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Abstract 

 
 
 Significant technical barriers currently prevent the wide spread adoption of WGM lasers 

as building blocks in large-scale photonic integrated circuits.  The first challenge is to reduce the 

electrical power consumption at desirable levels of light output power.  The second target is to 

obtain directional light emission without sacrificing other laser performance metrics.  The best 

opportunity for success lies in the pursuit of small µ-Pillar lasers with spiral-geometry cavities.  

Process technology has been demonstrated for making high-performance WGM lasers including 

a refined ICP etching process for fabricating µ-Pillar cavities with sidewall roughness less than 

10 nm and a new hydrogenation based approach to achieving current blocking that is compatible 

with all other processing steps and robust in comparison with earlier reports.  A comprehensive 

photo-mask has been designed that enables investigation of the interplay between device 

geometry and WGM laser performance.  Emphasis has been placed on enabling experiments to 

determining the impact of diffraction and scattering losses, current and carrier confinement, and 

surface recombination on electrical/optical device characteristics.  In addition, a methodology 

has been developed for separating out process optimization work from the task of identifying the 

best means for directional light out-coupling.  Our device fabrication methods can be proven on 

WGM lasers with pure cylindrical symmetry, hence results from these experiments should be 

independent of any specific light output coupling scheme.  Particular attention has been paid to 

the fact that device geometries that give the best performance for purely symmetrical cavities 

may not yield the highest level of light emission from the spiral output notch.  Such 

considerations seem to be missing from much of the earlier work reported in the literature.  

Finally, our processing techniques and device designs have resulted in individual WGM lasers 

that outperform those made by competitors.  These devices have been incorporated into multi-

element, coupled-cavity optical circuits thereby laying the groundwork for construction of digital 

photonic gates that execute AND, OR, and NOT logic functions. 
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1. INTRODUCTION 
 

1.1. Historical Perspective  
Over the last five decades, the world has witnessed continuous improvements in size, speed, and 

complexity of electronic devices and circuits, spurred on by an endless stream of new 

applications.  Compact, lightweight, and robust electronic systems have been made possible by 

integrating on the same chip large numbers of tiny active devices, such as MOSFETs and BJTs, 

with other passive components (resistors, capacitors, inductors).  Over the past few years, 

however, it has become increasingly difficult to further advance the speed and size of electronic 

devices because we are approaching their fundamental limits of performance.  One potential 

solution to this dilemma is to replace electronics with photonics whenever circumstances make 

this practicable. 

 

The term “photonics” refers to devices capable of manipulating, transferring, and/or storing 

photons as a means of executing higher level tasks.  There are some clear advantages to working 

with photons to perform data and/or signal processing functions.  It is now possible to generate 

optical pulses that are only several tens of attoseconds in duration (50 to 90 x 10-18 seconds!), 

much shorter than anything comparable in electronics [1].  Light waves with frequencies in the 

range of 200 to 600 THz can be used as carriers for ultra-high-speed signals, well beyond what is 

possible using electronics.  An optical waveguide can transport multiple data streams (each at a 

different signal wavelength) within a common transmission channel, something not possible with 

electronic interconnects.  Just as with its electronics predecessor, the evolution of photonics is 

now being enabled by critical semiconductor device technologies – lasers, waveguides, 

modulators, switches, and detectors – which are combined using integrated-circuit-style 

processing to build sophisticated circuits and systems.  The focal point of this Ph.D. research is 

one such form of integrated photonic device; namely, a whispering gallery mode (WGM) 

semiconductor laser. 

 

The word LASER is really an acronym for the phrase “Light Amplification by Stimulated 

Emission of Radiation.”  In general terms, a laser consists of a gain medium – which may take 
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the form of an atomic gas, liquid solution, or solid-state slab of material – located within some 

type of resonant cavity.  The gain medium must be driven or “pumped” into an excited state 

using one of several forms of energy (chemical, electrical, optical) after which it decays back to 

its ground state by releasing optical energy (i.e., emitting photons).  The resonant cavity “stores” 

some of this optical energy (i.e., the photon population increases in the resonant modes of the 

cavity).  Under steady-state pumping conditions, the electrons of the gain medium and the 

photons inside the cavity interact via three related but distinct mechanisms.  These 

electron/photon interactions – referred to as radiative transitions – are illustrated in Fig.1.1. 

 

Figure 1.1: Schematics for the three basic radiative transitions envisioned by Einstein in 1929. 

 

During a stimulated emission event an incident photon induces an “excited-state” electron to 

return to its lower energy or “ground” state after which a new photon is created with the same 

polarization and phase as the original photon.  In the stimulated absorption process an incident 

photon induces a “ground-state” electron to occupy a higher energy or “excited” state thereby 

annihilating the photon.  During a spontaneous emission event an excited-state electron returns to 

its ground state accompanied by the creation of a photon with random polarization and phase.  

Since the two stimulated mechanisms require the presence of electrons and photons, their 

corresponding transition rates depend on the populations of both particles.  The expression “net 

stimulated emission” refers to the algebraic difference between the rates of stimulated emission 

and absorption. 
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In the case of a semiconductor laser, two conditions must be satisfied before net stimulated 

emission prevails over spontaneous emission.  First, the electron concentration near the bottom 

of the conduction band must be larger than at the top of the valence band.  This state of 

population inversion is achieved in a p-n junction by injecting electrons from the n-side and 

holes from the p-side into the active region.  Next, the photon density in select electromagnetic 

modes must be built up by high-level pumping and/or optical wave guiding.  If optical feedback 

is provided in the form of highly reflecting mirrors located at either end of a linear cavity, i.e., a 

Fabry-Perot resonator, then photons bounce back and forth between the mirrors and eventually 

contribute to net stimulated emission.  Coherent light is coupled out of the cavity through one or 

both of the mirrors.  Self-sustained oscillations or lasing occurs when the optical gain inside the 

cavity equals the sum of the internal optical losses plus the “useful” light output through the 

mirrors. 

 

The earliest and still most ubiquitous type of semiconductor lasers have been configured as edge-

emitting (EE) devices – that is, current flows in the direction parallel to the surface normal and 

light is emitted in a perpendicular direction from the edge of the structure.  In its simplest 

embodiment the Fabry-Perot cavity of an EE laser is formed by cleaving the semiconductor 

material through two parallel crystallographic planes (facets) separated from one another by a 

distance known as the cavity length.  It is not possible to integrate this kind of laser with other 

light wave elements on a single substrate, because the structure is discontinuous at the facets.  

Therefore, in order to fabricate photonic integrated circuits, it is necessary to provide optical 

feedback by some other means.  One solution to this problem is the design of “traveling-wave” 

lasers with circular resonant cavities that can be formed without cleaving the semiconductor 

wafer. 

 

The first discussion of wave guiding along a curved boundary dates back to 1912, when Lord 

Rayleigh observed acoustic waves clinging to the dome of St. Paul’s Cathedral in London.  He 

found that a whisper close to the edge of the inner side of the dome could be heard easily by a 

person standing at the opposite side of the vault, hence the name “whispering gallery.”  Lord 

Rayleigh also noticed that a person standing in the center of the dome was not able to hear the 
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very same whisper!  The explanation for this phenomenon is that the dome functions as a 

excellent conduit for acoustic waves traveling along its periphery [2]. Figure 1.2 [3] shows a plan 

view image of St. Paul’s Cathedral in London where Lord Rayleigh observed acoustic waves 

clinging to the dome. These observations define the nature of wave propagation in whispering 

gallery modes (WGMs) – that is, the primary maxima of wave intensity is localized near the 

outermost boundary of a structural cavity with circular or spherical symmetry.  In the present 

context, we concern ourselves with optical waves traveling within a semiconductor cavity of 

pure circular symmetry and/or small perturbations thereof. 

  

Figure 1.2:  Plan view image of St. Paul’s Cathedral in London. The solid white line traces out the 
circular propagation path of an acoustic wave confined at the periphery of the dome (http://www.explore-
stpauls.net/oct03/textMM/DomeConstructionN.htm). 

 

The first applications of curved waveguides were in microwave technology in the 1930’s and 

1940’s.  Towards the end of the 1960’s, curved waveguides were considered for optical 

applications, essentially scaled down versions of their microwave counterparts [4].  A half-ring 

semiconductor laser was first realized in 1970, in the form of a zinc-diffused GaAs homojunction 

laser [5].  An electrically pumped, full-ring semiconductor laser was demonstrated in 1977 [6].  

In this case, lasing was evidenced by collecting light scattered off the etched semiconductor 

sidewalls as no provisions were made for directional output coupling.  The first full-ring laser 

involving a Y-junction output coupler was reported in 1980 [7].  Thereafter these same workers 

pursued more vigorously half-ring and quarter-ring resonators to avoid complications arising 

from the “impendence mismatch” introduced by the Y-junction.  A few years later, a detailed 

http://www.explore-stpauls.net/oct03/textMM/DomeConstructionN.htm�
http://www.explore-stpauls.net/oct03/textMM/DomeConstructionN.htm�


5 

 

investigation of laser geometries and fabrication issues was published [8].  Notwithstanding such 

advances, ring lasers were still impractical owing to their high threshold current (Ith > 100 mA) 

which eliminated the possibility of continuous-wave (CW) operation at 300 K.  Further 

improvements in materials synthesis and device processing eventually led in 1990 to a full-ring 

laser operating CW at room-temperature [9].  

 

A common attribute of these early semiconductor ring lasers was their curved “rib waveguide” 

structure and relatively large cavity size (many tens of microns).  This trajectory was disrupted in 

the early 1990’s by the pioneering work of Slusher and colleagues at Bell Laboratories on 

micrometer-sized dielectric disks and rings [10].  The promise of µ-disk lasers hinges on the 

nexus of small gain volumes with high-quality optical cavities.  These two factors should result 

in low threshold current and thus low power consumption.  Their planar nature makes it 

particularly easy to cascade many devices on a single chip [11-13].  The wide range of 

functionality reported to date, including optical channel add-drop filters, multiplexers and 

demultiplexers [14-16], high-order filters [17-21], wavelength-selective reflectors [22-24], lasers 

[10,25-26], and modulators [27,28], is a testament to their versatility.  Given these attributes, it 

should be no surprise that µ-disk lasers are now considered to be ideal candidate light sources for 

high-density photonic integrated circuits [29]. 

 

1.2. Problem Statement  
There are two technical barriers that must be overcome before it becomes practical to accomplish 

various signal and data processing tasks using photonic integrated circuits based upon micron 

scale WGM lasers and resonators.  The first issue is high power consumption.  This can be 

addressed by lowering the amount of drive current necessary to achieve lasing while 

simultaneously increasing the optical power coupled into the next circuit element.  The second 

challenge is to achieve directional light emission without sacrificing other key performance 

metrics.  

 

As mentioned above, there was a good amount of early work done on large semiconductor ring 

lasers and related devices (100’s of microns).  Moreover, it is clear that much of the research 
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community is presently focused on very small micro-cavity structures (less than 2 µm in 

diameter).  There is now ample evidence of the viability of semiconductor optoelectronic devices 

that are much smaller than the original ring lasers.  It is also well known that threshold currents 

for very small lasers are often dominated by surface recombination and as such these micro-

devices have not proven to be very useful to date. 

 

It is our considered opinion that the best opportunity for success lies in the middle ground – say 

lasers and other devices based on µ-Disk and µ-Pillar cavities with Rcavity ≤ 10 µm.  These 

devices are small enough such that Ith should be very low when performance is limited only by 

theoretical considerations.  However, this size range is large enough that careful consideration 

must be given to issues such as current/carrier confinement and methods for reducing light 

scattering and out-coupling losses.  Furthermore, while many different approaches have been 

reported for realizing directional light emission, there is definitely room for improvement.  The 

overarching goals of this research are as follows: 

1. Demonstrate in a quantitative fashion that device design and processing parameters have 

an enormous impact on key performance metrics for WGM lasers with µ-Pillar cavities. 

2. Demonstrate in a quantitative fashion that WGM lasers with novel spiral cavities present 

the best alternative to existing approaches for light output coupling.  

 

1.3. Technical Objectives 
The specific technical objectives for this work are given below.  A detailed discussion of our 

progress on each of these research directions is presented in Chapters 2 through 6 and a summary 

of our accomplishments is given in Chapter 7. 

1. Develop and optimize the requisite process technology for making WGM lasers.  Key 

focal points included optimizing techniques for cavity formation via dry etching and 

introducing a new approach for current confinement via hydrogenation of acceptors 

and/or donors. 
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2. Design and calibrate the measurement apparatus necessary for testing WGM lasers.  The 

main challenge was to bring these experimental capabilities on-line for the first time in 

Prof. Guido’s lab at Virginia Tech. 

3. Improve understanding of the connection between device configuration and performance 

with regard to key design parameters such as cavity radius, laser stripe width, and 

proximity of stripe to the cavity sidewall. 

4. Build and test WGM lasers having cavities with pure cylindrical symmetry and spiral 

geometry and compare their performance. 

5. Demonstrate an improvement in light extraction efficiency for spiral cavity lasers by 

minimizing the electromagnetic mode impendence mismatch at the output coupler. 

 

1.4. Chapter Overview 
CCHHAAPPTTEERR  22 is divided into two sections.  Overall it provides the technical background for the rest 

of the thesis and serves as an introduction to the terminology used in other chapters.  The first 

part shows the kinds of semiconductor alloys required in lasers and gives a brief explanation of 

the role different structural layers play in enhancing their performance.  The second part gives an 

optical mode analysis of edge-emitting lasers in the transverse direction and then moves on to 

discuss whispering gallery modes in cylindrical waveguides. 

 

CCHHAAPPTTEERR  33 is divided into four sections.  The first part describes the material structures from 

which our WGM lasers have been built.  The second part gives a brief overview of the device 

fabrication process used to make oxide-confined device structures.  The third part introduces the 

optical cavity designs used to assess the performance of WGM lasers.  Finally, in the fourth part, 

our photomask design and layout procedures are described to clarify the process flow and to 

establish the types of WGM lasers under consideration.  
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CCHHAAPPTTEERR  44 is divided into three sections.  The first part describes the experimental setups and 

calibration procedures used throughout this thesis.  The second part defines the key metrics used 

to evaluate laser performance.  Finally, in the third part, a methodology is introduced for 

extracting useful device parameters from measured I-V, L-I, and spectral data. 

 

CCHHAAPPTTEERR  55 is divided into three sections.  The first part shows that our fabrication methods can 

be used to form high-quality optical cavities in the µ-Pillar geometry.  The second part describes 

the preparation and characterization of low-resistance ohmic contacts.  The third part 

demonstrates the current blocking capability of our new hydrogenation process. 

 

CCHHAAPPTTEERR  66 is divided into three sections.  In the first part, we describe the impacts of optical 

diffraction and scattering, current and carrier confinement, and surface recombination on the 

electrical and optical characteristics of WGM lasers.  In the second part, we show different 

methods for extracting light from WGM-like and discuss their impact on laser performance.  The 

third part demonstrates the ability to use WGM lasers in photonic integrated circuits. 

 
CCHHAAPPTTEERR  77 summarizes the key elements of this overall body of work and presents our most 

important conclusions regarding the success of the research as well as the opportunities for 

further advances in scientific knowledge and practical device technology. 
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2. TECHNICAL BACKGROUND 
 

Semiconductor lasers have continued to evolve since their invention by four competing research 

groups in 1962 [1-4].  The first lasers to operate via current injection took the form of GaAs p-n 

junction diodes with infra-red light emission at λ = 840 nm (in one case the material was a 

GaAsP alloy emitting visible light at λ = 710 nm [3].  This type of device structure is called a 

homojunction laser because it is made from one homogenous semiconductor material.  Lasing 

was observed from its cleaved facets when the diode was placed under high-level forward bias.  

In this embodiment, the injected carrier densities decay exponentially with distance from the 

junction and thus the effective thickness of the gain region depends upon their diffusion lengths.  

Wave-guiding in the transverse direction is attributable only to the small index change that 

accompanies the creation of a population inversion (i.e., “gain guiding”), thus the optical field 

spreads into “non-inverted” regions of the device giving rise to large internal optical losses.  As a 

result of these shortcomings, GaAs homojunction diodes do not exhibit CW lasing above 77 K 

and their pulsed-wave threshold current densities, Jth,  are extremely high at 300 K (Jth
300K > 50 

kA/cm2). 

 

Not long thereafter, the performance of semiconductor lasers was greatly improved by 

sandwiching the GaAs active region between two AlGaAs layers; i.e., forming an AlGaAs/GaAs 

double heterostructure (DH).  This layer configuration is beneficial for two reasons.  First, 

AlGaAs has a wider band gap than GaAs, and thus it confines electrons and holes to the active 

region.  Second, AlGaAs has a lower refractive index than GaAs, and therefore it establishes a 

three-layer waveguide with the active region being the optical core.  This double-heterostructure 

laser concept was successfully implemented in 1970, as evidenced by several reports of CW 

operation at 300 K [5-7].   

 

The typical layer construction and device configuration for a “broad-area” DH laser diode is 

illustrated in Fig. 2.1.  It consists of a p+-doped GaAs ohmic contact layer, p-doped AlGaAs 

upper cladding layer, p- or n-type active region, n-doped AlGaAs lower cladding layer, and 

finally, an n+-GaAs substrate.  The width of the pumped region is defined by the p-contact metal 
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which extends over the entire surface of the chip.  The active region can be made of many 

different materials as long as it produces enough optical gain to overcome losses within the 

cavity and from the mirrors. The wavelength at the peak of the stimulated emission spectrum is 

inversely proportional to the “band gap” of the semiconductor.  The semiconductor band gap is 

the energy difference between the top of the valence band and the bottom of the conduction 

band.  The resonant cavity needed to obtain feedback for self-sustained oscillation is formed by 

cleaving a pair of [011] crystal facets separated by the distance Lc from the (100) surface-

oriented wafer.  These semiconductor-air interfaces act as mirrors with approximately 30% 

reflectivity.  To suppress optical feedback, and therefore, lasing in the lateral direction, rough 

edges are formed by sawing though the device.  Coherent light escapes the semiconductor 

parallelepiped from its cleaved facets. 

 

 

Figure 2.1: Schematic of a broad-area, edge-emitting Fabry-Perot laser. 

 

 

In Section 2.1, we review the evolution of semiconductor laser structures and discuss the 

corresponding impact on their electrical and optical performance.  Our goal is to present a clear 

picture of the benefits and weaknesses of the AlGaAs/GaAs QW structure employed throughout 

this work.  In Section 2.2, we describe the types of electromagnetic modes that exist in EE 

semiconductor lasers with Fabry-Perot resonators and in cylindrical WGM laser cavities. 
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2.1.  Design Considerations for Diode Lasers 
 

2.1.1. Compound Semiconductor Alloys 
All laser diodes in existence today were fabricated from compound semiconductors with direct 

band gaps.  Elemental semiconductors such as Si and Ge have indirect band gaps and thus 

exhibit comparatively weak radiative transitions (e.g., the spontaneous emission coefficient for 

bulk GaAs is about 105 times larger than that found in bulk Si or Ge).  Compounds made from 

group-III elements, such as gallium and indium, and group-V elements, such as phosphorus and 

arsenic, have been of particular interest because their emission wavelengths cover the visible-to-

near-infrared range of the electromagnetic spectrum (0.5-1.6 µm).  An overview of commonly 

used III-V semiconductors is given in Fig. 2.2 with their band gap energies plotted as a function 

of lattice constant [8]. 

 
Figure 2.2: Bandgap energy vs. lattice constant for some III-V semiconductors. The plotted data 
correspond to room temperature values of these physical quantities (Materials catalogue, EPI Materials 
Ltd., Lancaster Way, Ely, Cambridge-shire, (CB6 3NW UK)). 

 

The solid points correspond to binary compounds, such as GaAs and InAs, while the connecting 

or “tie” lines represent ternary alloys, such as InxGa1-xAs (0 ≤ x ≤ 1), formed by mixing the two 
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binary endpoints.  The solid and dashed lines denote semiconductor alloys with direct and 

indirect band gaps, respectively. 

 

Another important consideration is the lattice constants of the materials used to build a typical 

multi-layer, thin-film laser structure.  The various semiconductor layers, most of which are less 

than 1 µm in thickness, must be grown on a 300 to 450 µm thick substrate for mechanical 

stability.  This material synthesis task is accomplished using any one of several well developed 

crystal growth techniques [9, 10]; namely, liquid phase epitaxy (LPE), vapor phase epitaxy 

(VPE), molecular beam epitaxy (MBE), or metal-organic chemical vapor deposition (MOCVD).  

In order to achieve the highest structural quality all constituent materials must be “lattice-

matched” to the substrate – ideally their lattice constants should be equal at the crystal growth 

temperature. 

 

Suitable materials can be found by overlaying a vertical line on Fig. 2.2 with the lattice constant 

set equal to one of the binary endpoints (substrate wafers are almost always made from binary 

compounds).  One such example is the AlxGa1-xAs alloy system having a lattice constant of about 

5.65 Å with energy band gaps ranging from 1.43 to 2.2 eV.  Many other choices are in evidence 

on this laser material “phase diagram” and the realm of possibilities can be broadened still 

further by considering quaternary alloys.  The materials of choice in fiber-optic communication 

networks are InxGa1-xAsyP1-y alloys and quantum well structures, grown lattice-matched to InP 

substrates, because these semiconductors make it easy to design and synthesize lasers with 

emission wavelengths of 1.3 µm (lowest fiber dispersion) and 1.55 µm (lowest optical loss). 

 

2.1.2. Carrier Injection via P-N Heterojunctions 
The action in a semiconductor laser takes place at the junction between two regions with 

dissimilar impurity doping, namely p- and n-type regions.  If there is no voltage drop across the 

junction, charge carriers are distributed through the crystal in roughly the same way as the 

impurities.  Electrons are the majority carriers throughout the n region, while holes are in the 

majority in the p region.  In equilibrium, without an applied voltage or other external stimulus 

imposed on the device, the electron and hole diffusion and drift currents sum to exactly zero. 
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A semiconductor diode is said to be under forward bias, if a positive voltage is applied to the p-

side and a negative voltage to the n-side.  This attracts the electrons and holes to the opposite 

sides of the device; that is, these two types of charged particles are injected across the p-n 

junction and thus become minority carriers (electrons on the p-side and holes on the n-side).  

Under this biasing condition, there is a non-zero net current flow through the device and 

electrons and holes may undergo radiative recombination near the junction, thereby releasing 

photons equal in energy to the semiconductor band gap. 

 
Figure 2.3: Energy vs. distance diagram for a separate-confinement p-n 
junction heterostructure laser under high forward bias. This state of 
operation is referred to as “flat-band” since the built-in diode potential 
is offset by the applied voltage giving rise to a spatially independent 
energy band structure. 

  

The effect of the two heterojunctions that constitute a DH laser on the spatial distribution of 

carriers is shown in Fig. 2.3.  Injected electrons and holes are confined to the GaAs active region 

by means of the AlGaAs potential energy barriers, and, as a consequence, recombine within a 

volume defined by the active region thickness rather than the minority carrier diffusion length.  

The consequences of this design change can be quite significant.  For example, the minority 

carrier diffusion lengths in lightly doped GaAs range from 2 to 10 μm while the active layer 

thickness in a DH laser is typically between 0.2 and 0.5 µm.  Therefore, at the same value of 

injection current, the carrier density in a DH active region is much higher than for its 
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homojunction laser counterpart.  The inverse relationship also holds true; that is, the drive 

current necessary to reach a particular carrier density should be lower for a DH laser than for the 

homojunction case.  If we now assume that the gain vs. carrier density relationships and optical 

losses are the same, then the threshold current should be considerably lower for the DH laser.  

Typical values of Ith
300K for AlGaAs/GaAs DH lasers are in the 1 to 3 kA/cm2 range, more than 

10x lower than the best results for GaAs homojunction lasers.  

 

2.1.3. Separate Confinement Heterostructures 
In a conventional DH laser structures, the gain medium or active region could be made thinner to 

reduce the volume of material that must be “inverted” by the injection current.  Doing so, 

however, would also cause the optical intensity profile for the fundamental transverse mode to 

redistribute itself with a larger fraction overlapping with the p- and n-doped cladding layers.  In 

other words, the magnitude of the transverse optical confinement factor, Γy, would decrease and 

thereby exert a counteracting influence on the threshold current.  It can be shown using the 

analysis presented in Appendix D that Γy would begin to decrease precipitously as the active 

region thickness approaches the range where quantum effects become important.  

This problem can be mitigated by using the separate confinement heterostructure design [11]; 

that is, an optical confinement layer or OCL can be added to the structure so as to introduce an 

alternative optical core for transverse wave guiding.  A schematic energy band vs. position 

diagram for a five-layer separate confinement heterostructure (SCH) laser is presented in the 

upper panel of Fig. 2.4, with the corresponding refractive index profile shown in the lower panel.  

It is clear that the OCL, represented by b, is considerably thicker than the active region, denoted 

by a.  If the a-to-b ratio was small enough then the effective index of the active region plus OCL 

composite would be very close to that of the OCL material alone.  Thus, changes in the active 

region thickness would not have a significant impact on the shape of the optical mode itself and 

Γy would be directly proportional to a instead of having the super-linear relationship expected for 

DH lasers. 
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Figure 2.4: Energy vs. position diagram (upper panel) and corresponding refractive 
index profile (lower panel) for a separate-confinement heterostructure laser. The 
optical intensity pattern is also shown for the fundamental transverse mode (lower 
panel). 

 

The SCH laser design also provides additional flexibility with regard to minimizing propagation 

losses.  In order to reduce free carrier absorption, both the OCL and active layer can be made 

from non-doped semiconductor materials for which every effort has been put forth to eliminate 

contamination by residual impurities.  We note that initial demonstrations of high transparency 

GaAs waveguides were mostly attributable to significant reductions in residual carrier density 

[12, 13].  The heavily doped n- and p-type cladding layers contribute significantly to the overall 

free carrier loss.  An optical loss of 22 dB/cm was found for n-type GaAs with an electron 

density of 1 x 1018 cm-3 [14].  The greater valence band complexity causes even higher 

absorption in p-type III-V materials [15-19].  An optical loss of 56 dB/cm at λ = 1.3 μm was 

reported for GaAs-based alloys with p-type doping of 1 x 1018 cm-3 [19]. 
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High quality epitaxial material is also required to minimize optical scattering losses at interfaces 

and/or inclusions.  Liquid phase epitaxy, historically one of the first useful III-V semiconductor 

growth techniques, has proven to be less satisfactory in this context.  Owing to unavoidable 

interface roughness, propagation losses are typically ≥ 5 dB/cm [20,21], with the lowest reported 

value of 2 dB/cm [22].  The advent of alternative growth method has greatly reduced this 

problem.  There have been several reports of single-mode or quasi-single mode GaAs-AlGaAs 

waveguides grown by MOCVD or MBE with propagation losses < 0.3 dB/cm [12, 13, 23, 24]. 

 

Finally, we mention that the upper and lower cladding layers must be of sufficient thickness to 

minimize coupling losses to parasitic waveguides running parallel to the plane of the active 

region.  If these bounding layers become too thin, the transverse mode profile may penetrate into 

the adjacent p+ or n+ regions and thus couple into waveguides with such heavily doped layers as 

their core.  Optical energy would then be transferred from the vicinity of the active region into 

these neighboring waveguides where it would be dissipated via free carrier absorption [25].  

 

2.1.4. Low Dimensional Gain Media 
Quantum confinement of electrons and holes within a one-dimensional potential energy well was 

first demonstrated in 1976 by Raymond Dingle and his colleagues at Bell Laboratories [26].  

Since then, quantum well (QW) lasers have become the backbone of fiber-optic communication 

systems.  Semiconductor QW heterostructures consist of a narrow band gap “well” layer 

surrounded on both sides by a wider band gap “barrier” material.  The QW itself is typically less 

than 100 Å in thickness while the barrier layers are often considerably thicker.  The wide band 

gap material establishes a potential energy barrier on each side of the QW and thereby restricts 

the “free” motion of carriers within the 2-D plane of the well.  Carrier motion perpendicular to 

the QW plane is confined to unique values of the crystal momentum (in this particular direction) 

and thus the kinetic energy is quantized into discrete levels for this one degree of freedom.  

Consequently, the density of states (DOS) functions for these quantum-confined electrons and 

holes [27] morphs into the “2-D like” formulation depicted in Fig. 2.5.  These same basic 

arguments would apply, with only qualitative changes, for situations in which carrier motion was 
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confined in two or three dimensions.  Figure 2.5 compares the DOS functions for different 

carrier confinement geometries (four possibilities exist in three-dimensional space).   

 

Figure 2.5: Density of states vs. energy relationships for laser active regions with different 
dimensionality. Carriers are free to move without quantum confinement in three (bulk), two (well), one 
(wire), or zero (dot) dimensions. These spatial configurations are referred to as 3-D, 2-D, 1-D, and 0-D 
material structures (from left to right). 

 

It is reasonable to expect that such modifications to the DOS function would have an impact on 

laser performance.  As an example, we note that typical values of Jth for bulk and QW lasers held 

at room-temperature are 1500 and 300 A/cm2, respectively.  Numerous improvements in QW 

laser characteristics – such as lower threshold current, higher efficiency, higher modulation 

band-width and lower dynamic spectral line width – were predicted theoretically in the mid 

1980’s [28-32].  All of these claims have been confirmed experimentally over the past 25 years 

[33]. 

 

Since the electronic states in a quantum dot (QD) are discrete in nature, fewer charge carriers are 

necessary to create a population inversion.  Thus, the carrier density at which lasing occurs 

should be considerably lower in QD structures compared to either quantum wire or quantum well 

lasers.  Arakawa and Sakaki [34] first predicted that reducing the dimensionality of the laser 

active region from 3-D to 0-D would give rise to a significant decrease in the magnitude of Jth 

and make it independent of temperature.  In the present work, we have focused our attention on 

conventional QW laser structures; nonetheless, all of the device fabrication technology and 

cavity design concepts introduced in Chapters 3 through 6 should be applicable with little 

modification to more advanced and potentially better performing QD lasers. 
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2.2. Optical Modes in Dielectric Structures 
The analytical techniques described in Section 2.2.1 can be applied without modification to 

determine the properties of transverse modes in our µ-Pillar laser structures.  In addition, the 

concept of lateral electrical/optical confinement introduced in Section 2.2.2 plays an important 

role in WGM lasers.  However, given the circular symmetry of the µ-Pillar structure, a purely 1-

D analytical technique cannot be used to derive its “lateral” mode structure.  The topic of 

electromagnetic modes in cylindrical dielectric cavities is discussed briefly in Section 2.2.3. 

  

2.2.1. Transverse Modes in Slab Waveguides 
After taking a quick look ahead at Fig. 3.1 of Section 3.1, it should be obvious that our 

AlGaAs/GaAs QW material structure is just a modified form of the SCH laser introduced in 

1976 by G. H. B. Thompson [11].  The quantum well heterostructure (QWH) version of a SCH 

device is referred to herein as a SC-QWH laser.  Schematics of the energy band structure and 

refractive index profile for the original five-layer SCH laser were presented in Fig. 2.4; however, 

no information was given about sizes beyond the statement that the OCL thickness, b, is usually 

much larger than the active region thickness, a.  It is important to remember that quantum 

confinement in semiconductors was demonstrated only months before the publication of 

Thompson’s paper [26].  Five to ten more years would pass before QW lasers began to occupy 

the curiosity of many researchers. 

 

In its original form, the active region of a SCH laser was relatively thick, with typical values 

being abulk ≥ 300 nm, and the OCL was even thicker [11].  In the present case, however, the 

active region consists of a GaAs QW with aQW = 10 nm and an OCL thickness of 250 nm.  Given 

the large difference between aQW and bOCL, it is reasonable to assume that the QW has little 

impact on the effective index of refraction seen by an optical wave traveling inside the OCL.  In 

other words, we can ignore the QW with regard to computing the transverse electromagnetic 

mode profiles without any loss of generality.  Note, also, that refractive index is only a weak 

function of doping so it is justifiable to ignore the small index difference between the p-type 

(upper) and n-type (lower) Al0.85Ga0.15As cladding layers.  At this level of approximation, we 

have transformed a complex laser structure – with its 7+ layers and changes in alloy composition 
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and doping type and level – into a much simpler three-layer slab waveguide.  By so doing, we 

have rendered the problem tractable to solution via conventional analytical methods. 

 

The configuration of a three-layer AlyGa1-yAs/AlxGa1-xAs slab waveguide is illustrated in Fig. 

2.6, along with the coordinate system referenced throughout the following discussion.  Wave 

propagation occurs along the z-axis, which we refer to as the longitudinal direction.  The y-axis 

is parallel to the direction of crystal growth, which we refer to as the transverse direction.  The x-

axis is in the plane of the substrate, and we call it the lateral direction.  

 

Figure 2.6: Schematic of a three-layer slab waveguide. 

 

For convenience, we restate below the characteristic equations introduced in Appendix A (Eq. 

A.34 and A.35).  In Region II (I) of Fig. 2.6, the symbol χ (γ) represents the y-component of the 

wave propagation vector and the quantity n2 (n1) is the index of refraction. 
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The emission wavelength of our laser device is λ0 = 795 nm and therefore k0 can be calculated as 

shown in Eq. 2.3.   
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In order to find χ andγ , we solve Eq. 2.1 and 2.2 using the graphical method introduced by 

Collin [35].  Once this has been done, the optical mode profiles can be obtained by substituting 

these values of χ and γ into the electric field solutions given in Appendix A (Eq. A.27 and A.28). 

 

We now apply this technique, as illustrated in Fig. 2.7, in order to find the even TE waveguide 

modes for our laser structure.  The material parameters were taken from the data base assembled 

by the Ioffe Institute in Russia [36].  We used n2 = 3.45 in the case of Al0.25Ga0.75As and n1 = 3.16 

for Al0.85Ga0.15As.  The relevant values of χ andγ are found at the intersections of Eq. 2.1 and 

2.2.  Only positive values of (γ ·b/2) are given consideration because negative values imply 

unguided waves [37].  For b = 0.26, 0.52, and 0.78 µm, circles of radii given by the right side of 

Eq. 2.2 are shown by the dotted lines in Fig. 2.7.  At b = 0.26 µm, an intersection near (χ·b/2) ≈ 

0.98 is obtained only with the m = 0 curve, which is the solution for the lowest-order or 

fundamental transverse mode.  No matter how small b becomes, this mode is never “cut-off” in a 

symmetric wave-guiding structures [37].  Increasing b to 0.52 µm leads to an intersection close 

to (χ·b/2) ≈ 1.2 for the m = 0 mode and (χ·b/2) ≈ 3.4 for the m = 2 mode. 

 

It is clear from this analysis that higher order TE even modes can be cut-off simply by making 

the OCL thin enough such that (χ·b/2)  ≤  3.1.  Moreover, owing the large built-in difference in 

refractive index between the OCL and cladding layers, the higher order modes should remain 

cut-off independent of the operating conditions (i.e., drive current and/or junction temperature).  

All high-performance SC-QWH lasers are now designed in this manner. 
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Figure 2.7: Graphical solution of the characteristic equations for even TE modes. The normalized wave 
vector parameters are equal to the points of intersection between the two equations at specific values of 
OCL thickness. 

 

2.2.2. Lateral Modes in Ridge Waveguides 
In most applications of semiconductor lasers it is desirable to maintain single-mode operation 

over the widest possible range of drive current and junction temperature.  The transverse mode 

component of the problem is handled as described above via proper layer design and material 

synthesis.  The lateral mode issue can be addressed by patterning the laser material (before 

and/or after crystal growth) into a narrow “active” stripe.  An example of one such form of 

narrow-stripe laser is shown in Fig. 2.8.  In this ridge-waveguide structure, the effective active 

volume is reduced in the lateral direction by removing the p-type AlGaAs upper cladding layer 

outside the lithographically defined stripe width, Ws, and replacing it with a dielectric material 

known as polyimide.  Therefore, by design, current flow is confined to Ws and the lateral optical 

modes “see” a material (outside the stripe) with a much lower index of refraction. 
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Figure 2.8: Narrow-stripe ridge waveguide laser. 

 
Such complex 2-D waveguide structures must be examined using numerical techniques to obtain 

truly accurate results.  Nonetheless, it is possible to gain considerable physical insight by using a 

piece-wise 1-D analytical approach known as the effective index method [38-40].  The graphical 

method of Section 2.2.1 is first applied to each of the three regions that constitute the lateral 

structure (stripe region made via crystal growth surrounded on both sides by lateral confining 

regions with polyimide capping layers).  This effort yields values of the effective modal index, 

neff, in all three regions.  However, since the structure is symmetric about the center of the stripe, 

there are really only two different values of neff.  Next, the calculated values of neff are assigned 

as material parameters for a heuristic lateral three-layer slab waveguide.  The solution is finally 

brought to a close by reapplying the graphical method to estimate the properties of the lateral 

optical modes. 

 

2.2.3. WGMs in Cylindrical Cavities 
The phenomenon of total internal reflection (TIR) of light waves from the sidewalls of a closed 

dielectric structure is a well known means of optical ray confinement.  Consider a microsphere of 

radius R with refractive index, n2, surrounded by another material with a smaller refractive 

index, n1.  According to Snell’s law, a light ray undergoes TIR at the boundary between the two 

media if its angle of incidence, θinc, satisfies the condition given below 
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The symbol θc denotes the critical angle for total internal reflection.  At larger angles of 

incidence the ray remains trapped inside the closed dielectric cavity.  The spherical (3-D) or 

cylindrical (2-D) symmetry of such dielectric structures gives rise to a second observation – 

namely, that θinc does not change upon multiple reflections of the ray as it propagates around the 

periphery, as illustrated in Fig. 2.9. 

 

 

Figure 2.9: Ray optics picture of a WGM as it travels around a dielectric cavity (n2 > n1) and in so doing 
experiences multiple TIR events.  

 

In the case of WGMs, the equivalent optical rays circulate near the outer wall of the cavity and 

thus traverse a distance Rπ2≈  in one round trip.  If one round trip equals an integer number of 

ray wavelengths, then a standing wave is established with the resonance condition given by Eq. 

2.5, where λ/n2 is the wavelength in the medium [41]. 

 









=

2

2
n

nR λπ    (2.5) 

 

A schematic is presented in Fig. 2.10 of a semiconductor µ-Disk laser cavity.  It consists of a 

disk-shaped gain medium with thickness d, radius Ro, and refractive index 1n , sandwiched 
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between two layers of lower refractive index 3n .  The dielectric discontinuity along the z-axis 

strongly confines the fundamental (transverse) mode to the active region.  Total internal 

reflection at the boundary 0r R=  establishes WGMs inside the cylindrical cavity [42-44]. 

 

The semiconductor µ-Pillar structure of interest herein is very similar to this idealized µ-Disk 

cavity except that our SC-QWH material has a pair of p- and n-type AlGaAs cladding layers 

above and below the optical core (OCL plus QW) which are surrounded on top and bottom by 

more heavily doped p+ and n+ GaAs contact layers, respectively.  As a consequence, the optical 

confinement factor should be larger in the µ-Disk case and free-carrier absorption losses should 

be higher in the µ-Pillar structure. 

 

 

Figure 2.10: Geometry and parameters for a µ-Disk laser cavity. 

 

It is necessary to use 2-D numerical techniques to calculate exact optical mode profiles for these 

µ-Disk cavities; however, we can still gain useful physical insight by using much simpler 

analytical methods.  Appendix B provides a detailed accounting of one such solution technique 

and we summarize the key findings below to enable additional discussion.  The z-dependence 

should follow the slab-waveguide model for TE and TM modes.  The fundamental transverse 

mode can be described as cos(χz) with 22
1 effo nnk −=χ , inside the gain medium (| z | < d/2), 

and as ze γ−  with 2
3

2 nnk effo −=γ , within the surrounding material (| z | > d/2).  Two mode 

numbers may be introduced to distinguish various WGM solutions: (1) azimuthal mode number 



29 

 

M reveals the number of wavelengths necessary to make one 360 degree trip around the cavity 

and (2) radial mode order N corresponds to the number of nodes (N-1) in the radial component of 

the electromagnetic field.  The value of N is equal to unity for WGMs.  Following the approach 

given by Rex [45], and limiting the analysis to in-plane optical waves with TM polarization only, 

we have  
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where JM is a Bessel function of the first kind and H(1) and H(2) are Hankel functions of the first 

and second kind, respectively.  Figure 2.11 shows two radial intensity profiles for a GaN µ-Disk 

cavity with R0 = 2.5 µm and n = 2.65. 

   

 
Figure 2.11: Radial intensity profiles for two different TM polarized modes confined within a Gallium 
Nitride µ-Disk cavity with R0 = 2.5 µm and n = 2.65. 

 

These approximate solutions were found by applying Eq. 2.6 and assuming an emission 

wavelength of λ = 375 nm (which is typical of bulk GaN at 300 K).  The azimuthal and radial 

mode indices are M = 103 / N = 1 and M = 91 / N = 3 for the upper and lower wave forms, 

respectively.  The whispering-gallery mode (N = 1) intensity maximum is very close to the cavity 

sidewall and the wave solution approaches zero asymptotically for r ≤ 2.2 µm.  In contrast, the 
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higher order radial mode (N = 3) extends further into the GaN disk than the WGM and its optical 

intensity is considerably lower near the cavity sidewall.  
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3. MATERIAL STRUCTURE AND DEVICE PROCESSING  
 

3.1. Description of Material Structures   

In this section, we describe the AlGaAs/GaAs QW material structures used to perform any and 

all experiments associated with this research project.  The samples were prepared by Dr. Steve 

Smith at Amoco Laser Company via metal organic chemical vapor deposition (MOCVD).  The 

layer structure was grown on an n-type (100) oriented  epi-ready GaAs substrate beginning with 

a 500 nm n-type GaAs buffer layer followed by 1.25 μm n-type Al0.85Ga0.15As lower confining  

layer, a  1.25 μm p-type Al0.85Ga0.15As upper confining layer, and finally, a 150 nm p-type GaAs 

ohmic contact layer. The active region consists of a single GaAs undoped quantum well placed 

in the centre of a waveguide. The upper and lower half of the waveguide consists of undoped 

Al0.25Ga0.75As semiconductor material. The thickness of the quantum well is 10 nm and the 

thickness of the upper and lower waveguide regions is 125 nm respectively.  A summary of all 

relevant design parameters is presented in Table 3.1. 

 

Table 3.1:  Material design parameters for the AlGaAs/GaAs QW laser structure. 

Layer Description Nominal 
Thickness  

Semiconductor 
Material 

Alloy Mole 
Fraction 

Doping 
Concentration 

(cm-3) 

Doping 
Species 

Ohmic Contact Layer 150 nm GaAs x = 0  p+ = 2x1019 Mg  

Upper Confining Layer 1.25 μm AlxGa1-xAs      x = 0.85 p = 5x1017  Mg 

Upper Half of Waveguide 125 nm AlxGa1-xAs      x = 0.25 undoped N/A 

Quantum Well  10 nm GaAs x = 0 undoped N/A 

Lower Half of Waveguide 125 nm AlxGa1-xAs      x = 0.25 undoped N/A 

Lower Confining Layer 1.25 μm AlxGa1-xAs      x = 0.85 n = 5x1017 Se 

Buffer Layer 500 nm AlxGa1-xAs      x = 0.25  n+ = 2x1018 Se 

Substrate  325 μm GaAs x = 0 n+= 2x1018 Si 
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The layer thicknesses listed in Table 3.1 were confirmed via scanning electron microscopy 

(SEM).  A schematic cross-section of the layer structure, along with the corresponding SEM 

image, is shown in Fig. 3.1.  There is good overall agreement between the MOCVD design 

parameters and the measured layer thicknesses.  

 
 

 
 

Figure 3.1:  Schematic cross-section of AlGaAs/GaAs QW laser structure (right hand side) and 
corresponding SEM image (left hand side).  The SEM image was taken (after cleaving and staining the 
sample) using the LEO 1550 instrument at Virginia Tech. 

 

The alloy mole fractions and doping concentrations listed in Table 3.1 were verified using 

Secondary Ion Mass spectrometry (SIMS).  This technique is based on sputtering the surface of 

the specimen with a focused primary ion beam and collecting and analyzing ejected secondary 

ions. These secondary ions are measured with a mass spectrometer to determine the elemental or 

molecular composition of the surface. SIMS is a powerful analytical tool for studying 

concentration vs. depth profiles of doping atoms, owing to its extremely high sensitivity and 

depth resolution.  Figure 3.2 shows SIMS depth profiles for the relevant alloy constituents and 

y 

x 
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doping species.  There is good agreement between the MOCVD design parameters and the 

measured alloy mole fractions and doping concentrations. 

 

 
Figure 3.2:  SIMS depth profiles of the alloy constituents (Al, Ga, As) and the doping species (Mg, Se) in 
the AlGaAs/GaAs QW laser structure.  These measurements were made using the Cameca IMS 7f GEO 
instrument at Virginia Tech.  

 

Several different AlGaAs/GaAs QW structures were employed throughout this body of work; 

however, all of these samples were synthesized in the same MOCVD reactor using nearly 

identical growth recipes.  As a consequence, we expect that the layer structure and materials 

parameters described above are representative of the entire collection of samples.   

 

3.2. Overview of Device Processing  
In this section, we present a brief overview of the process flow used to make oxide-confined 

(OXC) whispering gallery mode lasers.  This device embodiment serves as a useful reference 

since it has been employed by many other research groups in previous work on WGM lasers.  In 



39 

 

addition, we will gauge the utility of the new hydrogenation-based fabrication process (described 

in Chapter 5) by direct comparison against our own OXC lasers. 

 

Several unit processes, such as photolithography, etching, metal deposition, and thermal 

annealing, are executed in series to realize the final device structure.  These unit processes are 

carried out using a number of sophisticated tools, such as a Karl Suss MA-6 mask aligner, Trion 

Technologies inductively-coupled plasma etcher (ICPE), Kurt Lesker electron-beam vapor 

deposition (E-beam) system, and Trion plasma-enhanced chemical vapor deposition (PECVD) 

system.  These tools are part of the newly renovated cleanroom micro-fabrication facility at 

Virginia Tech. 

 

A schematic cross-section of the oxide-confined WGM laser structure is shown in Fig. 3.3.  Note 

the PECVD (SiOx) oxide layer inserted between the p-pad metal contact and the p-type AlGaAs 

upper confining layer.  This electrical insulator prevents current from flowing directly from the 

metal pad into the central region of the device and thereby increases the current density at the 

periphery of the laser cavity (in close proximity to the peak intensity of the WGMs). 

 
 

Figure 3.3:  Cross-section of the WGM laser structure with oxide as the current blocking region. 
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The O-C laser fabrication procedure involves the following steps: 

 
(i) Selective removal of the p+-GaAs cap layer by wet etching, followed by oxide deposition 

and patterning to form the current blocking layer. 

(ii) Formation of p-side ohmic contact (Ti 300 Å / Au 2000 Å) with ring geometry, followed 

by thermal annealing at 400 °C for 5 min in forming gas (3.99% H2 mixed with Ar).  

Forming gas is used to prevent the metal contacts from oxidizing during the annealing 

process. 

(iii) Formation of p-side metal pad (Ti 300 Å / Au 2000 Å) on top of the ohmic p-metal ring. 

This metal pad acts as a relatively large, smooth noble metal surface for probe testing and 

wire bonding. 

(iv) Creation of WGM cavity by dry etching down through the entire epitaxial layer structure.  

The ICPE etching step uses Cl2 and BCl3 process gases. 

(v) Deposition of nitride encapsulation layer to passivate electronic surface states and reduce 

“optical roughness” of WGM cavity. 

(vi) Formation of broad-area ohmic contact to back-side of n-type substrate (Sn 200 Å/Au 

1100 Å), followed by thermal annealing at 390 °C or 3 min. 

 
Further details on sample handling and device fabrication (including specific recipes for all 

critical steps) are presented in Appendix B and C, respectively.  

 
 
3.3. Design of µ-Pillar Optical Cavities 
In this section, we describe three different optical cavity structures that were designed to assess 

the performance of our WGM lasers.  The first structure, which has pure circular symmetry, is 

referred to herein as a full-circle (FC) cavity.  Figure 3.4 shows a plan-view drawing of such an 

optical cavity, with labels assigned to key design parameters.  In reality, our AlGaAs-GaAs FC 

cavities are only 3.5 µm in height (along the z-axis of the cylindrical coordinate system) and 

bounded on the bottom-side by a GaAs substrate.  Therefore, when considering all three 
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dimensions, our FC cavities are identical to the micro-pillar devices investigated by several other 

groups [1-4].  We refer to these devices herein as µ-Pillar structures. 

 

This dielectric structure closely resembles an infinite cylindrical cavity, which is the 

mathematical construct most often used to determine the EM mode spectrum in WGM lasers [5-

7].  Such an approximate EM analysis is sufficient to formulate a qualitative understanding of 

WGMs, which can then be used to investigate the impact of design parameters (cavity radius, 

width of gain region, offset of gain region from cavity perimeter), and process limitations (non-

vertical profile and surface roughness of cavity sidewall), on the operating characteristics of 

WGM lasers. 

 
 

Figure 3.4:  Plan-view drawing of full-circle (FC) optical cavity. 

Rcavity: radius of etched cavity. 

Rpp: radius of p-pad metal. 

Rout
sw: outer radius of p-contact metal ring. 

Rin
sw: inner radius of p-contact metal ring.  

Rox: radius of the oxide current blocking region.  

δME: separation between p-metal ring and cavity sidewall.  

δox: separation between p-metal ring and oxide layer. 

δSW:  width of the p-contact metal ring. 



42 

 

 

It may prove useful, for diagnostic purposes, to vary the optical path length in such circular 

dielectric structures without changing the cavity radius.  We achieve this objective by means of 

the partial-circle (PC) optical cavities shown in Fig. 3.5.  Considering that electronic gain is 

restricted to the cavity periphery (see p-contact ring highlighted in red), we do not expect lasing 

to occur in multiple bounce optical modes with small angles of incidence.  Instead, we anticipate 

lasing in whispering-gallery-like modes with feedback from the flat facets.  The stimulated 

emission from these PC cavities could then be sampled at one (or both) of the output facets akin 

to the situation in Fabry-Perot lasers. 

 

 

 
(a) 

 

(b)  
(c) 

Figure 3.5:  Plan-view drawing of partial-circle (PC) optical cavities: (a) ¾-circle, (b) ½-circle, and (c) ¼-
circle dielectric structure. 

 

In principle, photons that occupy WGMs should circulate around the curved inner boundary of 

the cavity, reflecting from the walls with an angle of incidence greater than the critical angle for 

total internal reflection.  These photons remain trapped inside the cavity with only minute losses 

of light caused by evanescent leakage and scattering from surface roughness.  Moreover, the 

small fraction of photons that do escape would be emitted into the vacuum with equal probability 

at all angles (i.e., the laser output would be non-directional).  So, in order to make practical use 

of WGM lasers, it is necessary to destroy the pure circular symmetry of the FC cavity.  We 

accomplish this goal by distorting the cavity shape from a circle to a spiral and thereby providing 

an output “notch” at a specific location along the cavity perimeter. 
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This final dielectric structure, which is referred to herein as a spiral (Sp) cavity, is shown in plan-

view in Fig. 3.6.  Along the z-axis (out of the page) this structure is identical to the FC and PC 

cavities, and the color scheme follows that used above.  The perimeter of the Sp cavity is defined 

by ),
2

1()(
π
φεφ ⋅

+= orr where ε is the deformation parameter and ro is the radius at φ = 0.  As a 

consequence, a discontinuity (or notch) appears at φ = 2π which provides a means for out-

coupling of photons. 

 

 

 
 

Figure 3.6:  Plan-view drawing of spiral (Sp) optical cavity. 

 

Additional information regarding the design parameters used to make WGM lasers from all three 

types of dielectric structures is presented in Chapter 6. 

 

3.4. Layout of µ-Pillar Photomask 
In order to execute the process flow described in Section 3.2, a photo-mask was designed with 

six different regions on a 4 inch glass plate.  A low magnification optical image of this photo-

mask is shown in Fig. 3.7.  The dark field (DF) regions, highlighted in blue, are used to create 

openings in photoresist for the following purposes: (1) p-metal ring deposition via lift-off, (2) p-
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metal pad deposition via lift-off, and (3) oxide removal for exposure to hydrogen passivation.  

The light field (LF) regions, highlighted in white, are used to leave photoresist features that serve 

as masks for the following procedures: (1) dry etching of the optical cavity, (2) patterning of the 

oxide for blocking current, and (3) deposition of n-metal top contact via lift-off.  The later 

process step can be used, as an alternative to the broad-area back-side n-metal contact, for 

processing laser structures grown on semi-insulating substrates. 

 

Figure 3.7:  Optical image of WGM laser mask designed at Virginia Tech using L-edit software from 
Tanner Research.  The photo-mask was manufactured by Image Technology using advanced optical 
lithography techniques.  

 

In each region of the photo-mask there are 31 distinct FC cavity structures, each with different 

design parameters.  Every design is repeated 4x giving a total of 124 FC laser diodes.  The same 

design philosophy was followed for the PC structures – 31 sets of parameters were repeated 4x 

yielding 124 devices for each fractional cavity (total of 372 PC laser diodes).  With regard to Sp 

laser diodes, there are 4 devices with radius=9 µm, 6 devices with radius=11 µm, and 3 devices 

with radius=18 µm.  Each of these 13 devices is repeated 4x with two different deformation 

parameters (ε=0.15, and ε=0.05) to give a total of 104 devices.  All spiral lasers have an out-

coupling angle of 90 degrees.  The center-to-center distance between devices is 500 µm over the 

entire photo-mask. 
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4. MEASUREMENT TECHNIQUES AND DEVICE ANALYSIS 
 
The performance of laser diodes under steady-state operation can be quantified by measuring 

current vs. voltage (I-V) curves, light power vs. current (L-I) curves, and radiated flux as a 

function of wavelength (optical spectra).  In the first part of this Chapter, we describe 

experimental setups designed and built at Virginia Tech to measure these device “characteristics” 

and discuss the relevant calibration procedures.  In the second part of this Chapter, we define key 

metrics for laser diode performance and show how to extract useful physical parameters from I-

V, L-I, and spectral data. 

 

4.1. Instrument Design and Calibration 
An important reference condition for laser diode characterization is that of continuous-wave 

(CW), room-temperature (300 K) operation because many device applications would benefit 

from direct-current biasing without active cooling.  However, at high drive currents, CW 

operation often leads to significant heat dissipation within the device which could manifest itself 

in several undesirable ways.  For example, there may be a significant increase in junction 

temperature which would degrade the device characteristics, and thereby lead to erroneous 

reporting of “room-temperature” physical parameters.  In addition, local heating at the 

metal/semiconductor interfaces may cause melting of the ohmic contacts, and dissolution of the 

semiconductor, which would give rise to permanent device failure.  These problems can be 

mitigated, and perhaps even eliminated, by using a pulsed-wave (PW) current source to perform 

measurements. 

 

4.1.1. Apparatus for I-V Measurements 
The experimental setup for making I-V measurements under CW excitation is shown in Fig. 4.1.  

The Keithley 2400 source-measure unit (SMU) can deliver up to 1 A of current with a voltage 

compliance of 100 V.  The lowest measurable current is 10 pA and the minimum detectable 

voltage is 1 µV.  This SMU can be configured to source current (voltage) while simultaneously 

measuring voltage (current).  Standard BNC cables transfer electrical signals between the 

Keithley 2400 and the device-under-test (DUT) without the need for special interface circuits.  
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For on-wafer testing, electrical signals are brought into contact with the DUT using precision 

micro-manipulator probes made by Creative Devices, Inc.  The BNC cables are soldered directly 

to the external wire leads when measuring packaged devices.  Each continuous-wave I-V data 

collection run is executed under computer control – via a specially designed LabVIEW program 

– by sourcing current in a stepwise manner over the desired range (from low to high values) 

while measuring the corresponding diode voltage. 

 

Figure 4.1:  Apparatus for measuring I-V curves under CW excitation. 

 

Since the Keithley 2400 was calibrated by the manufacturer we need only correct for the voltage 

drop across the BNC cables to obtain accurate I-V data.  This “in-house” calibration can be done 

in one of two ways: (1) measure the BNC cable resistance under real operating conditions by 

performing an I-V sweep with the two current probes shorted together and then subtract the 

appropriate V = Id x Rcable values from each measured voltage or (2) use the SMU in the four-

point measurement mode and add two additional probes to the experimental setup to separate the 

current sourcing function from the voltage measurement operation.  

 

The instrument configuration for recording I-V data under PW excitation is shown in Fig. 4.2.  

The Avtech 107-D current pulse generator is used to drive the DUT.  One input channel of the 

Tektronix TDS-520 oscilloscope is connected at the “Measured V+” and “Measured V-” 

terminals to determine the voltage drop across the DUT.  The second oscilloscope channel reads 

the voltage signal from the IST model 711 current probe located at the “Measured I” node in the 

circuit.  The Avtech 107-D is capable of producing current pulses as short as 50 ns in duration 

(up to a maximum pulse width of 5 µs).  The IST current probe has a conversion ratio of 1 mA / 

1 mV with a maximum ampere-second product of 6 Amp-µsec.  The oscilloscope is capable of 
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performing measurements up to 500 MHz which is more than adequate for our purposes.  Each 

pulsed-wave I-V data collection run is performed via computer control using a modified version 

of the LabVIEW program mentioned above. 

 

Figure 4.2:  Apparatus for measuring I-V curves under PW excitation. 

 

The Avtech 107-D was specified for other research in which we needed to deliver currents well 

above 1 A to a load with a voltage drop of several tens of volts.  As such, when connected 

directly to the DUT without interface circuitry, this excitation source can deliver up to 20 A with 

a voltage compliance of 60 V.  The downside of this robust design is that severe pulse shape 

distortion occurs when attempting to deliver current pulses below 700 mA.  We addressed this 

problem by building a current divider circuit that consists of a 3.3 Ω shunt resistor connected in 

parallel across a series combination of the DUT with a user-defined resistor (R).  With this 

simple modification, we can program the Avtech 107-D to deliver well-formed pulses in the 0.8 

to 15 A range to the circuit while achieving up to a 104 fold reduction in actual bias current 

flowing to the DUT. 

 

Since the accuracy of the CW measurement approach has been established we can use it to check 

the veracity of PW data collected in the manner described above.  An example of such a 

comparison is presented in Fig. 4.3.  The device under consideration was an index-guided 

multiple QW laser diode manufactured by NVG (model D650-5).  The CW curve was recorded 

first by sweeping the current from a low value of 10 µA to an upper limit of 50 mA.  The entire 

measurement process was completed in less than one minute.  Since the voltage drop across the 

diode is roughly 2.3 V at 50 mA, a maximum electrical power of 115 mW is delivered to the 
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DUT for a very short time.  Therefore, we do not expect significant heating related distortions of 

the CW data.  The pulsed-wave data was collected in a piece-wise fashion, by inserting different 

values of R into the circuit, in order to cover the widest possible range of current.  The agreement 

between CW and PW curves demonstrates the suitability of this pulsed-wave I-V measurement 

technique. 

 

 

Figure 4.3:  Comparison of I-V data acquired under both CW and PW conditions at 300 K.  The DUT was 
a commercial laser diode (NVG D650-5).  The resistance values shown in the legend correspond to R in 
the current divider circuit. 

 

4.1.2. Apparatus for L-I Measurements 
The discussion in this Section focuses on experimental methods for collecting and calibrating the 

light-power (L) component of laser diode L-I data sets acquired under both CW and PW 

conditions.  The associated current (I) sourcing and sensing techniques were described in Section 

4.1.  All light power vs. current data was recorded under computer control using the in-house 

LabVIEW programs mentioned above. 
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The apparatus for performing L-I measurements under CW conditions is shown in Fig. 4.4.  An 

optical lens is used to collect light emitted from the DUT and focus it onto the detector.  The 

Newport 818-UV is a silicon photodiode, 1 cm2 in area, with a spectral responsivity greater than 

0.09 A/W over a wide wavelength range (250 < λ < 1000 nm).  Its peak responsivity is Rpeak = 

0.4 A/W at 850 nm.  In addition, the 818-UV detector gives a linear current (output) signal over 

an optical power (input) range from 10-12 to 10-4 W.  A calibration module connected to the 

Newport 2823-C meter converts the measured detector current into a reported value of optical 

power identical to that incident on the detector.  Optical density (OD) filters can be used with the 

detector to attenuate the input light power by up to 1000x and thereby extend the upper limit for 

a linear response to 100 mW. 

 

Figure 4.4:  Apparatus for measuring L-I curves under CW excitation. 

 

Since the Newport 818-UV / 2823-C combination was calibrated by the manufacturer we need 

only correct for the throughput of the optical system (Topt) – which in this case is a simple quartz 

lens – to obtain accurate values of light power emitted by the DUT.  In order to accomplish this 

task, we first purchased another optical element from Newport known as an integrating sphere 

(model 819-04).  This four-inch diameter spherical cavity is constructed from a special 

thermoplastic material with an optical reflection coefficient greater than 99% from λ = 400 to 

1600 nm.  The cavity body has two access ports: one for inserting the DUT and the other for 

mounting the detector.  Light emitted by the DUT is reflected many times off the inner cavity 

surface after which its spatial distribution is uniform and its polarization is random – the 

integrating sphere presents a near ideal optical input to the detector.  The Newport 819-04 / 

818-UV combination was recalibrated as one unit by the manufacturer. 
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The next step is to acquire two distinct L-I characteristics for the same laser diode: one using the 

quartz lens (QL) and the other using the integrating sphere (IS).  These measurements should be 

performed over a current range (above threshold) were the device exhibits linear behavior.  The 

integrating sphere collects 100% of the light emitted in the forward direction and the 819-04 / 

818-UV / 2823-C combination reports absolute values of optical power.  In contrast, the quartz 

lens collects only a fraction of the stimulated emission and it has non-zero optical transmission 

losses.  If the two L-I curves can be made to overlap by multiplying the IS curve by a constant 

factor (which is less than unity) then this procedure establishes the value of Topt for the quartz 

lens.  This calibration must be done only once for a specific type of laser diode.  All future QL 

curves from similar devices can be calibrated using Topt to correct the light power (L) values in 

the recorded data sets. 

 

If, however, other laser structures become of interest – with different emission wavelengths 

and/or far-field emission patterns – then the calibration procedure would have to be repeated for 

each new device type.  Of particular concern to us are small (sub 100 µm) laser structures 

monolithically integrated onto much larger semiconductor chips (≈ 1  cm 2).  In this case, the 

entire chip would have to be mounted on a rigid package with wire bonds connecting the external 

leads to bond-pads on its surface and metal traces connecting the bond pads to individual 

devices.  While this process is more cumbersome it is certainly doable using the existing 

packaging facilities at Virginia Tech. 

 

Many of the physical processes that influence laser diode performance exhibit strong temperature 

dependencies.  Therefore, in addition to the CW measurement capability described above, it is 

important that we are able to record accurate L-I data under pulsed-wave operation were device 

heating can be kept to a minimum.  The instrument configuration for performing such 

measurements is shown in Fig. 4.5.  Note that “photon collection” is accomplished via the same 

quartz lens arrangement employed in the CW setup.  It was necessary, however, to address two 

new issues owing to the PW biasing conditions.  First, because the optical signal from the DUT 

closely follows the drive current, the large-area CW detector no longer responds fast enough to a 
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yield well defined output current pulse.  This problem was resolved by replacing the CW 

detector with an alternative model specially designed for PW operation.   

 

Figure 4.5:  Apparatus for measuring L-I curves under PW excitation. 

 

The two silicon photodiode options available from Newport (818-BB-21/818-BB-40) differ 

significantly in junction area (A21= 0.12 mm2 / A40= 20 mm2) and thus junction capacitance 

(C21= 1.5 pF / C40= 45 pF).  So, there is a clear trade-off between the output current rise/fall 

times (τ21= 0.3 ns / τ40= 30 ns) and the input acceptance angles (θ21= 10° / θ40= 41°).  A signal 

current rise/fall time of 30 ns is adequate for our present work, so we chose the 818-BB-40 unit 

for its larger optical acceptance angle.   

 

The data acquisition procedure is best understood by referring to the pair of oscilloscope traces 

shown in Fig. 4.6.  These particular waveforms correspond to a single bias point from an entire 

L-I measurement run.  The pulse labeled “current waveform” comes from the IST 711 current 

probe and as such it represents the bias current flowing through the DUT.  The drive current was 

supplied by the Avtech 107-D current pulse generator and delivered to the DUT via standard 

BNC cabling connected to a pair of precision micro-manipulator probes.  This current pulse 

sourcing configuration is responsible for the ringing observed in the waveform.  The pulse 

labeled “detector waveform” comes from the 818-BB-40 photodiode.  The detector module 

contains a 50 Ω output resistor through which the signal current flows.  The Tektronix TDS-520 

oscilloscope was used to measure the corresponding detector output voltage.  Impedance 

matching to the input channel of the oscilloscope was achieved using a 50 Ω termination.  The 

ringing in the detector voltage is not surprising since the light output from the DUT should 
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follow the ringing in the drive current pulse.  The LabVIEW program calculates average values 

of drive current and detector voltage using the highlighted regions in the later part of both 

waveforms. 

     

 

Figure 4.6: Input (current) and output (detector) waveforms from a typical pulsed-wave L-I measurement 
run.  The current source pulses were 2 µs in duration with a repetition frequency of 200 Hz.  The pulses 
delivered to the resistor network were swept from 0.8 to 3.2 A which corresponds to bias currents ranging 
from 8 to 32 mA.  The DUT was a NVG D650-5 laser diode. 

  

The second problem associated with the PW biasing and detection scheme is that the detector 

(output) voltage must be converted into an accurate value of optical (output) power.  We utilize 

the calibrated CW measurement described above to accomplish this task via the following steps: 

1) Perform a calibrated CW measurement over a range of bias current that is low 

enough to minimize device heating.  

2) Perform a PW measurement over the same bias current range using the 

identical optical collection scheme.  
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3) Multiply the PW detector voltage by a correction factor to match the CW light 

power.  This correction factor should remain the same from run-to-run 

provided the amount of light collected remains constant. 

This correction procedure is illustrated here using a packaged laser diode (NVG D650-5) – but it 

applies equally well to any device configuration that can be tested via the calibrated CW setup.   

 

 
Figure 4.7:  L-I data recorded under both CW and PW conditions at 300 K.  The DUT was a NVG D650-
5 laser diode.  The reference CW data were plotted using the Y-axis labeled “light power” on the left hand 
side.  The original PW data were plotted against “detector voltage” (right hand side).  The solid line 
represents the corrected PW curve with its Y-axis values in mW.  

 

The aggregate L-I data plotted in Figure 4.7 consists of reference CW data, its original PW 

counterpart, and the corrected PW curve.  The corrected PW curve follows the reference CW 

data up to about 25 mA were device heating causes the L-I characteristic to become sub-linear.  

Note that the CW optical power is about 5 mW at a bias current of 20 mA in agreement with the 

NVG D650-5 data sheet – this observation validates the initial calibration of the CW reference 

curve. 
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4.1.3. Apparatus for Spectral Measurements 
The instrument configuration for recording emission spectra under CW drive conditions is 

illustrated in Fig. 4.8.  The same apparatus can be used to make PW spectral measurements by 

replacing the Keithley 2400 SMU with the Avtech 107-D pulsed current source and its 

associated interface circuitry.  Light from the DUT is focused onto the entrance slit of a Roper 

Scientific spectrometer (SP-308).  The diffraction grating inside the spectrometer disperses the 

light intensity over a range of angles in accordance with its spectral content.  This angular 

intensity distribution is then focused onto the focal plane of a Princeton Instruments CCD array 

(PI-MAX 1024RB) which is mounted at the exit port of the spectrometer.   

 

Figure 4.8:  Apparatus for measuring optical spectra under CW excitation. 

 

Each column of the CCD array receives the light intensity (Ic) emitted at a particular center 

wavelength (λc) over a predetermined wavelength range (∆λ).  The CCD array has 1024 columns 

(each with an index number N) and thus the same number of distinct intensity Ic(N) vs. λc(N) 

data sets.  These N = 1024 data sets are recorded and stored simultaneously by the CCD and thus 

represent one “wavelength slice” in the emission spectrum.  The diffraction grating is then 

rotated using a precision stepper to capture another wavelength slice.  The entire measurement 

process is executed under computer control using proprietary software from Roper Scientific. 

 

Calibration of the wavelength axis is accomplished using a special Hg discharge lamp with a 

series of well defined optical transition energies.  Calibration of the intensity component of the 

spectral distribution is considerably more difficult.  The optical throughput of the apparatus 

(lenses, diffraction grating, turning mirrors, etc.) must be measured, over the entire wavelength 
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range of interest, and then all recorded intensity vs. wavelength data must be corrected for 

spectral distortions.  This procedure was not necessary for our present work, so the intensity 

(vertical) scale is given in arbitrary units for any spectra presented herein. 

 

 
 
Figure 4.9:  Spectral radiant flux measurements under PW excitation at 300 K.  The DUT is an oxide-
confined AlGaAs/GaAs QW spiral laser fabricated at Virginia Tech.  The nominal radius of the spiral 
cavity is 250 µm and the width of the p-metal contact ring is 25 µm.  The laser material used to fabricate 
this device is identical to that described in Chapter 3 of this manuscript. 

 

A plot of radiant flux vs. wavelength is shown in Fig. 4.9 for an oxide-confined AlGaAs/GaAs 

QW spiral laser fabricated at Virginia Tech [1].  The measurements were performed in pulsed 

current mode to minimize the average power dissipated in the device.  The pulse magnitude was 

varied from 0 to 1 A in increments of 10 mA (1 µs pulse width at 200 Hz repetition) and a 

complete spectrum was recorded at each bias current.  The 3-D rendering is a convenient way to 

present data from several measurement runs.  Only nine spectra are shown here, for visual 

clarity, with select bias currents below (two flat lines), just above (one curve at I ≈ 220 mA), and 

well beyond (six traces with multiple peaks) threshold.  The device reaches threshold at 190 mA 

with a peak emission wavelength of 787 nm.  Additional (higher-order) modes appear as the 

laser is driven well above threshold. 
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4.2. Performance Metrics for Diode Lasers 
When designing a semiconductor laser, the specific application determines the desired output 

wavelength, λ, and optical power, Popt.  In order to emit light near a given wavelength, an active 

region material is chosen based on its band-gap energy, Eg ≈ hv where h is Planck’s constant and 

v = c/λ (c is the speed of light and λ is the emission wavelength).  The optical power emitted by a 

laser diode is described by Eq. 4.1, where ηi is the current injection efficiency, αm the mirror loss, 

〉〈 iα  the internal modal loss, I the bias current, Ith the threshold current, and q the electron charge 

[2] 
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There are three ways to reduce the bias current necessary to produce the target value of Popt – 

increase ηi, ensure that 〉〈 iα << αm, and/or decrease Ith.   The parameter ηi represents the fraction 

of bias current that gives rise to electrons and holes inside the gain region.  Therefore, it should 

be possible to achieve ηi = 1 by eliminating all leakage current pathways.  More details are given 

in Chapter 6 within the context of WGM laser performance. 

 

The internal modal loss consists of free carrier absorption in the active layer ( a
fcα ), and the 

adjacent cladding layers ( c
fcα ), optical scattering from roughness at the cladding/core interfaces 

( scα ), and coupling of the transverse optical mode into parasitic waveguides above and/or below 

the cladding layers ( cpα ).  Equation 4.2 summarizes all of these contributions to 〉〈 iα  

 

cpsc
c
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a
fci ααααα ++Γ−+Γ=〉〈 )1(   (4.2) 

 

The brackets refer to a weighting procedure that accounts for the optical losses in each layer of 

the laser structure.  The Γ term is known as the optical confinement factor and it represents the 
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spatial overlap between the optical mode volume and the physical volume of the active region 

(see Appendix D).  The free carrier losses should be minimized without significantly degrading 

electrical performance.  This task can be accomplished by not introducing any intentional doping 

impurities into the waveguide, or the active region, and keeping the doping levels as low as 

possible in the upper and lower cladding layers.  In conventional SCH-QW lasers, the scattering 

loss should be negligible owing to the superior quality of the grown interfaces between the 

waveguide and cladding layers.  The transverse mode coupling loss should also be of no concern 

in well designed laser structures with adequately thick cladding layers.  Once again, there is a 

trade-off as thick, lightly doped wide band-gap cladding layers could increase Rs significantly.  

The mirror loss αm can be tailored by adjusting the cavity length and the average mirror 

reflectivity in the manner shown below 
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We can relate optical losses to Ith by evoking a proper relationship between optical gain (G) and 

injection current density (J).  Theoretical analysis suggests that G is a logarithmic function of J 

whenever the population of QW energy levels above the ground state is negligible [3].  

Experimental validation of this hypothesis gave rise to the following expression for optical gain 

in QW lasers [4], where Go and Jo are material-dependent constants. 
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At threshold the modal gain, ΓG, almost exactly balances the sum of αm and 〉〈 iα , so we have the 

following equality  

 

( )mithG αα +=Γ    (4.5) 
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Combining Eq. 4.4 and 4.5, and making the assumption that
cs

th
th LW

IJ = , where Ws is the width of 

the active region and Lc is the length of the cavity, we obtain an expression for Ith in terms of key 

materials and device parameters 
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The term Ileak accounts for lateral current flow beyond the lithographic stripe width where the 

optical field intensity is minimal.  Equation 4.6 reveals that Ith can be reduced by increasing the 

injection efficiency and decreasing both the internal modal loss and the mirror loss.  Note, also, 

that Ith scales downward in proportion to active region width providing that Γlateral does not 

deviate from unity and that Ileak does not increase as a consequence of the narrow-stripe laser 

fabrication process. 

 

In order to reduce the engineering costs of dissipating waste heat, we must be able to reach the 

target value of Popt at the lowest possible electrical power, Pelec.  This means maximizing the 

wall-plug efficiency, ηwp, as defined by Eq. 4.7.  The electrical power delivered to the laser diode 

is given by VI which is the product of applied voltage and bias current.  

   

VI
P

P
P opt

elec

opt
wp ==η    (4.7) 

 

The applied voltage must be large enough to overcome the three electrostatic potential barriers 

specified by Eq. 4.8, where Vj is the voltage drop cross the depletion region of the p-n junction 

and Rs represents the series resistance of the p-type and n-type quasi-neutral regions.  The 

parameter Vparasitic signifies the presence of additional voltage drops across isotype 

semiconductor heterojunctions and/or semiconductor/metal interfaces.  

 

parasiticsj VIRVV ++=    (4.8) 
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Any parasitic voltage drops must be negligible and the resistivity ● thickness products for the 

quasi-neutral regions must be made as small as possible (without sacrificing optical 

performance) to realize acceptable values of wall-plug efficiency.  These goals can only be 

attained by careful optimization of both the crystal growth and device fabrication processes. 

 

4.3. Parameter Extraction for Diode Lasers 
 

4.3.1. Analysis of I-V Characteristics 
From a practical viewpoint there are two important reasons to test the electrical performance of 

p-n junction laser diodes: (1) establish the quality of the sample before subjecting it to further 

analysis and (2) determine the electrical power that is necessary for laser operation.  The pair of 

I-V curves shown in Fig. 4.10 is representative of good quality devices.  The DUT is an oxide-

confined AlGaAs/GaAs QW spiral laser fabricated at Virginia Tech [1].  Note the excellent 

current blocking capability of the p-n junction in reverse bias and the low leakage current in 

forward bias.  The two distinct I-V curves (POS1, POS2) were taken from different spiral lasers 

located several millimeters apart on the same piece of QW material.  The similarity in electrical 

performance is indicative of well-controlled growth and fabrication processes. 

 

If these spiral lasers had a threshold current of 100 mA, and the bias current was set 50% above 

Ith, then it would be necessary to supply about 375 mW of electrical power to reach the operating 

point.  Even if the wall-plug efficiency was as high as 60%, there would still be around 150 mW 

of waste heat dissipated inside the device.  This situation would give rise to a heat flux of at least 

240 W/cm2 across the film/substrate interface owing to the small device area (our estimate would 

be substantially larger if the heat flow path was restricted to the much smaller area defined by the 

p-contact ring).  This simple analysis demonstrates the need for careful optimization of both the 

electrical and optical properties of laser diodes intended for CW operation at 300K without some 

form of active cooling. 



61 

 

 

Figure 4.10:  I-V data recorded using CW drive conditions at 300 K.  The DUT is an oxide-confined 
AlGaAs/GaAs QW spiral laser fabricated at Virginia Tech.  The nominal radius of the spiral cavity is 250 
µm and the width of the p-metal contact ring is 25 µm.  The laser material used to fabricate this device is 
identical to that described in Chapter 3 of this manuscript. 

 
The electrical behavior of a p-n junction diode is conveniently described by Eq. 4.9, where k is 

Boltzmann’s constant and T is the junction temperature.  Three of the four key electrical metrics 

appear explicitly in this formula: reverse saturation current (Is), diode ideality factor (ηideal), and 

effective series resistance (Rs).  The fourth parameter is known as the turn-on voltage (Von). 

 
( )

)1( −= ⋅
−

kT
IRVq

s
ideal

s

eII η   (4.9) 
 

It is a straightforward exercise to obtain both Von and Rs from a linear-linear plotting of 

experimental I-V data.  The turn-on voltage is simply the V-axis intercept (I = 0) from the linear 

portion of the curve in the forward bias region.  A value of Von = 1.85 V was extracted in this 

manner from the I-V curves shown in Fig. 4.10.  The target emission wavelength for this QW 

laser structure was λQW = 795 nm, which corresponds to an optical transition energy of EQW = 

1.56 eV.  The turn-on voltage should be only slightly larger than this optical transition energy.  
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The discrepancy observed here is most likely attributable to parasitic voltage drops across the 

metal/GaAs(p+) interface and GaAs(p+)/AlGaAs(p) hetero-junction. 

 

The effective series resistance of a laser diode should be evaluated in the high-voltage region (V 

>> Von), where the I-V curve becomes linear and Rs is given by Eq. 4.10.  Using this approach, 

we find Rs = 3.2 Ω for the experimental data plotted in Fig. 4.10. 

 

onVV
s dI

dVR
>>







=   (4.10) 

 
The diode ideality factor provides insight on the quality of material growth and fabrication 

processes.  In the ideal case, the diode current would be attributable only to minority carrier 

diffusion and band-to-band radiative recombination with ηideal = 1.  However, any real 

semiconductor contains some amount of point defects and dislocations which give rise to 

electronic states deep within the energy band-gap [5].  These deep-level defects facilitate 

recombination of electrons and holes without photon emission and ηideal = 2.  The actual diode 

behavior is often an admixture of these two limiting cases and thus values of ηideal between 1 and 

2 are frequently reported in the literature. 

 

Earlier work on GaAs [6] and AlGaAs [7] often depicts I-V characteristics dominated by ηideal = 

2 type behavior.  Sometimes the physical location for this ηideal = 2 recombination current is the 

bulk depletion region of the p-n junction [7] – this situation can be addressed during crystal 

growth.  However, in many cases, recombination occurs primarily through surface states 

introduced by device processing [8].  This latter situation is a fundamental problem in III-V 

semiconductors, although some materials are considerably better than others (e.g., InGaAs has a 

much lower surface recombination velocity than GaAs).  We return to this matter in Chapter 6 

within the context of WGM laser performance. 

 

Equation 4.9 can be rewritten in a form that is more useful for extracting ηideal and Is after making 

two straightforward modifications.  First, we assume an operating current low enough so that the 

IRs product in the exponent is negligible compared to V.  Next, we assume the applied voltage is 
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large enough to make the exponential term much greater than unity.  After dividing both sides of 

the equation by Io = 1 A, and taking their natural logarithms, we are left with Eq. 4.11 which is 

our working formulation.   
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It is now obvious that both ηideal and Is can be obtained from a log-linear plotting of experimental 

I-V characteristics. The same raw I-V data shown in Fig. 4.10 is recast below in semi-

logarithmic format. 

 

Figure 4.11:  I-V data recorded using CW drive conditions at 300 K.  The DUT is an oxide-confined 
AlGaAs/GaAs QW spiral laser fabricated at Virginia Tech.  The nominal radius of the spiral cavity is 250 
µm and the width of the p-metal contact ring is 25 µm.  The laser material used to fabricate this device is 
identical to that described in Chapter 3 of this manuscript. 

 

Two distinctly linear segments are evident in Fig. 4.11 at applied voltages well below Von = 1.85 

V.  From a linear fit to data points within Region A we extract parameter values of ηideal = 1.6 and 

Is = 10-16 A – the latter of which was found by extrapolating to the I-axis intercept (V = 0).  
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Applying the same analytical procedure to data within Region B yields ηideal = 2.4 and Is = 10-10 

A.  It is evident that some other physical mechanism limits current flow above 10-3 A.  Note that 

the IRs product at I = 10-3 A with Rs = 3.2 Ω is much smaller than the voltage drop taken directly 

from the I-V curve (V = 1.5 V at I = 10-3 A).  Therefore, the obvious degradation in the I-V curve 

at applied voltages greater than 1.5 V cannot be attributed to series resistance.  This observation 

is consistent with the unusually large value of Von extracted from Fig. 4.10 and ascribed above to 

a parasitic voltage drop. 

 

4.3.2. Analysis of L-I Characteristics 
In typical applications of laser diodes, the optical system designer first specifies a minimum 

acceptable value of radiated light power at a particular wavelength and then selects the 

appropriate component on the basis of information provided by the device manufacturer.  One of 

the main criteria is the amount of electrical power necessary to achieve the target optical power – 

the former can be reduced significantly by choosing a device with low threshold current and 

large L-I slope efficiency.  These important device parameters can be obtained from experimental 

L-I data such as that shown in Fig. 4.12. 

 

The DUT is an edge-emitting AlGaAs/GaAs QW laser diode with a p-contact stripe width of 100 

µm and a cavity length of 1000 µm [9].  The semiconductor chip is mounted on a copper slab 

with the p-n junction facing downward to improve heat removal during CW operation.  

Nevertheless, as the bias current is swept above 0.5 A under CW excitation, the L-I curve first 

passes through a maximum and then exhibits a negative slope (data not shown).  This behavior – 

often referred to as roll-over – results from an increase in junction temperature.  Note, however, 

that the device can be driven well above threshold under PW conditions without exhibiting roll-

over or suffering from permanent failure. 
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Figure 4.12:  L-I data recorded under PW (symbols) and CW (solid line) excitation at 300 K.  The DUT is 
an edge-emitting AlGaAs/GaAs QW laser diode with a p-contact stripe width of 100 µm and a cavity 
length of 1000 µm.   

 

The threshold current is found by extrapolating the linear portion of the curve until it intersects 

the I-axis (L = 0).  A value of Ith = 0.34 A was obtained in this manner from the L-I data shown 

above.  Assuming negligible current spreading beyond the width of the p-contact stripe (i.e., WS 

is the actual width of the lasing volume) this fitted value of Ith corresponds to Jth = 340 A/cm2.  

Another key metric of laser performance is the slope of the L-I curve above threshold (in units of 

watts per ampere).  This parameter can be divided by the photon energy (in electron-volts) to 

yield a more useful dimensionless quantity known as the slope efficiency, ηslope.  Following this 

approach, we extract a value of ηslope = 0.42 (λ = 806 nm) from the L-I data plotted in Fig. 4.12.  

Our experimental values of Jth and ηslope are comparable to those reported in the literature for 

AlGaAs/GaAs QW lasers of similar construction and vintage. 

 

4.3.3. Analysis of Emission Spectra 
The spectral content of light emitted from a laser diode provides valuable information about the 

material structure and device geometry.  Below the lasing threshold, the spontaneous emission 
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process is dominant and the optical spectrum takes the form of a relatively broad Gaussian-like 

distribution.  The energy (wavelength) at which this intensity distribution reaches its maximum 

corresponds to the effective band-gap of the material.  Such information can be used to tailor 

material design parameters and/or synthesis processes.  In the case of a QW laser structure, the 

well thickness and barrier height could be adjusted, and growth interruptions introduced at the 

interfaces, in an attempt to match the emission wavelength with the target value for the design.  

Above the lasing threshold, the stimulated emission process dominates and the optical spectrum 

evolves into a series of narrow peaks with their wavelength separation indicative of the optical 

properties of the material and the geometry of the laser cavity. 

 

Figure 4.13:  Optical spectra recorded under CW excitation at 300 K.  This laser diode was fabricated in 
1995 by an industrial collaborator using material nearly identical to that described in Chapter 3 of this 
manuscript. 

 

A pair of emission spectra is shown in Fig. 4.13 for edge-emitting AlGaAs/GaAs QW laser diode 

of Section 4.2.2 [9].  When operating below threshold at I = 0.3 A (0.9Ith), the device emits light 

over a broad spectral range with a maximum at λ = 806 nm.  This peak emission wavelength is 

close to the design target of λpeak = 805 nm.  The optical spectrum narrows demonstrably as the 

bias current is increased to I = 0.4 A (1.2Ith) indicating the onset of stimulated emission. 
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This type of broad-area device structure should exhibit lasing in multiple longitudinal modes.  

With a separation of Lc = 1000 µm between the two cleaved semiconductor facets, an effective 

refractive index of neff = 3.47, and λpeak = 806 nm, the free spectral range of this dielectric cavity 

should be FSR = 0.09 nm.  Unfortunately, the diffraction grating installed during this 

measurement did not provide adequate wavelength dispersion to resolve the individual 

longitudinal modes. 
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5. PROCESS DEVELOPMENT FOR WGM LASERS 
There are three critical process steps associated with the fabrication of our WGM lasers: (1) 

formation of a high-quality µ-Pillar optical cavity, (2) preparation of low-resistance metal 

contacts on both sides of the p-n junction, and (3) creation of an effective current-blocking 

region within the cylindrical volume defined by the inner radius of the p-metal contact ring and 

the combined thickness of all p-type layers.  The experimental methods used to first demonstrate 

and then optimize these three unit processes are described in Sections 5.1, 5.2, and 5.3. 

 

5.1. Formation of µ-Pillar Optical Cavities 
The question of how best to define the optical cavity of a WGM laser is of paramount 

importance.  Any candidate technique, regardless of the specifics, must fulfill the following 

requirements: (a) high degree of anisotropy, (b) low etch selectivity among materials in the 

multi-layer laser structure, and (c) low surface roughness and subsurface damage.  The 

development of this unit process was separated into two tasks: (1) evaluation of candidate 

techniques and (2) optimization of chosen methods for our specific device design and process 

flow.  Our key findings are described below. 

 

5.1.1. Evaluation of Fabrication Methods 
There were two fabrication techniques to consider; namely, liquid chemical or “wet” etching and 

gaseous plasma or “dry” etching, and we applied a common methodology to evaluate their 

usefulness.  The starting material was a small lot of 350 µm thick, semi-insulating (SI) GaAs 

substrates with (100) surface orientation [1].  Each of these 50 mm diameter “epi-ready” wafers 

was cleaved into eight rectangular samples (7 mm x 12 mm).  In preparation for every process 

run, we defined a photoresist (PR) etch mask on at least one GaAs sample using conventional 

lithographic techniques.  The geometric mask pattern was an array of 20 µm wide PR stripes on 

250 µm centers running parallel to one of the surface normal vectors for {011} cleavage planes.  
A 3-D rendering of this test structure is shown in Fig. 5.1 with the relevant low-index crystal 

planes labeled for specificity. 
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Figure 5.1: 3-D view of test structure used during wet and/or dry etching runs. The materials of 
construction are GaAs and photoresist. The relevant low-index FCC crystal planes are labeled using 
standard notation. 

 

Wet etching was evaluated first owing to its simplicity and the potential for preparing smooth 

cavity sidewalls with no subsurface damage.  The chemistry of choice was 

1H2SO4:8H2O2:80H2O because we used it before successfully to fabricate AlGaAs/GaAs QW 

ridge lasers.  This etching solution does create very smooth sidewalls and it removes GaAs and 

AlxGa1-xAs materials at similar rates (15 nm per second).  In this earlier work, the target ridge 

heights were between 0.2 and 0.5 µm so mask undercutting was not a major concern.  In the 

present case, however, we must remove almost 4 µm of semiconductor material to define the 

optical cavity of a WGM laser.  So, we reevaluated the 1H2SO4:8H2O2:80H2O solution for this 

specific application. 

 

First, we prepared two different test structures with PR stripes running along orthogonal <011> 

directions.  Next, we etched them in a stagnant 1H2SO4:8H2O2:80H2O mixture held at 20 C 

under normal cleanroom lighting.  Finally, we cleaved them perpendicular to the PR stripes – 

that is, through either the (011) or (011) crystal planes. SEM images of GaAs sidewall profiles 

formed by wet etching are shown in Fig. 5.2.  The photoresist was not removed after etching so 

as to more easily assess the extent of mask undercutting.  It is obvious that undercutting was 

quite severe, and that it was not possible to obtain near-vertical sidewalls (θ ≈ 90 degrees).  

Moreover, the sidewall profiles exhibit distinct crystallographic habits as a result of strong 

chemical selectivity between (111A) and (111B) planes of the zincblende crystal structure. 
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A careful examination of recent literature suggests that these problems could be mitigated 

somewhat by choosing another wet-etch chemistry – nevertheless, the basic tendencies would 

remain as impediments to success.  As a consequence, we concluded that wet etching was not a 

viable option for fabricating our µ-Pillar laser cavities. 

 

  
Figure 5.2: SEM images of sidewall profiles for test structures patterned using wet etching. The 
photoresist stripe orientation was parallel (a) or perpendicular (b) to the [011] crystal direction.  

 

In contrast to liquid solution based etching, gaseous plasma etching can be highly anisotropic, 

independent of crystal orientation, insensitive to alloy mole fraction and doping species, and 

capable of fine pattern delineation.  Anisotropic etching of GaAs was demonstrated previously 

by several groups using Cl2 gas in a reactive-ion etching (RIE) system [2-4].  In most cases, the 

GaAs etch rate was satisfactory but the etch rate for AlGaAs was considerably lower (under 

identical conditions).  This behavior has been attributed to the formation of aluminum oxide, 

which has an extremely low etching rate [5], or other non-volatile materials, in the presence of 

residual oxygen, water or carbon-containing materials.  This self-masking effect gives rise to a 

non-uniform sidewall profile when etching AlGaAs/GaAs laser structures [6].  Several attempts 

have been made to address this problem by using other Cl2-containing gas mixtures, such as 

CCl4/Cl2 [7] and Cl2/Ar [8], but these trials have met with only limited success. 

 

We have chosen to work with a BCl3-Cl2 gas mixture, expecting BCl3 to remove the aluminum 

oxide [9] and to scavenge the residual oxygen and water vapor [10].  In addition, BCl3 has a 

(a) (b) 
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specific advantage over CCl4 in that it does not form carbon-based polymer films which may 

limit (or completely block) the chemical component of plasma etching [11].  Furthermore, we 

have opted to employ the inductively-coupled plasma (ICP) etching technique instead of the 

more conventional RIE method.  In an ICP etching system, the act of creating the gaseous 

plasma of reactive ions is largely decoupled from that of accelerating these ions towards the 

sample surface.  Consequently, the plasma density, which impacts the chemical component of 

dry etching, can be adjusted without having a strong influence on the kinetic energy of ions 

impinging on the surface (i.e., the physical component of the process). 

 

After selecting the gas chemistry and dry etching technique, we refocused our attention on 

choosing an appropriate material for “masking” (protecting) the semiconductor during etching.  

Thin metal films of nickel [12] or chromium [13] exhibit a high etch selectivity with respect to 

AlxGa1-xAs materials when exposed to chlorine-containing plasmas.  It is however difficult to 

remove these metal films (after etching) without simultaneously damaging the AlGaAs/GaAs 

QW structure.  Moreover, upon rendering such polycrystalline metal films into a 2-D mask 

pattern, a “grain-like” texture often appears at the edges of mask features.  If the dry etching 

process was truly anisotropic then any such mask-edge roughness would be transferred directly 

to the semiconductor sidewalls. 

 

Others have shown that dielectric thin films, such as SiO2 or Si3N4, can be used to produce high-

quality semiconductor laser facets via dry etching [14].  This class of materials also exhibits very 

low etching rates in chlorine gas chemistry in comparison to those found for AlxGa1-xAs alloys.  

In contrast to metal films, these amorphous materials do not contain grain boundaries and thus 

should not have the same limitation with regard to mask-edge roughness.  Unfortunately, mask 

removal (after etching) remains as a serious problem with silicon-based dielectric films.  All 

known wet etching solutions for SiO2 and Si3N4 contain strong acids that attack GaAs and/or 

AlGaAs (e.g., very high etch rates are observed for AlxGa1-xAs alloys with x ≥ 0.25 in buffered 

HF solution).  Another method for removing these dielectric masks is dry etching in CF4 and/or 

SF6 gas mixtures.  It would be preferable, however, to avoid a second dry etching step as it may 
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introduce additional surface and/or sidewall damage (i.e., physical sputtering of semiconductor 

surfaces may occur coincidentally with removal of the dielectric film). 

 

Given the shortcomings of other masking materials, we concluded that a thick photoresist film 

was the most viable alternative.  We chose to evaluate AZ 9260 positive resist [15] as the lone 

mask layer in our Cl2/BCl3 etching process.  This special polymeric formulation has several key 

attributes [16]: 

(1)  Compatible with aggressive plasmas and high temperatures and thus does not 

degrade during the etching process. 

(2) Etch selectivity of 10:1 over GaAs and AlxGa1-xAs alloys in Cl2/BCl3 gas 

chemistry. 

(3)  Soluble in acetone and therefore easily removed after etching without degrading 

sidewalls of optical cavity. 

This concludes our evaluation of options for defining µ-Pillar laser cavities.  We now describe 

below our efforts to optimize the critical process steps. 

 

5.1.2. Optimization of Dry Etching Process 
Our process optimization work was focused on achieving two objectives: (1) defining a robust 

PR mask to protect the optical cavity during etching and (2) manipulating the dry etching process 

itself to achieve high-quality µ-Pillar sidewalls.  With regard to the PR etch mask, we began by 

identifying a suitable photomask technology for lithographic pattern transfer into the AZ 9260 

resist layer.  The primary criteria were minimizing long-range undulations and short-range 

roughness along the metal stripe edges and achieving an abrupt decrease in metal thickness at 

the stripe boundaries.  In order to ensure the best possible results, we chose a well-known 

commercial photomask vendor and made use of their most advanced manufacturing tools [17]. 

 

The second task was to form a PR mask that was robust enough to survive the aggressive 

chemical and physical conditions associated with the dry etching environment.  In this regard, 
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the “soft-bake” (SB) and “hard-bake” (HB) conditions are the most important process variables.  

The final sidewall profile of the PR stripes is very sensitive to the conditions used for the SB 

step.  The HB step further hardens the photoresist and thus minimizes its deterioration during the 

dry etching process.  The process flow starts by spin-casting AZ 9260 to a specific layer 

thickness onto the sample, and then soft-baking it to remove volatile solvents.  Since AZ 9260 is 

a positive resist it must be exposed to UV light to increase its solubility in the “developer” 

solution.  A Karl-Suss MA-6 mask aligner was used in conjunction with the photomask to 

illuminate the PR film with UV light in the desired 2-D geometry.  After developing the exposed 

PR to form the mask pattern, the sample was hard-baked to condition the resist for dry etching.   

 

 
 Figure 5.3: AZ 9260 profiles after soft-baking, UV exposure and development, followed by 

hard-baking. In (a) SB was performed at 100 °C for 1 min and in (b) SB = 115 °C for 3.5 min.  
In both cases, the HB step was done at 120 °C for 5 min. 

 

On the basis of our literature review, and consultations with the photoresist manufacturer, we 

decided to set the hard-bake condition at 120 °C for 5 min while varying the soft-bake 

parameters.  The SEM image in Fig. 5.3a demonstrates that soft-baking at 100 °C for 1 min gives 

rise to a distorted PR stripe profile with an effective width (at the interface with the GaAs 

substrate) of 21 µm instead of the stripe width on the photomask itself of 20 µm.  Note that this 1 

µm off-set is not expected to change much with feature size so the discrepancy would be larger 

for smaller features.  The situation was improved considerably by adjusting the SB parameters to 

115 °C and 3.5 min.  In this case, shown in Fig. 5.3b, the AZ 9260 profile takes the expected 

shape and the sidewall angle approaches 80 degrees.  Furthermore, the measured PR stripe width 
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reproduces the photomask feature size of 20 µm.  The impact of dry etching on the PR masks 

formed using these two SB conditions is illustrated in Fig. 5.4.  The distorted PR profile of Fig. 

5.3a was further modified by the dry etching environment, as shown in Fig. 5.4a.  However, the 

well-formed PR stripe of Fig. 5.3b held its shape during dry etching, as evidenced in Fig. 5.4b.  

Additional details of the optimized PR masking procedure may be found in Table C.1 of 

Appendix C.   

 

  Figure 5.4: AZ 9260 profiles after completing both PR mask definition and dry etching 
processes. In (a) SB was performed at 100 °C for 1 min and in (b) SB = 115 °C for 3.5 min.  In 
both cases, the HB step was done at 120 °C for 5 min. 

 

The remainder of our optimization activity was focused on the ICP etching process itself.  We 

began by establishing good ICP etching conditions for the GaAs test structures described above 

(see Fig. 5.1).  In preparation for etching, each small piece of GaAs (7 x 12 mm2) was placed on 

a 4” diameter silicon handle wafer to simplify loading/unloading into the ICP chamber.  

Unfortunately, this action introduced a thermal management issue since the GaAs samples were 

not in direct contact with the temperature controlled chuck.  As a consequence, the AZ 9260 

masking stripes would degrade significantly during etching and the resultant sidewall profiles 

were not acceptable.  We addressed this problem by coating the backside of the GaAs sample 

with thermal paste before attaching it to the silicon wafer [18].  This modified sample mounting 

procedure ensured good thermal conductivity across the GaAs/Si interface and thus prevented 

overheating of the PR masking stripes. 
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A total of seven ICP etching runs were performed with at least one key parameter – such as Cl2 

flow rate, BCl3 flow rate, RIE power, ICP power, or chamber pressure – differing between 

successive experiments.  The etching time was fixed at 4 min in all cases.  A complete listing of 

process parameters is given in Table 5.1.  After etching, the GaAs test structures were cleaved 

perpendicular to the masking stripes, the photoresist was dissolved in acetone, and the samples 

were loaded into the SEM for imaging.  The physical observables of most interest were the 

roughness and verticality of the etched GaAs sidewalls.  We used a simple numbering scheme to 

classify sidewall roughness with 1 and 5 representing the smoothest and roughest surfaces, 

respectively. 

 

Table 5.1: Parameters for ICP etching study on (100) GaAs substrates (etching time = 4 min). 

Run 
# 

Cl2 
Flow 

(sccm) 

BCl3 
Flow 

(sccm) 

RIE 
Power 

(W) 

ICP 
Power 

(W) 

Chamber 
Pressure 
(mTorr) 

Etch 
Depth 
(µm) 

Sidewall 
Roughness 

Sidewall 
Profile 

I-1 3 20 50 320 10 4.46 1 Fig. 5.5a 

I-2 3 17 50 320 10 4.46 1 not shown 

I-3 3 17 25 320 10 5.05 3 Fig. 5.5c 

I-4 1 19 55 320 10 1.42 1 Fig. 5.5d 

I-5 3 17 50 320 50 5.52 5 Fig. 5.5b 

I-6 4 16 50 320 10 6.38 4 not shown 

I-7 3 20 50 500 10 4.88 1 not shown 

 

A select group of SEM photographs is presented in Fig. 5.5 with the sidewall angles labeled for 

clarity.  The cross-sectional stripe profiles of Fig. 5.5a and 5.5d exhibit sidewall angles close to 

90 degrees, which was our target value.  These two sets of etching parameters also gave rise to 

smooth sidewalls (see Runs I-1 and I-4 in Table 5.1).  However, the etching rate for Run I-1 was 

considerably higher than that for Run I-4.  The ICP etch rate appears to be most strongly 

influenced by the Cl2 molar gas ratio – the former increased from 0.35 to 1.59 µm/min in 

response to an increase in the latter from 0.05 to 0.2 (see Runs I-4 and I-6 in Table 5.1).  

Unfortunately, in the latter case, the increase in etch rate was accompanied by significant 
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sidewall roughening.  Lowering the RIE power and/or increasing the chamber pressure gave rise 

to a less anisotropic etch profile, as evidenced by Fig. 5.5b and 5.5c.  On balance, the ICP 

etching parameters of Run I-1 produced the best GaAs sidewalls (nearly vertical and very 

smooth) at an acceptably high etch rate. 

 

  

  

Figure 5.5: SEM images of sidewall profiles from the ICP etching study performed on GaAs test 
structures. Only four of the seven process runs listed in Table 5.1 are shown here for brevity: (a) 
Run # I-1, (b) I-5, (c) I-3, and (d) I-4. 

 

As mentioned above, the Cl2/BCl3 gas chemistry has been employed by others in an RIE 

configuration to yield featureless AlGaAs/GaAs laser mirrors [14].  We must reproduce (or 

improve upon) these etch characteristics in our present work on µ-Pillar cavities with circular 

symmetry, because the optical scattering loss depends critically on sidewall quality [19].  Figure 

5.6 shows two off-axis SEM images of GaAs sidewalls defined by ICP etching.  The contrast 

variations observed in these photographs were quite sensitive to the specific imaging 

configuration.  In order to minimize experimental bias, we began each SEM session by imaging 

the cleaved GaAs facet after adjusting the sample tilt to align the surface normal with the 

incident electron beam.  After establishing this reference condition, the samples were tilted by a 

small (fixed) angle away from the electron beam and then refocused for imaging.  It is obvious 

from Fig. 5.6a that the ICP etch parameters of Run I-5 gave rise to rough sidewalls.  This level of 
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roughness was given the worst score of “5” in Table 5.1.  In contrast, the companion SEM image 

of Fig. 5.6b shows that Run I-1 produced very smooth GaAs sidewalls.  This degree of 

roughness was assigned the best score of “1” in Table 5.1. 

 

  

Figure 5.6: SEM images of sidewall roughness from ICP etching study on (100) 
GaAs substrates: (a) maximum and (b) minimum roughness. 

 

After identifying the optimum ICP etching parameters, we devised a simple procedure to check 

for process uniformity and reproducibility.  Four physical observables were measured at six 

different cleavage locations on two separate GaAs samples: θ1 (θ2) = sidewall angle on the left-

hand (right-hand) side of the stripe, etch depth, and stripe width.  The separation between any 

two cleavage locations was roughly 2 mm so as to capture the largest possible variations.  Table 

5.2 summarizes the results of this experiment.  The reported standard deviations for each 

observable are well within acceptable limits. 
 

Table 5.2: Average values and standard deviations for key physical observables associated with the 
optimized ICP etching process. 

Parameter Units Average Value Standard Deviation 

stripe width µm 20.1 0.14 

etch depth µm 4.6 0.13 

θ1  degrees 94.2 0.59 

θ2  degrees 90.2 0.62 



79 

 

 
Other workers have already demonstrated equal-rate etching of GaAs and AlGaAs using a 

Cl2/BCl3 gas mixture in an RIE system [11].  Nevertheless, given our alternative choice of ICP 

etching, combined with the wide range of aluminum mole fractions and doping species and 

concentrations under consideration, we decided to conclude this optimization study with a set of 

trial runs on the actual AlGaAs/GaAs QW laser material itself.  On the basis of our previous 

results for GaAs substrates, we held the ICP power constant at 320 W and the chamber pressure 

at 10 mTorr throughout these experiments.  In this case, however, our goal was to etch all the 

way through the material structure down to the GaAs substrate so as to create the largest possible 

refractive index step at the edge of the µ-Pillar laser cavity.  With this objective in mind, we 

adjusted the process times in accordance with the observed etch rates for GaAs to obtain an etch 

depth of roughly 4 µm (except for run number II-5).  The ICP parameters and corresponding 

physical observables are given in Table 5.3.  The experimental trends are consistent with those 

found in our etching study on GaAs substrates. 

 

Table 5.3: Parameters for ICP etching study on an AlGaAs/GaAs QW laser structure (ICP power = 320 
W / chamber pressure = 10 mTorr). 

Run 
# 

Cl2 
Flow 

(sccm) 

BCl3 
Flow 

(sccm) 

RIE 
Power 

(W) 

Etch 
Time 
(sec) 

Etch 
Depth 
(µm) 

Sidewall 
Roughness 

Sidewall 
Profile 

II-1 3 20 50 240 4.0 1 Fig. 5.7a 

II-2 3 17 50 215 4.3 1 not shown 

II-3 3 17 25 190 4.6 4 Fig. 5.7b 

II-4 1 19 50 632 4.4 1 Fig. 5.7c 

II-5 1 19 25 558 5.5 6 Fig. 5.7d 

 

A representative group of SEM photographs is presented in Fig. 5.7 to illustrate these findings.  

Given the more physical (less chemical) nature of dry etching processes in general, we had 

expected that the etched sidewall profiles would follow the shape of the photoresist mask.  Since 

this correlation was not observed during our initial study on GaAs, we did not remove the PR 

masks this time before loading the etched laser structures into the SEM for imaging.  Once again, 
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we found that the etched sidewall angles do not correlate well with the PR mask profiles, as 

evidenced in Fig. 5.7.  We attribute this behavior to limitations in the pumping capacity of our 

ICP etching system.  Under actual process conditions, we were not able to bring the chamber 

pressure below 8 mTorr.  According to literature reports on the RIE process, the etched sidewall 

angle does not mimic the PR mask profile unless the chamber pressure is held below 2 mTorr. 

 
 

  

  

Figure 5.7: SEM images of side-wall profiles from the ICP etching study performed on 
AlGaAs/GaAs QW laser structures. Only four of the five process runs listed in Table 5.3 are 
shown here for brevity: (a) Run # II-1, (b) II-3, (c) II-4, and (d) II-5. 

 

Despite this equipment limitation, the ICP etching parameters of Run II-1 gave rise to nearly 

vertical sidewall profiles and smooth surfaces for our AlGaAs/GaAs QW laser structures (note 

that these etch parameters are identical to those of Run I-1 from the GaAs study).  Figure 5.7a 

reveals an etched sidewall angle of 90 degrees down to about 1 µm below the surface, which 

then increases slightly to 93 degrees over the remaining 3 µm of sidewall.  The off-axis SEM 

image for this sample (not shown here) is nearly identical to Fig. 5.6b.  We observed less 

anisotropic etch profiles when the RIE power was reduced from 50 to 25 W, as evidenced by 

(a) (b) 

(c) (d) 
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Fig. 5.7b and 5.7d.  This behavior is consistent with our findings on ICP etching of semi-

insulating GaAs substrates. 

 

5.2. Preparation of Metal/Semiconductor Contacts 
“Ohmic” metal/semiconductor junctions or contacts serve as the electrical interface between an 

active semiconductor device and its passive external drive circuitry.  The contact must be able to 

supply the necessary bias current, and the voltage drop across it should be small compared to that 

across the semiconductor active region.  An ideal metal/semiconductor contact should have a 

linear relationship between current and voltage – that is, it should follow Ohm’s law.  The 

highest level of device performance cannot be attained unless the associated 

metal/semiconductor contacts are ohmic in nature with the lowest possible contact resistance 

(Rc). 

 

The methods used to form metal/semiconductor contacts have been studied extensively by 

materials engineers over several decades; nonetheless this subject remains more of an art than a 

science.  The basic processing flow is straightforward: (1) semiconductor surface cleaning and 

native oxide removal, (2) contact metal deposition and patterning, and (3) thermal annealing.  

Residual organic contamination is removed from the semiconductor surface by soaking the 

sample in warm solvents (acetone, isopropyl-alcohol).  Trace metal removal is accomplished by 

etching in acidic and/or basic solutions that do not attack the semiconductor itself.  The native 

oxide layer at the semiconductor surface is stripped off using another acid and/or base solution.  

The requisite metal films are deposited under high vacuum conditions using an electron-beam 

evaporator.  Contact patterning is done using standard lithographic techniques such as “lift-off” 

where the contact metals are deposited through holes in a PR film that is later dissolved away.  

Finally, the deposited metal/semiconductor composite is subjected to thermal annealing – 

sometimes referred to as “alloying or “sintering” – in order to improve adhesion and promote 

ohmic behavior. 

 

In the present case, ohmic metal contact formation on p-n junction lasers requires that we 

develop optimum process conditions for both p-type and n-type semiconductor materials.  The p-
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side metallization consists of a Ti (30 nm) / Au (200 nm) bi-layer film.  The titanium is used to 

promote good adhesion and the gold cover film provides a non-reactive surface suitable for wire 

bonding and/or die attachment.  The influence of annealing time, τanneal, on the I-V 

characteristics for our Ti/Au p-contact metallization is shown in Fig. 5.8.  These process trials 

were executed using p+ GaAs substrates with doping concentration nearly identical to that for 

the topmost p+ GaAs capping layer of the AlGaAs/GaAs QW laser structure.  The contact 

exhibits linear behavior even in the as-deposited state, but the resistance is high.  Annealing at 

400 °C lowers Rc by factor of 6.3 relative to the as-deposited case.  After annealing for 10 

minutes, the surface morphology of the metal composite film begins to degrade. 
 

 
Figure 5.8: Electrical characteristics from preliminary study of p-side (Ti/Au) contact metallization. 
Annealing times range from 1 ≤ τanneal ≤ 10 minutes with the temperature held at Tanneal = 400 °C (for all 
cases). 

 

The n-contact metallization consists of a Sn (20 nm) / Au (110 nm) bi-layer film.  Tin is a 

column IV element and thus acts as a donor when incorporated on the column III sublattice of 

III-V compound semiconductors.  The ratio of Sn to Au is chosen to form a eutectic alloy.  Upon 
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thermal annealing, a thin layer of the GaAs substrate dissolves into the eutectic melt.  As the 

sample cools to room temperature this multi-component liquid solution acts as a source for the 

recrystallization of heavily doped n-type GaAs (containing a large concentration of Sn donors).  

Nonetheless, the contact surface remains Au-rich making it less susceptible to oxidation than 

pure Sn – an attribute that is useful for device packaging purposes.  The influence of τanneal on the 

I-V characteristics for our n-contact Su/Au contact metallization is shown in Fig. 5.9.  These 

process runs were performed using n+ GaAs substrates with doping concentration identical to 

that for the bottom-most n+ GaAs substrate side of the AlGaAs/GaAs QW laser structure.  The 

contact exhibits non-linear behavior in the as-deposited state but it becomes ohmic after 

annealing at 400 °C for 1 minute.  Additional annealing for up to 10 minutes results in a 1.4x 

increase in Rc relative to the τanneal = 1 minute case (see Fig. 5.9, insert). 

 

 
Figure 5.9: Electrical characteristics from preliminary study of n-side (Sn/Au) contact metallization. 
Annealing times range from 1 < τanneal < 10 minutes with the temperature held at Tanneal = 400 °C (for all 
cases). The insert is a higher resolution plot near the origin of the I-V curve. 

 

The discrepancy between p-side and n-side contact behavior in the as-deposited state is 

attributable to the different acceptor/donor doping levels in the GaAs substrates used in the trial 
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runs (NA = 2 x 1019 cm-3 / ND = 2 x 1018 cm-3).  The ten-fold increase in acceptor doping causes 

substantial narrowing of the potential energy barrier at the metal-to-semiconductor interface, and 

thereby supports a large increase in tunneling current in response to a small change in applied 

voltage. 

 

These preliminary trials demonstrated we had viable processes for making ohmic contacts to 

both p-type and n-type GaAs.  The final judgment could not be made, however, until we tested 

these prototype recipes on p-n AlGaAs/GaAs QW structures [20].  A schematic of the p-n 

junction test device used during the final evaluation phase is shown in Fig. 5.10.  The p-side 

contact metal (Ti/Au) was prepared using electron-beam evaporation and lift-off.  A circular-

shaped pattern was formed with a diameter of 500 µm, which then served as a mask for ICP 

etching of the AlGaAs/GaAs QW structure all the way down to the top-surface of the n+ GaAs 

substrate. 

 

Figure 5.10: Cross-sectional view of p-n junction test device fabricated from AlGaAs/GaAs QW structure 
during the final phase of metal contact evaluation. 

 

The n-side metallization (Sn/Au) was deposited by electron-beam evaporation.  A broad-area 

contact was adequate for the back-side of the n+ GaAs substrate.  After examining the results 

from several trial runs during which the p-side and n-side contacts were annealed using different 

process conditions, we concluded that it was preferable to anneal both contacts simultaneously at 
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400 °C for 5 minutes.  This heat treatment was performed under an ambient of forming gas 

(3.99% mixture of H2 in argon) to prevent metal oxidation. 

The electrical performance of the p-n junction test device can be evaluated from the I-V data 

shown in Fig. 5.11.  For the as-deposited case,  the turn-on voltage is quite large, Von = 5.1 V; 

however, it decreases with annealing time until reaching Von = 1.48 V at τanneal = 10 minutes.  

This experimental value of Von is actually 80 meV below the design target for the QW transition 

energy, EQW = 1.56 eV.  Thus, we do not expect that this near ideal situation would be improved 

by making τanneal longer than 10 minutes. 

 

 
Figure 5.11: Electrical characteristics for p-n junction test device with p-side and n-side metal contacts 
formed under optimum conditions. Annealing times range from 1 < τanneal < 10 minutes with the 
temperature held at Tanneal = 400 °C (for all cases). 

 

It is also of interest that the p-side contact on the p-n junction test device responds to thermal 

annealing in a manner very similar to that observed during our preliminary trials.  The Ti/Au 

metallization begins to roughen, and then blisters, as the annealing time approaches ten minutes 
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(Tanneal = 400 °C).  Despite these undesirable physical changes, the I-V characteristic improves 

slightly as the annealing time increases from 4 to 10 minutes (see Fig. 5.11). 

 

Five separate devices were tested for each annealing condition with their locations ranging 

across the entire 7 mm x 12 mm sample.  The individual data points with error bars overlaying 

each curve represent average values and standard deviations of the applied voltage necessary to 

induce a current flow of 4 mA.  These error bars provide an estimate of the combined variability 

associated with crystal growth, device processing, and device testing. 

 

5.3. Current Blocking via Hydrogen Passivation 
In order to minimize the threshold current and maximize the differential quantum efficiency of 

semiconductor lasers, it is essential that current, carriers, and photons are all confined to a 

predetermined electronic gain volume that is similar to the optical mode volume [21-23].  In the 

transverse direction – perpendicular to the plane containing the active region – carrier and 

photon confinement is accomplished through proper design of the multi-layer semiconductor 

heterostructure (for all types of lasers).  In the lateral direction – perpendicular to the direction of 

electromagnetic mode propagation and in the plane of the active region – confinement is often 

achieved “post-growth” using one of the following methods: oxide masking [24], ridge etching 

[25], proton bombardment [26], or semiconductor re-growth [27,28]. 
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Figure 5.12: Cross-sectional view of two different device embodiments for achieving lateral confinement: 
(a) oxide-stripe laser and (b) ridge-waveguide laser. 

 
Two examples are shown in Fig. 5.12 of laser devices with different levels of sophistication with 

regard to lateral confinement.  Figure 5.12a illustrates an oxide-confined stripe laser which has 

the virtue of being very simple to fabricate.  The area of current injection is defined by the 

opening in the oxide layer.  This structure provides some degree of current confinement, but no 

carrier or photon confinement.  Figure 5.12b illustrates a ridge laser which combines excellent 

current confinement with optical wave-guiding in the lateral direction.  However, there is no 

lateral carrier confinement since the ridge etching process does not extend beyond the active 

region.  Once injected into the active region carriers are free to diffuse away from the axis of 

symmetry directly under the ridge.  The trade-off between current and photon confinement can 

be manipulated by changing the height of the etched ridge. 

 
For reasons that will be made clear in Chapter 6, we have chosen to employ a different lateral 

current/carrier confinement technique in the fabrication of our µ-Pillar WGM lasers.  The 

underlying physical mechanism is electronic compensation via hydrogen passivation [29-36] – 

giving rise to the phrase hydrogenation.  It was shown previously that hydrogenation of 

impurities, both donors [29, 30] and acceptors [31, 32], in GaAs and AlGaAs reduces carrier 

concentration and produces highly resistive layers.  If the hydrogenation process could be 
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“masked” (blocked) then a pattern of conducting and resistive material could be defined on the 

semiconductor chip, thereby establishing a pathway to the fabrication of narrow-stripe 

semiconductor laser diodes. 

 

Figure 5.13: Cross-sectional view of WGM p-n junction laser with current blocking via hydrogenation 
within the central region of the structure (not to scale). 

An AlGaAs/GaAs QW p-n junction laser – designed specifically for WGM operation – with 

current blocking via hydrogenation is shown in Figure 5.13.  There are two distinct regions in the 

device: (1) current flows through the region directly under the p-metal contact thereby pumping 

the gain medium near the periphery of the optical cavity and (2) current flow is blocked in the 

central region of the device. 

 
In the present work, hydrogenation was performed in a commercial PECVD system using 

ammonia (NH3) as the source of hydrogen.  A flow diagram for the process is presented in Fig. 

5.14.  The process flow starts by ramping up the temperature of the “chuck” (sample stage) to 

250 °C at which juncture the sample is loaded into the PECVD chamber.  Both the NH3 flow and 

RF generator are turned on immediately thereafter in order to ignite the plasma.  
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Figure 5.14: Flow diagram for implementation of hydrogenation process in the Trion Technologies 
PECVD system at Virginia Tech. 

 

The sample is held under this condition throughout the “plasma exposure time” which can be 

defined by the user (τplasma = 15 minutes throughout the present work).  The chuck temperature is 

then ramped down – without changing the NH3 flow or plasma settings – until it reaches 100 °C.  

At this juncture, the NH3 gas flow and RF generator are both turned off and the sample is 

unloaded from the PECVD chamber.  The complete hydrogenation process recipe is given in 

Table C.3 of Appendix C.   

 

It is critical that the NH3 plasma remain “active” while the sample is cooling down (i.e., NH3 gas 

flow and RF power during cool-down must be similar to those throughout τplasma).  If instead the 

PECVD system returns to its “normal” cool-down state (high vacuum, no gas flow, no plasma) 

then hydrogen may out-diffuse from the sample, thereby “reversing” the hydrogenation process.  

We have direct evidence of such behavior, from our initial trial runs, in the form of I-V curves 

returning to their original (non-hydrogenated) state.  As of this writing, however, we have not 
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confirmed via SIMS analysis that there is a corresponding reduction of hydrogen inside the 

sample. 

 

It was demonstrated in Section 5.2 that thermal annealing at relatively high temperatures (300 to 

500 °C) is necessary to form low-resistance ohmic contacts for p-n junction laser diodes.  This 

contact annealing step is often done near the end of the overall process flow to avoid exposing 

the metal/semiconductor junctions to other aggressive conditions.  If we were to follow this 

standard procedure then contact annealing would be performed after the hydrogenation step.  

This scenario raises the question – how does the hydrogen profile inside the semiconductor 

change during thermal annealing?  It is possible that all of the hydrogen diffuses out of the 

sample and thus reverses the original hydrogenation step.  We were sensitive to this issue 

because some earlier reports [32] claimed that electronic compensation via hydrogenation could 

not be sustained if contact annealing was done at temperatures above 250 °C (and we know that 

Tanneal ≤ 250 °C is not adequate for ohmic contact formation). 

 

Two p-n junction devices were fabricated in the manner depicted in Fig. 5.10, except that both 

samples were hydrogenated (HYD) before doing any other processing.  The evolution of their I-

V characteristics with contact annealing is shown in Fig. 5.15.  For the as-deposited case, current 

flow is blocked until the applied (forward) voltage approaches 20 V at which point the I-V curve 

snaps back to a much lower voltage and the device begins to conduct a significant amount of 

current (mA range).  After annealing at 400 °C for 1 minute, the I-V characteristic under forward 

bias is similar to the data shown in Fig. 5.11 (non-hydrogenated device).  However, under 

reverse bias, this same device yields Irev ≥ 1 mA at applied voltages as low as 4 V.    
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Figure 5.15: Electrical characteristics for hydrogenated p-n junction test device (HYD) with p-side and n-
side metal contacts annealed at 400 °C. Annealing times range from 1 < τanneal < 10 minutes. 

 

This performance is considerably worse than that observed for a non-hydrogenated device (e.g., 

I-V data in Fig. 5.11 exhibits normal reverse breakdown at about 18 V).  Our ultimate goal of 

current blocking is finally realized in devices annealed for 4 or 10 minutes – there is almost no 

current flow until the applied voltage exceeds 6 V (forward bias).  The data points with error bars 

show the variation in applied voltage at a specific current from 4 different devices on each of 2 

separate samples.  The small error bars suggest that our hydrogenation process is both uniform 

and reproducible. 

 

Before hydrogen passivation of acceptors and/or donors can be applied to fabricate WGM lasers, 

we must be able to mask (block) electronic compensation in pre-selected areas of the 

AlGaAs/GaAs QW structure.  The effectiveness of PECVD oxide as a mask against 

hydrogenation is evidenced by the I-V data plotted in Fig. 5.16.   
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Figure 5.16: Electrical characteristics for three p-n junction test devices showing the effectiveness of 
PECVD oxide as a mask against hydrogenation.  The metal contacts were annealed in forming gas at 400 
°C for 5 min. 

 

The first device labeled “Reference” was not exposed to hydrogenation, therefore its electrical 

behavior follows that shown in Fig. 5.11.  The second device marked “HYD w/o Mask” was 

hydrogenated in the normal manner, thus its electrical behavior follows that shown in Fig. 5.15.  

The situation becomes more interesting when the “HYD w/ Mask” device is added to the 

discussion.  This sample was encapsulated by a 200 nm thick layer of PECVD oxide before 

subjecting it to hydrogenation.  After this faux hydrogenation step, the oxide layer was removed 

and the sample was reinserted into the standard process flow.  It is obvious that the I-V curves 

for the “Reference” and “HYD w/ Mask” devices are nearly identical in all aspects (with the 

only exception being a higher reverse breakdown voltage for the “HYD w/Mask” case).  We 

confirmed these initial findings by preparing a second set of samples (following the same exact 

process flow in each of the three distinct cases).  The data points with error bars in Fig. 5.16 

represent the results from measurements of 6 different devices on each of 3 samples from 2 

distinct process runs.  Once again, the small error bars suggest that our approach to masking the 

hydrogenation process is both uniform and reproducible. 
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We have recently begun to collaborate with Dr. Jerry Hunter of the Nanoscale Characterization 

and Fabrication Lab at Virginia Tech to learn more about the hydrogen “profile” (concentration 

and spatial distribution) inside our devices at various stages of processing.  SIMS depth profiles 

are shown in Fig. 5.17 for two different samples.  The aluminum profile marks transitions 

between the various AlxGa1-xAs alloy layers in the AlGaAs/GaAs QW heterostructure [20]. 

 

 
Figure 5.17: SIMS depth profiles of the hydrogen content in the reference sample (after annealing of 
metal contacts) and hydrogenated sample (before annealing of metal contacts). 

 

The sample labeled “Reference” was not subjected to hydrogenation; however, it was annealed 

in forming gas (3.99% mixture of H2 in argon) at 400 °C for 5 min to lower the ohmic contact 

resistance.  The sample designated as “HYD” was hydrogenated using our standard conditions, 

but afterwards it was not exposed to any high temperature processing.  It is notable that the 

hydrogen content in the “HYD” sample is higher than that found in the “Reference” sample.  

Further work is required to refine our understanding of the hydrogenation process itself and the 

impact of post-hydrogenation thermal annealing on the basic mechanisms responsible for 

electronic compensation. 
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6. DESIGN CONSIDERATIONS FOR WGM LASERS 
 

The performance of a WGM cavity is usually described in terms of its capacity to store energy.  

Obviously, this capacity is constrained by processes that dissipate energy from the cavity.  These 

loss processes can be classified into internal (material, leakage, scattering) and external 

(coupling).  The storage capacities and loss effects of various cavity types can be quantified by 

their cavity quality factor or Q [1-5].  The most basic definition of cavity Q is that it represents 

the number of cycles the optical field undergoes before its energy decays to a value 1/e times its 

original value.  This is nothing more than saying that the energy within the cavity decays 

as Qte /ω− which gives rise to the differential form of Eq. 6.1, where U is the stored energy and 

dt
dUPd −= is the dissipated power. 

 

U
Qdt

dU ω
−=    (6.1) 

 

Any real cavity must suffer from optical losses and thus its corresponding electromagnetic 

modes must have a finite line-width in frequency (or wavelength) space.  This frequency line-

width ∆ω represents the ratio of dissipated power to stored energy for the cavity.  Therefore, the 

quality factor of a real cavity is most conveniently defined as Q = ω/∆ω where ω is the center 

frequency of the mode.  An alternative way of stating the same thing is Q = ωτph where τph is the 

average time a photon stays remains in existence before being absorbed within or coupled 

outside of the cavity.  This quantity is often referred to as the photon lifetime in the cavity.  It is 

sometimes convenient to define Q in terms of the photon decay length Lph which is proportional 

to τph.  This alternative definition is presented in Eq. 6.2, where λ is the center wavelength of the 

mode and ng is its group index of refraction. 

 

λ
π phg Ln

Q
2

=    (6.2) 
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An inverse decay length 1−= phLα  is often quoted in the literature (instead of Lph itself).  This is 

particularly true for device structures such as optical waveguides in which loss per unit length is 

a common metric (sometimes given in units of cm-1 and other times in dB/cm).  This is also true 

for material absorption losses.  For comparison purposes, we can use Eq. 6.2 to convert optical 

loss values reported by others (in cm-1) into an equivalent value of cavity Q. 

 

dt
dU

UQ ω
11

−=   (6.3) 

 

When considering how individual loss mechanisms contribute to the overall Q of the cavity, it is 

beneficial to rearrange Eq. 6.1 as shown above in Eq. 6.3.  Within this framework, the total 

quality factor [6, 7] for any real cavity is given by 
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where Qmat refers to free carrier and band-to-band absorption losses, Qscat accounts for scattering 

from imperfections at the cavity sidewalls, Qrad represents the diffraction loss that accompanies 

TIR at curved boundaries, and Qcoup describes the impact of electromagnetic mode mismatch at 

the output coupler on the efficiency of light extraction from the cavity. 

 

The Q factor of micro-resonators can be extremely high (> 108) because of the strong 

confinement of photons within as small modal volume [8, 9], thus making this cavity design 

attractive for laser devices [10].  The cavity Q of a WGM laser should increase in response to (1) 

a decrease in material absorption, (2) an increase in refractive index contrast between the cavity 

material and its surroundings, (3) a reduction of surface roughness at the cavity boundary [11], 

and (3) an increase in the cavity diameter [1].  Measured values of Q for micro-ring and micro-
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disk resonators typically do not exceed 105.  Others have shown that semiconductor micro-ring 

resonators with dcavity = 10 µm and vertical coupling to a bus waveguide have 3105.2 ×=Q  [12].  

An “unloaded” Q on the order of 105 was demonstrated in 80 μm diameter micro-disk resonators 

[13].  Very small micro-disk semiconductor resonators with dcavity ≤ 5 µm exhibit Q values in the 

range of 104 [14, 15].  

 

The material structure for a WGM µ-Pillar laser is identical to that of an EE laser, but the 

geometry of the optical cavity is very different.  As a consequence, the relationships between the 

input variables (material properties and device design parameters) and the output quantities 

(WGM laser performance) is likely to differ at least in detail from the usual formulation for EE 

lasers.  A cross-sectional drawing of our WGM laser is shown in Fig. 6.1 for illustration 

purposes.  This schematic represents the state of the device after completion of the entire 

fabrication process. 

 

 

Figure 6.1: Side-view drawing of WGM laser structure after completing the 
fabrication process. 

 

It may prove useful to visualize the operating characteristics of WGM lasers within the context 

of equations originally derived for EE devices.  Toward this end, we restate below with only 

minor changes two important equations from Chapter 4.  First, we convert αm of Eq. 4.6 to αuseful 

and rewrite it below as Eq. 6.5.  Then, we excerpt an important piece of Eq. 4.1, make the same 
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substitution, and restate it below as Eq. 6.6.  The new quantity Fopt is a dimensionless parameter 

sometimes referred to as optical extraction efficiency.   
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Now let’s consider a special case in which the WGM laser has perfect cylindrical symmetry – 

i.e., there is no output coupler of any kind connected to the µ-Disk or µ-Pillar cavity.  According 

to Eq. 6.4 the remain losses are attributable to diffraction (Qrad), which provides the laser output 

power, and material absorption (Qmat) and scattering mechanisms (Qscat), neither of which give 

useful light output.  Following the arguments made in Chapter 4, it is reasonable to expect that Ith 

for a WGM laser can be made as low as possible by decreasing the total optical loss ( iα  + 

αuseful), reducing the area of the “pumped” laser stripe (represented by W·L in Eq. 6.5), and 

eliminating the leakage current.  In the present context, the scattering loss component of iα has 

been reduced by optimizing the ICP etching process (i.e., forming the smoothest possible cavity 

sidewalls).  Further reduction in this residual level of light scattering can be achieved by coating 

the cavity sidewall with a thin dielectric film.  Both of these issues are considered in more detail 

in Section 6.2.  This focus on lowering iα has the additional benefit of bringing Fopt very close 

to unity if we can make iα << αuseful. 

 

Reductions in laser stripe width and Ileak can both be accomplished by using our new 

hydrogenation technique.  This matter is discussed at some length in Section 6.3.  In closing, we 

mention that one very important factor that differentiates WGM and EE lasers is not reflected 

explicitly in Eq. 6.5 and 6.6.  That is, the difference in the optical confinement factor Γin-plane 

within the 2-D plane of the active region.  Owing to the nature of WGMs, any electrical pumping 
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that occurs outside a narrow stripe close to the periphery of the cavity only adds to the amount of 

total current necessary to reach threshold without providing any real benefit.  Once again, this 

issue can be addressed using our new method of current confinement as described in Section 6.3. 

 

6.1. Optical Losses via Diffraction 

The cavity Q for a WGM laser is ultimately limited by the diffraction losses associated with the 

particular lasing modes [16, 17].  Following the discussion and analysis presented in Reference 

[18], the relationship between a WGM of order M and the optical transmission coefficient TM is 

given by 

 

( )))((cos)3
2( 3 Ma

M
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Let us consider the GaN µ-Disk resonator mentioned in Chapter 2 with R0 = 2.5 µm, n = 2.65, 

and λ = 375 nm.  By applying Eq. 6.8 to evaluate the two WGM solutions of Fig. 2.11, we find 

Q values in excess of 1013!  There is an enormous discrepancy between this diffraction limited Q 

and the much smaller values found experimentally for semiconductor micro-cavity resonators (Q 

≤ 105).  This demonstrates the crucial roles played by careful material structure design and 

device process optimization in the realization of high-performance WGM lasers. 
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6.2. Optical Losses via Scattering 
In well designed WGM lasers, the peak of the optical wave should travel very close to the etched 

cavity sidewall.  Thus optical losses can be considerable because of scattering from wall 

imperfections and material degradation during etching.  The importance of this issue is 

demonstrated by the data presented in Fig. 6.2.  In this particular case, the semiconductor 

material is a 2 µm thick GaN layer grown by MOCVD on a sapphire substrate.  It was fashioned 

by dry etching into µ-Pillar cavities with R0 = 250 µm.  The SEM image on the upper right side 

of Fig. 6.2 depicts a sample prepared in 1997 at Yale University using a home-built RIE system 

with a non-optimized Cl2/BCl3 process.  In contrast, the SEM image on the upper left side of Fig. 

6.2 exemplifies a high-quality µ-Pillar cavity.  It was prepared at Xerox PARC in 2003 via 

chemically assisted ion beam etching (CAIBE) using chlorine gas chemistry. 

 

 

Figure 6.2: SEM images (upper panels) and CCD photographs (lower panels) of 
two GaN µ-Pillar cavities fabricated by dry etching.  

 

The two photographs on the bottom side of Fig. 6.2 are near-field images of the sidewalls of 

these two µ-Pillar cavities when being driven under high-level excitation.  The stimulated 

emission from the smooth GaN cavity (on the left) is localized at the edges of the µ-Pillar where 

the diffraction losses are high.  In contrast, the near field image for the rough GaN cavity (right 
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hand side) is very irregular and it does not show the expected intensity maxima at the leftmost 

and rightmost extremities. 

 

Of course, the material of interest in the present work is an AlGaAs/GaAs QW structure (see 

Section 3.1 of Chapter 3).  We demonstrated the ability to produce smooth cavity sidewalls via 

ICP etching in Fig. 5.6b of Chapter 5.  As small slice of that SEM image is shown again on the 

leftmost side of Fig. 6.3.  We attempted to quantify the level of residual roughness on this 

semiconductor sidewall by using an atomic-force microscope (AFM).  However, we did not have 

the proper tip fixtures to record data from the actual sidewall itself so instead we analyzed the 

planar (etched) surface of the same GaAs sample.  This AFM 3-D image is shown on the 

rightmost side of Fig. 6.3.   

 

   

Figure 6.3: SEM image of GaAs sidewall (left) and planar surface (middle) 
prepared by ICP etching.  The AFM image (right) provides an estimate of the 
actual surface roughness with Ra = 6.02 nm. 

 

The accepted metric for surface roughness is a parameter known as Ra and our etched GaAs 

surface has a value of Ra = 6.02 nm.  The corresponding SEM image for this very same planar 

(etched) surface is shown in the middle panel of Fig. 6.3.  The two SEM images were recorded 

under identical conditions.  Note that the “apparent roughness” is very similar in these two cases; 

therefore, we assume the actual cavity sidewall roughness is on the order of 6.02 nm.  This 

compares favorably with the target of Ra ≤ λ/30 (λ = 795 nm) so as to minimize the impact of optical 

scattering on the overall Q of the cavity. 
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A significant reduction in waveguide propagation loss has been demonstrated for AlGaAs/GaAs 

QW structures using a process known as “oxidation smoothing” via wet oxidation [19].  It was 

also shown by these workers that significant smoothing of surface roughness (down to ≤ 5 nm) 

can be attained with O2-enhanced wet oxidation [20].  Equation 6.9 shows that the scattering loss 

is directly proportional to the refractive index steps at the interfaces between the semiconductor 

and air [21].  Coating the AlGaAs/GaAs cavity sidewalls with a thin dielectric film such as 

Al2O3 would reduce the value of ∆n between the semiconductor and its surroundings, and 

therefore, should lead to a reduction in scattering loss as given by 
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where αscat is the scattering loss, 2
in∆ is difference of the squares of the refractive indices at the 

ith interface, and E(xi) is the electric field at the interface.  However, this wet oxidation approach 

shows a strong preference for high Al-content III-V alloys [22, 23].  Given that the Al mole 

fraction changes from x = 0.85 in the cladding layers to x = 0.25 in the OCL, we were concerned 

that such an approach would create a spatially non-uniform dielectric layer along the growth 

direction.  So, we used the PECVD method instead to deposit SiNy and SiOx films on our WGM 

laser structures.  Complete PECVD process recipes are presented in Appendix C (see Tables C.6 

and C.7). 

 

6.3. Electrical Losses via Current Leakage 
The term leakage current is used herein to denote two different physical mechanisms [24]: (1) 

lateral current spreading in the narrow-band-gap p+ capping layer and the wide-band-gap p-type 

upper cladding layer and (2) lateral diffusion of carriers in the OCL and QW layers.  Several 

different laser designs have been developed to address this problem.  These device structures can 

be classified as gain-guided lasers or weak/strong index guided lasers.  The gain guided structure 

shown in Fig. 6.4 uses a dielectric layer for current blocking.  The current is injected through the 
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opening in the dielectric which produces gain in that region and hence the lasing mode is 

confined to that region.   

 

 

Figure 6.4: Schematic of a gain guided laser. 

 

The weak index guided structure shown in Fig. 6.5 has a ridge etched into the upper cladding 

layer plus a dielectric coating to insulate the exposed cladding material from the p-side metal 

contact.  The current is injected in the region of the ridge, and the optical mode overlaps the 

dielectric material (which has a low index of refraction) in the sidewalls of the ridge.  This 

results in weak index guiding but better current confinement than the gain guided structure.   

 

 

Figure 6.5: Schematic of an index guided laser. 
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Lateral current spreading can be eliminated altogether by etching down to the interface between 

the upper cladding layer and the OCL [25, 26].  However, in this case, the lateral diffusion of 

carriers outside the active laser stripe remains as a significant problem [27, 28].  The strong 

index guided laser is a variant of the index guided structure with the ridge etched all the way 

through the p-n junction.  This configuration provides strong electrical and optical lateral 

confinement but suffers from high surface recombination. 

 

The experimental findings reported in Section 5.3 of Chapter 5 demonstrate that our 

hydrogenation process can be applied successfully to block the flow of current from the p-side 

metal contact to the active region of the laser structure.  This new process technology is the 

cornerstone of our effort to fabricate narrow-ring WGM lasers.  The objective is to prevent 

current flow in regions of the device not in close proximity to the cavity sidewalls where the 

high-Q WGM have their maximum electromagnetic field intensity.  In this regard there are clear 

benefits to de-coupling the hydrogenation process from the metal annealing process.  One such 

advantage is providing the flexibility for optimizing each process separately.  Another benefit is 

providing the option of performing the hydrogenation as the last step in the fabrication process.  

In this case, the hydrogen can be diffused into the sample from the exposed semiconductor side-

wall so as to move the active laser stripe away from the cavity edge.  This may prove useful in 

controlling lateral carrier diffusion within the QW active region driven by surface recombination.  

In order to decouple the hydrogenation process from the metal contact annealing step it is 

essential that our low-resistance ohmic contacts survive the thermal stresses associated with the 

PECVD oxide deposition (350 °C) and hydrogenation processes (250 °C).  Both of these 

conditions have been met at the current stage of process development. 

 

6.4. Electrical Losses via Carrier Recombination 
Others workers have shown that electrical characteristics of semiconductor lasers can be 

improved by coating the exposed surfaces near the p-n junction with an insulating layer of Si3N4 

or SiO2 [29].  The combination of AlGaAs/GaAs materials and small-diameter µ-Disk cavities 

with high surface-to-volume ratios is particularly troublesome because the high-Q laser modes 
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are confined close to the disk edge where carrier recombination via surface states may dominate 

over spontaneous emission which is necessary as a “seed” for stimulated emission and lasing 

[30, 31].  The surface recombination velocity is considerably smaller in the InGaAs/InP material 

system and as such this issue is somewhat less problematic.  Nevertheless, even in this favorable 

situation, it is likely that non-radiative surface recombination will ultimately limit device 

performance. 

 

Equation 6.10 shows that several mechanisms may contribute to the total current required to 

reach the threshold for laser operation, where Vol is the volume of the active region and Nth is the 

threshold carrier density [32].  The objective then is to minimize all carrier recombination 

mechanisms other than spontaneous emission (middle term in Eq. 6.10) so as to make the 

experimental Ith as low as possible when the carrier density reaches the value of Nth necessary for 

lasing.  The cubic term represents Auger recombination which is predetermined by the choice of 

material system, so it does not warrant further discussion here.  The linear term is attributable to 

leakage current and surface recombination current both of which have been targeted in our laser 

fabrication process. 
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During device processing, the GaAs surface is exposed to oxidizing media, i.e., moisture in air, 

which results in the formation of native oxides, such as Ga2O3 and As2O3, on the surface of the 

GaAs sample.  There is evidence, in literature, that the source of the poor electronic properties 

arises because As2O3 is unstable in the presence of GaAs and reacts to form elemental As 

according to [33-35] 

  

As2O3 + 2GaAs → 4As + Ga2O3 (6.11) 

 

The formation of elemental As creates surface states near the middle of the band-gap which pin 

the Fermi level and thereby enhance the non-radiative surface recombination [33, 35-37], 
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whereas,  Ga2O3 is a wide bandgap non-conductive species, and it should not produce surface 

leakage [35].  Literature shows that removal of As from the surface of GaAs devices improves 

the performance of such devices.  For example, the work of Chang et al. [38] on GaAs MOS 

devices showed that the poor performance of these devices was due to the existence of interface 

states as a result of the formation of an arsenic layer at the semiconductor-oxide interface.  

 

Therefore, it is important to eliminate or reduce arsenic-bearing oxides from the surface of GaAs 

and AlGaAs compounds.  Wet chemical treatments such as sulfide treatment of the GaAs surface 

have been effective in reducing surface state density and chemically passivating the surface [39, 

40].  However, this sulfide solution is sensitive to temperature and it also etches the GaAs 

semiconductor.  Therefore, process reproducibility is a challenge and it is essential that the 

properties of the sulfide solution be carefully monitored.  It has been shown by several other 

groups [35, 41-46] that exposing native oxide contaminated GaAs to hydrogen plasmas (H2, 

NH3, H2S) reduces the amount of elemental arsenic and arsenic oxide on the surface according to  

 

As2O3 + 12H → 3H2O↑ + 2AsH3 ↑  (6.12) 

 

As + 3H→AsH3↑    (6.13) 

 

These chemical reactions occur at significant rates even at room temperature.  This processing 

method also removes Ga2O3 by the following reaction [35] 

 

Ga2O3 + 4H → Ga2O ↑ + 2H2O ↑    (6.14)  

 

Several techniques have been introduced to determine the quality of various forms of GaAs 

surface passivation.  These methods have been designed to acquire and interpret data regarding 

physical quantities such as photoluminescence intensity [47], Schottky barrier height [48], 

interface state density [49], surface recombination velocity [31], and surface sheet resistivity 

[50].  Though much progress has been made on understanding the oxide contaminated GaAs 

surface [51-53], we are not aware of any comprehensive studies of the impact on electrical and 
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optical performance of µ-Disk or µ-Pillar lasers.  In our WGM lasers, we utilize surface 

treatment scheme that involves two steps: (1) electrical passivation of the device surface by 

exposing it to an NH3 plasma discharge followed by (2) optical modification of the cavity 

sidewall via deposition of a thin coating of amorphous silicon nitride.  Our device fabrication 

procedures were specifically designed to accommodate these “passivation” steps at the optimum 

juncture in the overall process flow. 

 

6.5. Output Coupling from WGM Lasers 
The isotropic radiation pattern of light emitted by µ-Disk or µ-Pillar lasers greatly limits their 

practical usefulness.  As a result, many research groups have attempted to achieve directional 

light emission or “out-coupling” by making perturbing the pure cylindrical symmetry of such 

dielectric cavities [54-57].  We briefly review some of this prior work in Sections 6.5.1 and 

6.5.2, so as to put into context our decision to focus on WGM-based spiral lasers.  We then 

discuss in Section 6.5.3 our specific laser designs and make connections back to the device 

fabrication issues studied throughout this body of work. 

 

6.5.1. Output Coupling via Y-Junctions 
The earliest reports of directional coupling from conventional ring lasers made use of various 

geometrical configurations such as Y-junction couplers [58-60] and multi-mode interference 

couplers [61, 62].  In general, there was an effort to avoid exposing the p-n junction to air so 

lateral wave guiding was enabled via a shallow ridge like structure.  The index of refraction 

difference between the channel and the surrounding medium was not very large and thus the 

radius of curvature was kept relatively large.  An example of one such ring laser with a Y-

junction output coupler is shown in Fig. 6.6.  This form of output coupling seems to have a 

significant negative impact on laser performance as evidenced by reported L-I slope efficiencies 

in the range of 2 to 3% [29, 59, 60].  With further optimization of the coupling geometry [64], 

the value of ηslope was increased to 5% which is still unacceptable for most applications. 
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Figure 6.6: SEM image of a semiconductor ring laser with an integrated Y-junction out-coupler 
(Reprinted with permission from M. C. Shih et. al., Appl. Phys. Lett., vol. 66, pp. 2608-2610 (1995). 
Copyright [1995], American Institute of Physics). 

 

6.5.2. Output Coupling via Evanescent Waves 
The most heavily investigated scheme for out-coupling light from high-Q dielectric resonators 

makes use of evanescent waves that penetrate a short distance into the surrounding medium [65, 

66].  There are two ways to couple light from the bus-waveguide to the microring or microdisk 

using evanescent-field couplers.  One approach relies on lateral coupling as illustrated in Fig. 

6.7a.  In this case, the bus-waveguide is in the same plane as the micro-ring cavity and hence the 

dielectric material must be identical in the two components [67, 68].  The evanescent wave 

intensity decays exponentially outside the dielectric medium, so the coupling efficiency depends 

critically on the width of the gap separating the two structures.  In order to achieve any 

reasonable level of out-coupling, the gap width should be of sub-micron dimensions.  As a 

consequence, it is necessary to use electron-beam lithography to pattern the masking layer in 

preparation for dry etching [69. 70].  In addition, this same physical limitation makes the design 

very sensitive to small variations in the lithography and etching processes.  Finally, it is not at all 

straightforward to construct separate active and passive regions in various locations since the 

material that constitutes the optical core is the same everywhere. 

 

The alternative method makes use of evanescent coupling along the vertical dimension as 

depicted in Fig. 6.7b [71, 72].  Vertical coupling allows for two optical cores with the ring and 
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bus made from different materials.  Therefore, ring level optical core can contain the active 

region for controlling gain or loss while the bus level can have a passive core for low loss 

transport [71, 72].  In this case, the coupling strength is determined by the thickness of the layer 

between the ring and bus planes.  This gap thickness can be controlled precisely and 

reproducibly using modern thin film deposition techniques.  On the downside, the fabrication 

process is somewhat cumbersome since the bus and ring features must be defined in separate 

lithography steps. 

 

 

 

Figure 6.7: Plan-view drawing of a laterally coupled ring resonator in (a) and a vertically coupled 
structure in (b). 

 

6.5.3. Output Coupling via Spiral Cavities 
Pioneering work by R. K. Chang and colleagues at Yale University has demonstrated well-

controlled and highly directional output light emission from WGM confined within in spiral-

shaped laser cavities [73].  A plan view diagram of such a cavity structure is presented in Fig. 

6.8.  The periphery of the spiral cavity is defined by as follows 
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where or is the radius of the spiral micro-cavity at 0=φ , ε is the deformation factor, and εor  is 

the size of the spiral notch.  Efficient out-coupling of light is facilitated via diffraction of WGMs 
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at the notch [74].  It was found that the angle of emission relative to the notch surface can vary 

depending on the roughness of the spiral sidewalls among other factors.  Notwithstanding this 

complication, light emission is observed normal to the notch as originally anticipated when the 

spiral cavity is prepared with smooth sidewalls [75].  In our present work, we have used the 

spiral cavity design to out-couple light from WGM laser structures.  Investigating the effect of 

varying the cavity radius (rcavity), the width of the pumped region (δSW), the separation between 

the pumped region and the edge of the cavity (δME), the sidewall roughness, and the sidewall 

profile on the laser performance, we have also studied the effect of the deformation parameter (ε) 

on the light output.   

 

 

Figure 6.8: Plan view drawing of a spiral-shaped WGM laser. 

 

In order to study the effect of diffraction loss on the performance of such lasers, rcavity is varied 

while keeping both δSW and δME constant.  Moreover, the sidewall of the optical cavity is 

covered with a SiNy dielectric film and the thickness is varied by design to study the effect of 

reduced light scattering on laser performance.  Furthermore, we have also varied δME while 

keeping rcavity and δSW constant to investigate the effect of the overlap of the pumped region 

with either the fundamental radial mode and/or the higher order radial modes.  Lastly, we varied 

δSW while keeping rcavity constant to show how a smaller “active” volume impacts laser.  

Additional details are provided in Appendix E regarding laser design parameters and their 

connection to the device fabrication process. 
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7. SUMMARY AND CONCLUSIONS 
 

Significant technical barriers remain to the wide spread adoption of WGM lasers as the essential 

building block in large-scale photonic integrated circuits.  The first challenge is to reduce the 

electrical power consumption at desirable levels of light output power.  The second target is to 

obtain highly directional light emission without sacrificing other laser performance metrics and 

to provide a convenient means for coupling light into adjacent circuit elements.  It is our 

viewpoint that the best opportunity for success lies in the pursuit of relatively small but 

nevertheless high-performance µ-Pillar lasers with spiral-geometry cavities. 

 

The body of work represented by this Ph.D. dissertation, and its companion oral presentation, 

demonstrates two different kinds of contribution, one internal to Virginia Tech and the other 

involving the broader community of researchers working on the science and technology of 

semiconductor lasers.  With regard to the former, process technology for making WGM lasers 

was developed from scratch and then carefully optimized to achieve various milestones along the 

way.  Key focal points include (1) a highly refined ICP etching process for fabricating µ-Pillar 

optical cavities with sidewall roughness of less than 10 nm and (2) a new approach for current 

and carrier confinement via hydrogenation of doping impurities that is fully compatible with all 

other processing steps and robust in comparison with earlier reports on similar techniques.  

WGM laser devices have been built with these new processing capabilities and tested using 

purpose-made experimental apparatus following careful calibration procedures. 

 

With regard to contributions having impact beyond Virginia Tech, a comprehensive 

photolithographic mask has been designed and manufactured that enables investigation of the 

interplay between device geometry and WGM laser performance.  Emphasis has been placed on 

designing experiments to determining the impact of diffraction and scattering losses, current and 

carrier confinement, and surface recombination on electrical/optical device characteristics. For 

example, it has been demonstrated that the hydrogenation procedure can be decoupled from the 

ohmic contact formation process.  This enables post-hydrogenation annealing over a wide range 



123 

 

of conditions as necessary to improve current confinement without compromising the quality of 

the metal/semiconductor electrodes.  In addition, a methodology has been developed for 

separating out process optimization work from the task of identifying the most promising means 

of directional light out-coupling.  Our device fabrication methods can be proven on WGM lasers 

with pure cylindrical symmetry, hence results from these experiments should be independent of 

the details of our approach to light output coupling.  Particular attention has been paid to the fact 

that device geometries that give the best performance for purely symmetrical cavities may not 

yield the highest level of light emission from the spiral output notch.  Such considerations seem 

to be missing from much of the earlier work reported in the literature. 

 

Finally, it has been demonstrated that our processing techniques and device designs yield WGM 

laser that can be used in photonic integrated circuits.  Our individual WGM lasers outperform 

those designed and fabricated at Xero PARC.  These devices have been incorporated into multi-

element, coupled-cavity optical circuits as part of our collaboration with Dr. R. K. Chang’s group 

at Yale University.  The effects of selective current injection into composite structures containing 

up to three coupled µ-Pillar cavities have been studied in some detail.  This direct coupling 

scheme enables low-loss transmission of lasing modes between elements, as well as efficient 

coupling of amplified spontaneous emission between adjacent resonators.  With this capability in 

hand it is now possible to consider building digital photonic gates for the purpose of executing 

AND, OR, and NOT logic functions. 
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Appendix A: Analysis of Optical Modes in Slab Waveguides  
 
An analysis of the transverse optical modes in slab waveguides is presented herein.  In 

order to simplify the analysis, a 1-D waveguide approach was implemented and only 

even TE modes were given consideration.  A 2-D numerical calculation should be 

pursued if it is desirable to have more accurate solutions; however, it is not necessary in 

the present case.  Figure A.1 shows a schematic of in-plane laser showing the selected 

coordinate system.  We can see here that the optical propagation axis is the z-axis, which 

will be referred to as the longitudinal direction. The y-direction is the direction of growth, 

which will be referred to as the transverse direction.  The x-direction is in the plane of the 

substrate and it will be called the lateral direction. 

 

Figure A.1: Schematic of in-plane laser showing selected coordinate system. 
 

A schematic of energy vs. position diagram is shown in Fig. A.2.  The thickness of the 

optical confinement layer (OCL) is denoted as b. The thickness of the quantum well 

(QW) layer is denoted as a. 

 
Figure A.2: Schematic of energy vs. position diagram for separate 
confinement quantum well heterostructure laser. 
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The refractive index profile with the optical field distribution is shown in Fig. A.3. From 

the refractive index profile, we can see that we have a symmetric five layer dielectric slab 

waveguide.  

 
Figure A.3: Refractive index profile with the optical-field distribution 

 
Since the dimension of the active layer a, is much smaller than the dimension of the OCL 

b, and the refractive index weakly depends on doping type, then, we can simplify the 

analysis to demonstrate the waveguiding proprieties by using the symmetric three layer 

slab waveguide showing in Fig. A.4. 

 
 
 
 
 

 
Figure A.4: shows the refractive index profile with the optical-field distribution using the 

symmetric three layer slab waveguide assumption because a<<b , n1≈n5, and n2≈n3≈n4. 
 

 
Viewing Fig.A.4 in the yz-plane we can get a schematic of a one dimensional three-layer 

slab waveguids shown in Fig.A.5. Region I consists of P-cladding layer and regionIII 
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consists of N-cladding layer. Both cladding layers are Al 0.8Ga 0.2As. Region II consists of 

GaAs as the optical confinement layer.  

 
Figure A.5: Schematic of the symmetric three layer slab waveguide 

 
Following the analysis in [1] and starting from Maxwell’s equations expressed as:  
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Where ε is the dielectric constant and μo is the magnetic permeability. Eq.(A.3) can be 

reduced to three independent scalar wave equations as follows:  
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 Upon expanding the curl of E and H in Eq(s). (A.1) and (A.2), we get the following:  
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The wave equation for TE modes was analyzed in [1]. The center of the active layer is 

y=0. The waveguide is considered to be infinite in the lateral direction (x-direction) and 

thus no variations for fields with respect to x; therefore, we will have the following:  
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From (A.7), (A.8), (A.9), and (A.10) we get: 
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Therefore, Eq(s).(A.5) and (A.6) can be eliminated, and only Eq.(A.4) is considered. The 

wave equation that governs TE modes can be written as: 
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To solve Eq.(A.11), the analysis in [1] will be followed and the separation of variables 

technique [2] will be used. We will start by assuming a solution of the form  

 
YZTtzyEx ),,(    (A.12) 

 
Where Y represents a function of y only, Z represents a function of z only, and T 

represents a function of t only. If we substitute Eq.(A.12) into Eq.(A.11), we will get the 

following: 
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Now, if we divide Eq.(A.13) by Eq.(A.12) will get 
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From Eq.(A.14), we find that the left-hand side does not depend on time. Hence, the 

right-hand side can’t vary with time and, therefore, should equal a constant.  
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Eq.(A.15) can be written as: 
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The solution of Eq.(A.16) is  
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For sinusoidal dependence,  
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From Eq.(A.18), we find that 
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Now, we can write Eq.(A.14) as  
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If we write Eq.(A.20) as  
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We can see from Eq.(A.21) that the left-hand side does not vary with y; therefore, the 

right-hand side cannot vary with y and should equal a constant  
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Rearranging Eq.(A.22), we get  
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We know that from [1] 
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 We can write Eq.(A.23) as:  
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Where n is the index of refraction, ko is the free space propagation constant and β is the 

phase or the axial propagation constant. In region II, We can assume solutions of the 

form, 

 

)sin()cos()( yByAyEx     (A.26) 

 
For even TE modes, Eq.(A.26) becomes: 
 

)cos()( yAyEx      (A.27) 

 
In region I, we can assume solutions of the form, 
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Substituting Eq.(A.27) into Eq.(A.25), we get 
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And substituting Eq.(A.28) into Eq.(A.25), we get  
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To get the characteristic equation, we need to apply the boundary condition at the 

dielectric interface between region I and region II. The boundary condition between 

region I and region II require that the tangential components of both electric and 

magnetic fields be continuous [1]. Therefore, the following can be stated:  
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Dividing Eq.(A.32) by Eq.(A.31), and applying the boundary condition at y=b/2.  We can 

get the characteristic equation, 
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In order to find  and , the characteristic equation, Eq.(A.33), needs to be solved 

graphically or numerically. The graphical solution is based on the technique presented in 

[3].  We first need to write Eq.(A.33) as:  
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Then, from Eq.(A.29) and Eq.(A.30), we eliminate β and multiply the result by 
2
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 b

to 

obtain the following equation,  
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The cut-off values for each higher-order mode are given by the intersection of the curves 

generated by Eq.(A.34) with the 
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b
axis. For even modes, m, where m= 2, 4, 6, this 

occurs at 
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b
=

2

m
. So rearranging Eq.(A.35) and solving for b, yield the following 

equation. 
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Equation (A.36) will give you the value of b at cutoff.  

 

The thickness of the optical confinement layer (OCL) is represented by b. In our material 

structure, see Table 3.1, b=0.26µm. Also, the emission wavelength of our laser device is 

o=795nm, therefore, ko is calculated using the following equation as follows: 

14
0 109.7

2  cmk
o


  (A.37) 

The optical parameters of the materials are taken from [4]. For GaAs, n2 = 3.6 and for 

Al0.85Ga0.15As, n1≈3.16. The intersection of Eq.(A.34) and Eq.(A.35) will give the desired 

solution, see Fig.A.6.  

 



132 
 

 
Figure A.6: Graphical solution of the characteristic equation  for the even TE modes. The 

intersection shows the desired solution. 
 
Only the positive values of (γ*b/2) are considered because negative values of (γ*b/2) are 

unguided waves [1]. For b=0.26, 0.52, and 0.78 µm, circles of radii given by the right 

side of Eq.A.35 are shown by the dotted lines in Fig.A.6. At b= 0.26 µm, an intersection 

near (χ*b/2) ≈0.98 is obtained only with the m=0 curve, which is the solution for the 

lowest-order or fundamental mode. No matter how small b becomes, this mode is never 

cutoff in symmetric structure [1]. The values of   and   obtained in this way permit 

calculation of the field distribution. Increasing b to 0.52 µm leads to an intersection close 

to (χ*b/2) ≈1.2 for the m=0 mode and (χ*b/2) ≈3.4 for the m=2 mode. Furthermore, for 

b=0.78 µm, the intersection occurs at (χ*b/2) ≈ 1.3 for m=0 mode and (χ*b/2) ≈3.8 for 

m=2 mode. 

 
 
 
Table A.1: shows the OCL thickness (b) with the corresponding index mode (m),  , , 
and the propagation constant (  ).  
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b (µm) m   (cm-1)  (cm-1)  (cm-1) 

0.26 0 41054.7   51012.1   51074.2   

0.52 0,2 41069.4  , 51031.1  51028.1  , 41061.3  51081.2  , 51052.2 

0.78 0,2 41038.3  , 41097.9  51032.1  , 41026.9  51083.2  , 51066.2 
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[1] Cassy H. C. and Panish M.B. 1978 Hetrostructure Laser. Part A: Fundamental 
Principles.   
 
[2] H. F. Weinberger, “Partial Differential Equations,” p. 63. Blaisdell, Waltham, 
Massachusetts, 1965. 
 
[3]R. E. Collin, “Field Theory of Guided Waves,” p. 470. McGraw-Hill, New York, 
1960.  
 
[4] http://www.ioffe.rssi.ru/SVA/NSM/Semicond/index.html 
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Appendix B:Analysis of Optical Modes in Cylindrical Waveguides  
 
In this appendix a detailed mode analysis for micropillar lasers is presented.  
 
1.  Basic Concepts and Governing Equations 

A theoretical analysis of micropillar cavity is presented based on Maxwell’s equations, 

which govern all electromagnetic phenomena. These equations are expressed as: 
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where the vector fields , , ,E H D
  

and B


as well as the source quantities J


and   are 

generally functions of three spatial coordinates and time. In these equations E


is the 

electric field intensity, H


is the magnetic field intensity, D


is the electric flux density, 

B


is the magnetic flux density, J


is the electric current density, and   is the volume 

charge density, and are measured, respectively, in V/m, A/m, C/m2, Wb/m2, A/ m2, and 

C/m3.  Assuming that time variations are harmonic (that is, sinusoidal with frequency   

as cos(ωt) or sin (ωt)). The time dependence in complex form can be considered to be as 

j te 
. Then, the phasor forms of Maxwell’s equations are written as  
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Combining the equations (B.5) to (B.8) with the constitutive relations expressed as,  

 



135 
 

ED


    (B.9) 
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    (B.10) 

 

Maxwell’s equations are obtained in terms of two fields E


and H


,  

 

HjE


   (B.11) 

EjJH


   (B.12) 
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    (B.14) 

 

Solutions to any electromagnetic problem must satisfy Maxwell’s equations and the 

associated boundary conditions. However, Maxwell’s equations are a coupled set of 

equations as E


 and H


are simultaneously present in the curl equations in (B.11) and 

(B.12). To solve Maxwell’s equations, we need to have equations only in terms of E


 or 

H


alone. This can be achieved using the following procedure. Taking the curl of both 

sides of (B.11), yields 

 

HjHjE


  )(  (B.15) 

 

It is emphasized that this analysis is limited to media which are homogeneous (ε and μ 

are constant), linear (ε and μ are not functions of fields; if the medium is nonlinear, ε and 

μ can change with the field intensity/light intensity), and isotropic (ε and μ do not depend 

on the direction of fields). We further assume that the medium is source-free; that is 

0J


 and 0 . Now using the vector identity AAA


2)(   in (B.15), 

we obtain 

HjEE


 2)(  (B.16) 

 

Since 0)(   EE


 and EjH


 , then (B.16) reduces to  
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022  EE


    (B.17) 

 

In a similar manner, it can be shown that  

 

022  HH


    (B.18) 

 

Equations (B.17) and (B.18) are called Helmholtz wave equations. Since, in the Cartesian 

coordinate system zzyyxx aEaEaEE ˆ)(ˆ)(ˆ)( 2222 


, it can be said that every 

Cartesian component of E


and H


denoted as  (= , , , , ,x y z x yE E E H H or zH ) satisfies 

the scalar-wave equation; namely,  

022      (B.19) 

 

2.  Solution of Helmholtz Wave Equation for Microdisk Cavity  

Fig.B.1 shows the schematic illustration of a micropillar laser. It consists of a thin 

semiconductor disk of thickness d, radius Ro, and refractive index 1n , constituting the 

active region of laser, sandwiched between two layers of lower refractive index 3n . The 

dielectric discontinuity along the z-axis strongly confines the modal field to the active 

layer in the vertical z-direction. Total internal reflection at the interface boundary 0r R , 

due to the dielectric discontinuity in the radial direction r, leads to the formation of 

Whispering Gallery resonance inside the cavity [1].  

The modal solutions in the microdisk cavity, representing Whispering Gallery modes 

(WGMs), can be obtained by using the method of separation of variables in the cylindrical 

coordinate system (r, θ, z). The z-dependence is assumed to follow the slab-waveguide 

model for TE or TM modes. This dependence, as discussed later, is described 

as cos( )uz with 2 2
0 1 effu k n n  ; 0 0 0 2 /k       , for the fundamental mode inside 

the cavity (| z | < d/2) and as exponentially decaying function
| |w ze

with 2 2
0 3effw k n n   
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away from the interfaces between the active region and the cladding layers with refractive 

index 3n (| z | > d/2). Thus, inside the micropillar cavity ),,( zr   can be expressed as  

 

Figure B.1: Geometry and parameters for micropillar cavity 
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In the cylindrical coordinate system 
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can be written as  
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Putting (B.21) in (B.19), yields  
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which means that the square bracket in (B.22) must be equal to zero; that is,  
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However, 2 2 2 2 2 2 2 2 2 2 2
1 0 1 0 1 0 0( )o o eff effn u k n k n k n k n        , then (B.23) reduces to 
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Now multiplying (B.24) by 
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where 0 effk k n . Since 
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We observe that the first part of the left hand side of (B.26) is only a function of r while 

the second part is only a function of  . The only way that (B.26) can be satisfied is if 

each part is constant. That is, the partial differential equation (B.26) is separated into two 

ordinary differential equations expressed as  
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where Z is a constant. The above equations are rewritten as: 

 

2
2 2 2 2
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The solution to (B.30) is  

 

( ) ,jZ jZBe Be                  (B.31) 

 

where B is a constant. This dependence on  , i.e. jZe  , implies traveling wave in the 

 azimuthal direction. Thus, so far it can be said that the solutions are of standing wave 

type in the z-direction as implied by cos( )uz and traveling wave in the   direction. 

Equation (B.29) is the Bessel differential equation. The solution of this equation is 

expressed as  

 

( ) ( ) ( )Z Z Z ZR r A J kr A Y kr    (B.32) 

 

where ZA and ZA are constant coefficients and ZJ and ZY are Bessel functions of the first 

and second kinds, respectively. However, ( )ZY kr must be excluded from the solution, 

because this function is unbounded (goes to - ) at 0r  (on the axis of the cavity). Thus, 

in summary,  

       
 Zj

ZZ euzkrJAzr  )cos()(),,( , oRr   & 
22
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 (B.33) 

 

In the solution (B.33), the constant Z  must be an integer, because at a given point 

 ooo zr ,,  if multiple integers of 2  are added to o , the physical location of the point 

does not change and the corresponding solution must not change either. Hence,  
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( 2 )o ojZ jZ Ie e     ,  ,.....3,2,1I   (B.34) 

 

The above solution remains valid if 
2 1j IZe   , or IZ  integer which means Z  must 

be an integer. Letting 0, 1, 2,.....Z M    , then  
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For the above solution to represents WGMs, the boundary condition 0),,( zRo   

should apply, which results in  

 

0)( oM kRJ   (B.36) 

 

3.  Resonance Frequencies 

The first root of (B.36) corresponds to WGMs, which can be obtained for several lower 

order modes from Table B.1.   

 

Table B.1: First roots of 0)( oM kRJ for several values of M. 

M  0 1 2 3 4 5 

o oa kR  2.405 3.832 5.136 6.380 7.588 8.771 

 

Using the results in Table B.1, the resonance frequency of the micropillar cavity is 

obtained from  
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where 83 10 /c m s  is the velocity of light in free space. There are, in fact, two 

unknowns in (B.37); r and effn . Another equation is needed in order to find the 

resonance frequency r . The second equation is obtained from the slab waveguide model 

of cavity in the transverse z-direction.  
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Appendix C: Procedures for WGM Laser Fabrication   

In this appendix, there are two main sections. In the first sections, I will try to pin point some 

guidelines regarding important issues during each processing step that, in my experience, need to 

be followed in order to have a successful and reproducible fabrication run. In the second section, 

a detailed process flow for the two types of WGM lasers is described. The first type uses the 

hydrogenation to create a current blocking region, whereas the second type uses the oxide to 

block current. 

I: Procedure for Sample Handling During Processing 

1) Photolithography 
 

Photolithography is the process of transferring a pattern from a photomask onto the surface of a 

substrate. The pattern is transferred via an intermediate photosensitive polymer film called 

photoresist. This method allows multiple devices to be patterned at once. In order to start your 

photolithography process, the substrate must be clean and completely dehydrated of adsorbed 

water to ensure good adhesion of the photoresist. Using tweezers, place wafer on the spinner 

chuck and make sure it is centered. You can carry the sample from one place to another in the lab 

by holding the sample on one side with tweezers. Once you decide what side of the sample you 

want the tweezers to touch, you need to choose that same side every-time you carry the sample 

around the lab. This way, you minimize the damage and contamination that will be caused by the 

tweezers touching the surface of the sample.  

Optional: Using the appropriate eyedropper, pour a small puddle of HMDS 

(hexamethyldisilazane) on the center of the wafer and start the spinning process. Wear protective 

goggles in case the wafer shatters. After spinning, let the wafer air dry for a minute before 

proceeding with the photoresist. The HMDS is an adhesion promoter and will help the 

photoresist stick to the wafer. In general, if the wafer is clean and dry, the HMDS is probably not 

needed. 
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Always store your photoresist in the refrigerator to extend its lifetime when not in use. It is 

essential that you take your photoresist outside the refrigerator and leave it at room temperature 

to stabilize four to five hours before starting your photolithography step. Always store the 

photoresist portion that you want to use in an eyedropper bottle so you don’t contaminate the 

whole photoresist bottle. 

Carefully draw photoresist from its eyedropper bottle. Make sure not to let the eyedropper touch 

the sides of the bottle mouth, as it will pick up old dry photoresist particles, which sometimes 

form at the bottle lip. Any particles in the photoresist mixture will ruin the spin-on process. Form 

a puddle of photoresist in the center of the wafer, approximately ½ the area of the wafer; this is 

called static dispensing of the photoresist. Then, spin the wafer and dispense a drop or two of 

photoresist on the sample, this is called dynamic dispensing of the photoresist. Make sure, after 

the spinning process is over that the photoresist is over most of the wafer surface and that the 

photoresist looks uniform across the whole sample.  

Note: don’t worry about the edge of the sample. The photoresist will normally be thicker at the 

edge of the sample and will not develop properly.     

2) Soft Bake 
 

The photoresist must be cured before photolithography can proceed. To do this, the resist-coated 

wafer is placed on a hot plate for some time, depending on your process recipe.  Always make 

sure to measure the surface of the hot plate with a surface thermometer and never depend on the 

digital indicator on the hot plate. In addition, since the temperature on the surface of the hot plate 

varies from one location to the other, you need to make sure that the location where you calibrate 

your temperature on the surface of the hot plate is marked and always used in future processing.   

3) Exposing and Developing the Photoresist 
 

The exposure of positive photoresist to a short wavelength (ultraviolet) light causes a chemical 

reaction, which makes the photoresist soluble in base solutions (developers). In this way, 

transparent locations on the photomask will correspond to areas of the photoresist being 
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removed. Here, I will try to note what to look for after you expose and/or develop your sample 

during your lithography process.    

If there is insufficient light energy reaching the photoresist, the chemical reaction will be 

incomplete, and the photoresist will not become completely soluble. In this case, the pattern will 

not, or will only partially develop. This is called underexposure. The most common effect of 

underexposure is that pattern corners and edges, which receive slightly less light than the center 

of the pattern, will not ‘clear’ during the developing process. Thus, rounded corners such as in 

Fig.C.1 will be seen in an underexposed photoresist.  

  

Figure C.1: Underexposed or underdeveloped photoresist pattern 

 

If too much light energy reaches the photoresist, the chemical reaction can spread outside of the 

bounds of the exposed area. This is mostly caused by stray light reaching areas that are supposed 

to be masked. The stray light will reach the masked photoresist from the unmasked areas due to 

reflections and diffraction at the mask boundaries. This is called overexposure. The most 

common effect of overexposure can be seen in Fig.C.2. The overexposure process can lead to 

smaller, rounded feature sizes, and ragged edges.  
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Figure C.2: Overexposure or overdeveloped photoresist pattern 

The effects of the developing solution are much like the exposure. Underdeveloping can lead to 

residual photoresist in an exposed area and rounded edges, whereas overdeveloping can lead to 

smaller, rounded feature sizes, with extra pinholes and/or ragged edges in masked regions.  

Determining the proper Dose for the specific photoresist thickness will make it easier to 

determine the exposure time for your lithography. This may be found by either calling the 

company that sells the specific photoresist and ask them about the dose required for the proper 

photoresist thickness or find the data sheet for the specific photoresist and determine the dose as 

a function of thickness. One must always recheck the exposure time, since exposure and develop 

times can change depending upon the type of the photoresist and the quality of the developing 

solution used.  

The following procedure will help you calculate your exposure time:  

1) Determine the specific thickness of your photoresist. This can be done by 

spinning your photoresist with a certain speed at a specific time and measuring 

your photoresist thickness from Dektak 

2) Once you find your thickness, go to the photoresist data sheet and find out the 

dose (mJ/cm2) required for the specific thickness. 

3) Decide on the intensity (mW/cm2) at which you want to expose your photoresist .  

4) Calculate your exposure time using Eq.C1 as follows: 

 

)/(

)/(
2

2

exp cmmWIntensity

cmmJdose
T calculatedosure     (C.1) 
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4) Wet Etching and Developing 
 

When etching your sample using acids, always wear goggles and thick gloves. Remember to use 

Teflon beakers when dealing with HF or BOE. Use a dipper during your etching or developing 

process instead of soaking your metal tweezers inside your solution, because your tweezers may 

contaminate your solution. 

5) Oxide Deposition  
 

Make sure that the oxide (SiOx ) insulator layer is dry before proceeding with your processing 

steps. If the insulator is left too long (overnight), then you need to dehydrate the sample by 

placing the sample on a hot plat at 200C for 5 min. However, it is always preferable to proceed 

with your lithography for patterning the oxide right after oxide deposition.  

 

6) Pre-Metalization Dip Process  
 

The pre-metallization dip is an essential step in the fabrication process. This step assures that the 

surface of the semiconductor is contamination free from native oxide, PECVD oxide, and any 

organics that maybe on the surface of the sample from previous steps in the process prior to 

metalization. After deposing oxide on the p-side of the sample using PECVD, you have two 

choices to pattern the oxide. If oxide patterning is done using wet etching, then perform pre-

metallization dip using hydrochloric acid (HCl acid) to remove surface oxides from both sides of 

the sample (p+ GaAs side and n+ GaAs substrate). There is no need to dip the sample again in 

buffered oxide acid (BOE acid) since the sample has already been dipped in BOE during oxide 

patterning process.  However, if oxide patterning is done using dry etching, then the pre-

metallizaiton dip needs to be done in either HCl or BOE depending on the type of metalization 

being conducted. 

For depositing the p-side metals, the pre-metalization dip needs to be done in HCl only. The 

reason for this is because BOE will etch the oxide from the p-side. However, when deposing the 

n-side metals, it is essential that the pre-metalization dip is done in BOE and that the p-side is 

covered with photoresist to avoid etching the oxide.  
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The reason for choosing BOE as a pre-metalization dip for the n-side when choosing dry etching 

to pattern the oxide is because during the oxide deposition process in the PECVD, some oxide 

residue might have been deposited on the backside of the sample (n+ GaAs side). During the dry 

etching process, the backside of the sample is mounted on a 4’ Si wafer and is not exposed to the 

CF4 gas in the chamber, and therefore, if not etched in BOE, this may cause your metal to peel 

off the backside of the sample due to poor adhesion between the oxide and the metal layers.  

7) Metal Evaporation using E-beam 
 

This process works by heating a metal in a vacuum chamber to a hot enough temperature so that 

the vapor pressure of the metal is significant. The wafers in the chamber are left at room 

temperature. By controlling the temperature and composition of the metal being evaporated, the 

amount of time evaporation takes place, and the temperature of the wafer, the final amount, 

structure, and composition of the metal on the wafer can be controlled. For metals with a low 

melting point, the metal is placed in a crucible and the current is sent through it. The current 

heats the metal, but not the crucible, so the only thing that evaporates is the metal. This will not 

work for metals with a high melting point, however, because higher temperatures will cause the 

crucible material to evaporate as well and contaminate the film on the wafer. To heat these 

materials, an electron beam is focused on a very small area on the metal to be evaporated. The 

electrons heat the metal as they collide with it and melt a small portion of the metal. The crucible 

never heats to the point that it contributes significantly to the vapor pressure.  

E-beam evaporation will not work well for alloys and compounds. The problem arises from the 

fact that the different parts of the alloy or compound may have different vapor pressure for a 

given temperature. In a material made of two metals, the metal with the lower melting point will 

have a vapor pressure higher than the second metal. Therefore, more of the metal with lower 

melting point will be deposited on the wafer and therefore, it is not recommended. 
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Also, make sure to use the proper crucible type for each specific metal. For example, it was 

found that by using a carbon base crucible, like Graphite or Fire-Rite, to evaporate gold in the e-

beam, caused the surface of the sample to be contaminated with “carbon pits”, see Fig.C.3.  

 

 

Figure C.3: An SEM image of the carbon pits on the surface of a GaAs sample after Ti/Au 
deposition using a carbon base crucible for the Au metal 

 

 

 

 

 

 

 



149 

 

These carbon pits will act as “shadow mask” during the cavity dry etching step, and therefore, 

causing the surface of the sample to look very rough and not uniform, see Fig.C.4 and Fig.C.5.  

 

 

Figure C.4: SEM image (top view) of GaAs/AlGaAs spiral laser after dry etching the cavity with 
chlorine gas using RIE.    

 

 

Figure C.5: SEM image (side view) of GaAs/AlGaAs spiral laser after dry etching the cavity 
with chlorine gas using RIE 
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8) Inspection 
 

It is important to inspect your work after each step of your fabrication process. For inspection, 

you should use a high power microscope that is equipped with light polarization capabilities. 

This will help you have a better contrast between the surface of the sample and your lithography 

features. Also, keep in mind that if you see any of the errors indicated in Fig.C.1 and/or Fig.C.2 

during your lithography process, you need to adjust the exposure and/or development times. 

Errors in photolithography will become permanent device errors if you don’t fix them before 

moving on to the next step. Also, it is very helpful to carry a dummy Si sample along with your 

sample during processing. This way you can test, for example, your etching time using the 

dummy Si sample before you go ahead and etch your real sample.  

II: Complete Description of Fabrication Procedures 

A. The Hydrogenation Case  

1) Pre-Clean Sample 

a. Start with GaAs/AlGaAs laser sample. 

b. Clean with Acetone (5 min) in Ultra-Sonic Bath. 

c. Clean with IPA (5 min) with Ultra-Sonic Bath. 

d. Rinse with DI water and blow dry with N2. 

e. Dip sample in BOE (10:1) for 90sec.  

f. Rinse with DI water and blow dry with N2. 

g. See Fig.C.6a. 

 

2) P-side Ohmic Contact Metal Ring 

a. Use AZ9260 Photolithography Recipe in Table C.1 to define the p-metal ring 

using Mask F1. 

b. De-scum sample using RIE (Photoresist Etch Recipe) in Table C.2 for 5-10sec. 

c. Perform pre-metalization dip in HCl for 60sec. 

d. Deposit Ti (30 nm)/ Au (200 nm) using E-beam Evaporation System.  

e. Perform Lift-off using Acetone in Ultra-Sonic Bath.  
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f. Anneal contact metallurgy in RTA System or Alloying Station at 400 ºC for 4-5 

min in forming gas (10% H2 in N2 balance). 

g. See Fig.C.6b. 

 

3) N-side Ohmic Contact Metal (deposited on n+ GaAs Substrate) 

a. Rinse sample with DI water and Blow dry with N2. 

b. Spin AZ 9260 photoresist (at 4000rpm for 45sec) on top of the p+ GaAs/AlGaAs 

sample. 

c. Perform pre-metallization dip in BOE (10:1) for 1 min 

d. Rinse in DI water and Blow dry with N2. 

e. Deposit Sn (20 nm)/Au (110 nm) using E-beam Evaporation System.  

f. Strip the photoresist from the p-side with Acetone, then rinse with IPA and DI 

water and then blow dry with N2.  

g. Anneal contact metallurgy in RTA System or Alloying Station at 390 ºC for 3 min 

in forming gas (10% H2 in N2 balance). 

h. See Fig.C.6b. 

 

Optional:  You can anneal both metal sides at once at 400C for 4-5 min in forming gas (10% H2 

in N2 balance) 

 

4) P-side Electrical Isolation Layer Using Hydrogenation Process  

a. Use Mask F2 with AZ 9260 Photolithography Recipe in Table C.1 to open a 

window for etching p+ GaAs cap layer. 

b. In order to etch the p+ GaAs cap layer use either RIE (GaAs/AlGaAs Dry Etch 

Recipe) in Table C.8 or the wet etch solution (1:H2SO4: 8:H2O2: 80:H2O)-etch 

rate 0.5µm/min , see Fig.C.6c.  

c. Strip-off the photoresist in Acetone, then rinse in IPA, DI water, and then blow 

dry with N2.  

d. Using PECVD (Oxide Deposition Recipe) in Table C.6, deposit 200 nm of SiOx 

over entire surface of epilayer, see Fig.C.6d.  
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i. For loading the sample in PECVD, place sample on 4” Si wafer  

ii. Leave sample inside the chamber for 5min before deposition (for temp 

stabilization)  

e. Use Mask F2 with AZ 9260 photoresist again to open a window in the oxide for 

hydrogenation process. The rest of the device will be insulated from the 

hydrogenation process because oxide will act as a blocking mask, see Fig.C.6e. 

f. See Table C.3 for the Hydrogenation Recipe. 

 

5) P-Side Metal Pad Formation  

a. Use RIE or SAMCO (Oxide Etch Recipe) in Table C.4 or Table C. 5, 

respectively, to remove the oxide everywhere. 

b. Use Mask F3 with AZ9260 Photolithogrphy Recipe in Table C.1 to open a 

window for the metal deposition. 

c. Deposite (300nm-400nm) Au using E-beam Evaporation System. 

d. Use Acetone with Ultra-Sonic Bath to do Lift-off of the metal  

e. Strip-off the photoresist using Acetone and IPA then rinse with DI water and 

blow dry with N2.  

f. See Fig.C.6f. 

 

6) Formation of Laser Cavity 

a. Clean with Acetone and IPA (5min each) no Ultra Sonic Bath necessary.  

b. Rinse with DI water and blow dry with N2. 

c. Use AZ9260 Photolithography Recipe in Table C.1 to define laser cavity using 

Mask F4. 

d. Execute “dry” etching step using Trion RIE System to etch laser cavity, see 

“Notes on RIE Dry Etch Process”. 

e. Load sample in RIE and use GaAs/AlGaAs Dry Etch Recipe in Table C.8. 

f. See Fig.C.6g. 
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7) Oxidation smoothing and surface passivation of the Cavity 

a. Strip-off the AZ 9260 photoresist with Acetone and IPA. 

b. Rinse with DI water and blow dry with N2.  

c. Load sample in PECVD and deposit (150nm-200nm) a nitride layer using 

PECVD (Nitride Deposition Recipe) in Table C.7.  

d.  Use either Mask F2 or Mask F3 to open a window in the oxide layer by dry 

etching in either RIE or SAMCO.  

e. See Fig.C.6h.  

 

a 

 

b 

 

c 

 

d 
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P‐AlGaAs 
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n+‐GaAs 
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e 

 

f 

 

g 

 

h 

 

Figure C.6: shows the fabrication process flow of the WGM laser for the Hydrogenation 
case. 

Figure C.7 shows the complete fabricated WGM laser device where hydrogenation is used as a 
method to block current and carriers.  

 

 

 

 

Hydrogenated Region   P‐Pad Metal 

Nitride layer 
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Figure C.7: Shows the Complete Fabricated device using hydrogenation to form the current 
blocking region 

B. The Non Hydrogenated Case  

1. Pre-Clean Sample 

a. Start with GaAs/AlGaAs laser sample. 

b. Clean with Acetone (5 min) in Ultra-Sonic Bath. 

c. Clean with IPA (5 min) with Ultra-Sonic Bath. 

d. Rinse with DI water and blow dry with N2. 

e. Dip sample in BOE (10:1) for 90sec.  

f. Rinse with DI water and blow dry with N2. 

g. See Fig.C.8a. 

 

2. P-side Ohmic Contact Metal Ring 

a. Use AZ9260 Photolithography Recipe in Table C.1 to define the p-metal ring 

using Mask F1. 

b. De-scum sample using RIE (Photoresist Etch Recipe) in Table C.2 for 5-10sec. 

c. Perform pre-metalization dip in HCl for 60sec. 

d. Deposit Ti (30 nm)/ Au (200 nm) using E-beam Evaporation System.  

P‐Pad Metal 

P‐Contact Metal Ring 

Hydrogenated Region  

Insulator Layer 

n+‐GaAs Substrate  

n‐Metal Contact 

N‐AlGaAs  

Active Region  

P‐AlGaAs  

p+‐GaAs 
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e. Perform Lift-off using Acetone in Ultra-Sonic Bath.  

f. Anneal contact metallurgy in RTA System or Alloying Station at 400 ºC for 4-5 

min in forming gas (10% H2 in N2 balance). 

g. See Fig.C.8b. 

 

3. N-side Ohmic Contact Metal (deposited on n+ GaAs Substrate) 

a. Rinse sample with DI water and Blow dry with N2. 

b. Spin AZ 9260 photoresist (at 4000rpm for 45sec) on top of the p+ GaAs/AlGaAs 

sample. 

c. Perform pre-metallization dip in BOE (10:1) for 1 min 

d. Rinse in DI water and Blow dry with N2. 

e. Deposit Sn (20 nm)/Au (110 nm) using E-beam Evaporation System.  

f. Strip the photoresist from the p-side with Acetone, then rinse with IPA and DI 

water and then blow dry with N2.  

g. Anneal contact metallurgy in RTA System or Alloying Station at 390 ºC for 3 min 

in forming gas (10% H2 in N2 balance). 

h. See Fig.C.8b. 

Optional:  You can anneal both metal sides at once at 400C for 4-5 min in forming gas (10% H2 

in N2 balance) 

 

4. P-side Electrical Isolation Layer Using Oxide  

a. Use Mask F2 with AZ 9260 Photolithography Recipe in Table C.1 to open a 

window to etch p+ GaAs cap layer. 

b. In order to etch the p+ GaAs cap layer use either RIE (GaAs/AlGaAs Dry Etch 

Recipe) in Table C.8 or the wet etch solution (1:H2SO4: 8:H2O2: 80:H2O)-etch 

rate 0.5µm/min , see Fig.C.8c.  

c. Strip-off the photoresist in Acetone, then rinse in IPA, DI water, and then blow 

dry with N2.  

d. Using PECVD (Oxide Deposition Recipe) in Table C.6, deposit 200 nm of SiOx 

over entire surface of epilayer, see Fig.C.8d.   
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i. For loading the sample in PECVD, place sample on 4” Si wafer  

ii. Leave sample inside the chamber for 5min before deposition (for temp 

stabilization)  

e. Use Mask F5 with AZ 9260 photoresist to pattern oxide into a filled circle. This 

mask has features with larger diameter than the openings in mask F2.  

f. Dry etch the oxide using RIE or SAMCO (Oxide Etch Recipe) in Table C.4 or 

Table C.5, respectively.  

g. See Fig.C.8e. 

 

5. P-Side Metal Pad Formation  

a. Use RIE or SAMCO (Oxide Etch Recipe) in Table C.4 or Table C.5, 

respectively, to remove the oxide everywhere. 

b. Use Mask F3 with AZ9260 Photolithogrphy Recipe in Table C.1 to open a 

window for the metal deposition. 

c. Deposite (300nm-400nm) Au using E-beam Evaporation System. 

d. Use Acetone with Ultra-Sonic Bath to do Lift-off of the metal  

e. Strip-off the photoresist using Acetone and IPA then rinse with DI water and 

blow dry with N2.  

f. See Fig.C.8f. 

 

6. Formation of Laser Cavity 

a. Clean with Acetone and IPA (5min each) no Ultra Sonic Bath necessary.  

b. Rinse with DI water and blow dry with N2. 

c. Use AZ9260 Photolithography Recipe in Table C.1 to define laser cavity using 

Mask F4. 

d. Execute “dry” etching step using Trion RIE System to etch laser cavity, see 

“Notes on RIE Dry Etch Process”. 

e. Load sample in RIE and use GaAs/AlGaAs Dry Etch Recipe in Table C.8. 

f. See Fig.C.8g. 
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7. Oxidation smoothing and surface passivation of the Cavity 

a. Strip-off the AZ 9260 photoresist with Acetone and IPA. 

b. Rinse with DI water and blow dry with N2.  

c. Load sample in PECVD and deposit (150nm-200nm) nitride layer  using PECVD 

(Nitride Deposition Recipe) in Table C.7. 

d.  Use either Mask F2 or Mask F3 to open a window in the oxide layer by dry 

etching in either RIE or SAMCO.  

e. See Fig.C.8h.  
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Figure C.8: shows the fabrication process flow of the WGM laser for the non-Hydrogenated case 
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Figure C.9 shows the complete fabricated WGM laser device where oxide is used as a method to 
block current and carriers.  

 

 

 

 

                                                                     

 

 

 

 

 

Figure C.9: Shows the Complete Fabricated device using Oxide to form the current blocking 
region 

 

Table C.1: AZ9260 Photolithography Recipe 

Parameter Value 
Spin Speed (rpm) 3000 for 45 sec (approx. 8µm thick) 

Soft Bake (C) 115C for 3.5 min 
Exposure(mW/cm2) 12.0 for 35sec  

Developer (1AZ 400K :3 H2O DI ) Approx. 4min 
Hard Bake (C) 120C for 5min 
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Table C.2: The Photoresist Etch Recipe 

Parameter Value 
Chamber Pressure 30 mTorr 

ICP 250 W 
RIE 100 W 

He back flow Pressure 8 Torr 
O2 45 sccm 

Temp of Chuck 20C 
Electrostatic Chuck (ON) Vdc=600V , ILeakage= 4um 

Etch Rate Approx. 1 μm/min 
 

Table C.3: The PECVD Hydrogenation Recipe 

Parameter Value 
Chamber Pressure 750 mTorr 

ICP 175 W 
RIE 50 W 

Temp of Chuck 250C 
Ammonia (NH3) Flow Rate 220 sccm 

Time (min) 15min @ 250C  
Cool Down Process Cool down to 100C while plasma is on 

before unloading the sample  
 

Table C.4: The RIE Oxide Etch Recipe 

Parameter Value 
Chamber Pressure 50 mTorr 

ICP 350 W 
RIE 50 W 

He back flow Pressure 8 Torr 
CF4 50 sccm 

Temp of Chuck 20C 
Electrostatic Chuck (ON) Vdc=600V , ILeakage= 4um 

Etch Rate Approx. 570A/min 
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Table C.5: The SAMCO Oxide Etch Recipe 

Parameter Value 
Chamber Pressure 50-100 mTorr 

Power 100 W 
CF4 Flow Rate  10  sccm 

Etch Rate Approx. 1500Å/min 
 

Table C.6: The PECVD Oxide Deposition Recipe  

 

 

 

 

 
 
 
 
 
Table C.7: The PECVD Nitride Deposition Recipe.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parameter Value 
Chamber Pressure 900 mTorr 

ICP Power 175 W 
RIE Power 50 W 
Temperture 355 C 

Silane  (SiH4) 2% flow rate 300 sccm 
Nitrous Oxide (N2O) flow rate 71 sccm 

Deposition Rate  450-500 A/min 

Parameter Value for Nitride 
Chamber Pressure 600 mTorr 

ICP Power 175W 
RIE Power 50W 

Temperature 350C 
Silane  (SiH4) 2% flow rate 600sccm 

NH3 flow rate  (nitride) 15sccm 
Deposition Rate 420A/min 
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Table C.8: The RIE GaAs/AlGaAs Dry Etch Recipe 
 

Parameter Value 
Chamber Pressure 10 mTorr 

ICP 320 W 
RIE 50 W 

He back flow Pressure 9 Torr 
BCl3 Flow 20 sccm 
Cl2 Flow 3 sccm 

Temp of Chuck 20 C 
Electrostatic Chuck (ON) Vdc=600V , ILeakage= 4um 

Etch Rate  Approx. 0.85µm/min 
 

Notes on RIE Dry Etch Process: 

Use a Thin 4” Si wafer that has a very Low Resistivety. The specification of the Si wafer used 

in this process is as follows: 

1) CZ/100/Boron/P+ type/Resis 0.0050- 0.0100 (ohm-cm) with EPI film Boron/p-type/ 

Thick 12.35 – 13.65 um/Resis 8.5000 – 11.5000 (ohm-cm) 

2) Place the 4” Si wafer on a hot plate at 90C 

3) Apply CoolGrease Thermal Paste on the surface of the 4” Si wafer to a surface area 

slightly larger than the sample (notice: the coolgrease will start to wet).  

4) Mount laser sample on Si wafer (make sure that the thermal paste cover the whole 

back side of the sample but not too much). 

5) Remove any thermal paste residue with a razor blade. 
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Appendix D: Definition of Optical Confinement Factor 
 
In this appendix, analysis of the optical confinement in the transverse direction, y , is 

presented. This appendix follows the work done in appendix A. The transverse 

confinement factor for the three-layer slab waveguide consists of the fraction of the 

optical energy that is contained in the active region, a. Therefore, a cannot be ignored in 

this analysis. Note that we were able to ignore the active region, a, in our electromagnetic 

analysis for the symmetric three layer slab waveguide in appendix A without affecting 

the analysis.  

 

The confinement factor is defined as the ratio of the power flow per unit area in the active 

region to the total power flow per unit area within and outside the active layer. The 

confinement factor derivation was done using [1].  
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The time averaged power flow along the axial direction is determined from 
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To calculate Pcore , we substitute Eq.(D.3) into Eq.(D.2), and therefore, Pcore can be 

written as:   
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 Similarly, Ptotal can be written as   
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According to [1] we can write )()( yEFyH xy  , where F is a constant. Substituting 

Eq(s).(D.4) and (D.5) into Eq.(D.1), we can express the optical confinement in the 

transverse direction as follows:  
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Following the analysis in appendix A, see Fig.A.5, we know that the boundary condition 

between region I and region II require that the tangential components of both electric and 

magnetic fields be continuous [2]. Therefore, the following can be stated: 
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Using equation (D.7) at y=b/2, we can write 2)
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Substituting equation (D.9) into (D.6), we get the following 
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Evaluating the integrals in Eq.(D.10), yields the following equation for the optical 

confinement in Eq.(D.11) 
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The expression in Eq.(D.11) can be simplified as follows:  
 
We know that  
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From Appendix A, the characteristic equation is expressed as: 
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Using trigonometric identity and Eq.(D.14), we obtain the following: 
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Substituting Eq.(s) (D.15) through (D.18) in the denominator of Eq.(D.11) and 

simplifying , we can obtain the following:  
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Substituting Eq.(D.19) into the denominator of  Eq.(D.11) yields the following:  
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For a→0 then
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, Eq.(D.11) can be simplified and written as:  
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The thickness of the optical confinement layer (OCL) is represented by b and the 

thickness of the quantum well (QW) layer is represented by a.  In our material structure, 

see table 3.1, b=0.26 µm and a=10 nm. Also, the emission wavelength of our laser device 

is o=795 nm and, therefore, 
14

0 109.7
2  cmk

o


.  The dielectric constant (static) at 

300K for Al0.85Ga0.15As and GaAs are 1=10.5 and 2=12.9, respectively [4]. Using 

appendix A, we have calculated γ to be 51012.1  cm-1 for m=0 mode. Using Eq.(D.21), 

we can calculate the optical confinement in the transverse direction to be Γy=0.047.  

Next, we will look at how the optical confinement factor along the y-direction changes 

relative to the thickness of the optical confinement layer. Figure D.1 shows a plot of the 

normalized optical confinement factor along the y-direction in universal form as a 

function of the normalized optical confinement layer thickness b for Eq(s).(D.21). In 

order to normalize Eq.(D.21), we use the following equations [3]:  
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Figure D.1. Shows normalized optical confinement factor along the y-direction and its 
dependence on the normalized optical confinement layer thickness  

 
The benefit of Fig.D.1 is that we can find the value of the optical confinement at any 

thickness b. Also, notice from the plot that the maximum value of the normalized optical 

confinement factor along the y-direction occurs approximately at 45.0 normy . If we 

plug this value in Eq.(D.22) and calculate for the optical confinement, we find out that Γy 

≈ 0.05 which is very close to the calculated value using Eq.(D.21).  
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Appendix E: Design Parameters for WGM Lasers 

In this appendix, the complete design of the mask is presented. We start by describing the design 

of the mask layout. Then, a table is presented showing the changes in the different parameters of 

the WGM lasers.  

1. The Mask design  

A side view of the different layers in the laser structure with the important parameters in the 

mask layout design is shown in Fig.E.1. These parameters are defined as follows:  

cavityd :  The diameter of the etched cavity. 

ppd :  The diameter of the p-pad metal. 

out
SWd :  The outer diameter of the p-contact metal ring. 

in
SWd :  The inner diameter of the p-contact metal ring.  

oxd :  The diameter of the oxide mask window for Hydrogenation.  

ME :  The separation between the p-contact metal and the edge of the cavity.  

ox :  The separation between the p-contact metal ring and the oxide mask window. 

SW :   The width of the p-contact metal ring. 

pp :   The separation between the p-contact metal ring and the p-contact metal pad. 
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Figure E.1: A side-view of the laser structure showing the important parameters in the mask 
layout design. 

 

In the mask design there are three types of device structures. The first type is conventional WGM 

laser structure i.e. a micropillar structure. This device structure is chosen to optimize the 

performance of the WGM laser without the influence of the light outcoupler.  The second type is 

spiral laser structure. This device structure is chosen to investigate the effect of the outcopler on 

the optical performance of WGM lasers. And finally, the third type of device structure is partial 

circles which are used to modify the conventional cleaved cavity method to cover WGM lasers. 

All three types of devices are shown in Fig E.2, respectively. 
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(a) 

 

(b) 

 

 
Figure E.2: (a) Shows the conventional WGM device structure, (b) shows the spiral device 

structure, and (c) shows the partial micropillar structures. 

Figure E.3 shows the complete mask design. As you can see, there are six different fields on the 

mask. The three dark fields are used to create openings for the metal ring deposition, the metal 

pad deposition, and the oxide window for the hydrogenation process. The other three light fields 

are used to create the mesa etch for the optical cavity, the oxide field for blocking current and the 

option to have an n-metal top contact in case we decide to fabricate the laser devices using GaN 

on sapphire substrate. In this case, the sapphire substrate is an insulator, and therefore, it is 

necessary to deposit the n-metal after etching the GaN-epilayer all the way down to the n-GaN. 

All six fields are designed on a 4” glass plate. 

 

 

 

 

(C) 
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Furthermore, each field on the mask is designated by an alphanumerical name as follows: 

F1: is a dark field (DF) mask used to create the p-contact metal rings by lift-off  

F2: is a dark field (DF) mask used to create an opening in the oxide window for the 
hydrogenation process. 

F3: is a dark field (DF) mask used to create the p-pad metal contact by lift-off.  

F4: is a light field (LF) mask used to create the mesa for the optical cavity by dry-etching 
process. 

F5: is a light field (LF) mask used to create an oxide layer to form a current blocking region. 
This filed is used only as an alternative method for the non-hydrogenation process.  

F6: is a light field (LF) mask used to give us the option to form a top n-metal contact.  

 

 

Figrue E.3: An image of the VT spiral laser mask 
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In each field there are 31 full and partial microdisk devices. Each full and partial microdisk 

device is repeated 4x for a total of 124 devices.  

Also, in each field there are 4 spiral laser devices with radius =9µm, 6 spiral laser devices with 

radius =11µm, and 3 spiral laser devices with radius =18µm. Each of these 13 device types is 

repeated 4x with two different deformation parameters (=0.15, and =0.05) on the mask to give 

104 devices with outcoupling angle of 90 degree.  

In each of these devices, parameters such as the diameter of the etched cavity, the width of the p-

contact metal ring, the separation between the p-contact metal and the edge of the cavity, the 

diameter of the oxide mask window for Hydrogenation , and the diameter of the p-pad metal 

window is varied. Table E.1 shows the variations in the different parameters for the full and 

partial microdisk devices, whereas; table E.2 shows the variations of these parameters for the 

spiral laser devices.  

The following equations show how each parameter is contracted.  
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We have decided to set the separation between the p-contact metal ring and the oxide mask 

window, ox, to 1µm. Also, the width of the p-contact metal ring is formed by subtracting the 

inner radius of the p-contact metal ring from the outer radius of the p-contact metal ring. Eq(s).E. 

4 and E.5 show how the inner and out radiuses are constructed.  
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2
cacvityd

(µm) SW (µm) 
ME (µm) 

2
oxd

(µm) 
2
ppd

(µm) 

8 3 2 2 5.25 
9 3 1 4 7.25 
9 3 2 3 6.25 
9 4 1 3 7 
9 4 2 2 6 
11 3 1 6 9.25 
11 3 2 5 8.25 
11 4 1 5 9 
11 4 2 4 8 
11 5 1 4 8.75 
11 5 2 3 7.75 
14 3 1 9 12.25 
14 3 2 8 11.25 
14 4 1 8 12 
14 4 2 7 11 
14 5 1 7 11.75 
14 5 2 6 10.75 
14 7 2 4 10.25 
18 3 1 13 16.25 
18 3 2 12 15.25 
18 4 1 12 16 
18 4 2 11 15 
18 5 1 11 15.75 
18 5 2 10 14.75 
18 7 2 8 14.25 
36 3 2 30 33.25 
36 5 2 28 32.75 
36 7 2 26 32.25 
72 3 2 66 69.25 
72 5 2 64 68.75 
72 7 2 62 68.25 

 
Table E.1: The important parameters in the mask design for the full circles and the partial circles. 
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Table E.2: The important parameters in the mask design for the spiral laser structure. 
 

 

 

 

 

 

 

 

 

 

 

 

 

2
cacvityd

(µm) SW (µm) ME (µm) 
2
oxd

(µm) 
2
ppd

(µm) 

9 3 1 4 7.25 
9 3 2 3 6.25 
9 4 1 3 7 
9 4 2 2 6 
11 3 1 6 9.25 
11 3 2 5 8.25 
11 4 1 5 9 
11 4 2 4 8 
11 5 1 4 8.75 
11 5 2 3 7.75 
18 3 1 13 16.25 
18 3 2 12 15.25 
18 4 2 11 15 
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