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ABSTRACT 

Quantum Well Intermixing for Wavelength-Agile Photonic Integrated Circuits 
 

by 
 

Erik John Skogen 

 

As the telecommunications industry enters the twenty-first century the demand for 

bandwidth continues to increase.  Applications requiring vast amounts of bandwidth 

continue to be developed and introduced into a fiber optic network that will soon be 

overloaded.  The advent of wavelength division multiplexing (WDM) has greatly 

increased the quantity of data transported within each optical fiber, yet increased the 

cost of system upkeep.  Several key technologies are poised to revolutionize the 

communications industry.  The introduction of widely-tunable lasers that are capable 

of tuning to any channel on the international telecommunications union (ITU) grid 

will dramatically reduce the cost of system upkeep through sparing functions, 

allowing system operators to reduce laser inventory, replacing fixed wavelength 

lasers with tunable lasers.  Next generation networking applications using tunable 

lasers are being explored for increasing the functionality of the system.  Another key 

technology, the photonic integrated circuit (PIC), will allow for cost reduction 

through monolithic integration.  Beyond simple issues of cost reduction come the 

possibility of high functionality devices allowing a far greater use of system 

resources and the development of new network architectures based on these devices.  

This work involves the coupling of these two technological advancements to create a 

new breed of wavelength agile PICs.  These devices are the ideal building blocks for 

the development of next generation, efficient, high bandwidth fiber optic networks.  

A novel processing technique based on quantum well intermixing (QWI) was 



 

 xi

developed specifically for this purpose.  The QWI process allows for the formation 

of multiple quantum well band edges, ideally one specific to each integrated 

component.  The process was applied to widely tunable sampled grating distributed 

Bragg reflector (SG-DBR) lasers with the goal of improving device characteristics.  

The applicability of the process to the fabrication of wavelength agile PICs is 

demonstrated through the monolithic integration of electro-absorption modulators 

possessing a unique quantum well band edge.  The integrated devices exhibited 

excellent characteristics in terms of output power, tuning range, side mode 

suppression ratio, extinction, and bandwidth.   
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CHAPTER 1 INTRODUCTION 

As the demand for bandwidth increases the communications industry is faced with a 

paradigm shift.  Two key technologies will facilitate this shift, monolithic integration 

and the deployment of widely tunable lasers.  As discussed in the following section, 

monolithic integration allows for the realization of highly functional optical 

components called photonic integrated circuits (PICs), while section 1.2 discusses 

the advantages and potential applications for widely tunable lasers.  The work 

described in this dissertation focuses on widely tunable lasers based on a novel 

quantum well intermixing processing platform ideal for monolithic integration.  

Thus, a new generation of wavelength-agile PICs can be realized.   

1.1 MONOLITHIC INTEGRATION 

Monolithic integration of optoelectronic components is the key to realizing low cost, 

high functionality devices that have the capability to revolutionize the 

communications industry.  The generation, detection, and transport of light on chip is 

a major advancement over simple discrete components.  Not only will such 

integration offer cost reduction, but will also allow for a new generation of high 

functionality PICs.   

 

Monolithic integration has already occurred in the electronics industry, allowing the 

once discrete transistor, resistor, and capacitor to reside on the same chip, the 

electronic integrated circuit (IC).   The advent of the integrated circuit allowed for 

electronic devices to be smaller and cheaper than their discrete counterparts, and 

most importantly, gave rise to a set of high functionality ICs that discrete 

components could not emulate.  The field of optoelectronics faces a similar shift 

from discrete to integrated components, where the concepts and potential payoffs are 
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similar to that in the electronics industry, yet the monolithic integration of 

optoelectronic components cannot be compared to that of electronic devices.   

 

Currently the majority of optoelectronic components in use in the field are of a 

discrete nature.  That is, each component is designed to perform one specific task.  In 

practice, several components with differing functions are then interconnected in 

order to achieve the desired operation.  This method has one advantage in that each 

component is optimized for one specific function, enabling that device to perform its 

task flawlessly.  However, there are several shortcomings involved with this method 

of interconnection.  One is the difficulty in coupling light on and off each discrete 

chip.  Advances in the coupling between the semiconductor chip and a fiber optic 

cable using mode converters is a significant step in reducing the coupling loss, yet it 

is still a dominant source of optical loss.  Another is the expense involved with the 

discrete packaging of each component.   The packaging of optoelectronic devices is 

the major cost source for the component.   

 

A reduction of the packaging cost can be accomplished by using a method called co-

packaging.  Co-packaging involves the integration of discrete optoelectronic 

components within the same package.  Each component is still fabricated discretely 

and is designed for one specific task.  However, the coupling problem continues to 

exist, although it is device to device not device to fiber.   

 

The monolithic integration of the optoelectronic devices on the same chip offers the 

potential to completely eliminate the coupling problem, and provide significant 

packaging cost reduction.  The drawback however, is the fact that each component 

must reside on the same chip, and to do so is technologically difficult.  There are 

several techniques that have been used in the past, such as butt-joint regrowth, and 

selective area growth (SAG).  However, first we will review the requirements and 

present some general guidelines for monolithic integration.   
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There are some general requirements that must be fulfilled when monolithically 

integrating optoelectronic components.  First, each integrated component must 

function as intended.  The performance of each integrated device does not 

necessarily have to meet the performance characteristics of a discrete component, 

but must still operate in a way that is suitable for the operation of the circuit as a 

whole.  The second requirement states that the operation of one device must not 

adversely effect the operation of another.  This stems from the fact that each 

component in an integrated circuit, whether it be electronic or optoelectronic, should 

be isolated from the other components on chip and function as if it were a discrete 

component.  These requirements allow for the design of PICs using optoelectronic 

building blocks, that is discrete components that share a common growth and 

processing platform that can be arranged in such a way that a more complex device 

or PIC can be obtained. 

 

There are also a few general guidelines to bear in mind when implementing a 

method for monolithic integration.  First, the method used should not be 

prohibitively time consuming or expensive.  This is the key to realizing the cost 

reduction over existing discrete components.  Second, the integration should not lead 

to device compromises.  This is a difficult task due to the fact that each discrete 

device was designed with a single function in mind and therefore the device structure 

evolved on an individual basis.  However, as stated earlier, the integrated component 

must only perform as intended, it does not necessarily need to match the 

performance of a discrete device.  This affords some flexibility in the design of the 

device in terms of the device structure, possibly allowing devices with differing 

functionalities to be fabricated using the same growth and processing platform.  

Lastly, the process complexity should remain constant as the number of integrated 

components increases.  An additional processing step or the substitution of one step 

for one that is more complex can increase the manufacturing cost and, in the case of 
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complex processing/growth can lead to yield reduction.   A review of some of the 

integration methods used in the past are given herein.   

 

There has been some great success in producing simple PICs based on various 

methods.  Such methods include but are not limited to butt-joint regrowth [1], 

selective area growth (SAG) [2], and the use of offset quantum wells [3].  The first, 

butt-joint regrowth involves the selective removal of waveguide core material 

followed by the regrowth of an alternate waveguide core using different material 

composition.  This process is inherently difficult involving a precise etch of the 

original waveguide core, followed by a regrowth of waveguide material with 

composition and thickness variables.   

 

Another process, the SAG process, involves the selective growth using a mask.   In 

this process a mask is patterned on the surface of the wafer prior to epitaxial growth.  

The geometry of the mask has a role in determining the growth near the vicinity of 

the mask and can be used to obtain different compositions and thickness across the 

wafer.  This method is useful in fabricating several band edges across the wafer, but 

due to the fact that the thickness changes for each of these regions the optical 

confinement factor cannot be individually optimized.    

 

The use of offset quantum wells, where the quantum wells are situated above the 

waveguide and selectively removed in various regions, has been used with great 

success in fabricating various integrated structures [3, 4, 5, 6].  However, the use of 

offset quantum wells limits the devices to one of two band edges, not allowing for 

the flexibility necessary for the fabrication of complex PICs.   

 

These methods work very well in producing simple PICs, generally containing fewer 

than three band edges, but are not well suited for larger scale integration.  Large-

scale integration requires multiple band edges, ideally one for each integrated 
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component.  For instance, a semiconductor laser requires a band edge such that the 

gain peak coincides with the operating wavelength, while an electroabsorption 

modulator requires a band edge wavelength that is slightly blue-shifted with respect 

to that of the laser.  In this way, each integrated component will achieve the best 

performance using a band edge that is designed specific to that component.   

 

1.2 WAVELENGTH AGILE PICS 

As dense wavelength division multiplexing (DWDM) becomes the norm, the need 

for wavelength agile PICs becomes apparent.  Wavelength division multiplexing 

increases network bandwidth by multiplexing many optical channels onto a single 

optical fiber.  In the current form of the network, a mesh of optical switches are 

connected by point-to-point WDM links called lightpaths.  The international 

communications union (ICU) has setup guidelines regarding the use of WDM.  The 

optical channels are spaced by 100 GHz or 0.8 nm, with a future channel spacing of 

50 GHz or even 25 GHz.  The implementation of WDM requires carriers to have a 

laser specific to each channel on the ITU grid, and inventory spares for each.  The 

need to carry such a large inventory can be alleviated by the use of wavelength 

tunable laser sources.   

 

Widely tunable laser sources are the key to achieving cost savings through inventory 

reduction, and are an enabling technology for realizing next generation fiber optic 

network architectures.  There are many potential applications for widely tunable 

laser sources, even more considering those applications that have yet to be 

discovered.  One, is the use of widely tunable lasers to enhance network performance 

through dynamic provisioning [7].  Dynamic provisioning involves the setting up 

and tearing down of lightpaths remotely on an as needed basis.  Currently in static 

provisioning, lightpaths are setup based on current and future needs.  The 
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construction of a lightpath in the static provisioning scheme can take days or months.  

Dynamic provisioning would allow for the rapid deployment of lightpaths either by 

the network operator or client devices.   

 

Another potential application involves the use of both tunable lasers and tunable 

filters to add and remove any wavelength from the system; the application is called 

reconfigurable optical add/drop multiplexers (ROADMs).  Dynamic restoration is 

another application where a tunable laser can restore a failed optical channel by 

tuning to that channel in a minimal time, on the order of 10 milliseconds.   

 

Further out, wavelength routing and optical packet switching may fundamentally 

change the way an optical network operates.  Wavelength routing uses tunable lasers 

to direct information to its destination based on the wavelength, with each 

destination having a unique wavelength.  Optical packet switching is an enhanced 

version of wavelength routing where individual optical packets are routed based on 

wavelength; this requires very fast wavelength tuning, on the order of tens of 

nanoseconds.  Many of these technologies not only require wavelength tunable 

lasers, but also other integrated components. 

 

The capacity to produce such wavelength agile devices requires the coupling of a 

widely tunable laser design with a fabrication process with potential for large-scale 

monolithic integration.  Although tunable lasers themselves are interesting, many of 

the next generation networking architectures require other optical components in 

conjunction with tunable lasers.  To do so, requires monolithic integration as 

discussed in the previous section. 
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1.3 PREVIEW 

The focus of this work was to improve upon an existing tunable laser platform, the 

sampled grating distributed Bragg reflector (SG-DBR) laser, using a process 

technology suitable for monolithic integration.  As reviewed in the following 

chapter, there are many tunable laser designs being explored, where only a few 

possess the capability for integration of other optoelectronic components on chip.   

 

In this work the SG-DBR laser design was investigated in terms of the mirror design, 

active region design, and waveguide design.  The design was significantly improved 

over previous SG-DBR laser designs where the mirrors formed a symmetric laser 

cavity.  The previous designs suffered from a low output power, yet excelled in 

achieving a high side mode suppression ratio (SMSR), and large tuning range [3].  It 

was evident that the laser design needed to be reevaluated.  Reducing the number of 

front mirror periods increased the front mirror transmission leading to a much 

greater output power.  Laser modeling was used to ensure that the laser performed 

with the desired characteristics.  Not only was the mirror design revamped, but the 

active region itself was redesigned, centering the quantum wells in the waveguide.  

The centered quantum well configuration allows for an improvement of the modal 

gain over previous designs.  The improvement in the modal gain allows for design 

flexibility, where specific desirable laser characteristics can be targeted.   

 

A quantum well intermixing (QWI) process was developed to facilitate the use of the 

centered quantum well active region.  Quantum well intermixing was used to blue-

shift the quantum well band edge in the mirror and phase sections rendering these 

regions non-absorbing within the desired tuning range.  The process was based on 

the ion implantation enhanced process cited in literature [8].  The intermixing 

process was evaluated in terms of the implantation and anneal conditions such that 

the most efficient parameters were found.  Advancements in the technique were 
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developed resulting in a novel process capable of achieving multiple quantum well 

band edges across the wafer.  The process involves the use of a single ion implant 

followed by a cyclic etch and anneal procedure, the results of which are shown in 

Fig 1.1.  The development of this process facilitated the fabrication of SG-DBR 

lasers with integrated electro-absorption modulators (EAM), where the modulator 

possesses an intermediate band edge, as shown in Fig 1.2.   

 

 

Fig. 1.1  Peak photoluminescence wavelength shift as a function of anneal time with an anneal 
temperature of 675 °C.  Symbols indicate non-implanted (triangles), implant dose of 5e14 cm-2

(circles), and implant buffer layer etched (squares). 
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In order to investigate the characteristics of the laser and modulator the active region 

was varied using either seven or ten quantum wells.  The tuning range of the SG-

SBR mirrors was found to have a slight increase in the maximum wavelength shift 

with the ten quantum well device, from 7.2 nm for seven quantum well devices to 

8.0 nm for ten quantum well devices.  The light output versus current characteristics 

showed a slight increase in the threshold current and a small reduction in the slope 

efficiency for the ten quantum well device, shown in Fig. 1.3.  These effects are the 

result of a slightly higher modal loss due to the increased number of quantum wells.   

Fig. 1.2  Typical photoluminescence peak wavelength scan of SG-DBR device with integrated 
electro-absorption modulator.     
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The performance of the EAM was evaluated in terms of the absorption 

characteristics and the bandwidth for both the seven and ten quantum well devices.  

The measurements showed that the ten quantum well devices achieved a greater 

extinction ratio.  The absorption characteristics for the seven and ten quantum well 

devices are shown in Fig 1.4 for similar lengths and input wavelength.  The 

bandwidth for both the seven and ten quantum well devices attainted the same 3 dB 

bandwidth, 9.0 GHz at a modulator length of 125 µm.  These results indicate that an 

improvement in the absorption can be attained using an active region with a greater 

number of quantum wells, maintaining the same bandwidth.  A reduction of the 

Fig. 1.3  Typical output power versus current for seven (circles) and ten (triangle) quantum well 
devices.  The mirror design used in these devices consisted of a peak wavelength spacing of 7 nm, 
burst lengths of 6 nm and 5 nm, 12 and 4 periods, for the back and front mirror, respectively.   
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extent of intermixing could also be used to improve the extinction characteristics of 

the modulator.  These suggestions should be taken into account for future devices as 

described in chapter 6.   

 

 

 

 

 

Fig. 5.14  DC extinction of seven and ten quantum well absorption region with a length of 125 
µm.  Symbols indicate ten quantum well device at a wavelength of 1555 nm (triangles), and seven 
quantum well device at a wavelength of 1550 nm (diamonds). 



 

12

1.4 SUMMARY 

Monolithic integration and wavelength-agile lasers are key technologies for the 

development of future fiber optic networks.  This dissertation explores the 

capabilities for the joining of these ideals to create a new generation of wavelength 

agile PICs.  Out of a great number of tunable laser architectures the SG-DBR laser is 

ideal for monolithic integration, as the lithographically defined mirrors allow for the 

manipulation of light on chip.  The difficulty arises when optimization requires each 

of the integrated components to possess a unique band edge.  Limited by the one-

dimensional growth platform used to produce the epitaxial material, the push for 

monolithic-integration has lead to either compromises in device design or complex 

processing to achieve the goals.  

 

The solution is the development of a manufacturable wafer-scale process, which 

allows for the precise control of the band edge across the wafer.  A quantum well 

intermixing (QWI) process has been developed specifically for this purpose.  Not 

only is QWI ideal for monolithic integration, but also gives rise to a greater 

flexibility in the design of the SG-DBR laser itself.  As discussed in chapter 2, QWI 

allows the multi-quantum well active region to be centered in the waveguide, 

providing an improved modal gain over the offset quantum well method, while 

intermixing is carried out in the mirror and phase sections of the device rendering 

those sections non-absorbing.  An improvement in the SG-DBR laser active region 

gives rise to a number of observable improvements in the laser characteristics.  In 

order to investigate the potential of QWI for monolithic integration, an electro-

absorption modulator (EAM) possessing a third unique band edge was integrated 

with the SG-DBR laser.   

 

This dissertation will cover tunable laser design, including a review of several types 

of tunable lasers with the main focus on the design of a SG-DBR laser optimized for 
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high output power.  Quantum well intermixing is covered in chapter 3, where several 

techniques are discussed as well as the process developed in this work.  Several of 

the key process and growth improvements are included in chapter 4, and the device 

results are presented in chapter 5.  The QWI process described is general in its 

application and can be used to monolithically integrate a number of devices each 

with a unique band edge.   
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CHAPTER 2 TUNABLE LASER DESIGN 

In this chapter, several widely tunable laser architectures are reviewed, and their 

capability for monolithic integration investigated.  The capability for monolithic 

integration with other optoelectronic components is essential for the design and 

fabrication of next-generation large-scale PICs.  Only a few of the reviewed laser 

architectures are suitable for monolithic integration, one of which is the sampled-

grating distributed Bragg reflector (SG-DBR) laser.  The SG-DBR laser makes use 

of periodically modulated gratings, yielding a comb-like reflectivity spectrum.  It 

will be shown that the geometrical design of the mirror governs the characteristics of 

the reflectivity spectrum.  The observed trends are evaluated and applied to the 

theoretical design and operation of the SG-DBR laser.   

2.1 REVIEW OF TUNABLE LASERS 

There are a great many tunable laser architectures that have been developed for 

WDM applications. All of which must meet or exceed the stringent performance 

requirements set up by the International Telecommunication Union (ITU).  Such 

performance requirements include wavelength stability, output power, linewidth, and 

reliability.  The laser should also be capable of tuning to any wavelength on the ITU 

grid; currently the grid is spaced at 100 GHz (0.8 nm), but will soon become more 

densely packed at 50 GHz, or even 25 GHz.   

 

In order for a tunable laser to be used as the source for a WDM transmitter, the light 

must be modulated to encode data on each of the carrier wavelengths.  This task can 

be done using several methods, directly modulating the laser, using a discrete 

modulator, or by monolithically integrating a modulator.   The first method, direct 

modulation, has speed limitations due to relaxation resonance effects, and is usually 
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limited to 5–10 GHz.  The second method uses a discrete modulator, and is the most 

common method for modulation in current systems.  The discrete modulator can be 

packaged separately, or in some cases can be co-packaged with the laser, either of 

which requires the packaging of two optoelectronic components.  The integration of 

the laser with modulator on chip is a relatively recent advancement.  The monolithic 

integration of the laser and modulator can greatly reduce the cost of the transmitter 

due to the simplified packaging.   

 

Although all tunable lasers possess strengths and weaknesses, some designs allow 

for more flexibility through monolithic integration, where others do not.   The ability 

to monolithically integrate other optoelectronic components with the tunable laser is 

dependent on both the fundamental design of the laser and the compatibility of the 

purposed integrated component.  First, the laser must allow for the manipulation of 

light on chip outside of the laser cavity.  Specifically, the laser cannot use a cleaved 

facet as an output coupler.  Secondly, the laser and the component purposed for 

integration must share a common axis of light manipulation.  The two-dimensional 

growth platform used to grow the device structures limit the component architectures 

to two types, in-plane and vertical.  Although it is possible to fabricate simple in-

plane/vertical hybrid PICs, more complex hybrid structures will require 3-

dimentional-growth technology.  The lack of such growth equipment limits large-

scale integration to in-plane devices.   

 

Of the various tunable laser architectures, only a select few satisfy the requirements 

for monolithic integration.  Here, some the tunable laser architectures are described 

and their applicability for monolithic integration discussed.   
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2.1.1 External cavity tunable laser 

The external cavity laser is well known for providing large tuning ranges and narrow 

linewidths.  The output of a high power semiconductor laser is collimated using a 

lens and directed at a diffraction grating.  In the Littman/Metcalf configuration, 

shown in Fig. 2.1, the zeroth order diffracted beam is used as the output beam of the 

device, the first order-diffracted beam is retro-reflected by a rotating mirror, 

providing wavelength selection.  Commonly found as bench top modules using 

piezoelectric motion controllers, these lasers only recently began utilizing micro-

electromechanical system (MEMS) devices to manufacture compact widely tunable 

lasers.  This type of tunable laser provides for wide tuning ranges (40 nm), high 

output power (>10 mW), good side mode suppression ratio (SMSR) (>55 dB) and 

narrow linewidth (<2 MHz) [1].   

 

The drawback of this device stems from the discrete nature of the device.  In this 

case, each of the optical components are fabricated on separate wafers, diced, and 

Fig. 2.1  External cavity laser using the Littman/Metcalf cavity configuration.  Wavelength 
selection is achieved by rotating the mirror about a virtual pivot using a MEMS rotary actuator.   
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then assembled.  This is the furthest one can get from monolithic integration, which 

makes it obsolete for use in PICs.   

2.1.2 Tunable VCL 

A relatively recent advancement in the vertical cavity laser (VCL) has been the 

development of the tunable VCL.  In order to describe how the tunable VCL 

functions, it is instructive to review how the wavelength of the laser is set.  In 

general, the VCL consists of a cavity containing the gain medium surrounded by 

vertically grown DBR mirrors.  The wavelength of the laser is determined by the 

Fabry-Perot (FP) wavelength, which can be adjusted by changing the effective cavity 

length.  The effective cavity length and thus, the FP wavelength, can be varied by 

inclusion of a layer with varying optical thickness1.   

 

The tunable VCL changes the FP wavelength by mechanically changing the effective 

cavity length.  The structure typically consists of a bottom DBR, a cavity containing 

a MQW active region, followed by a partially grown top DBR, an air gap, and a 

suspended DBR.  The suspended DBR makes use of MEMS to adjust the thickness 

of the air gap, where the air gap serves as the thickness-varying layer.  Using 

electrostatic forces to reduce the thickness of the air gap by bringing the suspended 

DBR closer to the remainder of the device, the effective cavity length is reduced and 

the wavelength of the laser is blue-shifted.   

 

The cantilever design has proved successful in the GaAs based material system 

where a tuning range of 30-40 nm was achieved, and yielded a good SMSR, 

although the output power was in the 1-2 mW range [2].  More recently, the long 

                                                 
1 Although the optical thickness is what ultimately determines the effective cavity length, it has 

been shown that refractive index shift alone does not produce enough of an optical thickness variation 
for useful devices; therefore, a physical thickness variation is required [2]. 
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wavelength version of the tunable VCL has been demonstrated [3].  This device 

obtained a 22 nm continuous tuning range and >45 dB SMSR, but the output power 

was limited to less than 2 mW.  For use in long haul telecom applications, this 

device requires an amplifier, which will add significant cost to the transmitter.  

Furthermore, the VCL cannot be monolithically integrated with in-plane components 

leading to the exclusion of this device in large-scale photonic integration.  

2.1.3 DFB Array 

The current source standard for telecommunication fiber optic networks is the 

distributed feedback (DFB) laser.  It is well known for its stable and reliable 

wavelength operation.  The wavelength of a DFB laser is set by the grating Bragg 

wavelength, and typically makes use of quarter-wave-shifted gratings.  The 

wavelength of the device can be controlled using temperature.  Typically, the change 

in wavelength achievable using temperature is less than 4 nm.  In order to cover a 

wide tuning range, several DFB lasers are placed in an array, each with a unique 

Bragg wavelength.  The lasers can be coupled into the same output waveguide using 

a multi-mode interference (MMI) coupler.   

 

This concept has been used to fabricate a wavelength-selectable light source (WSL) 

[4.  In this device eight DFB lasers were fabricated in an array, each with a unique 

Bragg wavelength, along with S-bent waveguides, 8x1 MMI optical coupler, 

semiconductor optical amplifier (SOA), and curved output waveguide including a 

window structure.  In order to achieve the precise wavelength control (<10 GHz), the 

grating structures utilized weighted-dose allocation variable pitch electron-beam 

lithography (WAVE) [4]  In this method each of the corrugation exposures are 

composed of several variable dose sub-exposures, this greatly increases the 

resolution of the lithography system.  The device achieved a 40 nm tuning range 
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over a temperature variation of 45 K, an 8 mW fiber coupled output power, with a 

SMSR of 40 dB.  The device also demonstrated 94 ITU channels spaced at 50 GHz. 

 

Although the DFB array has demonstrated some good characteristics and is 

compatible with monolithic integration, the process is rather complex, requiring four 

MOCVD growth steps, and electron beam lithography, both of which are expensive 

and time consuming.  Furthermore, the wavelength switching time is on the order of 

10 ms, much too long for some of the purposed next generation optical networking 

applications, such as wavelength routing or wavelength protection in reconfigurable 

networks.  

2.1.4 GCSR laser 

The Grating assisted codirectional coupler laser with super-structure grating reflector 

laser (GCSR laser) is the first of five electrically tuned lasers described in the 

following sections.  The GCSR is an in-plane device consisting of, from the facet, a 

gain region, a codirectional coupler, a phase region, and a super-structure grating 

reflector.  The structure contains two vertically stacked waveguides, and utilizes a 

butt-joint regrowth to create an active/passive interface.   

 

The codirectional coupler acts a wavelength discriminator, allowing a band of 

wavelengths to couple from the lower waveguide, where the active region resides, to 

the upper waveguide.  The 3-dB filter bandwidth of the coupler is on the order of 10 

nm.  The coupled wavelength band can be tuned using current injection.    

 

The super-structure grating distributed Bragg reflector (SSG-DBR) [5] has a comb-

like reflectivity spectrum and is used as a fine filter, reflecting a very narrow band of 

wavelengths (<1 nm).  The spacing between reflectivity peaks of the SSG-DBR is 
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such that when one of the peaks is aligned to the rather broad pass band of the 

codirectional coupler, the adjacent peaks of the SSG-DBR are sufficiently far to the 

side of the filter response of the coupler to ensure a good SMSR.  The phase section 

is used to align the cavity mode of the device to the peak of the filter response.   

 

The GCSR laser is capable of tuning over 100 nm, yet demonstrated a SMSR of only 

20 dB [5].  Because there is a trade-off between the tuning range and SMSR, the 

SMSR can be improved by designing the device for a narrower tuning range.  Still, 

the device suffers from a high threshold current (43 mA) and low output power (4 

mW) [5].  Other design downfalls include a five-step MOCVD growth schedule, the 

use of electron beam lithography for the SSG-DBR, and use of a cleaved facet as an 

output coupler. 

2.1.5 Y-branch laser 

The y-branch laser is similar to the GCSR laser in that all the filtering functions are 

done on one side of the device; it also uses a cleaved facet output coupler.  The laser 

consists of a gain section; a phase tuning section, and a 2x1 MMI coupler that splits 

the light into two spatially separated waveguides containing SSG-DBR reflectors.  

The comb-like reflectivity spectrums of the SSG-DBR reflectors have different peak 

spacing, thus the Vernier effect can be used to achieve a large tuning range.  The 

filter response of the y-branch laser can be computed by summing the complex 

amplitudes of the reflectivity of the two SSG-DBR reflectors [6].  The sum is 

dependent on the phase difference of the reflectors; therefore, a phase section is 

included to control the phase difference between the two reflectors.  Although this 

device has not been fabricated, the output power is estimated to be between 13 and 

16 mW [6].   
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2.1.6 SG-DBR, SSG-DBR, and BSG-DBR lasers 

The sampled-grating DBR (SG-DBR), SSG-DBR, and binary-superimposed-grating 

DBR (BSG-DBR) lasers are all very similar in nature, and therefore their general 

layout and theory of operation will be discussed together.  The general layout for 

these devices is shown in Fig. 2.2.  As shown in the figure, the devices consist of a 

gain medium with modulated reflectors on either side.  A phase section is used to 

align the cavity mode with the reflectivity peak.  All three types of mirrors consist of 

some kind of modulated grating yielding a comb-like reflectivity spectrum.  The 

computed reflectivity spectrum of a SG-DBR mirror is shown in Fig. 2.3.  The peak 

reflectivity spacing of the front and back mirrors are designed such that only one set 

reflectivity peaks are aligned at any point within the desired tuning range.  The 

position of the reflectivity peaks can be controlled using carrier injection, producing 

a shift the absorption edge, leading to a negative change in the refractive index.  

Therefore, using a relatively small tuning current in one of the mirrors, the adjacent 

Fig. 2.2  General layout for the SG-DBR, SSG-DBR, and BSG-DBR lasers, indicating the basic 
four sections.   
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set of reflectivity peaks can be aligned.  This is commonly referred to as Vernier 

effect tuning, and can be exploited to achieve a large tuning range.   

 

All three types of laser make use of both front and back lithographically defined 

reflectors, which makes these devices ideal for monolithic integration.  In fact there 

has already been significant work done integrating the SG-DBR laser with an SOA 

[7], EAM [8, 9,10], wavelength monitor [11], and Mach-Zehnder modulator [12]. 

 

The SG-DBR mirror uses periodically blanked gratings as a modulation scheme.  A 

Fig. 2.3 Reflectivity spectrum of a SG-DBR mirror.  The modulated grating produces a comb-like 
reflectivity spectrum.  This mirror consists of 12 periods with a sampling period of 68.4 µm and a 
burst length of 6 µm. 
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period consists of a short grating burst followed by a region without a grating.  The 

period of the modulated grating is inversely proportional the peak reflectivity 

spacing, and the duty cycle is inversely proportional to the overall reflection 

spectrum envelope.  It is desirable to maintain as large a reflection spectrum 

envelope as possible; therefore the duty cycle is kept to a minimum.  These relations 

are described in detail in the following section.  In order to maintain a large 

reflectivity magnitude, the gratings must be etched rather deep, and a careful 

optimization of the dry etch and MOCVD regrowth parameters is required to ensure 

good material quality as discussed in chapter 4.  Although there is a limited number 

of optimization parameters in the SG-DBR, the gratings can be produced using 

standard holography, and is therefore the simplest and most cost and time effective 

solution.   

 

The SSG-DBR employs periodically chirped gratings, such that the entire mirror 

contains gratings.  The period of the frequency chirp determines the separation 

between reflectivity peaks.  Early on, the gratings were linearly frequency chirped, 

leading to a nonuniform peak reflectivity, which resulted in imperfect selection of 

laser supermodes [13].   Using a numerical solver, a grating phase function was 

found such that a uniform peak reflectivity could be achieved across the tuning band 

[13].  Although uniform peak reflectivity was achieved, it is not necessarily the 

optimal configuration for the operation of the laser due to gain roll off and increased 

losses with tuning.  Furthermore, the fabrication of the SSG-DBR mirrors currently 

requires electron beam lithography with resolution on the order of 1 nm [14], a 

technologically difficult and time consuming task.  In the future this may be 

alleviated with the use of phase mask technology.   

 

The BSG-DBR is the most versatile form of modulated reflector.  It consists of the 

superimposed sets of Bragg gratings that have subjected to binary digitization 

according to a simple design rule [14].  The design space is larger than that found in 



 

25

either the SG-DBR or the SSG-DBR, including the selection of the period of all the 

superimposed gratings, along with any desired phase shift.  Such parameters allow 

for the formation of non-equally spaced reflectivity peaks along with reflectivity 

magnitude tailoring [14].  This can be used to correct for the non-uniform shift of the 

reflectivity peaks due to waveguide dispersion.  The BSG-DBR is the most versatile, 

yet the most complex to design.  The technological requirements for fabrication are 

not as stringent as that of the SSG-DBR, but still require electron beam lithography 

or other suitable technique. 

 

2.2 SG-DBR LASER 

The SG-DBR laser is the focus of this work, where the goals are high output power, 

good SMSR, wide tunability, and ability for monolithic integration.  In this section 

the basic theory of operation is reviewed, including the tuning mechanisms.  The 

design of the active region is described, including the waveguide design, and the 

buried ridge stripe (BRS) architecture.  The design of the SG-DBR mirrors is 

covered in-depth, including the general design considerations, and the simulation of 

realistic gratings.  Finally, the SG-DBR laser is modeled and the overall designs are 

reviewed.   
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2.2.1 Theory of operation 

The SG-DBR arose from the desire to extend the tuning range of the conventional 

DBR, where the tuning is limited by the achievable change in the refractive index.  

In a DBR mirror, the shift in the Bragg wavelength follows the equation,  

Fig. 2.4 Conceptual illustration showing the construction of the SG-DBR mirror.  The left shows 
the formation of the sampled grating by multiplying a refractive index corrugation with a 
sampling function.  In Fourier-space, the spectrum of the grating is convolved with that of the 
sampling function, yielding a group of spectrally separated frequencies centered at the Bragg 
wavelength.     
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gn
n∆

Γ=
∆
λ
λ  (1) 

where λλ∆ is the relative change in the Bragg wavelength, Γ is the modal overlap 

with the tuning medium, n∆ is the change in the refractive index, and gn  is the 

modal group index.  The maximum shift in the Bragg wavelength, limited by the 

achievable change in refractive index, is less than 10 nm.  A method was needed to 

make more efficient use of the available refractive index shift.   

 

The solution was to develop a laser based on the SG-DBR mirror.  The basic concept 

of the SG-DBR mirror is illustrated in Fig. 2.4.  A corrugation of the refractive index 

with a period Λ  relates to a frequency spectrum centered at Λπ2 , the Bragg 

wavelength.  The square-wave sampling function possesses a comb of Fourier 

components that, when convolved with the frequency spectrum of the grating, results 

in a comb of Fourier components centered at the Bragg wavelength of the grating.  

The spectral separation of the Fourier components in the in the comb is inversely 

proportional to the period of the sampling function.  Thus, it is possible to fabricate 

SG-DBR mirrors with differing peak reflectivity spacing by simply changing the 

sampling period.  For the square-wave sampling function the magnitude of the 

reflectivity from each Fourier component is proportional to the coupling coefficient, 

which is dependent on the Fourier component number [15].  This simply means that 

the magnitude of the reflectivity decreases as one moves away from the central peak.  

The rate at which the reflectivity decreases depends on the duty factor of the 

sampled grating, and will be explained in detail in section 2.4.2. 
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The SG-DBR laser, as stated earlier, consists of two SG-DBR mirrors situated at 

either side of the laser cavity.  The SG-DBR mirrors are sampled using differing 

periods, resulting in reflectivity combs with different peak spacing, as shown in Fig. 

2.5.  This results in only one set of reflectivity peaks coinciding at any particular 

wavelength within the desired tuning range.  The wavelength of the laser will 

operate at the point of minimum threshold modal gain, which, if designed properly, 

occurs at the wavelength where the reflectivity spectra overlap.  The principle of 

operation involves differentially tuning the front and back mirrors such that adjacent 

Fig. 2.5 Reflectivity spectra for SG-DBR mirrors with different sampling periods yielding 
reflectivity spectra with different peak spacing.  The design is such that only one set of reflectivity 
peaks coincide at any particular wavelength in the desired tuning range.   
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reflectivity peaks are aligned, as shown in Fig. 2.6.  This method is used to coarsely 

tune the laser to wavelength zones were full wavelength coverage within each zone 

can be obtained by simultaneously tuning the mirrors while staying within the limits 

of the available refractive index shift.  

2.2.2 Tuning mechanisms 

There are several effects that are used to achieve refractive index tuning in 

semiconductor material.  The various effects can be grouped into two regimes, 

tuning based on applied fields, and carrier based tuning.  The field effect tuning is 

accomplished by applying a reverse bias to the structure.  Although high speed 

tuning can be accomplished using applied fields, the index shift is small.  In the case 

of the SG-DBR laser, it is desirable to achieve the largest index shift possible to 

maximize the tuning range and SMSR; therefore, the SG-DBR laser employs carrier 

based tuning.  

  (a) (b) 

Fig. 2.6  Principle of super mode tuning in the SG-DBR laser.  A small refractive index shift in the 
front mirror aligns reflectivity peaks at 1571 nm (a).  In (b) a small refractive index shift in the 
back mirror aligns reflectivity peaks at 1548 nm.  
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There are four main effects that contribute to the carrier induced refractive index 

change in semiconductor material.  All of them are based on the change of the 

absorption in the material, which is related to the change in refractive index through 

the Kramers-Kronig relation, 
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where nδ is the change in refractive index, 0λ is the wavelength of interest, and δα is 

the change in the absorption as a function of wavelength.  So, to achieve a large 

change in the refractive index, it is desirable to produce a large integrated change in 

the absorption.   

 

The four effects that contribute to the change in absorption can be further 

subcategorized into those that produce a negative refractive index shift, and those 

that evolve a positive shift in the refractive index.  The tuning of the SG-DBR laser 

makes use of the negative shift in the refractive index, whereas the mechanisms that 

produce a positive shift of the index serve to work against the desired operation.   

 

Anomalous dispersion and free carrier absorption are two effects that serve to reduce 

the absorption, resulting in the negative change in the refractive index.  Free carrier 

absorption, or the plasma effect occurs when free carriers absorb photons and move 

to higher states within the band.   The change in the refractive index due to free 

carrier absorption can be approximated using the Drude model for TE-polarized light 

[16].  Anomalous dispersion serves to reduce the absorption of the material due to 

the occupation of energy states, making those states unavailable for photon 

absorption.   
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Bandgap shrinkage and thermal compensation are two effects that produce a positive 

change in the refractive index.  Bandgap shrinkage occurs due to particle-particle 

interaction, resulting in increased absorption for photons with energy greater than the 

bandgap energy.  It has been shown that the change in refractive index due to 

bandgap shrinkage is only important for input light wavelengths shorter that the 

bandgap wavelength [16].  Since the mirror structure designed in this work has a 

bandgap that is detuned toward the blue from the operating wavelengths by 50-150 

nm, the effects due to bandgap shrinkage can be neglected.  An increase in 

temperature, caused by device heating, evolves a positive change in the refractive 

index.  This effect will ultimately limit the extent of achievable tuning.  These 

effects are observed experimentally in chapter 5.   

 

2.3 ACTIVE REGION DESIGN 

The development of a centered quantum well active region was a major driving force 

behind this work.  The implementation of an active region with an optimized modal 

overlap can have far reaching effects on device performance.  Nearly all these effects 

are desirable for achieving optimal performance from the laser diode.  In this section, 

some of the consequences of implementing a centered quantum well active region 

will be discussed, as well as the design of the waveguide structure.  The BRS 

architecture will be reviewed and the design criteria cited. 

2.3.1 Optical confinement 

As mentioned earlier, the SG-DBR laser has traditionally made use of offset 

quantum wells, were the quantum wells are situated above the waveguide [7].  In this 
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configuration, the optical mode overlap with the quantum wells is not at an optimal 

level.  By definition, the modal gain also is not at an optimal level.  One of the goals 

of this work was to improve the optical mode overlap by placing the quantum wells 

in the center of the waveguide, as demonstrated in Fig. 2.7.  By doing so, the optical 

mode overlap can be optimized, leading to an increased modal gain.   

 

The optical confinement factor Γ of a semiconductor laser is of utmost importance 

and deserves a brief discussion of the consequences of improving this parameter.  

Assuming the material gain curve is constant, increasing the optical confinement 

factor yields an increase in the modal gain, which can be used in a number of ways.  

The first effect, shown in Fig. 2.8 (a), states that the laser is capable of tolerating a 

higher level of loss for a given threshold carrier density; in the figure this is shown 

as an increase in the threshold modal gain, moving from thgΓ  to ′Γ thg .  The 

increased loss could be due to internal loss, mirror loss, or a combination of the two.   

  (a) (b) 

Fig. 2.7 Optical mode overlap with the MQW active region.  (a) Offset quantum well design used 
in [7] yielding an optical mode overlap of 5.4%.  (b)  Centered quantum well design used in this 
work resulting in an optical mode overlap of 9.4%. 
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Secondly, with the cavity losses held constant, the threshold carrier density is 

reduced, shown in Fig. 2.8 (b), from thN  to ′
thN . A reduction in the threshold carrier 

density leads directly to a reduction in the nonradiative recombination rates due to 

traps and Auger processes.  The reduction in threshold carrier density also leads to a 

reduction in the quasi Fermi level separation, resulting in a reduction of the carrier 

leakage out of the quantum well region.  This is seen as a reduction in the modal loss 

in the laser from thgΓ  to ′Γ thg , and the operating point slides further down the gain 

curve until equilibrium is reached at ′Γ thg  and ″
thN .  So, we find that all major 

contributing nonradiative recombination rates are reduced.  

 

It is possible to use the improvement in optical mode overlap to achieve an 

improvement in any number of observable performance parameters.  For example, 

  (a) (b) 

Fig. 2.8 Schematic illustration of modal gain versus carrier density showing the effects of an 
increased optical confinement factor (dashed line to solid line).  (a) Improvement in the optical 
confinement factor allows for an increased loss to be tolerated in the laser for a given threshold 
carrier density.  (b) Holding the threshold modal gain constant, an improvement in the optical 
confinement factor yields a lower threshold carrier density  
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considering a slight decrease in the internal loss and mirror loss that is kept at a 

constant value, the improvement in optical confinement factor would result in a 

reduction in the threshold carrier density leading directly to a reduction in the 

threshold current.  This may be desirable if there are current dependent leakage paths 

in the device, or if device heating is problematic.  Alternately, if the mirror designs 

were changed such that they allow a greater fraction of photons to escape, an 

increase in the threshold modal gain, a greater differential efficiency could be 

observed while maintaining the same threshold carrier density as the design with a 

lower optical confinement factor.   Further still, the two effects can be used in 

conjunction to optimize the output power of the laser at a given operating current.     

 

In summary, the performance of the active region is strongly influenced by the 

optical confinement factor.  The increase in the optical confinement factor leads 

directly to an increase in the modal gain.  It has been shown that a centered quantum 

well active region provides over 50% more modal gain than an offset quantum well 

design.  The improvement in the modal gain allows for the manipulative 

improvement of observable laser characteristics such as the threshold current, 

differential efficiency, and output power. 

2.3.2 Waveguide design 

The design of the waveguide determines the optical mode overlap with the quantum 

well active region.  Here the waveguide consists of a seven quantum well active 

region symmetrically clad on either side by quaternary material.  The goal is to 

maximize the optical mode overlap with the quantum wells by optimizing the 

thickness and composition of the quaternary waveguide material.   
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The waveguide material must be considered in terms of both the refractive index and 

bandgap energy.   Due to the inverse relationship of the refractive index with 

bandgap energy, an increase in the bandgap energy results in the optimum 

waveguide thickness increasing and a reduction in the maximum achievable optical 

mode overlap, as shown in Fig 2.9.  However, the bandgap of the waveguide 

material cannot be so small as to hinder efficient carrier transport into the quantum 

well region.  That is, the bandgap of the waveguide should not be so small that the  

quantum well barrier presents an insurmountable potential barrier.  The general 

Fig. 2.9 Optical mode overlap and waveguide thickness as a function of bandgap wavelength. 
Symbols indicate the optical mode overlap (triangles), and optimum waveguide thickness 
(squares).    
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criterion is that the potential barrier should be less than three times the thermal 

energy.  In this case the barrier of the quantum well active region has a bandgap 

energy of 1.03 eV; therefore, the waveguide material should have a bandgap energy 

of not less than 0.95 eV.  A bandgap energy of 0.95 eV corresponds to a bandgap 

wavelength of 1300 nm; this value is marked on Fig. 2.9 as the maximum bandgap 

wavelength of the waveguide material.   

 

With this in mind, the waveguide material was chosen to be quaternary material with 

a bandgap wavelength of 1300 nm (1.3Q).  This material provides an optical mode 

Fig. 2.10 Optical mode overlap as a function of waveguide thickness for centered quantum wells 
(solid), and offset quantum wells (dotted).  Symbols indicate wavelengths of 1.53 µm (circles), 
1.55 µm (squares), and 1.57 µm (triangles) 
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overlap of 9.4% at a waveguide thickness of 379.5 nm at a wavelength of 1550 nm.  

The mode overlap dependence on the waveguide thickness and wavelength is shown 

in Fig. 2.10 with the offset quantum well case shown for reference.  As shown in the 

figure, there is much less dependence of the optical mode overlap on the waveguide 

thickness for the centered quantum well case, but more variation due to the 

wavelength.  Nevertheless, the centered quantum well case provides over 50% more 

optical mode overlap than the offset quantum well case with a 400 nm thick 

waveguide.   

 

Fig. 2.11 Dispersion for waveguide composed of a MQW active region and 1.3Q waveguide 
layers.  Shown is the computed modal index as a function of wavelength.  The modal group index 
can be found using a linear fit. 
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Another important aspect of the waveguide is the inherent dispersion, the 

dependence of the modal index as a function of wavelength.  Waveguide dispersion 

is a modal dispersion that depends on both the material dispersion and the geometry 

of the waveguide.  The calculation of the waveguide dispersion involves the 

computation of the waveguide mode at various wavelengths.  The modal index can 

be plotted as a function of wavelength, as shown in Fig. 2.11.  A linear fit can be 

applied to find modal group index.  The inclusion of waveguide dispersion, and use 

of the modal group index is essential when simulating SG-DBR mirrors. 

2.3.3 Buried ridge stripe architecture 

In this work, a BRS device architecture was employed.  This type of device structure 

has several advantages over the standard ridge layout.  For instance, a lower thermal 

impedance can be achieved in the BRS layout because InP surrounds the active 

region.  The carriers, in the BRS layout, are confined laterally within the quantum 

well active region, again due to the higher bandgap InP.  The BRS architecture also 

has some potential disadvantages; such as voltage dependent shunt current paths, and 

capacitance issues.  However, the advantages can lead to superior active region 

performance over a ridge design if designed properly. 

 

The BRS architecture is different from other buried heterostructure (BH) designs in 

that it does not contain a reversed bias junction or semi-insulating (SI) material to 

provide a current aperture.  The design concept is simple; burry an etched InGaAsP 

active region in p-type InP.  This can be done with a single regrowth, and in this way 

is less complex than other BH designs.  Current confinement is provided by the 

forward biased InP homojunction, whose diode turn-on voltage (~1.3 V) is larger 

that the turn-on voltage of a heterojunction with an active region designed for 

emission at 1550 nm (~0.85 V).  Additional measures can be taken to limit the 
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parasitic leakage currents such as, limiting the width of the contact layer, and proton 

bombardment of the homojunction [17].   

 

A schematic of the BRS architecture is shown in Fig. 2.12, where the letters indicate 

some of the design variables.  The optimization of the BRS structure using a two-

dimensional finite difference technique is outlined in [17], and the results are 

summarized herein.  The geometrical parameters used in the optimization, shown in 

Fig. 2.12, are the width W of the active region, the thickness H of the p-type InP 

regrowth, the width S of the InGaAs contact layer, and the width B of the non-

implanted window.  The doping in the p-type InP is the most important factor 

influencing the leakage current [17].  It has been shown that a relatively small 

change in the doping concentration yields a large change in the magnitude of the 

leakage current [17].  The maximum doping, however, is limited to around 1x1018 

cm-3, due to the tolerable amount of free carrier absorption, and the increased 

Fig. 2.12 Schematic of the BRS device architecture.  Numbers indicate (1) p-type InP regrowth, 
(2) n-type InP, (3) MQW active region, (4) regions of proton bombardment, (5) Ti/Pt/Au contact, 
(6) InGaAs contact layer, and (7) SixNy layer.  Letters indicate design variables. 
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acceptor diffusion rate in the lattice during growth.  In order to obtain good current 

confinement [17] found that the design should adhere to the following criteria. 

1. p-type doping in the InP regrowth layer, 317
0 108 −≥ cmxp  

2. p-type contact stripe width, HWS +≤  

3. p-type contact resistivity, 2510 cmc ⋅Ω< −ρ  

4. mHm µµ 21 <<  

5. HSB 2+<  

With exception of the p-type doping level, which was experimentally optimized as 

discussed in chapter 4 and the p-type contact stripe width, which was slightly larger 

than the suggested value, the design rules derived by [17] were followed.  

2.4 MIRROR DESIGN 

The sampled grating mirrors hold the vast majority of SG-DBR laser design space, 

and are critical in determining laser performance.  To this end, the design criteria of 

the SG-DBR mirror will be reviewed in detail.  The parameters in determining the 

general trends in mirror characteristics will be explored using a numerical approach, 

using realistic gratings, which are in phase throughout the mirror, and include 

dispersion effects.   

2.4.1 Sampled grating mirror terminology 

In this section, the physical parameters involved in SG-DBR mirror design are 

described, as well as their frequency space counterparts.  There are four physical 

parameters, shown in Fig 2.13, that determine the reflectivity spectrum of the SG-

DBR mirror.  The physical parameters are the length of the sampling period 0Z , the 

burst length 1Z , the number of periods N , and the grating-coupling coefficient κ , 
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which is determined by D the grating etch depth.  For the case of square shaped 

gratings used in this work, the relation between the grating etch depth and coupling 

coefficient is given by the following equation,  

λπ
κ n∆

⋅=
8  3 

where n∆  is the difference in the effective indices in the grating and λ  is the 

wavelength of interest.  These physical parameters determine absolutely the 

characteristics observed in the reflectivity spectrum.   

 

The frequency space characteristics of the mirror, shown in Fig. 2.14, include; the 

wavelength separation between adjacent reflectivity peaks λ∆ , the FWHM of each 

reflectivity peak channelλ , the 3 dB bandwidth of the spectral envelope envelopeλ , and 

the magnitude of the reflectivity.  It is important to note that all the physical 

parameters take part in determining the spectral characteristics of the mirror, with the 

exception of the peak reflectivity spacing, which is dependent only on the sampling 

Fig. 2.13 Schematic of the physical SG-DBR mirror parameters.  Where Z0 is the sampling period, 
Z1 is the burst length, and D is the grating etch depth. 
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period.  

2.4.2 SG-DBR mirror simulations 

 

In this section the SG-DBR mirror is investigated using a numerical approach.  The 

use of a numerical solver based on the transmission matrix method allows for the 

simulation of mirrors whose gratings are in phase throughout the mirror structure.   

The simulation of SG-DBR mirrors with gratings that are in-phase more closely 

Fig. 2.14 Schematic of the reflectivity spectrum of the SG-DBR mirror.  Where, λenve is the 3-dB 
bandwidth of the spectral envelope, ∆λ is the spacing between adjacent reflectivity peaks, and 
λchannel is the FWHM of the individual reflectivity peaks. 
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match those that are fabricated using holography, and are therefore a more accurate 

depiction of the spectral characteristics of the mirror than those computed from 

analytical equations.   

 

In these simulations the burst length Z1, and number of periods N, were the 

independent variables, and the sampling length Z0, and the grating coupling 

coefficient κ were held constant.  The investigated parameters are the 3-dB spectral 

envelope λenve, the channel FWHM λchannel, and the magnitude of the reflectivity.  

 

The sampling period is inversely proportional to the spacing between reflectivity 

peaks. It should be noted that the spacing between reflectivity peaks is not affected 

by the burst length, the number of periods, or the coupling coefficient.  In order to 

cover the desired tuning range the mirror must be able to tune continuously between 

adjacent reflectivity peaks.  Therefore the sampling period is limited by the 

achievable shift in the refractive index.  Depending on the design of the tuning 

region, the refractive index shift limits the wavelength tuning to around 6-12 nm.  

Therefore, the sampling period is chosen based on the available wavelength tuning in 

the structure, and is described by the following equation,  

λ
λ

∆⋅⋅
=

gn
Z

2

2

0   (4) 

where, λ is the Bragg wavelength of the grating, and gn  is the modal group index.  

Throughout these simulations the peak reflectivity spacing was chosen to be 6 nm 

due to the unknown extent of carrier induced tuning in QWI material.  The modal 

group index was found as explained in section 2.3.2, and for the waveguide structure 

used in this work, found to be 3.66.  At a Bragg wavelength of 1560 nm, the 

sampling period is found to be 55.4 µm.  The wavelength spacing between 

reflectivity peaks is proportional to the wavelength at which they occur due to 
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dispersion, and is the designed value only near the Bragg wavelength.  The typical 

variation in peak wavelength spacing is typically slightly less than 1 Å between 

adjacent mirror peaks.  This is a characteristic inherent in SG-DBR mirrors and 

should be kept in mind when designing the laser. 

 

The coupling coefficient is directly proportional to the magnitude of the reflectivity 

peaks.  It will be shown that, for the case of the SG-DBR laser, it is advantageous to 

make use of the largest coupling coefficient possible.  The coupling coefficient, is 

directly proportional to the index contrast of the grating, which in turn is directly 

proportional to the etch depth.  It is possible to increase the index contrast using a 

quaternary waveguide with a high bandgap wavelength, but it is the etch depth, and 

the quality of the associated MOCVD regrowth that ultimately limits the maximum 

value of the coupling coefficient.  In this work, high quality MOCVD regrowths 

have been observed for etch depths up to 1000 Å, although regrowths with greater 

etch depths have not been performed; the quality of the regrowth is expected to 

degrade beyond this point.  A grating fabricated using 1.3Q waveguide material, at 

an etch depth of 850 Å, has a coupling coefficient of 343 cm-1.   

 

The burst length and the number of sampling periods are the most flexible of the 

design parameters, and their effects on the mirror reflectivity and transmission 

spectrum must be understood.  These two physical parameters contribute to the 

magnitude of the reflectivity and transmission spectrum, the envelope bandwidth, 

and the FWHM of each of the reflectivity channels.  Mirror simulations adjusting 

both of these parameters and observing the effect on each of the spectral 

characteristics mentioned above, proved to be very insightful.   
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The effect of the burst length and the sampling period on the reflectivity and 

transmission spectrum for a mirror with a peak wavelength spacing of 6 nm, and a 

modal loss value of 9 cm-1 is shown in Fig. 2.15  The Fig 2.15 (a) shows that the 

magnitude of the central reflectivity peak is directly proportional to the burst length 

and the number of sampling periods with a saturation of the maximum reflectivity 

occurring rapidly beyond 7 sampling periods, while in (b) the third order reflectivity 

peak is plotted against the burst length and number of sampling periods, and shows a 

maximum in the reflectivity curves with a burst length of 7.5 µm.  The maximum in 

the reflectivity for the third order peak is due to the spectral envelope of the mirror 

collapsing faster than the increase in reflectivity with a greater number of sampling 

periods.  The third order peak was observed because, with a 6 nm peak wavelength 

spacing, it is the outermost peak that is used for tuning within an ITU wavelength 

band, i.e. a tuning range of just over 40 nm.  So, for a tunable laser designed for 40 

  (a) (b) 

Fig. 2.15 Reflectivity (solid) and transmission (dashed) as a function of burst length and number 
of sampling periods for a mirror with peak wavelength spacing of 6 nm and 9 cm-1 of loss.  (a) 
peak reflectivity, minimum transmission for the central peak, (b) peak reflectivity, minimum 
transmission for the 3rd order peak.  The number of sampling periods vary from 3 to 19 periods in 
steps of 2.   
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nm or greater tuning range and 6 nm peak wavelength spacing, the burst length 

should not exceed 7.5 µm.  For a mirror designed with a peak wavelength spacing 

which is greater than 6 nm, the third order peak is not necessarily the outermost peak 

used to cover the desired tuning range; with that being the case, the maximum burst 

length will be slightly larger.  However, it will be shown that increasing the burst 

length has other adverse effects, and it is usually not beneficial to make use of the 

maximum burst length as described here. 

 

  (a) (b) 

Fig. 2.16 Reflectivity channel FWHM plotted as a function of burst length and number of 
sampling periods for a mirror with peak wavelength spacing of 6 nm and 9 cm-1 of loss.  (a) 
channel FWHM of the central reflectivity peak, and (b) channel FWHM of the 3rd order 
reflectivity peak.  The number of sampling periods vary from 3 to 19 periods in steps of 2. 
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The width of each of the individual reflectivity peaks, or channels plays a major role 

in determining the SMSR of the SG-DBR laser.  A small the channel FWHM is 

desirable to minimize the overlap of adjacent front and back SG-DBR mirror 

reflectivity peaks.  Therefore, the FWHM of each channel should be kept to the 

smallest value possible.  The effect of the burst length and number of sampling 

periods on the channel FWHM is shown in Fig. 2.16.  In (a) the channel FWHM for 

the central reflectivity peak is shown.  As noted from the figure, the channel FWHM 

increases monotonically with the burst length and decreases monotonically with the 

number of sampling periods.  For the third order reflectivity peak, shown as (b), the 

channel FWHM has a peak near 7.5 µm, the same burst length as the maximum 

reflectivity for the third order reflectivity peak.  Ultimately, the FWHM of the 

central reflectivity peak limits the burst length.  The maximum tolerable channel 

FWHM for a mirror in an SG-DBR laser is design limited, and there is no hard limit.  

However, at least one of the SG-DBR mirrors should have a channel FWHM small 

enough such that it suppresses the adjacent cavity mode to such an extent that the 

SMSR is within design criteria.   

 

Another important characteristic of the SG-DBR mirror is the 3-dB bandwidth of the 

spectral envelope.  The 3-dB bandwidth of the spectral envelope is a measure of the 

rate at which the magnitude of the reflectivity peaks decay moving away from the 

Bragg wavelength.  A wide bandwidth is essential to achieve tuning over the desired 

tuning range.  If the magnitude of the reflectivity peaks were to roll off too fast, the 

laser would be unable to tune to the outermost channels, because reflectivity peaks 

of channels adjacent to the aligned channels would overlap such that the magnitude 

of the reflectivity were larger than that of the aligned reflectivity peaks.   In a not so 

extreme situation, such a design would have adverse effects on the SMSR.   
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The 3-dB bandwidth of the spectral envelope is plotted as a function of burst length 

for mirrors with 3 and 15 sampling periods in Fig. 2.17.  As the burst length 

increases the 3-dB bandwidth of the mirror reflectivity spectrum decreases rapidly.  

The number of sampling periods has the effect of increasing the bandwidth, although 

not to as large of an extent as a reduction in burst length.  As the number of sampling 

periods increases, so does the magnitude of the side lobes surrounding each 

reflectivity peak; for the mirror with 15 sampling periods the side lobes become 

larger than the outermost reflectivity peaks beyond a burst length of 9 µm.  

Therefore, the envelope bandwidth is not plotted beyond this point.    

Fig. 2.17 The envelope 3-dB bandwidth plotted as a function of burst length.  Symbols indicate 
mirrors with 3 sampling periods (circles), and 15 sampling periods (squares). 
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2.4.3 Summary of trends 

In summary, there are four physical parameters that affect the SG-DBR mirror 

spectrum, the sampling period, the coupling coefficient, the burst length, and the 

number of sampling periods.  The maximum achievable refractive index shift sets 

the sampling period, and it is advantageous to make use of the largest coupling 

coefficient as technologically possible.  Therefore, for a given maximum refractive 

index shift, only the latter two parameters are useful in the design aspects of the SG-

DBR laser.  The burst length is directly proportional to the magnitude of the central 

reflectivity peak, and the channel FWHM, and is inversely proportional to the 

envelope bandwidth.  The number of sampling periods is directly proportional to the 

reflectivity magnitude and the envelope bandwidth, and inversely proportional to the 

channel FWHM.  These trends are summarized in table 2.1, below, indicating 

Table 2.1 Summary of the effects of the burst length and number of sampling periods on the 
mirror characteristics.  Arrows indicate neutral trends, arrows with circles indicate desirable 
effects, and arrows with cross indicate undesirable effects. 
 

Mirror Characteristic 
                        .                  .

Rcentral 
  

R3rd order  
 

FWHMchannel 
 

  

FWHMenvelope   

Burst Length 
Number  
of periods 
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desirable effects.  It is advantageous to minimize the burst length to achieve a small 

channel FWHM and large the envelope bandwidth, however, this also has the effect 

of reducing the reflectivity.  The reflectivity can be maintained though an increase in 

the number of sampling periods or an improvement in the coupling coefficient.  The 

latter being the only practical solution, as the loss through the mirror increases as the 

length is increased, ultimately limiting the transmission as well as the reflectivity.  In 

all, the observed trends place tight tolerances on the design of the SG-DBR laser.   

2.5 SG-DBR LASER MODELING 

Subject to design trade-offs, the SG-DBR laser has the potential to demonstrate a 

wide variety of characteristics; this section investigates some of the design trade-

offs.  There are several key aspects of SG-DBR design; these can be quantified in 

terms of tuning range, SMSR, and output power.   Other characteristics include 

threshold current, and slope efficiency, although important, come secondary to those 

previously mentioned.   

2.5.1 Design criteria 

The most important design consideration is the tuning range.  The tuning range is the 

single clear performance advantage over fixed wavelength DFB lasers, and narrowly 

tunable lasers of the DBR variety.  The design target in this work was 40 nm, to 

cover the full width of an ITU band.  In this case, the tuning range is limited by the 

repeat mode spacing RMSλ , which is defined as the spacing between periodically 

aligned front and back mirror reflectivity peaks, and is described by the following 

equation, 
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bf

bf
RMS λλ

λλ
λ

∆−∆

∆⋅∆
=  (5) 

where the subscripts indicate the front and back mirrors.  This equation tends to 

overestimate the actual tuning range because of the fact that the mirror reflectivity 

peaks are not equally spaced, and when tuned using carrier injection shift at 

increasing rates toward the blue.  Therefore, the repeat mode spacing must be chosen 

to be larger then the desired tuning range.  The tuning range cannot be chosen to be 

arbitrarily large, as the equation indicates, a larger repeat mode spacing is the result 

of a decrease in the difference between front and back mirror peak wavelength 

spacing.  Such a design will allow adjacent mirror reflectivity peaks to overlap to 

such an extent that the SMSR suffers.  In this work, a repeat mode spacing of 54 nm 

was used to ensure a tuning range of 40 nm. 

 

 The front and back mirror peak reflectivity spacing can also be set using Eq. 5.  The 

front mirror should be selected with a peak reflectivity spacing based on the 

maximum refractive index shift available, which defines the peak reflectivity spacing 

of the back mirror.  For example, for a 54 nm repeat mode spacing and 6 nm of 

available wavelength shift, the back mirror peak reflectivity spacing should be 5.4 

nm.   

 

The SMSR is a characteristic that can be controlled through mirror design.  There are 

two aspects to the SMSR in the SG-DBR laser.  The first is related to the adjacent 

cavity mode, and the other is related to the overlap of adjacent reflectivity peaks.  In 

order to investigate these contributing factors with respect to the mirror design only, 

a parameter related to the SMSR is introduced as the normalized loss margin [15] 

given by, 
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thg
M

Γ
∆

=
α  (6) 

where α∆ is the difference in modal loss between two competing modes, and thgΓ  

is the threshold modal gain.  The normalized loss margin is related to the SMSR 

through the following equation [15], 

( ) ( )mWPmW
g

gMSMSR
th

⋅⋅







Γ
Γ∆

+≥ −1410  (7) 

where gΓ∆  is the difference in gain at the mode and the gain at the competing 

mode.  With the cavity mode spacing typically on the order of a few Å, the channel 

FWHM of at least one of the mirrors should be narrow enough such that the 

normalized loss margin for the adjacent cavity mode is greater2 than 0.1, which 

roughly translates to a channel FWHM of not more than twice the cavity mode 

spacing.  A typical SG-DBR mirror designed as the back mirror usually satisfies this 

criterion.    

 

The normalized loss margin due to a competing mode from the overlap of adjacent 

reflectivity peaks chM  is dependent on both the front and back SG-DBR mirror 

designs.  Multiplying the spectra of the front and back mirrors together and noting 

the peak reflectivity of the adjacent channel, as shown in Fig. 2.18, the normalized 

loss margin can be computed.  The chM  can be increased by increasing the 

difference between the peak reflectivity spacing of the front and back mirror, but this 

requires a larger DBR tuning range.  Reducing the channel FWHM of one or both of 

the mirrors can also increase chM .  For the worst case scenario were a cavity mode 

                                                 
2 A normalized loss margin > 0.1 results in a SMSR >40 dB for an output power of 10 mW in the 

InP/InGaAsP material system [15]. 
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is aligned with the peak of the adjacent front and back mirror reflectivity product, the 

design shown in Fig. 2.18 has a normalized loss margin of 0.135, which results in a 

sufficient SMSR.   

 

The output power of the SG-DBR laser is another parameter of great importance, 

and is dependent on a number of parameters.  As explained earlier, the active region 

design and waveguide design play an important role in determining the output power 

through the optical confinement factor, but the major design element is again the 

design of the SG-DBR mirrors themselves.  The transmission through the front 

Fig. 2.18 The reflectivity product of the front and back mirrors.  The mirror parameters are 6 nm 
and 5.4 nm peak reflectivity spacing, burst length of 5 µm and 6 µm, and 4 and 12 periods for the 
front and back mirrors, respectively. 
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mirror is crucial for achieving a high output power.  The reflectivity of the front and 

back mirrors is also an important design parameter.  The goal is to design the front 

and back mirrors such that a large fraction of the light couples out of the cavity, 

while maintaining an acceptable value of SMSR.   

 

The fraction of power emitted from a laser cavity is dependent on the reflectivity and 

transmission characteristics of the mirrors, and is given by the following equation, 

( ) ( )2
2

2

12
1

2
1

1
11 r

r
rr

tF
−+−

=  (8) 

where, 1F  is the fraction of power emitted from the front mirror, 1t  is the 

transmission through the front mirror, and 1r  and 2r  are the reflectivity of the front 

and back mirrors, respectively.  As seen from the equation, the fraction of power 

emitted from the front mirror can be increased by increasing the transmission of the 

front mirror, reducing the reflectivity of the front mirror, or increasing the 

reflectivity of the back mirror.  Although Eq. 8 is useful for conceptual design 

purposes, the mirror designs are constrained by other factors, such as SMSR.  

Nevertheless, the concept remains that, to achieve a large output power, the 

transmission through the front mirror must be maximized, while the reflectivity of 

the front mirror is reduced, and the reflectivity of the back mirror is maximized.  As 

was shown in Fig. 2.15, the transmission of a SG-DBR mirror increases with a 

reduction of both the burst length and the number of sampling periods.  Thus, it is 

desirable to use a front mirror with a small burst length and few sampling periods, 

whereas the back mirror should use a relatively large burst length and a large number 

of sampling periods.  Still, the mirror designs are limited by the SMSR, and therefore 

cannot be optimized for output power alone.  The design trade-off between output 

power and SMSR are examined in the following section.   
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Another consideration affecting the output power involves the physical length of the 

front mirror, which is related to the sampling period and the associated peak 

wavelength spacing.  Once the tuning range is defined and the associated peak 

wavelength spacing of the SG-DBR mirrors are obtained, the question remains as to 

which peak wavelength spacing should be used for the front mirror.  As shown 

earlier, the peak wavelength spacing is inversely proportional to the sampling period, 

which means that for a given number of sampling periods, the physical length of the 

mirror is also inversely proportional to the peak wavelength spacing.  A physically 

short mirror will yield higher transmission than a longer mirror with the same modal 

loss.  However, the loss increases as the mirror is tuned, and to first order, the 

increase in loss with tuning can be approximated as a linear function. 

( ) λαλα mi +=  (9) 

Variables indicate the tuning λ, the modal loss iα , and the rate at which the loss 

increases with tuning m.  Depending on the modal loss and the rate at which loss 

increases with tuning, it may be advantageous to use the longer sampling period in 

the front mirror to reduce the required tuning and the loss at the maximum required 

tuning.   
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In order to investigate the design trade-off between tuning loss and loss due to the 

physical length of the mirror, SG-DBR mirrors with differing peak wavelength 

spacing were simulated.  The reflectivity and transmission of the SG-DBR mirrors 

were computed at the maximum required tuning3 for the mirror using the loss found 

from Eq. 9.  The excess mirror loss, defined as ( )TR +−1 , was normalized at a 

tuning range of 4 nm and plotted as a function of the maximum required tuning 

range for the mirror, shown in Fig. 2.19.  This process was repeated for various 

                                                 
3 The maximum required tuning of the SG-DBR mirror is equal to the peak wavelength spacing of 

the reflectivity peaks.   

Fig. 2.19 Normalized excess mirror loss as a function of the maximum tuning range of a single 
SG-DBR mirror.  Numbers indicate rate at which loss increases with tuning in units of cm-1/nm. 
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values of m ranging from 5 to 35 cm-1/nm, and used a modal loss value of 5 cm-1.  

From the figure, it is found that the excess mirror loss can be reduced by increasing 

the maximum required tuning range of the mirror, up to 9 nm, for values of m 

ranging from 5 to 20 cm-1/nm.  This indicates that the excess mirror loss can be 

minimized by using the largest peak wavelength spacing possible, up to the 

computed value of 9 nm.  Therefore, it would be advantageous to use the 

larger/smaller peak wavelength spacing/sampling period in the front mirror.  Beyond 

m values of 20 cm-1/nm, the excess mirror loss has a minimum within the range of 4 

to 9 nm, and it is advantageous to use the larger peak wavelength spacing in the front 

mirror only for mirror designs with a maximum required tuning range which lies on 

the negative slope side of the minimum.  With a modal loss expected to be around 5 

cm-1 and the expected value for m to be around 5 to 10 cm-1/nm, it is therefore 

advantageous to use the larger peak wavelength spacing in the front mirror design.  

Using the larger peak wavelength spacing in the front mirror design is advantageous 

because the physical length of the mirror is reduced to such an extent that the tuning 

induced loss cannot overcome the reduction in loss due to the shorter length, 

therefore maximizing the output power.    

2.5.2 Theoretical device performance 

With the some of the design criteria investigated and the general concepts explored, 

the SG-DBR laser can be simulated ensuring that the desired device operation is 

obtained.  As stated previously, the normalized loss margin and the output power are 

the major design factors.  The threshold current can be computed along with the 

normalized loss margin and output power and to do so is instructive.   

 

As stated in the previous section, the wavelength range over which the laser is 

intended to operate is the first design parameter.  In this case, a tuning range of 40 
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nm is desired; therefore, a repeat mode spacing of 54 nm was used.  The maximum 

change in the refractive index in QWI material was unknown; so the simulations use 

a conservative estimate of 6 nm as the expected achievable wavelength shift.   This 

value was used as the peak wavelength spacing of the front mirror.  According to Eq. 

5, a 6 nm front mirror peak wavelength spacing yields a peak wavelength spacing in 

the back mirror of 5.4 nm.  With the sampling period set and an expected coupling 

coefficient of 343 cm-1, the available mirror parameters are the burst length and the 

number of periods in the front and back mirrors.  Mirror designs with various burst 

lengths and number of periods were selected based on the trends discussed in section 

2.4.3.  The mirrors were simulated over their tuning range using an internal loss of 9 

cm-1 and an m of 5 cm-1/nm, which were measured for bulk tuning in offset quantum 

well SG-DBR lasers [18].   

 

It is obvious that the laser characteristics will vary over the tuning range.  Therefore, 

the laser characteristics must be evaluated over the entire tuning range to ensure the 

desired operation.  Using the gain model, modal loss, and injection efficiency 

obtained experimentally by evaluating Fabry-Perot (FP) BRS lasers in conjunction 

with the SG-DBR mirror simulations; the characteristics of the laser were computed 

over the designed tuning range, as shown in Fig. 2.20.  As shown in the figure, the 

normalized loss margin varies around a value of 0.1, dropping below that value over 

a minimal wavelength range.  This is not a major concern because a value of 0.1 for 

the normalized loss margin is fairly conservative and it assumes that a cavity mode is 

present at the adjacent channel reflectivity peak, which is not necessarily the case.  

The computed threshold current varies between 10 and 13 mA, a much lower value 

than that observed experimentally in offset quantum well SG-DBR lasers [8].  The 

reduction in threshold current is due to the improved modal gain in the centered 

quantum well design over the offset quantum well case.  The output power is 

computed to be significantly higher than that shown in [8], due both to the centered 

quantum well design and the use of a front mirror with a much higher transmission.   
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Fig. 2.20 Representative SG-DBR laser simulations for peak wavelength spacing of 6 nm and 5.4 
nm, burst lengths of 5 µm and 6 µm, and sampling periods of 5 and 12, for the front and back 
mirrors, respectively.  (a) The normalized loss margin as a function of operating wavelength with 
the design criterion of M>0.1 shown dotted.  (b) The threshold current as a function of operating 
wavelength.  (c) The output power as a function of operating wavelength.   
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In order to quantify the performance of the laser design over the tuning range, the 

mean values of the normalized loss margin, threshold current, and the output power 

over the tuning range were computed and plotted as a function of the burst length in 

the back mirror, varying the burst length and number of sampling periods in the front 

mirror, shown in Fig. 2.21.  From the figure, the mean normalized loss margin 

reaches a maximum for a back mirror burst length of 5 to 6 µm for all front mirror 

variations.  The threshold current decreases monotonically with burst length and 

number of front mirror sampling periods, while the output power increases with back 

mirror burst length and decreases with front mirror burst length and number of 

sampling periods.  Based on these results four SG-DBR laser designs were selected 

for fabrication and are listed in table 2.2, below. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.2 Summary of the selected SG-DBR laser designs for fabrication. 
 

 
 

Front Mirror   Back Mirror 

Design ∆λ Z1 N ∆λ Z1 N 

1 6 2 4 5.4 6 12 

2 6 2 5 5.4 6 12 

3 6 5 4 5.4 6 12 

4 6 5 5 5.4 6 12 
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Fig. 2.21 Mean values of laser parameters over the tuning range.  Arrows indicate direction of 
increasing front mirror burst length from 2 µm to 6 µm.  (a) Front mirror with 4 sampling periods. 
(b) Front mirror with 5 sampling periods.   
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Similar laser designs with peak reflectivity spacing of 7 and 8 nm were also included 

for fabrication, which yield a larger normalized loss margin and higher output 

power.  In all, twelve SG-DBR laser designs were selected for fabrication.   

 

2.6 SUMMARY 

In this chapter, several widely tunable laser architectures were reviewed and their 

capability for monolithic integration investigated.  Monolithic integration of the 

tunable laser with other optoelectronic devices is essential for the realization of 

large-scale PICs.  Only four of the eight tunable laser architectures are suitable for 

monolithic integration; they are, the DFB array, the SG-DBR, the SSG-DBR, and the 

BSG-DBR laser.  The latter three being based on a form of modulated grating and 

use Vernier scale tuning to achieve a wide tuning range.  Three of the four, which 

possess the capability for monolithic integration, require electron beam lithography, 

an expensive and time consuming task.  Only the SG-DBR laser is fabricated using 

standard holography, which makes this device attractive for large-scale production.   

 

A review of the SG-DBR mirror design parameters indicated that there are only two 

design variables, while the other geometrical parameters are pined at values based on 

the on the maximum available refractive index shift or a technological limitation.  

The two design variables, the burst length and number of sampling periods, were 

investigated and the trends in the mirror characteristics found.  It was found that it is 

advantageous to minimize the burst length in the SG-DBR mirror in terms of the 

channel FWHM and the envelope 3-dB bandwidth, yet by doing so, decreases the 

reflectivity.  A larger coupling coefficient has the effect of increasing the reflectivity, 

but is technologically limited by the quality of the MOCVD regrowth.  Therefore, 

the coupling coefficient of the grating should be maximized based on the ability to 
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regrow high quality material.   The rest of the SG-DBR mirror trends are 

summarized in Table 2.1.   

 

Although the SG-DBR mirror has a limited number of design variables, it is possible 

to design a widely tunable laser based on the SG-DBR mirror.  In section 2.5.2, SG-

DBR lasers were simulated for various mirror designs.  The desired tuning range for 

the laser sets the sampling period; from there the mirror design affects the 

normalized loss margin, threshold current, and output power.  SG-DBR lasers were 

simulated over the entire tuning range and mean values of the normalized loss 

margin, threshold current, and output power plotted as a function of the burst lengths 

in the front and back mirror as well as the number of front mirror sampling periods.  

Designs were selected for fabrication, which possessed a range of characteristics in 

order to obtain experimental verification. 
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CHAPTER 3 QUANTUM WELL INTERMIXING 

This chapter summarizes the development of the quantum well intermixing (QWI) 

process used in this work.  The underlying framework for the intermixing process is 

reviewed, as well as the various methods that have been developed to accomplish 

intermixing.  From there, the process parameters for the ion-implant-enhanced-

intermixing process are identified, and the implications discussed.  The effects and 

requirements of the anneal are outlined, followed by the results from the initial 

intermixing experiments used to optimize the intermixing process.  Lastly, a novel 

intermixing process is presented, allowing the formation of multiple band edges 

across the wafer using a single ion implant.   

3.1 REVIEW OF QUANTUM WELL INTERMIXING 

Quantum well intermixing is a process in which atoms from quantum wells and their 

corresponding barriers interdiffuse, to alter the shape and depth of the quantum well, 

thus modifying the quantized energy state.  The modified quantized energy state is 

usually1 observed as a blue-shift of the band edge, that is, an increase in the 

quantized energy state.  In general, the interface between quantum well and barrier is 

metastable, in that under certain conditions, namely high temperature, the atoms in 

the quantum well and barrier will interdiffuse.  The goal of quantum well 

intermixing is not to simply interdiffuse the quantum wells and barriers, but to do so 

selectively.  For this to occur something is needed, a catalyst of sorts, to expedite the 

process in predetermined regions across the wafer.  If the intermixing process can be 

controlled, it can be exploited to create regions whose blue-shifted band edge can be 

                                                 
1 A red-shift of the observed energy transition can occur, and has been documented [1], but this effect 
is somewhat anomalous and is either engineered or is due to a secondary effect.   
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accurately placed.  With many of the characteristics of the intermixed material 

intimately tied to the relative position of the band edge, we have a method for 

modifying material parameters across the wafer, a key aspect of monolithic 

integration. 

 

There are several techniques used to accomplish QWI, impurity-induced disordering 

(IID) [2], impurity-free vacancy-enhanced disordering (IFVD) [3], photoabsorption-

induced disordering (PAID) [4], and implantation-enhanced interdiffusion [5] are 

just a few.  The IID method uses impurities, commonly dopants, to change the 

equilibrium defect concentration, which is dependent on the Fermi level, to enhance 

the group-III or group-V self-diffusion in the crystal, thereby promoting the 

intermixing [6].  Although this technique has been shown to be successful [2], the 

introduction of dopants used to promote intermixing could have adverse effects on 

the electrical nature of the device structure. 

 

The PAID technique uses localized heating of the quantum well structure through 

laser irradiation to accomplish intermixing.  The process relies on a high photo-

generated carrier density, created by the band-to-band absorption of photons from a 

Nd:YAG laser.  It does not require the introduction of vacancies or dopants, but 

relies on the metastable nature of the quantum well/barrier interface.  Although, this 

technique yields high material quality, the spatial resolution is poor and is limited by 

lateral heat flow [4]. 

 

The IFVD method uses the post-growth introduction of vacancies, which during a 

subsequent thermal process allows the vacancies to diffuse through the lattice where 

adjacent atoms exchange places, thereby accomplishing the intermixing.  In the 

GaAs material system this method commonly uses a SiO2 layer to promote the out-

diffusion of gallium, creating and diffusing vacancies during the anneal.  This can be 

applied to the InP material system with the use of an InGaAs cap on which the SiO2 
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layer is deposited [3].  Although this is a simple method, rather high anneal 

temperatures are required to achieve a large shift in the band edge. 

 

Another technique uses the point defects generated during the sputtering of SiO2, 

which, during a subsequent thermal anneal, are diffused, thereby promoting the 

intermixing.  This technique has been shown to have good spatial resolution, can be 

accomplished at lower anneal temperatures, and can be controlled using the anneal 

time and temperature [7].   

 

In this work we employ the implant-enhanced interdiffusion method, which relies on 

the diffusion of point defects created during an ion implantation.  This method has 

also been shown to have good spatial resolution, and be controllable using anneal 

time, temperature, and implant dose [5].  Wide ranges of implant energies have been 

used in this process from the MeV range down to tens of keV.  Commonly, these 

implants are performed on full lasers structures, where the vacancies are created in 

the upper cladding, and must diffuse long distances before reaching the quantum 

wells.  Although this is not detrimental to the intermixing itself, the device 

performance may be hindered by the redistribution of precisely placed doping 

interfaces.  This can be avoided by using a partially grown laser structure and a 

sacrificial cap layer, which can be subsequently removed, and the upper cladding 

regrown as described in [8].  While [8] demonstrated such a concept, the process was 

not optimized, as multiple implant and anneal cycles were required to achieve 

significant intermixing. 

3.2 QUANTUM WELL INTERMIXING PROCESS 

The development of the QWI process used in this work began with the study of the 

ion implant parameters and anneal conditions using an epitaxial base structure 
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designed as an optimized MQW laser active region.  In this section, the epitaxial 

structure used in the intermixing experiments is described, followed by the relevant 

implant parameters and anneal parameters.  A model for group-V interdiffusion is 

also included.   

3.2.1 Epitaxial base structure 

The epitaxial base structure was designed, not only to perform intermixing 

experiments, but also to facilitate the fabrication of SG-DBR lasers.  In this respect 

the base structure was designed with multiple stop etch layers to allow access to the 

high field region of the optical mode, which is essential for the formation of the high 

 

Fig. 3.1  Epitaxial base structure used in quantum well intermixing experiments 



 

70

index contrast gratings used in sampled grating mirrors.   

 

The base structure, shown in Fig. 3.1, was grown on a sulfur doped InP wafer using 

a Thomas Swan horizontal flow rotating-disc MOCVD reactor2.  The base structure 

consists of seven 6.5 nm quantum wells, eight 8.0 nm barriers, sandwiched between 

120 nm thick 1.3Q layers, making up the waveguide layer.  The MQW active region 

was designed to have an emission wavelength of 1560 nm.  Above the waveguide, a 

15 nm InP stop etch layer, and a 20 nm 1.3Q stop etch layer was followed by a 450 

nm InP layer, dubbed the implant buffer layer.   

 

The implant buffer layer was designed to capture a low energy ion implant, creating 

vacancies far from the MQW active region, while allowing a higher energy implant 

to pass through, creating vacancies close to the quantum wells.  The vacancies 

produced in the implant buffer layer are allowed to diffuse through the MQW, 

during a subsequent anneal, providing the necessary means for efficient atomic 

interdiffusion at relatively low anneal temperatures.   

3.2.2 Ion implant parameters 

The ion implant process was modeled after [5], with several variables identified for 

exploration to optimize the process for the base structure at hand.  The implant 

species was chosen to be phosphorous, to keep the implant process impurity free and 

produce a relatively large number of vacancies per collision.  The temperature of the 

ion implant has a large effect on the intermixing efficiency and the total extent of 

intermixing [9].  As shown in [9], the optimal implant temperature is around 200 °C, 

and this implant temperature was used throughout this work.   

 

                                                 
2 More on the growth of the epitaxial base structure is given in chapter 4. 
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The implant parameters that were varied in this work were the implant energy and 

dose.  These are perhaps the most important parameters and have the most 

significant effect on the intermixing efficiency and maximum achievable shift.   

 

The objective is to create single point defects, vacancies, with a high diffusion 

constant in the lattice.  Ion implantation is a very efficient method for removing 

group-III or group-V atoms from their respective lattice sites, creating such 

vacancies.  However, there are an optimal number and density of vacancies, beyond 

which the diffusion constant is drastically reduced.  The reduction is caused by the 

formation of vacancy complexes, and/or the amorphization of the lattice, inhibiting 

the diffusion of the vacancies that are the basis of the intermixing process.  On the 

other hand, too few vacancies or vacancies that are too closely packed will lessen the 

extent of intermixing by simply not providing the amount of mobile vacancies 

required to move the desired number of atoms.  Clearly, there is an optimal vacancy 

count.  With the number and density of vacancies produced being proportional to 

implant energy and dose, these parameters were examined thoroughly.   

3.2.3 Anneal parameters 

Following the ion implant, an anneal is performed to drive the vacancies through the 

MQW active region.  The anneal temperature is used to control the amount of energy 

supplied to the sample.  In order to achieve selectivity, the temperature is kept low 

enough so that the quantum wells in the non-implanted regions do not have the 

required energy to intermix.  However, the temperature must be high enough that the 

vacancies become mobile.  The diffusion constant of the vacancies is temperature 

dependent; therefore, the intermixing efficiency is also temperature dependent.  It is 

reasonable to assume that there is a threshold temperature beyond which intermixing 

occurs readily.   
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Another aspect to consider is the damage induced to the crystal due to surface 

decomposition when the sample is subjected to high anneal temperatures.  It was 

found that encapsulating the entire sample with a thin layer of SixNy greatly 

increases the resistance of surface damage by decomposition.  The goal is to find the 

anneal temperature which gives maximum intermixing efficiency without the 

introduction of surface damage.   

 

The anneal time is another parameter to consider.  In this work a rapid thermal 

anneal (RTA) is used to heat and cool the sample quickly.  In this way, the 

intermixing in the non-implanted material is kept to a minimum.  It is well known 

that the extent of intermixing is proportional to the anneal time; therefore it is 

possible to control the degree of intermixing using this parameter. 

3.2.4 Group-V interdiffusion 

The base structure used in this work is of the constant x design.  That is, the 

composition of the group-III elements is identical for both the quantum wells and 

barriers.  Therefore, it can be assumed that the intermixing in the structure used in 

this work is entirely on the group-V sublattice.  The interdiffusion of arsenic and 

phosphorous atoms is characterized by a diffusion length, Ld [10].  Where the 

diffusion length is defined as, 

tDLd ⋅=  (1) 

where D is the diffusion coefficient, and t is the diffusion time.  To first order, the 

intermixed compositional profile can be modeled using error functions.  The 

following equation gives the concentration as a function of distance.   
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Where y(z) is the intermixed arsenic compositional profile, y0 is the initial arsenic 

compositional profile, Lz is the diffusion length, and z is the growth direction [11].   

 

With the compositional profile defined, the band gap profile and effective masses 

can be obtained, which can then be used to solve for the quantized energy states 

using a modified wave equation.  Using this method, the experimental measurements 

of the band gap can be used to obtain the diffusion length and the diffusion constant 

of the vacancies.  This is demonstrated in the following section. 

3.3 QUANTUM WELL INTERMIXING RESULTS 

The MQW laser active region with implant buffer layer proved to be an exceptional 

structure for observing the trends of the QWI process.  The extent of intermixing was 

recorded using room temperature photoluminescence, with Fig. 3.2 showing typical 

photoluminescence curves.  The objective of these experiments was to find the 

optimal implant conditions for a single ion implant intermixing process.   
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3.3.1 Implant conditions 

The initial experiments involved varying the implant energy and dose about 

previously published values [5], while keeping the implant temperature at the 

optimal level of 200 °C [9].  Two values of implant energy were used, 100 keV and 

400 keV, which have ranges of 1100 Å and 4000 Å, respectively.  The low energy 

implant is completely captured by the implant buffer layer, while the high energy 

implant has its peak concentration just above the top of the 1.3Q waveguide.  It is 

Fig. 3.2  Typical photoluminescence spectra for non-implanted (diamonds), and implanted 
(circles).  Implant conditions are 100 keV P+ at a dose of 5e14 cm-2.  Anneal was performed at 675 
°C for 180 seconds. 
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important to note that the high-energy implant delivers a significant number of ions 

into the MQW region.  The calculated number of vacancies produced per implanted 

ion is 2.5 times larger for the high-energy implant, at 2150 vacancies/ion, versus 830 

vacancies/ion for the low energy implant.  This indicates that the high-energy 

implant creates far more damage than the low energy implant.   

 

The greater damage of the high-energy implant was detrimental to the quality of the 

crystal as no photoluminescence emission was observed.  The absence of observable 

photoluminescence could be due to the recombination of carriers before reaching the 

quantum wells, or the introduction of nonradiative recombination centers in the 

quantum wells themselves.  In attempt to resolve the matter, the implant buffer layer 

was etched, removing any recombination centers contained in this layer.  The 

resulting photoluminescence measurements showed no improvement, indicating the 

creation nonradiative recombination centers in the quantum wells, which cannot be 

annealed out.  This clearly indicates that the high-energy implant creates far too 

much damage in the crystal to produce efficient devices.   

 



 

76

Focusing on the low-energy ion implant, the dose was varied between 5.0E13 cm-2 

and 1E15 cm-2.    The photoluminescence peak shift was observed to increase with 

dose until an optimal level was reached, after which the peak shift showed no gain or 

a slight decrease.  As shown in Fig. 3.3, the maximum achievable blue-shift was 

observed to be in the vicinity of 2.5E14 cm-2 to 5E14 cm-2.  The optimal dose is 

significantly higher than that found in [8], where the desired results were obtained 

with an implant energy of 18 keV used in conjunction with a dose of 1E12 cm-2.  It is 

evident that the implant energy and implant dose are interdependent, where a lower 

energy ion implant requires a lower implant dose.  The explanation is simple; a 

Fig. 3.3  Photoluminescence peak shift versus implant dose for an implant energy of 100 keV. 
Symbols indicate 30 second  (circles), 60 second (triangles), 90 second (squares), and 120 second 
(diamonds) anneals performed at 675 °C. 
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lower energy implant characteristically has a lower straggle, thus grouping a small 

number of ions/vacancies relatively close together, allowing the formation of 

vacancy complexes with a lower total number of ions/vacancies.  Whereas, in a 

higher energy implant, the ions/vacancies have a larger spread in the lattice, allowing 

for a greater number of total vacancies without the creation of vacancy complexes.  

This is supported by comparing the maximum achievable blue-shift in the two 

processes.  In the low energy, 18 keV, implant described in [8], a blue-shift of less 

than 15 nm for a single implant/anneal process was obtained.  In contrast, the 

process employed in this work, using a similar anneal time, developed a blue-shift of 

54 nm for a single implant/anneal process.  It is evident that the implant dose must 

be optimized for each considered implant energy.   

 

As the implant dose increases, so does the formation of vacancy complexes and 

nonradiative recombination centers, eventually leading to amorphization of the 

crystal.  The effects of such formations can be viewed by plotting the 

photoluminescence intensity as a function of implant dose, as shown in Fig. 3.4.  The 

figure shows reduced photoluminescence intensity for samples implanted with 

higher doses.  This is due to photo-carrier recombination in the implant buffer layer, 

leading to a reduction of the number of carriers captured by the quantum wells, 

resulting in a lower observed photoluminescence intensity.  As indicated in the 

figure, the damage to the crystal can be annealed out, as the photoluminescence 

intensity recovers with longer anneal times.  It is important to note that this effect is 

strictly due to the creation and annihilation of damage in the implant buffer layer, not 

in the quantum wells. 
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3.3.2 Anneal conditions 

The anneal temperature was varied between 625 °C and 700 °C, with anneal times 

ranging from 30 seconds to several minutes.  The anneal temperature was found to 

have a large effect on the intermixing efficiency, and the extent of crystal damage 

 

Fig. 3.4  Photoluminescence intensity as a function of anneal time and implant dose.  The 
photoluminescence intensity recovers with increasing anneal time due to the removal of implant 
damage in the implant buffer layer. 
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due to decomposition during the anneal.  The objective was to maximize the 

differential shift between implanted and non-implanted regions, while preserving the 

surface quality of the crystal.   

 

It is essential that the surface quality of the crystal be preserved during the anneal.  It 

is well known in the InP material system, that extreme thermal processing leads to 

decomposition of the semiconductor crystal resulting in indium accumulation on the 

surface.  The indium droplets then dissolve InP leaving macroscopic etch pits [12].  

With the onset of thermal decomposition, marked by the evaporation of 

phosphorous, at around 480 °C and increasing sharply at around 510 °C [12] it is 

evident that the surface must be treated in such a way to prevent phosphorous 

evaporation at the elevated temperatures used in this work.   

 

It is common to use a proximity cap as a source of group-V overpressure during a 

high temperature anneal.  The belief is that the decomposition of the proximity cap 

creates a sufficient group-V overpressure to prevent the decomposition of the sample 

of interest.  This method proved to be insufficient in preventing surface 

decomposition.   

 

The solution was to encapsulate the sample with a thin layer of SixNy.  The use of the 

SixNy encapsulant stabilized the InP surface preventing phosphorous evaporation and 

the formation of etch pits.  The method proved to be extremely well suited for the 

task, as negligible surface damage was observed up to a maximum operating 

temperature of 675 °C, above which the encapsulant began to break down. 
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The extent of intermixing was observed by plotting peak wavelength shift as a 

function of anneal temperature for several doses, shown in Fig. 3.5.  It is evident 

from the figure that an increase in anneal temperature results in an increase in the 

extent of intermixing up to 675 °C above which the intermixing tends to saturate.  It 

is advantageous to use the lowest anneal temperature which yields the desired 

magnitude of intermixing in order to preserve the surface quality.  In this case, an 

anneal temperature of 675 °C proved to provide sufficient intermixing while keeping 

the crystal free from surface damage.   

 

Fig. 3.5  Photoluminescence peak shift versus anneal temperature.  Symbols indicate implant 
doses of 5e13 cm-2  (circles), 2.5e14 cm-2 (triangles), and 1e15 cm-2 (squares) for a 120 second 
anneal. 
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As stated earlier, the anneal time can be used to control the extent of intermixing.  

The photoluminescence peak shift is plotted against the anneal time in Fig 3.6.  It is 

evident from the figure that the extent of intermixing is proportional to the anneal 

time.  The linear increase of the photoluminescence peak shift near the onset of 

intermixing is due to the vacancy front moving steadily into the quantum well 

region.  Once the vacancy front has moved into the quantum well region there is a 

saturation of the blue-shift.  This saturation can be observed, in Fig. 3.6 at around 

200 seconds, although intermixing continues to occur beyond this point. 

Fig. 3.6  Peak photoluminescence wavelength shift as a function of anneal time with an anneal 
temperature of 675 °C.  Symbols indicate non-implanted (circles), implant doses of 5e13 cm-2

(squares), and 5e14 cm-2 (triangles). 
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3.3.3 Diffusion constant calculations 

Using the photoluminescence data shown in Fig. 3.6, it is possible to obtain the 

diffusion length and diffusion constant for each of the curves shown.  The diffusion 

length, Ld, is used as the independent variable to compute the arsenic concentration 

of the MQW region using Eq. 2.  The arsenic compositional profile is then used to 

determine the position dependent potential, ( )zV , and effective mass, ( )zm* , in the 

MQW region.  The quantized energy states for the electron and heavy hole are 

Fig. 3.7  Shown is the band-gap profile of as-grown (dotted) and intermixed (solid) MQW 
region, with quantized energy states shown.  The computation is shown for a diffusion length of 
19 Å, yielding a photoluminescence peak shift of 100 nm. 
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computed3 using a modified wave equation, 

( ) ( ) ( ) ( )zEzzV
dz

zd
mmdz

d

e
ψψψ
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
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
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⋅
⋅− *

2 1
2
h  (3) 

where, me is the electron mass, ( )zψ  is the wavefunction, and E is the quantized 

energy state.   

 
                                                 

3 The finite difference method is used to solve the eigenvalue equation given in Eq. 3.  The source 
code is given in Appendix A. 

Fig. 3.8  Shown is the computed quantized energy state as a function of diffusion length.  The 
diffusion length can be found for various amounts of intermixing using this curve.  
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A typical band-gap profile is shown in Fig. 3.7, along with markers signifying the 

quantized energy states.  The quantized energy state of the MQW active region is 

plotted as a function of diffusion length in Fig 3.8.  This curve is used to determine 

the characteristic diffusion length based on photoluminescence data, like that shown 

in Fig. 3.6.  With this, the square of the diffusion length can be plotted as a function 

of anneal time, and the diffusion constant obtained from the slope, as shown in Fig 

3.9.  Here, the photoluminescence data shown in Fig 3.6 is plotted and the relation of 
2

dL  to anneal time is found to be linear, indicating a time invariant diffusion 

Fig. 3.9  Method for finding the characteristic diffusion constant by plotting the square of the 
diffusion length as a function of anneal time.  The slope indicates the diffusion constant for 
samples shown in Fig 3.6.  Computed values for diffusion constant are:  2.3x10-16 cm2s-1 for 
implanted with dose of 5E14 cm-2 (circles), 7x10-17 cm2s-1 for implanted with dose of 5E13 cm-2

(squares), 8x10-18 cm2s-1 for non-implanted (triangles). 
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constant.  The computed diffusion constants for the each of the curves shown in Fig. 

3.6 are summarized in Table 3.1, below.   

3.3.4 Multiple band edges 

As shown in Fig. 3.6 the implant dose can be used to control the extent of 

intermixing using a single anneal step.  Such an effect would allow the formation of 

several band edges across the wafer, which is useful for the monolithic integration of 

several optoelectronic components.  Although promising, to achieve three band 

edges, as shown, two ion implants are required.  With the majority of ion implants 

being farmed out to specialty houses, the task can be time consuming and expensive.  

Furthermore, each additional desired band edge requires an additional ion implant, a 

process that begins to show limitations.   

Table 3.1 Summary of diffusion constant for various implant conditions 
 

Implant Conditions 
Photoluminescence Shift 

s150λ∆ (nm) 

Diffusion Constant 

D  (cm2s-1) 

Non-implanted 6 8x10-18 

Energy:  100 keV 

Dose:  5E13 cm-2 
35 7x10-17 

Energy:  100 keV 

Dose:  5E14 cm-2 
101 2.3x10-16 
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A more efficient method would be to use a single ion implant and use multiple 

anneals to create multiple band edges.  This was accomplished, as shown in Fig 3.10, 

by using the following process.  Samples were annealed at 675°C for various times 

ranging from 30-seconds to 300-seconds at 30-second intervals, after the 30, 60, 90,  

and 120-second anneals, the implant buffer layer was removed from the respective 

samples using a wet etch process.  These samples were then subjected to additional 

anneal cycles.  We found that removing the implant buffer layer halted the blue-shift 

Fig. 3.10  Peak photoluminescence wavelength shift as a function of anneal time with an anneal 
temperature of 675 °C.  Symbols indicate non-implanted (triangles), implant dose of 5e14 cm-2

(circles), and implant buffer layer etched (squares). 
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during these anneals.  The arrest of the blue-shift is the result of the removal of the 

source of vacancies, necessary for intermixing, along with the implant buffer layer.  

With this process it is possible to achieve any number of band-edges across the 

wafer, limited only by the practical number of lithographic process steps.  Figure 

3.11 shows the photoluminescence spectra using this process to achieve three band 

edges across the wafer.  

  

Fig. 3.11  Photoluminescence spectra showing three band edges across the wafer.  Intermixing 
conditions used were, implant energy of 100 keV with a dose of 5E14 cm-2, and an anneal 
temperature of 675 °C.  Symbols indicate non-implanted (diamonds), anneal of 70 seconds after 
which the implant buffer layer was etched (squares), and an additional anneal of 75 seconds 
(triangles). 
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3.4 SUMMARY 

Quantum well intermixing is the process by which the atoms in the quantum well 

and barrier interdiffuse.  This interdiffusion changes the shape and depth of the 

quantum well, thus modifying the quantized energy state, resulting in a blue-shift of 

the emission wavelength.  The interdiffusion can be made selective by the 

introduction of vacancies, which serve to unlock the position of the as-grown atomic 

structure by making lattice sites available for atoms to reposition themselves.  It is 

possible to alter the rate and extent of intermixing by changing the quantity and 

density of vacancies.   

 

Using a single ion implant, an innovative method has been discussed, in which the 

source of vacancies contained in a sacrificial layer is selectively removed, thereby 

halting the intermixing in those regions.  Any number of band edges are achievable, 

limited only by the practical number of etch and anneal cycles.  This method holds 

great promise for monolithic integration and the fabrication of complex PICs. 
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