration shown earlier in Figure 6.7 was used except the dimensions were slightly 

modified in order to compensate for the differing wavelengths. Specifically, pump spot 

diameters of ~ 500 µm were used on each sample and good mode overlap was achieved 

by maintaining the distance from the curved fold mirror to the external flat mirror at 

~6cm. The distance from the 980nm sample to the curved OC was 19cm while the 

distance from the 1175nm sample to the curved OC was ~12cm. It should also be noted 

that due to the PBS coatings it was necessary to have the 1175nm sample in the p-

polarized arm of the cavity. Figure 6.13 shows the two wavelength output of the device. 

 
 

 
Figure 6.13: Two wavelength output from folded T-cavity with one sample at 980nm and 
the other at 1175nm. 
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Since no nonlinear crystal was available for the appropriate Type II SFG conversion, 

the same LBO crystal that was used for the blue-green demonstration was used. The 

crystal was 3mm x 3mm x 10mm with θ = 32 deg and φ = 90 deg and cut for Type II 

conversion. Even though each face of the crystal was LR coated for 980 nm and 490 nm 

it was still possible for the 1175nm VECSEL to pass through. This however resulted in 

poor performance of the device. Also, the crystal had a large enough clear aperture such 

that it could be rotated in order to achieve the proper phase match angle. Figure 6.14 

shows the tunable green output from the device.  

 
 

 
Figure 6.14: Tunable green output from Type II SFG using 980nm and 1175nm VECSEL 
chips.  
 

 

Figure 6.15 is the image of the green output obtained. As can be seen, even though 

the output power was low, a Gaussian profile was obtained indicating good beam quality 

of both the 980nm sample as well as the 1175nm sample. In addition, it also demonstrates 
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co-axial operation of two VECSEL chips in a T-cavity that are separated in wavelength 

by nearly 300nm. 

 
 

 
Figure 6.15: Image of green output from Type II SFG using 980nm and 1175nm 
VECSEL chips. 
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CHAPTER 7 
CONCLUSION AND FUTURE WORK 

 
 
7.1 Mid-IR VECSEL 

 

There is a growing need for high pulse energy mid-infrared (mid-IR) lasers in a 

variety of medical, commercial, and military applications. Specifically, applications in 

laser targeting, laser range finding, and laser surgery have a great need for high energy 

lasers in the 5-7µm spectral band [92-93]. Spectral coverage throughout this band is 

possible to achieve using VECSEL technology. Using a high power, doubly-resonant, 

two color T-cavity VECSEL, efficient difference frequency conversion can be achieved. 

High pulse energy in the mid-IR spectral region is also possible in this configuration by 

pulsing one of the samples while operating the second color under continuous wave (cw) 

operation.   

For one example design, two VECSEL chips with different active structures and gain 

wavelength centers (~990 nm and 1170 nm) can provide the necessary gain for high 

power lasing emission at each fundamental wavelength. In the proposed cavity, shown in 

Figure 7.1a, the HR flat mirror is highly reflective for the pump, idler, and signal. On the 

other hand, the output coupler (OC) should be HR coated at the pump and idler 

wavelength (for high-Q operation) while highly transmissive at the signal wavelength for 

mid-IR extraction. Figure 7.1b shows an altered design which includes a SESAM to 

introduce pulsed behavior to the mid-IR output. This could also be a modulator or other 

device to induce pulsed behavior.  
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  a)       b) 
Figure 7.1: a) Two chip collinear VECSEL design for mid-IR output. b) a SESAM is 
added to introduce pulsed mid-IR generation 
 

 
Despite numerous benefits of intracavity DFG in a doubly-resonant, two-color 

VECSEL cavity, many challenging tasks need to be addressed. Intracavity nonlinear 

frequency generation can result in additional cavity loss that needs particular 

consideration. Other fundamentally important aspects of the proposed laser are: chip 

design, power scaling, linewidth control, nonlinear conversion efficiency, and thermal 

management.  

 
7.2 THz VECSEL 

 

Terahertz (THz) waves, in the frequency range of 0.1–10 THz are of great importance 

in non-invasive detection and identification of chemicals, biological compounds, medical 

imaging, and military applications [94-95].  Due to the many applications, there is a large 
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demand for THz sources that is expected to grow in the coming years. Even though there 

are many significant commercial benefits, technological progress in THz research has 

been limited primarily due to the lack of a compact, low-cost high-power THz laser 

sources.    

A THz VECSEL source can be realized by utilizing many of the T-cavity components 

that are already in place.  Figure 7.2 shows a modified T-cavity design for THz 

generation. Here, the specific crystal used is periodically poled lithium niobate (PPLN) 

which utilizes a quasi-phase matching process. The two-chip, two-color VECSEL design 

overcomes two major obstacles for efficient high power cw THz generation. That is: the 

independent tuning of each single frequency wavelength for control of the THz output 

wavelength, and the high power needed for efficient THz generation. Perhaps the most 

significant issue which holds back THz laser sources is their low conversion efficiency. 

Most THz sources have conversion efficiencies that are much less than 1 percent. In the 

case of DFG, the efficiencies can be ~0.004% meaning that in order to get a 1-W signal; 

you would need to start with tens of kilowatts of input power. Intracavity DFG in a 

VECSEL is an effective means for having access to the large fields needed for high 

power operation. For a single VECSEL cavity, the circulating field inside the cavity can 

reach several hundred watts. In the case of the two chip collinear design, the total 

circulating power has been shown to be the sum of two independent cavities meaning the 

intracavity field can reach extremely high values in a high-Q cavity. Based on this, it 

should be possible to create a high power THz VECSEL.  
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Figure 7.2:  Folded T-cavity scheme for THz generation. The THz radiation is extracted 
perpendicular to the PPLN nonlinear crystal.  
 
 
7.3 UV VECSEL 
 
 

The T-cavity VECSEL can be modified further in order to generate UV laser outputs. 

Figure 7.3 shows the configuration in which one of the VECSEL chips is removed and 

replaced with an external mirror. A Type I nonlinear conversion from the fundamental 

wavelength results in an orthogonally polarized second harmonic output that is then 

confined to the newly formed cavity.  
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Figure 7.3: Design for UV generation in modified T-cavity 

 
 
The harmonic light then builds up in this cavity as can be seen in Figure 7.4. Then by 

using a second nonlinear crystal in this new cavity, efficient UV generation is possible 

through fourth harmonic generation. As with the other T-cavity configurations, tunable or 

pulsed outputs can also be achieved with additional intracavity components. 
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Figure 7.4: Blue light build up in modified T-cavity for UV generation. 
 
 
7.4 Conclusion 
 
 

VECSELs are relatively new laser sources that were first demonstrated in 1997. 

Throughout the years it has been shown that high power operation is possible through 

careful design of the VECSEL subcavity and proper device fabrication. In addition, 

bandgap engineering allows for targeted wavelength design for a wide range of 

applications. In this dissertation, additional functionality due to the open cavity design of 

VECSELs was explored.   

The VECSEL structures used in this dissertation were barrier pumped bottom emitter 

designs that had fundamental operating wavelengths of ~ 980nm and 1180nm. It was 

shown that through proper design of VECSEL cavities efficient high power outputs via 

sum frequency generation and second harmonic generation are possible. Specifically, the 
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ability to measure the sodium D1 and D2 spectral lines was demonstrated. In addition, two 

wavelength outputs were obtained in both the gain coupled configuration and also in the 

T-cavity configuration. These new VECSEL cavity designs have shown a great deal of 

promise in their ability to generate tunable sum frequency outputs and future research 

into difference frequency generation will lead to even further spectral coverage.  
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