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ABSTRACT 

The development of high power, high brightness semiconductor lasers is important 

for applications such as efficient pumping of fiber amplifiers and free space communi

cation. The ability to couple directly into the core of a single-mode fiber can vastly 

increase the absorption of pump light. Further, the high mode-selectivity provided by 

unstable resonators accommodates single-mode operation to many times the thresh

old current level. 

The objective of this dissertation is to investigate a more efficient semiconductor-

based unstable resonator design. The tapered unstable resonator laser consists of 

a single-mode ridge coupled to a tapered gain region. The ridge, aided by spoiling 

grooves, provides essential preparation of the fundamental mode, while the taper 

provides significant amplification and a large output mode. It is shown a laterally 

finite taper-side mirror (making the laser a "finite-aperture tapered unstable resonator 

laser") serves to significantly improve differential quantum efficiency. This results in 

the possibility for higher optical powers while still maintaining single-mode operation. 

Additionally, the advent of a detuned second order grating allows for a low divergent, 

quasicircular output beam emitted from the semiconductor surface, easing packaging 

tolerances, and making two dimensional integrated arrays possible. 

In this dissertation, theory, design, fabrication, and characterization are presented. 

Material theory is introduced, reviewing gain, carrier, and temperature effects on field 

propagation. Coupled-mode and coupled wave theory is reviewed to allow simulation 

of the passive grating. A numerical model is used to investigate laser design and 

optimization, and effects of finite-apertures are explored. 

A microfabrication method is introduced to create the FATURL in InAlGaAs/-

InGaAsP/InP material emitting at about 1410 nm. Fabrication consists of pho

tolithography, electron-beam lithography, wet etch and dry etching processes, metal 
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and dielectric electron-beam evaporation, and rapid-thermal armeahng. FATURLs are 

compared to infinite aperture TURLs, and show significant improvements in differ

ential quantum efficiency (more than 40 %) under pulsed-current operation. Far-field 

measurements show diffraction-limited divergence up to at least 2.3xlth, and spectral 

characteristics show good control over the longitudinal mode spectrum. Finally, sev

eral modifications to the laser design and fabrication are presented to improve laser 

performance. 
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CHAPTER 1 

INTRODUCTION 

1.1 EDFAs and Raman Amplification, and Pump Lasers (Re
search Motivation) 

In recent years, optical communication innovation has allowed for growth un

paralleled by any previous communication technology. High-speed modulated semi

conductor lasers have opened the path for extremely fast information transmission. 

Narrow linewidths have allowed for parallel data transmission, increasing bandwidth 

and therefore throughput. Finally, low loss fibers allow for optical transmission over 

hundreds of kilometers without repeaters. 

The drive for increased bandwidth, high density communications in fibers, has 

also raised several major issues to contend with in order to continue the maturation 

process. The inherent finite loss associated with optical fibers, though small, be

comes significant over long distances (100-1000 km). Traditionally, repeaters known 

as optical-electrical-optical, or "O-E-0" repeaters were used to send signals over long 

distances. This technique uses a detector to change an incoming optical signal to 

an electrical signal, and the optical signal is regenerated with another laser to travel 

another 10 km or so. As expected, repeaters are complicated and slow compared 

to the transmission rate of the fiber, therefore acting as a bottleneck to high-speed, 

low-cost data transmission. The development of optical amplifiers was necessary for 

long-haul optical communication. 

1.1.1 Erbium-Doped Fiber Amplifiers 

In the late 1980's, the advent of erbium-doped fiber amplifiers (EDFAs) signifi

cantly changed the optical communication market[1]. As the name implies, an EDFA 
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EDFA Oain Spectrum 

Relaxations 

1540 15f 
Wavelength (nm) 

FIGURE 1.1. Energy diagram of erbium-doped amplification. Pumpi corresponds to 
a 980 nm pump, while Pump2 corresponds to 1480 nm pumping. The Signal is at 
about 1550, but due to the electron state splitting, can occur over about 20 nm (b), 
centered nominally at 1550 nm. 

uses small amounts of erbium and other lanthanide series rare-earth elements to dope 

the fiber. When the fiber is pumped with a 980 nm pump laser (typically InGaAs 

based lasers) or the less popular 1480 nm (typically InGaAsP based lasers), the er

bium is promoted into an excited state ('^/ii/2 or '^/i3/2, respectively). A schematic of 

these transitions can be seen in Figure 1.1a. The excited atoms quickly lose energy via 

non-radiative means (known as "relaxations"), reaching a meta-stable excited state, 

approximately 0.8 eV above the ground state. The data transmitted in the fiber typ

ically has a wavelength of around 1.55 iim, corresponding to this same energy gap. 

An incident photon stimulates the erbium to return to the ground level, emitting the 

remaining energy in the form of a photon at 1.55 fim, similar to the lasing action of 

most optically pumped media. EDFA modules are spliced in-line with regular fiber 

to provide "lumped amplification" to the signal strength. The fiber loss is therefore 

compensated by the gain produced by the EDFA. The method allows for all optical 

communication, avoiding intermediate conversion into electrical signals altogether. 

The problem with this is however two-fold: For EDFA regenerators, the signal needs 
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to be transmitting near an erbium energy gap, thus Umiting the amphfication band

width by the erbium hne (roughly 20 mn[25]), and a representation of a typical EDFA 

gain can be seen in Figure 1.1b. Because the stimulated emission is usually accom

panied by spontaneous emission, EDFAs are riddled with noise, limiting the density 

of communications channels. 

1.1.2 Raman Amplification Theory 

Unbeknownst to researchers at the time, many of the problems of EDFAs were 

solved as early as 1962, in the form of stimulated Raman scattering[l]. Raman scat

tering is a non-linear effect occurring in many materials, converting energy from one 

optical frequency to another through a "Stoke's shift" caused by a loss of photon 

energy into the vibrational modes of the material. 

Only a fraction of the incident power (on the order of 10"® cm~^) is converted 

via spontaneous Raman scattering with low irradiance beams. This scattering is 

reasonably isotropic, emitting Stoke's shifted photons in all directions equally. 

However, when the fiber is excited with a higher power-density beam, scattering 

can be very strong, turning in to stimulated Raman scattering (SRS). SRS photons are 

primarily in the the same or opposite direction as the pump beam, making them much 

more usable as an amplifier for coaxial co-propagating, or coaxial counter-propagating 

pumping. A schematic of the energy transitions is shown in Figure 1.2a. 

In silica fibers, the peak of the Raman gain occurs at around 13 THz from the 

pump beam, and is generally not absolute-wavelength independent (Figure 1.2b). If 

the siUca fiber is optically pumped at a wavelength of 1.45 /xm, the Stoke's shifted 

energy corresponds to roughly 1.55 fira. Data being sent through the same fiber will 

stimulate Stoke's shifted photons to emit in phase, thus amplifying the signal. In 

order to obtain a flat, wavelength-independent gain across the entire c-, 1- or s-bands, 

several pump lasers at different wavelength may be used simultaneously, allowing 
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FIGURE 1.2. a) Energy diagram of stimulated Raman scattering, where we are 
pumping with Pumpi and Pump2, each primarily contributing to pumping signal 
wavelengths of Signali and Signal2. b) representation of Raman gain, represented 
in wavelength relative to the pump wavelength. 

efficient wavelength-division multiplexing (WDM) within the fiber [62]. SRS results 

in very low noise, therefore making dense WDM (DWDM) possible[23, 30], and is 

efficient in fiber communications due to the anisotropy of the stokes-shifted beam. 

Furthermore, because this uses a nonlinear process involving Si02, SRS is possible in 

fiber already in place! 

1.1.3 Combine and Conquer 

Many solutions to all optical networks take advantage of a combination of EDFAs 

and Raman amplifiers. EDFAs are a separate module due to the difference in com

position of the fiber cores and the pump beam can be removed from the fiber before 

it is coupled into the silica fiber. However, this is not the case for Raman amplifiers. 

To avoid pump beams from saturating the detector on the output end, it is generally 

advantageous to use counter-propagating pump and signal beams. 
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Another reason for counter-propagating signal and pump beams is from the view

point of noise. Consider that fibers have a range of optimized signal powers. Below 

this range, the signal is too weak, and is lost in noise. Above this range however, 

non-hnear effects begin to play major roles in operation. With the use of EDFAs 

and Raman amplifiers in a combined system, the "lumped" EDFA can boost the 

signal at the beginning of a node to powers below where non-linear effects are sig

nificant. As the signal is absorbed through propagation, it begins to be amphfied 

by the backward propagating distributed Raman amplifier near the end of the trans

mission line, keeping the signal above the noise fioor. The alternative, conventional 

lumped amplification of EDFAs amplifies the signal at a node, and then lets it get 

absorbed. In order to have transmission over the same distance, the lumped amplifi

cation would have to amplify the signal into the fiber non-linear region, and by the 

end of the transmission line, the signal would be depleted to the high-noise regime in 

the fiber [62], 

There are two limits on the length of fiber used in conjunction with such amplifiers. 

The first is that the signal irradiance must be limited in order to avoid non-linearities 

caused by the signal itself. The second is that Raman amplifiers need a splice into the 

cable, sometimes causing unwanted losses. One proposal that maximizes the length 

of transmission fiber is to use Raman amplifiers in series with EDFAs. EDFAs are 

used at the beginning of a piece of fiber, and Raman amplifiers are used at the end 

of a piece of fiber, resulting in more distributed amplification. EDFAs and Raman 

amplifiers require lOO's of milliwatts within the fiber at well-controlled wavelengths. 

Pump lasers must be able to deliver this power to the fiber, and assure wavelength 

stabilization to avoid pumps drifting from the absorption bands. 
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1.2 Methods of Achieving High Brightness In-plane Lasers 

To pump EDFAs and Raman amplifiers to net gains, it is necessary to achieve rel

atively high power pumps^. Furthermore, efficient pump to signal power conversion, 

as well a efficient electrical pump to optical pump power conversion are desirable at

tributes from a systems perspective. The first is primarily governed by fiber amplifier 

engineering, but issues such as coupling efficiency and pump power make a difference 

in this conversion ratio. The latter is dictated by the pump laser module itself. The 

final, and arguably the most important requirement to implement this technology is 

that it be as cost effective and simple as possible. This means any amplifier must be 

commercially manufacturable, as well as packaged simply to maintain low costs. 

There are a slew of techniques to increase the laser output power. The following 

techniques are general examples of the group of so-called "in-plane" lasers, where the 

light propagates perpendicular to the growth of the semiconductor. 

1.2.1 Single-mode Ridge and Multi-mode Broad-Area Lasers 

In general, the simplest single-mode semiconductor laser is comprised of an index-

guided ridge supporting only a single lateral mode fabricated in semiconductor ma

terial, and a schematic is shown in Figure 1.3. The mode is typically highly confined 

within the gain region. Maximum achievable powers are clamped by material optical 

damage, where the laser's internal power densities cause catastrophic laser failure. 

Laser damage occurs long before power densities of this magnitude, due to non-

radiative centers and catastrophic optical damage (COD) to the mirrors[34]. COD is 

attributed to large power densities on the facets of edge-emitting lasers. While there 

^It is of course desirable in these amplifiers that there be a net gain. To some degree, EDFAs and 
Raman amplifiers are localized (EDFAs localized by the erbium doped region, and Raman amplifiers 
localized by pump absorption). If just the losses were compensated for, then the signal would not be 
boosted, but rather the signal would contirme to decay after the amplifier. Therefore, in a length of 
fiber L, if Lp is the portion of L that is being pumped at transparency, then the fiber would simply 
a c t  a s  a  n o n - a m p l i f i e d  f i b e r  o f  l e n g t h  L  —  L p .  
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ridge index/gain guided quantum-weil provides 
gain over 10O's of fjm 

X, 

cleaved facets 
act as Fresnei mirrors 

FIGURE 1.3. Traditional index-guided ridge laser. The ridge configuration allows for 
"in-plane" light propagation, and a large round-trip gain. Disadvantages include an 
elliptic beam. 

is some dispute[87], COD is generally assumed to result thermally and photo-induced 

oxide bonds on the surface. These bonds cause non-radiative centers and absorption, 

further increasing temperature, and therefore surface oxidation[39, 48]. 

A solution to this fundamental material limit is to increase the width of the ridge, 

thus spreading the mode laterally. As the mode spreads, the power density is lowered, 

and it is possible to achieve higher powers before COD occurs. Unfortunately, as the 

ridge size is increased, the ridge is able to support more modes, and the spatial 

coherence decreases. Among other things, a decrease in spatial coherence results in 

inefficient coupling to a single mode fiber. Lasers that operate in this regime are 

known as "multi-mode" or "broad-area" lasers. 

1.2.2 Laser Arrays 

Another technique to improving the overall power is to compile an array of single 

mode elements, such that if a single element is capable of Po output power, N elements 
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are capable of x Po- This technique has benefits and drawbacks. Edge-ernitting 

lasers are capable of one-dimensional arrays known as "bars." Laser bars consisting 

of broad area (multi-rnode) lasers are the most common method to achieve powers on 

the order of 250 W[88]. There are also stacks of laser bars in two dimensions, creating 

two-dimensional arrays, known as "stacks," able to achieve much higher powers on 

the order of 1 kW[88]! 

Unfortunately, the total power is only scalable by the number of mutually inco

herent emitters. In the mid- to late- 80's, there was a great amount of work towards 

"coherent" arrays. If a single laser is capable of Po output power, then N coher

ently coupled elements will have an output power of N'^Po- One can see how this is 

quite advantageous, however the difficulty of mode locking these elements in phase 

can not be underestimated[12]. Typically, lasers are simply put in close proximity to 

each other, relying on evanescent fields to make the elements coherent. However, this 

"super-mode" is difficult to control, as these elements tend to lock out of phase with 

their nearest neighbors, resulting in an unwanted higher-order mode operation. As a 

result, the development of these lasers was very limited. 

1.2.3 Lasers/Amplifiers (MOPA) 

As mentioned above, the single mode operation is most problematic at high cur

rents and powers. One solution is to make a good low power source, and amplify 

the output. This configuration utilizes what is known as a "master-oscillator power-

amplifier" (MOPA) configuration[8]. 

While this configuration is useful and quite straight forward, the amplifier intro

duces engineering problems. Namely, an amplifier requires a high single-pass gain 

while not supporting self oscillation. This involves reducing the facet reflectivity to 

very low levels (/? ~ 1 x 10^^ or lower), which is difficult to achieve. 

Another configuration is an integrated solution, where the laser (oscillator) is 
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monolithically integrated on the same chip as the amphfier. Integration is typically 

facilitated by using a distributed Bragg reflector (DBR) or distributed feedback (DFB) 

as cavity feedback. The oscillator then feeds a single-pass amplifier. A more prolific 

form of the integrated MOPA incorporates a tapered amplifier, allowing for the mode 

to expand in the lateral dimension slowly in order to avoid exciting higher order 

modes as the light is amplified [66]. Monolithic integration necessitates attending to 

low mirror reflectivity of a single facet instead of two. There is still need for good 

AR coating, but oscillator-amplifier coupling is near unity, and the increased lateral 

dimension allows for reduced power densities. Unfortunately, the most successful 

monolithically integrated MOPAs have relied on regrowth of semiconductor, typically 

an arduous and low-yield process. 

1.2.4 Unstable Resonators 

Section 1.2.1 mentioned that as a lateral dimension of a waveguide is increased, 

it will begin to support higher order lateral modes. While this is absolutely true, an 

intelligent, more complicated cavity design can avoid exciting higher order modes, 

thus maintaining the single mode nature of the laser. Another approach to this 

understanding is to remember that the amount of gain acquired by a mode in one 

round-trip must be equal to that of the losses incurred in the same propagation length. 

If the resonator cavity includes significant mode-dependent losses, it is possible to 

significantly increase the losses for unwanted modes such that that they will not lase. 

Unstable resonators are known for having this capability [74]. Typified by a large 

mode-dependent loss through some sort of aperture within the cavity, along with large 

mode sizes, they are only considered "unstable" in the ray-sense; that is to say, rays 

are not bound to near on-axis propagation. While the remainder of this dissertation 

will cover unstable resonators in more detail, it should be known that this seems 

to be one of the most promising solutions for maintaining high power, single-mode 
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operation. 

1.3 Benefits of surface emitting Lasers 

Traditional semiconductor lasers are based on a quanturn-well structure. The 

field must be confined in three dimensions; the transverse field (in the direction of 

growth) by changes in the epitaxial layer structure, the lateral field (in the plane of 

the quantum-well and perpendicular to the propagation) by either index guiding or 

gain guiding, and in the longitudinal dimension (in the direction of propagation) by 

cleaved facets, taking advantage of Presnel reflections to provide enough feedback to 

facilitate lasing. See Figure 1.3 for a generic index-guided ridge, also known as a 

"channel waveguide." 

This configuration allows us to take advantage of very long gain regions coupled 

with high material gain. Large round-trip gains are able to make up for exceedingly 

high mirror loss. Unfortunately, the difficulty comes when the goal is to achieve a 

circular beam. For a typical single-mode ridge laser, the transverse field is on the 

order of 1 //rn, while the lateral field dimension is on the order of 3 /Lxm. When 

the wavelength of light is on the order of 1 //m, the diffraction angle in air is quite 

large (roughly 30 degrees) making it difficult to capture even with a large numerical 

aperture (NA) lens. The ellipticity of the beam also necessitates the use of multi

element external optics or aspheric lenses. These external optical elements are difficult 

to assemble and align, accounting for a large fraction of the cost of the total package 

of commercial lasers. 

Catastrophic optical damage (COD), as mentioned in Section 1.2.1, is a major 

limitation to edge-emitting lasers due to high facet power densities. However surface 

emitting lasers are not confined to small surface-mode sizes, therefore optical power 

densities are not nearly as high. The importance of COD is therefore effectively 

reduced, and is not typically limiting in surface emitting lasers. 
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distributed reflector 
quantum-well provides 
gain through less than 1 \im 

FIGURE 1.4. Schematic of a typical index-guided VCSEL. The mode propagates in 
the vertical direction in the figure, and it is possible to have a spherical mode. The 
primary disadvantage is the low peak power. 

1.3.1 Vertical-Cavity surface emitting Lasers 

Vertical-cavity surface emitting lasers (VCSELs) are an alternative to "in-plane" 

lasers, using index guiding in the two dimensions perpendicular to growth (lateral 

dimensions). Epitaxially grown distributed Bragg-reflectors in the form of A/4 stacks 

on either side of the quantum-well act as mirrors, providing longitudinal confinement. 

The light therefore propagates in the direction of epitaxial material growth. The 

obvious advantage of such a configuration is that the mode dimensions are strictly 

defined by the transverse (now taken to be two dimensions) index and gain structure. 

It is therefore quite easy to make the mode circular, and the need for aspheric external 

elements is hkely negated. See Figure 1.4 for a schematic of such a laser. 

Unfortunately the configuration outlined has several drawbacks. Due to the fact 

that the quantum-wells make up such a small thickness, the round-trip gain is quite 

low, and therefore powers on the order of 10 mW are considered high. Additionally, 

the size of the mode must remain small (approximately 10 //m full width) in order to 

maintain single-mode operation. 

In the past few years, a new cavity configuration has been receiving attention, uti-
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FIGURE 1.5. Schematic of a typical VECSEL. There is an index guide impHed by the 
picture, however typically the mode is defined by the cavity length and the external 
mirror curvature. Advantages include high brightness operation, while disadvantages 
are based in the lack of integration. 

lizing a design quite similar to the VCSEL, in that the light propagates in the growth 

dimension. However, only one mirror is fabricated using a DBR A/4 stack, while the 

other mirror is a curved external mirror, making this a vertical external-csNiiy surface 

emitting laser (VECSEL). A schematic is seen in Figure 1.5. This external mirror is 

typically about 5 cm away from the semiconductor, and the curvature helps select 

a mode. It may very well be argued that this cavity has more in common with a 

macroscopic solid-state lasers. The mode size on the semiconductor is no longer lim

ited by index profile, but rather is dictated by the cavity dimensions (cavity length, 

and curvature of the external mirror). This makes single-mode sizes on the order of 

lOO's of /im possible. The round-trip gain is still small (still dictated by the number 

and thickness of quantum-wells), but the over all power is increased as the square 

of the transverse dimension. At the time of this dissertation, this power scaling has 

allowed for up to 10 W CW operation [15]. 

The obvious advantage of such a laser is high power operation with a circular 

beam. In addition, the macroscopic nature of this laser cavity makes intra-cavity 
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elements such as non-linear crystals quite convenient. For this reason, coupled with 

the high powers achievable, one popular use for this type of cavity is for frequency 

doubling the lasing wavelength (typically 1000 nrn) to achieve near UV radiation 

more efficiently than with wide band-gap materials such as GaN. Unfortunately, the 

macroscopic cavity does not come without the disadvantage of design stability. The 

external mirror is not as mechanically robust as a the fully integrated cavities dis

cussed previously. However, the overwhelming power increase has overshadowed the 

mechanical disadvantage. As of now, this is probably the most compelling alterna

tive to grating-coupled surface emitting lasers (see next section) for high brightness 

semiconductor lasers. 

1.3.2 Grating-Coupled surface emitting Lasers 

As it will be shown in Chapter 3, we may use a surface corrugation in an "in-

plane" cavity configuration to act as a grating and diffract the light both out of the 

surface, and into the substrate of the semiconductor. This action is not dissimilar to a 

volume hologram, and lasers integrated with this functionality have been referred to as 

"grating-coupled surface emitting lasers" (GC-SELs). With the inclusion of a grating 

onto a wide-mode laser such as a broad area laser or a tapered MOPA-type device, the 

lateral diffraction is again controlled by the wide mode size, however the dimension 

perpendicular to the lateral dimension (longitudinal in this case) controls the other 

diffraction angle. This mode dimension is limited by either the grating length or 

the grating coupHng coefficient, and therefore it is possible to make the output of the 

mode "quasi-circular."^ Additionally, if the mode is large in size, the diffraction angle 

of the laser can be made small, improving fiber-coupling or free-space transmission, 

and significantly increasing packaging tolerances by only requiring alignment of a 

single spherical low NA lens. 

^quasi-circular should in this case be taken to mean similar diffraction angles in the two transverse 
dimensions 
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It is worth noting that the b r i g h t n e s s  of a beam is an important parameter in 

single-mode, high power lasers. The brightness is defined as: 

where P  is the beam power, A  and are area and solid angle, respectively[71]. 

The value AQ is proportional by a factor of to the Lagrange invariant; as the 

name implies, this value does not change under propagation (save non-linear optical 

elements such as diffusive filters). 

As will be touched on briefly, because the diffraction grating acts like a diffractive 

optical element, the use of a grating may remove the need for external optics at 

all. The inclusion of the grating allows the advantages of surface emission while 

maintaining the high round-trip gains of in-plane lasers. Single-mode powers into the 

lOO's of milliwatts or even watt regime have been achieved[61]. 

Furthermore, the size of the output mode of a GC-SEL provides an advantage 

beyond a reduced diffraction angle. Because the field area is significantly increased 

(typically ICQ-fold or more), the power density is decreased by the same fraction. 

Single-emitter powers can therefore be significantly larger in GC-SELs compared with 

edge-emitters before COD becomes an issue (Section 1.2.1) 

There has been work into both DBR, and distributed feedback (DFB) GC-SELs, 

with the DFB-based lasers providing the most promise. Unfortunately, typical DFB 

schemes require more complicated fabrication techniques, and do not allow for the 

flexibility of separation of feedback and out-coupling. 

1.4 Description and Organization of this Dissertation 

In this dissertation, a novel GC-SEL based upon a tapered unstable cavity will 

be introduced, based upon the tapered unstable resonator laser (TURL). The TURL 

is similar to the monolithically integrated MOPA introduced in Section 1.2.3. The 
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new cavity incorporates a laterally finite mirror (finite with respect to the mode), 

making this a laterally " finite tapered unstable resonator laser" (FATURL). Through 

calculations, it will be shown that by including a taper-side reflector that spatially 

changes the amplitude reflectivity of the mirrors, it is possible to change the cavity 

characteristics in order to significantly improve the differential quantum efficiency of 

these lasers. 

First, Chapter 2 introduces how light propagates within a semiconductor. A 

theoretical review of important light-matter interactions takes place, and how carrier 

densities and electric fields are modified. Chapter 3 follows with a description of 

how passive gratings are used as distributed Bragg refiectors, facilitating both cavity 

feedback, and out-coupling. Theory is introduced to explain and analyze gratings. 

Through a model built upon the theory of Chapter 2 and Chapter 3, a model is 

developed to analyze single-mode lasers. This model is used in Chapter 4 to simulate 

infinite aperture TURLs and FATURLs. Results are used to optimize cavity designs 

and explore parameters in order to understand new effects within FATURLs. 

Chapter 5 shows how such a laser is actually fabricated. Cleanroom techniques are 

reviewed, and chosen for ease of use as well as creating desired structures. In-depth 

processing is shown from the end of growth to a completed surface emitting FATURL. 

Chapter 6 shows how the semiconductor material is tested to acquire material pa

rameters for simulations. Then infinite aperture TURLs and FATURLs are fabricated 

and compared in metrics of power, spectral, and near- and far-field characteristics. 

These results are discussed and the lasers are evaluated. 

Finally, Chapter 7 provides concluding remarks on the FATURL. Several suggested 

improvements are mentioned, and future work is proposed. 
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CHAPTER 2 

PROPAGATION, GAIN, AND LOSS WITHIN 
SEMICONDUCTOR MATERIALS 

David Macaulay T h e  W a y  T h i n g s  W o r k ^  

Due to the nature of semiconductors, their optical properties can drastically 

change with temperature, carrier density, etc. Such large changes necessitate their 

consideration in any suitable model. Semiconductor laser behavior is dominated by 

these effects, contrasted by other types of lasers, where material effects are typically 

secondary in nature. 

This chapter introduces basic concepts in semiconductor lasers. First we introduce 

how the light interacts with the smeiconductor through the Helmholtz's equation 

(Section 2.2), how this modifies the carrier distribution (Section 2.3), and finally the 

^Reprinted with permission from Houghton Mifflin Company, New York, NY 
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effect of temperature, and how it spreads through the material (Section 2.4). All 

these interactions work in unison to achieve steady state solutions. 

2.1 Electrically Pumped Semiconductor Lasers 

Electrically pumped semiconductor lasers use a somewhat traditional diode p-i-n 

structure, where a p-doped material (excess holes) is brought in proximity to an n-

doped material (excess electrons) with a thin, intrinsically-doped material sandwiched 

between them. 

Current is injected into the laser through metal contacts on the p-doped top of 

the epitaxial structure, and through the n-doped substrate, forward-biasing the diode. 

As shown in Figure 2.1, electrons are injected into the n-material and travel in the 

conduction band to the intrinsic material, while holes (absence of electrons) injected 

into the p-material valence band propagate to the same intrinsic material. In the 

intrinsic material, electrons and holes tend to fall into the lowest energy state. It 

is here that they can recombine (electron with hole) and give off the excess energy 

in the form of a photon. For quantum-well structures, the active layer is a thin 

deposition of material which allows for quantized electron and hole states. Figure 

2.1 electrons are represented by e~, and are in the conduction band, denoted by Ec-

Likewise, holes (represented by /i+) populate the valence band {Ey). Finally, energy 

levels bend slightly due to potentials caused by carrier density changes, though this 

bending is ignored in Figure 2.1. 

Ideally, the active region is completely encapsuled within the intrinsically-doped 

region, such that the decreased dopant density (acting as non-radiative centers) inter

action with the field and free carriers is minimized. Additionally, this intrinsic region 

allows for a larger recombination width, creating a more uniform region of excitation. 

The intrinsic region is where the recombination, and in turn, the gain occurs, and 

therefore most of our analysis will focus on this aspect of the material. In Figure 
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FIGURE 2.1. Schematic of the energy of the valence band and conduction band as a 
function of y, the direction of growth. Inset shows a more detailed view of a single 
quantum-well. 

2.1, a narrow-gap material is shown in the p-doped material. Layers like this may be 

found within either the p- or n-doped material, and are commonly used to control 

chemical etching of material (see Section 5.1.2). They however do not participate 

in gain (like the quantum-well) because they are fully composed of p-type material, 

resulting in a lack of electrons. Provided their band-gap is larger than that of the 

quantum-well, they do not cause inordinate amounts of loss in the propagating field. 

2.1.1 Strained quantum-wells 

When growing dissimilar materials on each other, it is important to keep the lattice 

constant (distance between atoms in the lattice, typically denoted by a) the same, 

to avoid local dislocations where the atomic periodicities fall out of phase with each 

other. However in certain cases, a slight lattice mismatch can improve the behavior 

for thin layers (such as quantum-wells). This mismatch, known as "strain" is divided 

into two types: compressive and tensile. 
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FIGURE 2.2. Lattice periodicity for a) compressive, b) lattice matched, and c) ten
sile strain. Filled circles represent substrate, and hollow circles represent strained 
material. Above each, the resulting band diagrams at the F point. 

Compressive strain results when a layer with a large lattice constant is deposited 

on a substrate with a small lattice constant. During deposition, the deposited material 

periodicity is forced conform to that of the substrate, resulting in a smaller period. 

Elastic response typically causes the crystal to expand in the growth direction [22]. 

This effect can be seen in Figure 2.2a. Such strain shifts the light-hole valence band 

to a lower energy, removing the heavy-hole/light-hole degeneracy at the F point. This 

shift is expressed as "deformation potentials." 

Tensile strain (Figure 2.2c) occurs when depositing a material with a lattice con

stant smaller than the substrate. The energy potential pulls the atoms slightly further 

apart, and causes a reduction of the period in the growth direction. Tensile strain 

increases the energy of the light-hole valence band, pushing it up above that of the 

heavy-hole valence band. 

Compressive strain increases gain, reduces threshold current densities, and slightly 

shifts lasing wavelength (due to band deformation potentials) [2], all of which improve 
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operation of high power lasers. There are added benefits to modulated lasers in

cluding reduction of frequency chirp, resulting from a decreased "antiguiding" factor, 

described in Section 2.2.4. The introduction of strain can significantly reduce the 

antiguiding factor, improving the operation of single-mode, wide-aperture lasers. Fi

nally, recombination between the conduction-band and the heavy-hole band results 

in TE polarized photons (polarized in the plane of the material), as opposed to TM 

polarized photons resulting from conduction-band/light-hole recombination. 

It is possible to take advantage of the beneficial effects of strain because a large 

native crystal structure defines a lattice constant. As such, it can force a thin layer 

grown on it to conform to the same lattice constant. However this only works for 

small lattice mismatches (a couple of percent) and for thin layers. If the lattice 

mismatch or the layers are too large, dislocations will occur where the atoms won't 

line up, resulting in bad material growth, large linewidths, weak signals, and high 

loss. Though acceptable strain is material and layer thickness dependent, typical 

amounts of strain {Aa/a where a is the lattice constant and Aa is the mismatch) are 

in the range of 1 %. 

2.2 Propagating Fields in Semiconductor Media 

Maxwell's wave equation is the starting point for almost all of optics. In semi

conductor strained quantum-well structures, dominant TE polarization along with 

the long, narrow dimensions of TURLs/FATURLs allows us to treat the system as a 

scalar field, resulting in; 

We are primarily interested in lasers operating in CW; that is to say, we are looking for 

a time-independent field solution to Maxwell's equation, not including the oscillating 

exponential term resulting in the time-independent Helmholtz equation: 

- 71^(7") S C r , t )  =  0 .  (2.1)  

V ^ E { ' r )  +  e k l E C r ) : = 0 .  (2.2) 
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FIGURE 2.3. Schematic representation of computational domains. v  is the dis-
cretized sheet pulled to the lower-left side of the laser cavity. The field, carrier 
density profile, refractive index change are simulated on this domain. Additionally, 
the temperature transfer function is calculated on domain T. 

In the Helrnholtz model, a single frequency oji is assumed, therefore is not appli

cable for multiple mode lasers, or operation above the filamentation threshold. The 

Helmholtz model is therefore only generally applicable to the region of operation be

tween laser threshold and filamentation threshold, which is the usable range of laser 

operation. 

2.2.1 Field Propagation in Epitaxial Guiding Layers 

Figure 2.3 shows the direction formalization we are using. The Helmholtz equation 

is further simplified for our purposes by removing the transverse dimension via the 

effective index method. This is done by assuming the y dimension of the field is 

separable from the x and the z dimensions as: 

E { ' t )  =  E ^ ^ { x , z ) U { y ) .  (2.3) 
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Provided the refractive index is separable in the same fashion, we may simplify the 

Helmholtz equation as: 

U { y )  E U x ,  z )  +  E , , { x ,  z )  +  k W i x ,  z ,  y ) U { y ) ^  =  0. (2.4) 

Tight confinement of the eigenrnode in the y  dimension allows us to remove trans

verse dependence using the well known "effective index method" [14], The resulting 

propagation constant (from the eigenvalue equation) is defined to be /3y, and is related 

to the transverse effective index fluffy by /3y s kofieffy The tilde over the effective 

y refractive index is explicitly placed there to remind us of the possibility (and ne

cessity) of a complex refractive index. Specifically, the transverse field eigenvalue 

equation is: 

•^U(y) -t- k l v ? { x ,  z ,  y ) U ( y )  =  k l h l f j y { x ,  z ) U (y). (2.5) 

Substituting this into Equation 2.4, and moving terms around, we are left with: 

E a , z { x ,  z )  +  k l n l f f y { x ,  z ) E ^ z { x ,  z )  = 0. (2.6) 

The result is the reduction of a four-dimensional equation (three spatial dimensions 

and time) to a two-dimensional equation with only small approximations. The cal

culation domain is confined to the (x, z) plane and we call this V. See Figure 2.3 for 

a schematic of this in relation to a typical FATURL embodiment. 

2.2.2 Forward and Backward Propagating Fields 

Finally, Equation 2.6 may be further specified recalling that our field is essentially 

paraxial (along z) and propagates in both the positive and negative directions[28, 55, 

56]. The modal propagation constant is /?, and our field can be written as the sum 

of a forward and backward propagating mode: 

E x z [ x ,  z )  =  F { x ,  z ) e ' ^ ^  - H  B { x ,  z ) e  (2.7) 
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where F { x , z )  is the field propagating in the + z  direction, and B { x , z )  propagates 

in the —5; direction. Dividing the field, and assuming the second derivative in 2 

is negligible, we arrive at the set of equations describing the rate of change of the 

forward and backward propagating fields: 

=  - ^ ^ F { x , z ) - ~ { k l n l f j y { x , z ) - [ i ^ ) F { x , z )  (2.8) 

= ^^B{x,z) + ^{klhlffyix,z)-P^)B{x,z) (2.9) 

Equations 2.8 and 2.9 are coupled because: 

1. The material is affected by the propagating electric field, 

2. The refractive index is intentionally perturbed in certain sections in a periodic 

fashion as explained in Chapter 3. 

If Equations 2.8 and 2.9 are uncoupled, therefore not interacting with each other 

(excluding boundary conditions such as mirrors), this resonator is known as a "cold-

cavity" case. Such a case is rarely inspected in reference to semiconductor lasers due 

to the strong field/material interaction. 

2.2.3 Gain and Loss Effects 

All gain and loss effects on the optical field culminate in a change in the imaginary 

part of the refractive index, while spontaneous emission results in reduction of carriers 

and contributes to the overall noise. Because the imaginary refractive index changes 

imply optical field gain (or loss), spontaneous emission produces a photon that is not 

necessarily coherent and therefore can not contribute to optical field gain. 

We choose to back up a step with the refractive index in order to get a better 

understanding before introducing mathematical constructs such as effective indices. 

First, we can represent the refractive index as a complex value: 

y ,  z) = nr{ x ,  y ,  z )  +  ini{ x ,  y ,  z ) ,  (2.10) 
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where and are the real and imaginary parts of the refractive index, respectively. 

We intend to simply replace the n^ffy, a function of only x and y with both gain and 

loss, which are functions of three dimensions. The imaginary term expands to: 

n i { x ,  y , z )  =  ̂  { a { x ,  y ,  z )  -  g { x ,  y ,  z ) ) ,  

where a  is the material loss, and g  is the material gain. The g  term is "gain" within 

the quantum-well active region, and is positive for material with gain, or negative for 

material absorption. For our purposes, "loss" is defined as scattering in all layers, 

and absorption in all layers not including the gain region. 

Because Equations 2.8 and 2.9 are only in two dimensions, it is important to 

reduce the dimensionality of our refractive index to two dimensions as well. In order 

to make the conversion from three to two dimensions, we start with Equation 2.5, 

and substitute our explicit refractive index expansion, multiply by the conjugate of 

the field, and integrate over the transverse dimension: 

^ e f f y  
^ r°° [ 

y  ^ U { y )  +  k l { n l { x , y , z ) - n f { x , y , z ) ) U { y )  d y  

2 
/  U * { y )nr{ x , z , y )ni{ x , z , y ) U { y ) d y ,  (2.11) 

S J  — oo 

where ^ is the integral of the squared modulus of the transverse electric field. We can 

break up the effective index into real and imaginary terms: 

~  +  2^ { ^ e f f y { x ,  z )  —  g e f f y { x ,  z ) )  ,  (2-12) 

introduce this to Equation 2.11 and substitute explicitly the definition of Ur = Ug/fy 

and nj. Inspecting the imaginary terms, we arrive at the following definitions: 

1 
a e f f y ( x , z }  =  — ^  /  U * { y ) n r { x , z , y ) a { x , z , y ) U { y ) d y ,  (2.13) 

z ) ^  7-00 
1 

9 e f f y { x , z )  =  /  U * { y )nr{ x , z , y ) g { x , z , y ) U { y ) d y .  (2.14) 
^ e . f f y \ X ,  Z ) ^  J-oo 

The ratio of nr/ngffy is typically near unity, and it is taken to be unity in our case 

without much loss of generality. 



41 

Semiconductor laser material is typically designed such that the quantum-wells 

have a smaller band-gap than any other material near the guiding layers. Due to the 

sharp cut-off in absorption at energies below that of the band-gap, there is little gain 

o u t s i d e  t h e  q u a n t u m - w e l l s .  A c c o r d i n g l y ,  g e f f y { x ,  z )  i s  t y p i c a l l y  r e p l a c e d  b y  T y g a { x ,  z )  

where is the confinement of the mode within the active region, and Qa is the 

material gain in the quantum-wells. 

2.2.4 Modulating the Refractive Index 

In the derivation of Equation 2.1, it is assumed the refractive index does not 

change, or changes slowly in space, and it proves useful to further break up the re

fractive index to a constant and a smaller spatial perturbation term. Due to numerical 

stability, it is best if the constant part of the refractive index is a pure real number, 

and all gain and loss is included in the perturbation. We can choose our real term to 

be any real number we want, therefore we choose it to be /3/A:o = rieff'-

h e f f y { x , z ) =  + A h e f f { x , z )  (2.15) 

Plugging this definition into Equations 2.8 and 2.9, we can cancel ( 3  and the result is 

the following set of equations: 

d  i  /  A ' h i f f ( x , z ) \  

— F(x, z )  =  z h i K \ ^ A h e f f { x ,  z )  —  j F(x, 2),(2.16) 

• ^ B { x , z )  =  ^ ^ B { x ,  z )  +  i k o ( ^ A n e f f { x ,  z )  -  B { x ,  z ) . { 2 . 1 7 )  

The key to propagating fields within the laser cavity is calculating Ang//, which is 

a function of carrier density, temperature, and etch parameters. This dependence is 

complicated, necessitating many interactions in order to solve explicitly. However, a 

common approximation accounts for carrier[16] and temperature[55] modification to 

the refractive index. Specifically, the change in the refractive index is approximated 
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by[56]: 

A  ~  ^  J  ^  ^  ' ^ b ^ y Q a i ^ i ^ )  I  \ r p ( ^  I  , : ^ e f f y { ^ t ^ )  ^ ^ y S a { x , z )  
A n e f f i 'x, z) = dneffix, z) — + arATix, z) +1 — ^—— . 

^ f \ j Q  ^ t v Q  
(2.18) 

The remainder of this chapter describes these terms, and how they are calculated. 

The first three terms of Equation 2.18 comprise Arte// given in Equation 2.15, which 

is the real part of the index modulation. The final two terms are propagation loss 

and gain, respectively. These have been previously described in Equation 2.12. 

Index Guiding The first term in Equation 2.18 we will call the "etch," or the "index 

guiding" term. This term describes index change resulting from altered layer struc

ture. This could be due to patterning and epitaxial regrowth, but in the case of our 

TURLs and FATURLs, it due to index-guiding in the ridge region due to removed 

epitaxial material. 

In most cases, index guiding is preferable to gain guiding because the refractive 

index step achieved in index guiding is sufficient to provide tight confinement in the 

active region. Without such tight confinement in the ridge structure, modal gain is 

significantly reduced, increasing laser threshold, and decreasing the modal selectivity 

of the ridge section. 

This term is a modulation in a spatial sense, in that is does not change in time. 

Alternatively, in the case of time-independent models (as this one is), it does not 

change with carriers, optical fields, or temperature, and is the only term in Equation 

2.18 for which this is true. Finally, for the sake of mathematics, this etch terra should 

be small, relative to no. If there is a significant change in the mode, the mode overlap 

with the gain region (Fy) will change, and this term must be spatially dependent as 

well. 

Antiguiding (the Linewidth Enhancement Factor) The second term is a modulation 

in the refractive index due to the effect of "antiguiding," or the so-called "linewidth 
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enhancement factor" [43]. The antiguiding effect is a carrier-induced refractive index 

shift, causing the refractive index to drop with an increase in carrier density. This 

effect is primarily the result of band to band interactions, and lesser contributions 

from plasma interactions[24]. For our purposes, we call this proportionality 

Using the definitions from Equation 2.10, the antiguiding factor is explicitly: 

= (2.19) 

This term is of the utmost importance in single-mode, broad area lasers, and is 

one of the primary foes of wide-aperture lasers. Specifically, the antiguiding factor is 

given by the real part of the refractive index modulation over the imaginary part of 

the refractive index modulation. The laser Hnewidth is increased by a factor of l+a^, 

the result of phase ambiguities caused by recombination carrier density changes. 

In wide-aperture (broad-area) lasers, the field may have some "structure" within 

a region of uniform carriers, and spatially much wider than the ripples of the optical 

field. The optical field will cause stimulated emission, decreasing the carrier density 

in the regions of local maxima of irradiance distribution of the field. The reduction 

of carriers will cause an increase in the refractive index according to Equation 2.18 

and further focus the local maxima, similar to a waveguide. This effect is much like 

self-focusing in Kerr media[75], and will break up the field, causing potential spatial 

incoherence between each of these "filaments." However unlike Kerr effects, these 

filaments are dynamic in nature. As carriers are locally depleted, there will be carrier 

build-up in regions that aren't causing guiding. Subsequent build-ups will amplify 

the field in another region, and the field will not be amplified in guiding regions where 

the carriers have been depleted. 

Thermal Index Modulation The third term in Equation 2.18 represents change in 

refractive index due to thermal variations. These thermal variations are primarily 

caused by non-radiative recombination. Section 2.4 reviews how the temperature 
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distribution is calculated from the non-radiative recombination heat source. 

Imaginary Refractive Index Modulation Finally, in the imaginary part of Equation 

2.18, both terms (terms four and five) are the familiar loss and gain introduced earlier 

in this section. The fourth term is the loss mechanism, described earlier in this section. 

We allow this to remain spatially dependent, however in most of the material, this is 

constant due to the fact that we begin with a uniform planar material growth. To a 

small degree aeffy{x,z) changes when material is etched away (in both the regions 

adjacent to the ridge and the grating section), and we should be able to account for 

this. 

The fifth term is the gain term, relating the material gain in the active region to 

the imaginary refractive index modulation. This is tied to carrier density through 

ga{x, z). Section 2.3 covers how the steady-state carrier density is calculated, includ

ing injection, radiative and non-radiative recombination, as well as carrier leakage. 

2.3 Carrier Calculations 

In order to calculate the steady-state carrier solution, it is important to first 

introduce the carrier rate equation. We can then decompose the rate equation into 

subcomponents to explore each effect individually. 

2.3.1 Carrier Rate Equation 

In order to determine the active region carrier distribution, it is important to 

understand how the carrier population changes. We first define the flux of carriers 

(/at) through a surface 

J N  = - D - ^ N { x ,  y ,  z ,  t ) ,  (2.20) 

where n  is normal to the surface we are looking at, and D  is some diffusion constant. 

Furthermore, the time-rate of change (which we will later set to zero) of these carriers 
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is given by: 

y ,  z ,  t )  =  D V ' ^ N { x ,  y ,  z ,  t ) ,  

and for time independence: 

0  =  D V ^ N { x , y , z ) .  (2.21) 

We have already removed the y  dimension in the optical field, so it will be necessary 

to reduce the dimensions of N to be bounded on T>. In our case, we can consider the 

y dimension of V to be infinitesimally small slice of the semiconductor material in the 

{x, z) plane. If this slice is small enough, N{x, y, z) does not change appreciably, and 

therefore the derivative in the y dimension may be neglected. Additionally, there is 

not much change in device geometry along the 2; direction, therefore we will neglect 

diffusion in this dimension as well. 

Equation 2.21 only considers the movement of the carriers that are already in 

the active region. We must however also account for carrier sources (such as current 

injection) and sinks (such as spontaneous and stimulated emission). This equation is 

known as the carrier rate equation, and is defined by: 

f) fp" i(\(T 7 ^ 
— N { x , z ^ , t )  =  - D - ^ N { x , t )  +  A N { x , Z s , t )  +  B N ^ { x , Z s , t )  

+ C N % x ,  z , ,  t )  + r,g,(iV) + . (2.22) 
HbJlda 

However, as stated previously, we are interested in a time-independent solution, where 

•^N{x,Zs,t) = 0. We therefore bring the partial derivative to the left-hand side in 

Equation 2.22 and end up with: 

D ^ N { x )  =  +  a N { X )  + B N \ x )  +  C N ^ x )  
dx'^ qda 

where D  is the diffusion constant, j o  is the current injection density on the top surface 

of the active region(a function of x and 2), and is described in Section 2.3.2, and da 
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is the active region thickness. A , B ,  and C  are non-radiative, spontaneous, and Auger 

recombination coefficients, respectively. A and B are taken to be constant, while C is 

taken to be a analytical function of temperature. Further analysis is given in Section 

2.3.3. Optical gain is in the active region is represented by ga, and is a logarithmic 

function of carrier density (Section 2.3.4), and HuJi is the photon energy. The field 

p r o p a g a t i n g  i n  t h e  d i r e c t i o n  i s  g i v e n  b y  F { x ,  z )  a n d  B { x ,  z ) .  

2.3.2 Current Spreading 

One of the terms that affects carrier dynamics is the flow of carriers into the 

active region (this is the driving term). The absolute number of carriers along with 

the distribution are two important values that must be individually addressable. The 

absolute number should be proportional to the current density (j), the amount of 

current injected over an area. In this case, the change in the number of carriers 

should be the carrier density, along with the thickness of the active region and a 

proportionality: 

where da is the thickness of the active region (converting a flow through an area 

into a volume), q is the electron charge, and rji is the internal quantum efficiency, 

and represents the percentage of injected electrons that participate as quantum-well 

carriers. 

It is useful to remember the p-contact in most devices is located on the order 

of microns away from the active region, while the n-contact is on the order of 100 

microns away. The distribution of the carriers in the active region is therefore dictated 

in a large part, by the p-contact geometry, while the ri-contact provides a uniform 

distribution of electrons. Current flow in the y dimension follows the Laplace equation 

acting upon the scalar potential $(x, y, z) (neglecting significant carrier densities[46]), 

spreading the active region carriers in the (x, z) plane. Figure 2.4 shows a schematic 



47 

cross-section of the semiconductor material on T. 

We must calculate the carrier distribution in the active region from the geometry of 

current injection distribution at the contact (this is called "current spreading"). If the 

layer structure only varies in the y transverse dimension, an analytical solution may 

be calculated[3, 56]. Unfortunately, in our case the ridge section has boundaries in two 

dimensions [x and y), making this approach inappropriate. On the other hand, the 

gain guided taper comprises the vast majority of the laser, and the layer structure is 

essentially one-dimensional in this section. We choose to treat the material in the ridge 

section as if it were gain guided for this purpose, accepting the small amount of error 

that accompanies this approximation [56]; we are therefore able to forgo numerical 

calculations in each propagation step, vastly speeding up calculations. 

We neglect current spreading in the z dimension due to the slowly varying nature 

of the carrier injection along this dimension. Such an approximation limits the domain 

of calculations to a slice in the {x, y) plane, which we call T. T changes with the 

calculation window along the 2 axis. The Laplace equation is given as: 

where p  is the material resistivity, and j  is the current density, proportional to the 

gradient of the scalar potential. The gradient is taken to be only in the (x, y) plane, 

and is indicated by the T subscript. All of these are calculated at a set longitudinal 

position in the cavity, Zs-

Carrier Spread Boundary Conditions In order to calculate the current density in the 

active region [within the material), it is necessary determine the boundary conditions 

that are satisfied by Equation 2.26. The current density at the surface of the material 

(p-contact/seraiconductor junction) is determined by the contact geometry and the 

injected current (see Figure 2.4). The scalar potential on the top surface is then 

V'^^{x,y,z,) = 0, 

j { x , y , Z s )  =  - ^ V T ^ { x , y , Z s ) ,  

(2.25) 

(2.26) 
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p-contact 

p-material 

n-material 

FIGURE 2.4. Layer structure schematic showing transverse labels, contact geometry, 
as well as representative current density distributions at the contact (yc), and at the 
a c t i v e  r e g i o n  ( y o ) .  

related to the current density by; 

j c { x , z s )  = j { x , y c , Z s )  =  - l / p V T ^ { x , y c , Z s ) ,  

where jc is the current density at the contact position. For our purposes, the current 

density at yc is a rectangle function: 

j c { x ,  z ^ )  =  j i r e c t  { x / W (2^)). (2.27) 

The magnitude of the injection current density is ji, and W{zs) is the width of the 

contact at Zs, explicitly separating the magnitude of the current injection from the 

contact geometry. These are shown in Figure 2.4. The quasi-Fermi-level (e/c and 

tfy in Figure 2.1) dictates the scalar potential at the surface of the active region; it 

is however typically neglected due to large forward biasing[17, 54]. Specifically the 

scalar potential at the active region surface is the separation in the quasi-Fermi-level 

of the conduction and valence bands, ejc — e/„. However, because we are assuming 

charge neutrality within the active region, the potential due to this separation is 

small [37] compared to the large forward bias of the material while under operation 
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conditions. We therefore take the scalar potential at the surface of the active region 

to be zero, simpHfying calculations, while only adding small errors to regions with fast 

lateral varying carrier densities[37]. Furthermore, provided the contact is far from the 

calculation window's lateral boundaries, the scalar potential at these points is also 

taken to be zero. 

Carrier Spreading Solution In order to determine the current density in the active 

region (transverse position yo)i we must solve the scalar potential, and then use Equa

tion 2.26 to convert to current density. Conformal mapping results in the following 

equation [3, 56]: 

The distance from the contact to the quantum-well, along with the contact width 

dictates the amount of current spreading. Equation 2.28 is independent of current 

magnitude, therefore a normalized version may be calculated once for all positions 

along 2; and stored as the driving term in the first term of Equation 2.23. 

2.3.3 Non-radiative Recombination, Spontaneous Emission, Auger Re

combination 

Terms 2-4 in Equation 2.23 account for carrier drains (reduction of carriers) that 

do not participate in stimulated emission. These terms are the "non-radiative recom

bination," "spontaneous emission," and "Auger recombination," respectively. 

Non-radiative Recombination The second term in Equation 2.23 accounts for non-

radiative carrier recombination. Non-radiative recombination is carrier recombination 

due to surface and interface recombination [19], and is analogous to "defect center 

recombination." Dangling bonds at a crystal interface result in a band shift allow

ing transitions that would not otherwise be permitted. The effect is described with 

arctan (2.28) 
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Shockley-Read-Hall theory[19]. Near lasing conditions, the carrier density is high, 

and the non-radiative recombination factor becomes: 

Rnr = A,/VvsN = AN, (2.29) 

where A g  is the surface area of the laser, V  the active region volume, and Vg = 

[ts + the inverse of the capture Ufetimes of electrons and holes {vg is known as 

the "SRH velocity"). 

Spontaneous Emission Spontaneous emission acts to reduce the carrier density, but 

we do not include the emitted photon as part of the electric field, therefore it may be 

treated in much the same way non-radiative recombination is treated. Carrier reduc

tion due to the third term in Equation 2.23 are the result of spontaneous emission. 

Spontaneous emission rate may be derived by integrating Fermi's golden rule over 

all energy states, as long as the function is weighted by the density of states. This is a 

non-trivial calculation, because knowledge of the dipole matrix elements are essential 

to the calculation. The integral over all energy states for calculation of spontaneous 

emission rate is well approximated by [2]: 

Rgp = BucPc, (2.30) 

where B is the spontaneous emission coefficient (also known as the bimolecular recom

bination coefficient), and Uc and Pc are the electron and hole densities, respectively. 

In undoped material, typical in active layers, nc = Pc = N where N is the carrier 

density, putting Equation 2.30 in the form it is found making up the third term in 

Equation 2.23. 

Auger Recombination Auger recombination, like non-radiative recombination, results 

in a reduction of carriers, but no increase in photons. Auger recombination is more 

significant in small band-gap materials because the hole probability is much larger 

for a given carrier density [2, 19]. 
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so ^ ' so ^ ' so 

HH 

CCCH CHHS CHHL 
a) b) c) 

FIGURE 2.5. Schematic of three band to and Auger recombination effects, a) CCCH, 
b) CHHS, c) CHHL. CCCH is dominant in n-doped semiconductor, while CHHS and 
CHHL are dominant in p-type semiconductor. 

Auger recombination is a two electron process where an electron recombines with 

a hole. The recombination energy is not emitted as a photon, but rather is used 

to promote an excited electron into a higher energy level. There are three types of 

processes classified as "barid-to-band" Auger processes: CCCH, CHHS, and CHHL. 

"C" stands for "conduction band," "H" is for "heavy-hole band," "L" is for "light-

hole band," and "S" is for "spin-orbit split-off band." These are schematically shown 

in Figure 2.5. 

It has been assumed many times that the CHHS process is the dominant [73], and 

the system may be approximated by a two-dimensional system for this band-to-band 

Auger process. The Auger rate is given by: 

where Rauq is the Auger recombination rate, Cijk is the Auger recombination coeffi

cient relating the process of an electron in the conduction subband, recombining 

^Aug ^ ^ 
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with a hole in the j''^ valence subband, and promoting an electron to fill a hole in 

the valence subband (see Figure 2.5). It should be said that a similar expres

sion holds for CHHL processes, but CCCH goes as ndricjPvk- Through symmetry 

rules, it turns out that i j = k = 1, and comparing the resultant expression to a 

phenomenological cubic relation to the carrier density, the Auger coefficient is [73]: 

^ I^ClPvlPvl ^ 
^ - iV3 

Additionally, Cm is assumed to be related to temperature: 

Cm = (2.31) 

where Ea is the activation energy and is given by 

2mhh + mc~m^ 9 1  
•s 

where mc,mh, and rus are the masses of the conduction band, the heavy-hole band, 

and the spin-orbit split-off band, respectively. The amount of spin-orbit split-off 

energy is given by and Eg is of course the band-gap energy. Determining the 

ratio of ndPhlN^ is necessary to determine recombination strength, but has been 

reported for typical materials to be approximately 0.02[73]. These terms may be 

approximated by empirical formulas[85], and the form in Equation 2.23, the Auger 

recombination term is 

RAug = CN^ = , (2.32) 

^ ^ '^clPvlPvl 
iV3 

2.3.4 Gain-Carrier Relation 

We know now how the gain affects the optical field (Equation 2.18), and how 

carriers recombine (Equation 2.23). It should be clear that the gain changes with 

carrier density (almost everything does!) but it is unclear what this relationship is. 
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First, it should be said that this relation is extremely complex, requiring time con

suming numerical solutions with high-rank tensors. Often, a semi-analytical method 

is used with many approximations, some of which are: 

• Recombination of electrons and holes only take place between the lowest excited 

wells and heavy holes 

• Densities are not high enough to cause electron-electron interaction 

• If multiple quantum-wells are considered, they should be separated enough such 

that an A^^-quantum-well system acts like N single quantum-well systems 

• Intersubband relaxation is wavelength independent and causes Lorentzian line 

broadening 

• Well depths are significantly larger than the lowest quantized energy level of 

the quantum-well. 

With these restrictions, it is possible to approximate the material gain spectrum for 

a given carrier density by numerically solving and integral equation: 

P r { E t ) M l { E , )  

Eg + EcO + E-u 0 

X [ U { E t )  -  U { E t ) ]  L { E t ) d E u  

m )  
2 h  1 

Tj 4Tr{E - EtY + {h/Ti) 

^hh(Et) — 0.75M^ff 1 + 
Eco 

rUoEg {Eg + A) 

f v o { E v o )  

- 1  

-1 
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The following definitions are used in the above equation. The free-space electron 

mass is given by rrio- and are conduction band and valence band energy 

of the 0^'' subband (there is a quantization due to the quantum-well). The reduced 

density of states is given by p^'*. is the square of the dipole matrix element for 

the heavy-hole band, which provides transition probabilities and includes band-tail 

states. Mdh is the average matrix element for Bloch states, calculated using the 

Kane model[2], and A is the spin-orbit split-off energy, /co and fyo are electron/hole 

quasi-fermi distributions in the subband. The intersubband relaxation results in 

a Lorentzian line broadening, L. The valence and conduction band curvatures are 

described by their band masses ruhh and rric, respectively. Finally, e/c and e/^ are 

quasi-Fermi energy levels for the conduction and valence band. 

Equation 2.33 again only considers transitions between the lowest energy states 

of the quantum-well (0^'' subbands of both the conduction- and valence-bands) and 

totally neglects recombination with the light-hole valence band. In most modern 

materials, compressive strain introduced in the quantum-well provides adequate en

ergy separation at the F point, typically making recombination with the light-holes 

negligible (see Section 2.1.1). 

Using Equation 2.33, it is possible to plot the gain spectrum for different car

rier densities, as is done in Figure 2.6a^. The material plotted in Figure 2.6a is a 

single quantum-well structure with a well width of 50 A, and a material composi

tion of In0.86Ga0.14As0.3oPo.70, with approximately 1 % strain. We see that above-

transparency (where the gain is positive), the curves all have essentially the same 

shape, and the peak shifts to the blue-side as a function of carrier density. How

ever, the approximations used to create Equation 2.33 break down at higher carrier 

densities, as electron interactions in higher energy levels become more significant 

at increased carrier densities. In order to predict material performance a priori to 

^ These analytical results were created with the help of gain calculations performed by Li Fan 
(lfan@optics.arizona.edu) 

mailto:lfan@optics.arizona.edu
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FIGURE 2.6. a)Analytical gain spectrum for a 50 A In0.86Ga0.14As0.30P0.70 strained 
SQW material with InGaAsP barriers. Only recombination between the lowest con
duction band and the lowest heavy-hole band is considered. b)Many-body theory 
simulated gain spectrum for 100 A Ino.8Gao.2Aso.44Po.56 strained SQW material with 
InGaAsP barriers 

growth, one must fabricate test structures and use terms such as the line-broadening 

as fudge-factors to fit the gain. Even in such cases, this fit is only valid near the gain 

peak, and valid for lower carrier densities. 

Recently, many-body calculations [36] have provided the most convincing gain 

curve calculations, not requiring the use of fudge-factors. For a qualitative compar

ison, Jorg Hader^ has provided calculated gain curves considering such many-body 

effects for a single quantum-well structure that emits near 1.3 /im. The well material 

is Ino.8Gao.2Aso.44Po.56, and has a width of 100 A. One can see that at higher carrier 

densities, more than the lowest excitation levels must be considered. In Figure 2.6b, 

for the curve denoting the excitation level for A'=20xl0^®cm~^, the transition from 

the second subband of the conduction band to the second subband of the heavy hole 

band contributes strongly at about 1.2 fim, while the first subband transition still 

participates in recombination, creating a mild undulation in curve at about 1.35 /xrn. 

®J6rg Hader is currently a Postdoctoral Fellow with the Arizona Center for Mathematical Sci
ences, 617 N. Santa Rita, Univ. of Ariz., Tucson, AZ 85721 (jhader@acnis.arizona.edu) 

mailto:jhader@acnis.arizona.edu
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One should note that carrier densities of 20x 10^®cm~^ are unusually high, and are not 

typically achieved in semiconductor lasers, as the carrier density clamps at threshold. 

This density is included in Figure 2.6b to exemplify differences. 

In a Fabry-Perot cavity, modes corresponding to integer multiples of half the 

wavelength in the material will be additionally modulated by the gain function. We 

can see in Figure 2.6 that the gain peak (near where lasing typically occurs in a laser 

cavity that otherwise has no wavelength selectivity) shifts rather dramatically with 

the carrier density. This is primarily due to the fact that as the density increases, 

the electron and hole probability distributions shift, causing the carrier peak to blue-

shift. In practice however, the temperature overcomes this blue-shift, shifting the 

gain peak to the longer wavelengths (red-shift). In the case of high-reflectivity DBR 

lasers, the wavelength change as a function of carriers/temperature is mitigated due 

to the spectral filtering of the grating, further described in Chapter 3. Because the 

heat and carriers are primarily in the active region, the mirror's wavelength selectivity 

changes with the real part of the refractive index, instead of the imaginary part of the 

refractive index. The spectrum of the grating filter changes very slowly compared to 

the gain peak (from about 5 A/K shifting for the gain peak to about 1 A/K shifting 

for the grating filter). Therefore the use of a grating may be advantageous in certain 

situations where significant wavelength shifts are not desired. On the other hand, as 

the operation temperature changes, it is possible for the gain peak to detune far away 

from the spectral position of the grating, causing the lasing to "shut-off." 

If we pick a wavelength, plotting the gain vs. carrier density, what results is 

the gain-carrier relationship, and may be seen in Figure 2.7. It turns out that this 

relationship is fit well by a logarithmic curve: 

N — N 
g„(iV) =5„ln^^^-^, (2.33) 

where Ntr is the transparency carrier density, and Ng is a fitting factor known as 

the "shift-carrier density." Equation 2.33 is known as the "non-linear gain-carrier 
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relation," and is valid over a wide range of carrier densities. In Figure 2.7, the 

region near g'=0 may be approximated by a straight line; such a fit is known as the 

linear gain-carrier relation. For low-loss cavities, the threshold carrier density is very 

close to the transparency carrier density, and a linear relation is adequate for these 

calculations. However in our case, unstable resonators have large amounts of loss, 

meaning the cavity losses are much higher than the material loss. Such a situation 

necessitates the use of a non-linear gain-carrier relationship. 

The gain once again represents the recombination of carriers through stimulated 

emission, and is responsible for the final term in Equation 2.23: 

= (2.34) 
nuiida 

where rate of recombination is indeed proportional to the power of the electric field 

at that location (obeying Beer's law). 

2.4 Temperature effects 

We have said that the material will absorb photons without re-emitting a photon 

through a process known as "non-radiative recombination." As compared to the 

Auger process, we left the absorbed energy unaccounted for. This energy is generally 

attributed to the main heat source within the laser, and must be dealt with to include 

the temperature distribution in the third term in Equation 2.18. 

As with carriers, we ignore heat spreading in the z direction. Therefore, the 

heat profile satisfies Laplace's equation in each layer of uninterrupted material (each 

epitaxial layer); 

V\-T{x,y,Zs) = 0. 

Additionally, the temperature is continuous over boundaries of dissimilar materials, 

and the flow of heat through a boundary is continuous (the ratio of the normal 

derivatives across an interface is equal to the ratio of thermal resistivities (inverse of 
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the conductivity a). We choose to solve this problem in material that only varies in 

one dimension[47, 56]. At the position of the heat source (active region), the heat 

flow over the boundary has the additional term of a heat source[70]: 

Q Q 
-a^—T-{x,yo,Zs)  + a+—T+{x,yo,Zs)  = Q{x,yo,Zs) ,  (2.35) 

oy dy 

where cr_ and a+ are the thermal conductivities of the materials immediately below 

and above the active region, and T_ and are the temperatures in these same 

regions,  respect ively.  The heat  generated by the act ive region is  indicated by Q. 

Finally, it is assumed that the heat flow through the p-side contact, and at all the 

boundaries of T(not including the substrate) are zero. 

To solve the heat distribution, instead of solving the heat equation for every Q 

distribution, we choose to calculate a spatial impulse-response function and simply 

convolve that with each heat source distribution; this is made possible because the 

heat equation is a linear function, and t is generally wide enough to neglect shift-

variance [56]. 

The heat created by the active region is proportional to the rate of carrier loss due 

to non-radiative recombination. Additionally, electron energy (roughly the same as 

the material band-gap) and quantum-well thickness must be accounted for, resulting 

in: 

Q{x,  yo, Zs)  = EgdaAN{x,  Zg) .  (2.36) 

By taking a limiting case of a rectangular heat source in an infinitesimally thick 

active region, one can find the heat distribution in an analytical manner, so covered 

previously[56], resulting in the heat within the active region: 

T p s f { x )  =  ( 3 o ( l -  + V [sinh(A;„to) - r„cosh(Mo) + ?^rj] cos{knX), (2.37) 



60 

where 

^ (721(7 or 2 

1 + cr2/o-or2io' 
Tn = 1/ tanh(A;„t) 

kn = n27r/P, 
n—l 

Do = P- '  T, 

m 

Pn = 2(A;„P)~^ ((7ir„ + cr_ir_i,„) 

n~layers 
Lr\ 

-1 ^ I ^ ^ \-l 

and P is the width of Tin the x dimension. 

Alternatively, this may be solved numerically by solving the equation for heat flow 

through the entire structure: 

Qi{x,y)  + da ^ct(x,  y)  ) VT{x,  y)  + a(x, y)V'^T{x,  y)  = 0 

where Qi is an on-axis delta function, and da is the unit area through which we are 

measuring the heat flow. Within each layer, the -^a term and Qi are zero, reducing 

to Laplace's equation, while at the boundaries, using a finite difference scheme on a, 

and making dy infinitesimal, the V^T is zero, leaving the boundary conditions for the 

analytical solution. 

2.4.1 Thermal Lensing 

One of the two major effects of heat is "thermal lensing" where a non-uniform 

temperature distribution causes index variations. Because the temperature is typi

cally somewhat slowly varying, high in the center of the field (in the x dimension) 

and lower near the edges of the field, the refractive index behaves in a similar manner, 

proportional to ar- This variation tends to be roughly quadratic in nature, resulting 

in a "lensing effect," acting like a lens with a positive focal length. 

If the temperature distribution is: 

1 
AT = - 2 ̂ ^23; ,2 
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In a longitudinal step of dz,  the focal length of the thermal lens is given by: 

fTkermal = ^ 

aT\/ATmax^T2 sin -^^dzj 

and if dz is sufficiently small, this may be reduced to; 

frhermal ~ {aTAT2dz) ^ . 

2.4.2 Thermal Effects on Auger Processes 

As covered in Section 2.3.3, the Auger recombination coefficient is temperature de

pendent. As the temperature increases, the Auger coefficient increases exponentially. 

This is important in semiconductor lasers, because at higher currents, the laser oper

ating temperature increases. A temperature increase translates into increased carrier 

losses through Auger recombination, resulting in a decrease in slope efficiency. The 

slope efficiency can become zero, and actually negative, resulting in what is known 

as "thermal roll-over." This effect can be seen in Figure 2.8. 

It is for this reason that high power lasers are typically mounted with the p-side 

near the heat-sink (known as "p-side down" mounting). Recall that the because the 

epitaxial layers grown on an n-doped substrate, the active region is comparatively 

close to the p-contact (after substrate thinning, the distance from the active region 

to the bottom of the substrate is about 100 yum, while the distance to the surface of 

the p-side is about 2.5 /im). Mounting the active region as close to the heat sink as 

possible allows for more efficient heat removal, and makes for a lower active region 

temperature, resulting in a lower thermal roll-over. 

2,5 Numerically Propagating the Field 

All effects (field propagation, carrier dynamics, and temperature dynamics) are 

taking place at the same time. We however must calculate them one at a time, so we 
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sink temperatures, b)threshold current vs heat sink temperature. The solid line is a 
least-squares exponential growth fit to the data. 

chose the following technique. This technique is reviewed more in depth in Reference 

[56], and is based on the Fox and Li method for finding cavity modes[32]. 

As far as "speed of propagation," the optical field propagates the fastest, followed 

closely by carrier efi^ects, and finally temperature efi^ects are the slowest. We therefore 

place the priority on the optical field, with the temperature effects to be low priority. 

The optical field is propagated using the finite-difference beam propagation method 

(FD-BPM)[72]. This method takes partial differential equations (Equations 2.16 and 

2.17), making them discrete difi'erences. This results in the following conversions: 

(2.38) 

1 [ f{xi+i, Zj) - 2f{xi, Zj) -t- Zj 
2 

/(xj+i, Zj+i) - 2f{xi ,  Zj+i)  + f jx j^ i ,  Zj+i)  
Ax'^ 

+ C(Aa;2)(2.39) 
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Using this with Equations 2.16 and 2.17, we can put them in the following form: 

f  L{xi ,Zj+i)  -M . . .  0 \  f f{xi ,Zj+i)  \  
L{x2,Zj+i) ... 0 

0 
-M 

0 -M 

0 0 
0 0 

f  L { x i , Z j )  

M 
0 

M 
L{x2 1 

v 
0 

0 

M 

0 
0 

-M 
L{xi ,Zj+i)  

0 
0 
0 

f{x2,Zj  + i )  
f { x 3 , Z j + i )  

M 
L{xi ,z i )  y 

V y 
\  (  f { x i , Z j )  \  

f { ^ 2 , Z j )  

f{x3,Zj)  

f { x i - i , Z j )  

V y 

(2.40) 

using a Crank-Nicholson scheme[69]. Finally, at the lateral boundaries, a second-

order transparent boundary condition is set [90], and is included in the operators in 

Equation 2.40. The operators are tridiagonal square matrices, easily invertible by a 

number of methods, including treating Equation 2.40 as a set of linear equations and 

using the Thomas algorithm [83]. 

The field is propagated through each step dz,  calculating carriers and temperature 

profiles as propagation occurs. At some step Zg, say coming from Zg-i, the carrier 

density is calculated at all values x at both positions Zs and Zs-\. This necessitates 

numerical iteration of the linearized Equation 2.23, and prior knowledge of the field at 

all values Zs and Zg-i, until the carrier distribution converges to a solution given the 

field distribution [56]. We use the values of the field and temperature distribution at 

Zs and Zs^i from the previous cavity iteration to calculate the power that is necessity 

to solve the stimulated emission term in Equation 2.23. 

Once the carrier density is calculated, the temperature distribution is calculated by 

convolving the carrier distribution with the temperature impulse response (Equation 

2.37). Numerical values for gain are calculated via Equation 2.33, and the Auger 

coefficient is calculated using the temperature distribution in Equation 2.32. 

Finally, the value for Aueff is calculated using Equation 2.18, and this is used to 
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step the field from Zs-i to Zg. At each mirror, we calculate a backward propagating 

wave from the forward propagating wave, or vice versa. This may be a simple multi

plication (in the case of a cleaved-facet uniform reflectance mirror), or it may be an 

operation (in the case of a grating). Chapter 3 and 4 speak more to the subject of 

grating and reflectivity functions. 

The cavity is iterated, comparing the normalized amplitude of the field at one 

facet to the same field from the previous cavity iteration. When the difference in 

field is acceptably small, we say that the field has converged, indicating lasing. It 

should be noted that if allowed to iterate long enough, a field below threshold will also 

converge... to zero. To avoid this case, which would report a false lasing condition, 

we cap the number of cavity iterations the simulator is allowed to do, commonly 20 

cavity iterations is sufficient to avoid this problem. Finally, there is a region above-

threshold that may not converge. Above a certain current, the laser will filament; we 

call this current the "filamentation threshold." Filaments are dynamic, as described 

in Section 2.2.4, and therefore our time-independent model will not reproduce them 

accurately. However this regime is not of primary interest to us, as the laser brightness 

drops significantly when filaments occur, therefore only the approximate filamentation 

threshold is of interest. 

2,6 Conclusion 

In summary. Chapter 2 outlines how the field propagates within a semiconductor 

quantum-well structure. We show how the field may be reduced to two dimensions 

(using the effective index method), and propagated as a forward and backward propa

gating field. Section 2.2.4 shows that the material is linked to the optical field through 

real and imaginary index modifications, including etching terms, antiguiding, thermal 

variations, and gain and loss. In Section 2.3, we show how the carrier distributions 

are dependent on contact geometry, as well as recombination mechanisms. These 
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mechanisms are primarily material dependent, but terms such as the gain term are 

also dependent on optical field strengths. 

Spectral gain is described from both an semi-analytical solution and many-body 

theory. Solutions from each are compared and contrasted, the non-linear gain-carrier 

relation is built shown to be a good fit for either of these models. A simple, and 

reasonably accurate temperature distribution calculation is given in Section 2.4 from 

an analytical solution. A temperature impulse response is calculated such that for 

any given carrier distribution, a temperature distribution may be calculated, vastly 

increasing numerical efficiency. Finally, a brief review of numerical techniques used 

give the reader some incite how the continuous functions given throughout the chapter 

are discretized and solved. 
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CHAPTER 3 

GRATING 

3.1 Introduction 

Grating coupling is a method of modulating material refractive index in order 

to perturb fields in a methodical manner to accomplish specific tasks. With proper 

understanding of grating theory, we may design grating structures to facilitate desired 

functionality, including coupling modes within the laser and out-coupling light from 

the cavity. 

Gratings within semiconductor lasers has two, somewhat distinct, duties: to pro

vide feedback into the cavity and to diffract light out of the cavity. As will be shown, 

out-coupling and reflection result from the same mechanism. Similar mathematical 

tools based on the scalar Helmholtz equation can be used to describe both mech

anisms. There are, however, approximations in feedback gratings (first-order) that 

reduce the complication significantly from the more general case of detuned, higher-

order gratings. For our purposes, first-order gratings will be discussed as feedback 

elements, and detuned second-order gratings will be discussed as out-coupling ele

ments. As will be seen, if the detuning factor in the grating becomes zero, there 

will be a significant feedback component to these gratings, thus these are called "on-

resonance" Bragg gratings. 

3.2 Plane-Wave Coupled Mode Theory 

Plane-wave coupled mode theory describes a phenomena that commonly occurs in 

volume holograms [50], and may be used as a tool for a general introduction to grat

ings within semiconductors. The mathematical description, coupled mode theory, is 

identical to that of a first-order grating. In fact, because any field may be decomposed 
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into a sum of plane waves [35], this theory is very applicable to low coupling efficiency 

volume holography. 

3.2.1 Problem Definition 

Let us assume an optical field propagates in an infinite and periodically perturbed 

dielectric material. This material has some static index modulation in it, which is 

usually very small in comparison to the unmodulated index, for reasons which we 

will discover later. We want to show that if we input a plane wave (an eigenmode of 

the unperturbed medium[35]), the index perturbation will convert energy from this 

"eigenmode" to another eigenmode of the unperturbed medium. The result is that 

two otherwise orthogonal modes can be coupled through index modulation. 

3.2.2 Solution 

In this treatment, we will be analyzing a static periodic index modulation. We 

may first restate Equation 2.2: 

+ n^{-f)klE{-r) = 0. (3.1) 

We may treat this in the general scalar case, which is coupling between two arbitrary 

plane waves. If each of these modes is coupled to another mode, we may treat multiple 

mode coupling (one input several outputs for example). Each plane wave considered 

must satisfy Equation 3.1. Let us define two particular modes i and j which may be 

described by 

t )  = + C.C., (3.2) 

where Ai/j may be complex. Each of these fields satisfies the unperturbed Helmholtz 

equation, Equation 3.1 as a plane wave, and we assume they are polarized in the 

same direction such that polarization may be neglected. Because the plane wave is an 

eigenfunction of Equation 3.1 for an unperturbed medium, we can make any field via 
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a summation of these plane waves, with different values of and ki. Furthermore, 

because al l  f ie lds  are  real ,  and this  is  a  l inear  process ,  we may use the complex 

representation as a shorthand notation, taking the first terms in Equation 3.2. We 

then must remember to simply take the real part of the final solution to get the actual 

field. 

The total electric field is just the superposition of the i  and the j  field. Because 

we are coupling waves through index modulation, we will be coupling modes with 

identical LO, so the refractive index n will also be the same for both waves. If we 

consider a sinusoidal real index perturbation, we may write our index as; 

„(r) = no + (3.3) 

where 5n is a real number. Equation 3.3 describes a periodic function of n,  with a 

mean refractive index Uo, and a modulation amplitude of 5n. The grating wave vector 

kg has a period A (where \kg\ = 27r/A). The refractive index modulation described 

by Equation 3.3 is defined in all space. For the following solution, 6n must be small 

in comparison to no, so we may neglect terms with orders Sn^, and higher (the weak-

coupling approximation taken for granted in this calculation is shown more explicitly 

in Section 3.3.3). If we plug Equations 3.2-3.3 into Equation 3.1, we arrive at: 

. (3.4) 

The next step is to group like exponential terms together. In order to couple mode 

i to mode j, it is essential that the factors in the exponent of line 3 and 4 of Equation 

3.4 obey the following equation; 
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FIGURE 3.1. Vector analysis of single-order grating-coupling. 

ki  = kj  ± kg 

k j  = ki  kg.  (2-5)  

Equation 3.5 assumes that there is an infinite sinusoidal index grating. If ki  = —kj,  

this solution is the first-order Bragg condition, kg — T2ki, providing a reflection (and 

is essentially a A/4 stack). 

Equations 3.5 can be shown graphically. If we illuminate Eji^r) on our index-

modulated material, and look in the plane defined by kj and kg, Ei{l^) will be 

excited. Figure 3.1 shows this vectorial relation. 

However for a given input vector kj, we are limited to a sphere of solutions for the 

output vector ki where \ki\ = \kj\. This small constraint limits our output vector to 

the same energy as  the input  vector  ( i .e .  same frequency) .  Therefore  for  a  given kj ,  

and a direction for the index modulation vector kg, there is only one possible solution 

to the output vector ki. 
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3.3 First-Order Coupled Mode Theory 

In order for lasing to occur, feedback must be provided to the laser cavity. This 

can be done in several manners and is most commonly done through a cleaved facet 

of the semiconductor. Because there is a large index difference, Fresnel reflections 

provide ~32 % reflection for normal incidence. In many cases, there is a dielec

tric quarter-wave stack evaporated on the facet in order to increase or decrease the 

reflectivity. Another technique is the one proposed in this dissertation, using an in

tegrated diffraction grating. This is done with the aforementioned Bragg grating. 

Furthermore, a properly designed Bragg grating can provide well controlled spectral 

filtering, resulting in a narrowing of linewidth and increased wavelength stability. 

3.3.1 Distributed Bragg Reflector First-Order grating 

The easiest situation of coupled mode analysis is that of two modes through a 

"distributed Bragg reflector" (DBR). In this treatment, we will analyze a static index 

modulation[19, 80]. We begin again from the Helmholtz equation (Equation 3.1). We 

will take the optical axis to be in the 2; direction. The transverse dimension (in the 

direction of the epitaxial growth) to be y, and the lateral direction to be x. These 

are shown in Figure 3.2. 

Defining a  Field Solut ion We pick Cartesian coordinates as a convenient coordinate 

system (if analyzing circularly symmetric systems such as a circular grating surface 

emitting laser, cylindrical coordinates may be more appropriate). We define our 

electric field as the superposition of a forward (F) and backward (B) propagating 

wave. It is important to note that n is a function of x, y, and 2;. We may break 

this up by any means necessary, but due to symmetry within semiconductors, we will 

define the electric field as; 

E(l^)  = U{y)  {F{x,  + B{x,  (3.6) 
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FIGURE 3.2. Coordinates to be used in this analysis, x is taken to be into the page 
to form a right-handed coordinate system. 

( 3  is again the propagation constant of the transverse structure in the unperturbed 

medium (and is equivalent to Peffy in Chapter 2). A slab waveguide is designed in 

such a way as to allow for propagation without transverse expansion of the mode. In 

our case, only the y dimension has index confinement. This means there is no x or z 

dependence of the mode profile in the y direction, and the y dimension of the index 

may be separated from the x and z dimensions. This notation is chosen because we 

have used the average wave propagation constant (wave vector magnitude projected 

along the z axis), which can be found using the effective index method[19]. We will 

treat this as the average wave vector in the medium. Because we have chosen to write 

13z instead of /3 • we have made a paraxial approximation. This is a reasonable 

approximation considering the dimensions of the field simulated. Using Equation 3.6 

in Equation 3.1 we arrive at; 
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ox'^ ox^ dy^ ay^ 

+ i2kU^e'^ '  -  i2kU^e- '^ '  
oz^  oz-^  oz  oz  

+{n^kl - e)UFe'^' + {n^kl - (3'^)UBe-'^\ (3.7) 

3.3.2 Reducing the Wave Equation 

One can see how this can get out of hand very quickly. Equation 3.7 is after all, 

the least complex of all coupled mode equations (only two modes considered). We 

make a simplification that will prove itself useful. In a similar manner to calculations 

in  Sect ion 2.2.3,  mult iply both s ides  of  Equat ion 3.7 by U* and integrate  over  the y 

coordinate. It is not necessary that U{y) be normalized as suggested in Reference 

[19]. Let the integral of U*{y)U{y) be represented as ^ (if normalized, ^'s value is 

unity). The only two terms where U remains contain: 

and 

1 f°° 
-  / U*U{n^e^~/3 ' )dy.  
S J  —oc 

If we assume weakly coupled fields, the ^ and ^ are also negligible. We may 

rewrite Equation 3.7 in a much simplified manner as 

OX'^ OX' '  \  oz oz  

+ l  r  r  dy 
> •' —oo 4 J—oo 

(3.8) 

If there are no assumptions made here, we have hit an impasse because ra is a function 

of y and we have not said anything about the second derivative of U. The following 
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section shows how through use of the effective index method, we may further simphfy 

this equation. 

3.3.3 Coupling the Modes 

The last term in Equation 3.8 deserves some further investigation. Though it is 

possible to have coupling using spatial absorption modulation, we will only analyze the 

case that this loss is constant, and the real part of the refractive index is modulated. 

We may expand the real part of the refractive index as a harmonic series 

n = no{x,y ,z)  + An{x,y ,z)  
OO 

= no(x- ,  y ,z)  + Y ,  y) j . (3.9) 
m=l 

The static refractive index is given as no{x,y ,z) ,  and the varying part is given by 

An{x,y,z). This definition of the index modulation indicates that the index is peri

odic in nature. It should be stated that no{x,z,y) within the grating region for our 

purposes will be taken to be the spatial average refractive index. We've previously 

stated that the fields are weakly coupled, thus An is small compared to no- We may 

expand n as: 

= {no{x,y ,z)  + An{x,y ,z) f  

= nl{x ,y ,z)+ 2no{x,y ,z)  An{x,y ,z)  + An^{x,y ,z)  (3.10) 
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and we may neglect terms of order An^. Looking at [n^kl — k"^), expressing /3 as 

rieffko, the last two terms in Equation 3.8 may be written as; 

The term inside the [] in Equation 3.11 is equal to zero by definition of the effective 

index. The remaining term contains An which is only non-zero in the area of the 

grating. An assumption that An and rio are not y dependant in this region represents 

rectangular grating teeth, but it is not difficult to solve for a more general case. Using 

the simplified Equation 3.11 in the last term of Equation 3.8, we may write this term 

as 

The dimensionality of An and no have been reduced to reflect the approximations 

made. is known as the grating-overlap term, which indicates the normalized power 

of the field that is interacting with the grating. We may see a graphical representation 

of the grating overlap in Figure 3.3. 

We previously stated that we are only modulating the real part of the refractive 

index, therefore any absorption will be included in no. Using these, we can simplify 

(3.11) 

1 
-  U' 'U{nX-P')dy 
C J —oo 

2An{x,  z)  no{x,  z )  k1 

2An{x,  z)  no{x,  z )  k^T,  

[  U*{y)Uiy)dy 
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valley tooth 
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n(y) index of refraction An(y) modulated index 

FIGURE 3.3. Field overlap with grating. In semiconductor lasers, this "tail" is a 
small portion of the field,approximately 0.2 % of the total amplitude of the field.Wss 
is the index of the superstrate. This index is taken to be 1 if there is no passivation 
of the grating. 

3.8 to 

d^F , 525 
0 = -TT-Tre'^ + + i2nef fh  

dx^ dx^ 

+2noklTg^n . (3.12) 

Because there is a whole number index m in the exponent of the sum in Equation 

3.9, the above equation indicates a periodic structure, with a period of A. An arbitrary 

periodic structure can be defined with this series. Hardy et a/[40] have thoroughly 

explored the effect of grating shape on efficiency. This topic will not be explored in 

this dissertation, though a short qualitative discussion can be found in Section 3.5. 

Sinusoidal  Grat ing Coupling For our case, we will look at a sinusoidal structure, thus 

neglecting any terms m = 2 or higher. As of yet. Equation 3.12 could represent 

two uncoupled modes: F travelling in the +z direction and B travelling in the —z 

direction, for example in the case where An is a constant. The only thing that we 
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FIGURE 3.4. Effects of 4'{x ,z)  on grating shape, a) ( f>{x,z)  is constant for ah x and 
This will result in linear grating, b) (j)[x, z) changing with x and 2^ such that they 

are concentric-circular grating. 

have control over in Equation 3.12 is the modulated index, An. Let us therefore 

represent our modulated index as; 

An = -6ni{x ,  z)  +  ̂ -i i2k,z+Hx,z))^  ^ (313) 

where kg is the wave number of the grating, (t){x ,z)  represents the spatial phase 

of  our  grat ing and wil l  change the shape of  our  mirror  (see Figure 3.4) ,  and 5n{x,  z)  

represents the change in index within the grating teeth. To first-order approximations, 

grating with a particular phase shape, defined by (j), will reflect a field in similar 

manner to a mirror with shape (p. For example, if 0 is constant, representing straight-

line gratings (Figure 3.4a), this acts similar to a planar mirror. Alternatively, if a 

curvature is applied to the grating phase, as in Figure 3.4b, this acts as a mirror with 

the same curvature. 

For a first-order DBR, we design the grating such that kg provides reflection by 

coupl ing the forward propagat ing mode to  the backward propagat ing mode [kg = 2(3) .  

Even if the fundamental period does not satisfy this condition, there may be a higher-

order harmonic in the series of Equation 3.9 that corresponds to the specific "phase 

matching" condition: 

mkg = 2nef fko.  (3-14)  
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and is often written as: 

(3.15) 
2nef f  

This condition for reflection gratings is known as the "Bragg condition." This condi

tion is only valid in the scalar approximation (as well as only valid for the paraxial 

approximation). Otherwise we must state the vectorial phase-matching condition: 

mkg = ki  — k2,  (3.16) 

where ki and ^2 are the wave vectors in the respective media of propagation. For 

periodic structures that can not be described by a single cosine, one needs to decom

pose the field into the harmonic series in Equation 3.9 in which other mA products 

will also be a solution to Equation 3.14. Figure 3.5 shows a graphical treatment of 

the vectorial phase-matching condition of Equation 3.16 for an on-resonant first-order 

grating, where kg is twice the length of Ueffko, resulting in a reflected mode {kgut in 

the — 2; direction). 

For generality, let us say k g  =  2 0  +  S  where 5 is a small detuning factor, where 

the reflected light (designed wavelength peak of the grating) is slightly detuned from 

the Bragg condition. Using Equation 3.13, we may separate Equation 3.12 into two 

equations that fluctuate at and The fluctuating terms and may 

be cancelled and we are left with a pair of coupled equations: 

z) ,  (3.17) 

for the forward going fleld, and 

^ - •<(-. ^). (3.18) 

for the backward going field. The value for the reflection coupling coefficient is defined 

as: 
kono5n{x,  z )rg 

2nef f  
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FIGURE 3.5. Vector analysis of first-order grating-coupling. The wave vector for the 
grating is twice the length of the wave vector of the light in the material. 

For real index modulation, the reflection coupling coefficient (Kr) is real. This 

is known in many texts as simply the "coupling coefficient" [19, 40, 80], and is often 

written as K. 

3.3.4 Grating as a Wavelength-Selective Mirror 

Grating reflection has long been understood as a wavelength-selective mirror [91]. 

The selection is indicated by Equation 3.9, for infinite periodic structures. Infinite 

structures assume infinite interaction, in that the field/grating interaction happens in 

all space. It is impossible to realize interaction over all space, but with weak-coupling, 

it takes a long distance (relative to the corrugation period) to significantly deplete 

the field. The frequency response is given by the Fourier transform of the index 

grating function (or the portion of the grating that interacts with the field). If our 

field interacts uniformly with the grating over the entire space the grating is defined, 

(this is also known as the "undepleted-pump approximation" in second harmonic 
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Spectral reflectivity responce 
of sinusoidal gratings of different lengths 
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Spectral Reflectivity Responce 
of 50% duty cycle rectangular gratings 

-•Res|»nce irf 10 teeth 
•• Single tooth frequency responce 

2 4 6 

Wavelength ( X )  

FIGURE 3.6. Plots of analytical spectral response of various lengths of gratings, a) 
Sinusoidal grating of different lengths, b) rectangular grating (even harmonics are 
zero for 50 % duty cycle). 

generation [13]), then the frequency response is simply the Fourier transform of the 

grating itself. Examples are plotted in Figure 3.6, for both grating length and grating 

shape. 

This approximation for long grating or for large coupling coefficients is a very poor 

approximation, because the field strength changes significantly over the length of the 

grating. In this case, there is still an analytic solution for a simple, well behaved 

grating and field, which is solved with hyperbolic functions[e,g, 19], According to 

Coldren and Corzine, the amplitude reflection coefficient is given as: 

K tanhfcrL) 
^ 

a + iS tanh(aL)' 

where 5 is the difference between the field wave-number, and half the grating wave-

number (the half comes from counter-propagating fields), L is the length of the grat

ing,  the  coupl ing-coeff ic ient ,  k ,  has  been previously def ined (Sect ion 3.3.3) ,  and a 

is the RMS difference of k and 5 [19]. Essentially, with an increase of the coupling 

coefficient, the sine function increases in width between zeros and becomes flatter at 

the top of the function. Figure 3,7 further exemplifies this effect. 
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First Order Effective Reflectivity 

k-=138 cm"' w/w>1 
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1CL=:1.38 

ic L =2.76 

0.14 

0.12 

0.10 

0.08 

0.06 

0.04 

0.02 

0,00 

-O 

K- L =0.55 

K L =1.38 

K L =2.76 

Detuning Parameter 5Un Detuning Parameter SUn 

FIGURE 3.7. Plots of numerical spectral reflectivity considering 2-D propagation 
for infinite radius of curvature grating, and a finite width top-hat function field, a) 
Grating width is greater than field width, and b) grating width is 0.1 x field width. 

Wavelength selectively of a mirror has benefits for longitudinal mode selection in 

lasers. If the grating is long enough, from the Fourier transform relation, the band

width of the mirror decreases (this argument assumes weak coupling, as seen above). 

If only a single Fabry-Perot longitudinal mode falls within the center lobe (such as the 

sine function in Figure 3.6), this longitudinal mode will have vastly higher refiectivity 

than the other longitudinal modes. This high reflectivity will lase much more readily 

than a longitudinal mode that lies within the wings of of the sine function. 

Neither the previous equation for reflectivity nor Figure 3.6 account for lateral 

diffraction, which can be significant for finite-aperture lasers. Figure 3.7 shows the 

effective reflectivity (power reflectivity) for three lengths of flrst-order grating (40 fim, 

100 /im, and 200 fim), a coupling coefficient of 138 cm~\ and a material absorption 

of  7  cm^^.  These calculat ions solve Equat ions 3.17 and 3.18 i terat ively for  B{x,0) ,  

where F{x, 0) is defined as a top-hat function, and B{x. Zmax) is zero. The detuning 

(^) is changed, and the grating phase {(p) is set to zero for simplicity. 

Figure 3.7a shows the effective reflectivity from an infinite aperture mirror (infinite 
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with respect to the mode where Kr defined as non-zero everywhere) and Figure 3.7b 

gives the effective reflectivity for a finite aperture mirror (where Kr is non-zero only 

in the range ~Wm/2 < x < Wml'2). Figure insets show the calculation window, 

rectangular field function (dark gray) and where the grating is defined (black). 

Note that the functional dependence is not simply scaled by a lateral grating 

confinement factor, but rather the dependence stays somewhat like the sine functions 

shown in Figure 3.6.  The x axis  is  plot ted to  be the detuning 5 normalized by LgJ -n  

such that the shape does not significantly change with a change in Lg. The small 

ripple most evident in the high reflectivity case in Figure 3.7a {KgLg—2.76) is the 

result of finite field convergence criteria in numerical simulations. 

3.3.5 Discussion of Parallels in Holographic Applications 

The mathematical depth of the discussion in Section 3.3 sometimes may cloud the 

concept of grating. This section is designed to provide a more intuitive understanding 

of first-order DBR gratings. The analysis is less rigorous, but can give us a tool to 

design the phase shape of the grating {(j)) for a particular application. 

Instead of analyzing a grating as an index modulation, let us look at the same 

problem through the eyes of interferometry. Optical holography has been used to 

record and reconstruct three dimensional images. It is easiest to understand this con

cept with two beam interference. Typically, holograms are "captured" (or recorded) 

through beams interfering in a recording medium (say a volume hologram). The holo

graphic medium records the intensity pattern of the illumination. When the recording 

medium is illuminated with coherent light, the two beams interfere, creating irradi-

anee fringes, saving this pattern in the medium. After the recording medium is 

developed, these fringes will have created an index modulation in the material (some 

holographic media records the fringes as amplitude modulations, but we will not ana

lyze these). If the recording medium is then reilluminated with one of the interfering 
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Fringes for Overlaping 
Spherical Waves 
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z(X) 

FIGURE 3.8. Fringe pattern created by converging and diverging spherical wave-
fronts. The ticks are located at 0.5 A spacing, so the period is half the wavelength in 
the recording medium. 

beams (one of the two used to record the hologram), the other illuminating field will 

be reconstructed. 

In light of this understanding, we may determine the grating pattern (or "fringe 

pattern") needed to accomplish a given task by adding the desired output field to 

the known input field, and reproducing the phase structure caused by the irradi-

ance fringes. Returning to the mirror example given in 3.3.3, a cylindrical mirror 

illuminated with a point-source located at center of curvature will reflect to another 

point-source image located also at the center of curvature. If we want a grating to do 

the same thing, the fringe pattern must be created by a diverging and a converging 

cylindrical-wave, both centered on the same point. The fringes created in this exam

ple will be concentric spherical fringes (circular in a given plane), with a period half 

that of the wavelength in the material (Figure 3.8). If the fringe pattern is recorded, 

and then reilluminated with the diverging spherical-wave, the wave created will be 
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the converging spherical-wave, consistent with a spherical mirror in the same situ

ation. Likewise, it is possible to create parabolic fringes (grating) by interfering a 

plane-wave and a spherical-wave both on the same side of the recording medium. 

3.4 Second-Order Coupled Wave Theory 

3.4.1 Introduction 

As opposed to the first-order grating case (Section 3.3), analysis will be done in 

a slightly different manner. Instead of coupling two guided modes, a second-order 

grating will couple at least four, if not more (two guided modes and at least two 

unguided out-coupled waves). It is these out-coupled modes that make this type of 

grating a prime candidate for out-coupling (i.e. extracting power from the cavity). 

This analysis is known as "coupled wave theory,"^ differentiating it from coupled 

mode theory, reviewed in the previous section. 

There are two manifestations of second-order grating which we will explore. The 

first is on-Bragg-resonance second-order grating providing both semiconductor surface-

normal out-coupling and cavity feedback. The second is detuned second-order grating, 

which minimizes the feedback into the cavity, but allows for efficient non-normal out-

coupling. On-Bragg-resonance gratings are treated as a special case of the detuned 

second-order grating where the detuning is zero. 

3.4.2 Complications of Second-Order Grating 

The benefits that second-order gratings bring us result in the analytical difficulty 

they cause. That is, instead of two modes that are coupled to each other, in the easiest 

case, there are four, of which two are not guided in the material. The fact that not 

all modes are guided in the material causes difficulty in some of the approximations 

^ "Coupled wave theory" was first introduced by Friedrich Coupled along with his graduate stu
dent, Henry Wave, in 1968. 
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made for first-order grating in Section 3.3.1. Accordingly, a second-order grating is 

not quite as simple to explore, and therefore requires a different "plan of attack." 

Interestingly, a first-order grating may be analyzed through the following method, 

though, techniques such as Floquet expansion (3.4.3) are unnecessary and complicate 

the essence of two-mode coupling. 

3.4.3 Formalization of Off-Resonance Coupled Wave Theory 

Returning to Equation 3.1, we may make the same weakly coupled approximation 

of Equation 3.10, and rewrite Equation 3.1 as 

V'^Eiy) + klnl{'r^)E{l^) = —2klnoCr)An{'r^)E{l^). (3.19) 

Part ia l  Waves  and Modi f ied  Floquet  Expans ion  Using Gaston Floquet's technique of 

partial waves, we may expand the generalized electric field from Equation 3.19 into 

angular plane waves: 

OO 

Eir)= 5] E^{x,y,z)e'^-'. (3.20) 
m=-oo 

The two guided modes have a fast oscillating z  component, removed from the Em 

explicitly, while the x and y phase still remains in £^^[81]. The value of Pm is the pro

jection of the wave vector for the order diffracted field onto the 2 axis. Combining 

Equation 3.19 with Equation 3.20, 

OO 

5];  {V 'Emix ,  y ,  +  k ln l{x ,  y ,  z )Em{x ,  y ,  z )e ' ' ' - ^ )  
m=-oo 

OO 

= ^  {noix ,y , z )An{x ,y , z )Ep{x ,y , z )e"^ ' ' ^ )  .  (3.21) 
p=—oo 

A possible solution for Equation 3.21 is every term on the left hand side is 

equal to the term on the right hand side. For this solution, we may rid ourselves 
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of the sums in Equation 3.21. Expanding the Laplacian exphcitly, and inserting the 

Fourier series expansion (q) of the periodic grating perturbation, we may write 

V^E^{x ,  y ,  z )  +  -  l3l ,E^{x ,  y ,  z )  +  kln lEm{x ,  y ,  z )  

g=—oo,^0 

where kg is the wave number of the grating. We may say 

/?m =  Pr +mkg,  

where m is an integer. While the value (3^ is somewhat arbitrary, we are going to 

assign [3r the value of the nearest on-resonance Bragg condition. Specifically, for 

first-order gratings, f3r = 2 * /3o, second-order grating results in a value of I3r = Po, 

third-order gratings have /3r = 2/3*Po and so-on. This is very similar to the technique 

used with first-order grating, and results in a richer vector diagram, seen in Figure 

3.9. The phase matching condition for higher-order gratings is given by: 

ko = ki ± mkg, (3.23) 

where ki and ko are the input and output wave vectors, respectively, and m is a 

whole-number index. 

Figure 3.9 shows the vector result of Equation 3.23 in a detuned fourth-order 

grating. For a given diffraction order m, the projections of ko upon the z axis must be 

equal to | /jj | ±m\kg \ in accordance with Equation 3.23. The wave vectors in the top of 

Figure 3.9 are shorter, indicating propagation in a different material (where ni < 712)-

In the case of Figure 3.9, there would be two so-called "surface-emitting" orders 

(propagating at least partially in the +y direction), and four "substrate-emitting" 

orders, emitting into the substrate of the material. For our purposes, we will extract 

the light from the surface-emitting diffraction orders, though in some cases, it is 

advantageous to use the substrate diffraction orders instead [63]. 
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FIGURE 3.9. Vector analysis of grating-coupling, with application to grating-coupled 
surface emitting lasers. 

We must choose a /Sr that is close to kg, such that kg = f3r + A/3, where A/3 is the 

small detuning factor. Each significant partial wave interacts with an order of the 

periodic grating perturbation. The obvious way to solve Equation 3.22 is to allow for 

the high z-frequency exponents on each side to be equivalent: 

gi/3m2 _ ^iqkgZ^i/BpZ 

Po +  mkg = {q +  p)kg  +  /3o +  gA/?  

m = q +  p.  

If this is true, we may write the Master Higher-Order Coupled Wave Equation: 

V'^Emix ,  y ,  z )  +  -  I3 '^E^{X,  y ,  z )  +  k ln lEm{x ,  y ,  z )  =  
CO 

-2KLN. 5] (3.24) 
q=-oo,^0  

We are speaking of this now as a "coupled-wave" equation, as opposed to "coupled-

modes," indicating that not all of the solutions will be guided. Equation 3.24 is a 
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generalized equation of coupled waves through small index perturbation, and is the 

higher-order equivalent of Equation 3.12. 

3.4.4 Guided Mode Equations of the Master Higher-Order Coupled Wave 

Equation 

Though Figure 3.9 indicates a fourth-order grating, we are primarily interested 

in a near-Bragg resonance second-order grating. For a second-order grating, there 

is a single surface-emission mode, and a maximum of two substrate-emitting modes. 

For solutions near the second-order Bragg resonance, the m — 2 diffraction order is a 

guided backward-propagating mode. To solve Equation 3.24, it will help to assume 

we may introduce the guided modes explici t ly.  The two possible guided modes (EQ 

and E-2) may be written as; 

EQ{x,y , z )  =  F{x ,z )Uo{y) ,  (3.25) 

E -2{x ,y , z )  =  B{x ,z )U -2{y)  =  B{x ,z )Uo{y) .  (3.26) 

The following derivation will be for the forward-propagating mode (in the +z direc

tion). To then solve in the backward-propagating direction, very similar calculations 

are done to achieve a solution for this mode. 

Using the definition of Equation 3.25 in Equation 3.24, the forward guided mode 

(m = 0), the higher-order coupled wave equation is; 

d '^F{x ,z )  ^ d ' ^F{x ,z )  ^ dF{x ,zy  
r\ 9 ' no ' ^ 

=-2kln^  ^ Sng{x ,y , z )E_g{x ,y , z )e"^^ ' ' ' ^ ' ' ' ' ' ^ ' ^ ' ^ ' ^ ' ' \ {3 .27)  
g=—cxD,7^0 

As in Section 3.3.3, we may use the definition of the effective index in order to 

simplify this, letting the first term in Equation 3.27 go to zero. Additionally, as in 

d 'Uo 
dy"^  

+  {k ln l  -  01)  Uo{y)  F{x ,  z )  +  
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the treatment of first-order grating in Section 3.3.2, we will use the weakly coupled 

fields approximation to remove the curvature of the field in the z direction. 

Using these two simplifications, multiplying both sides by and integrating over 

y, Equation 3.27 sirnpfifies to: 

d\  ,iq{<)>{x ,z )+A0z)  ^ + ^2/3o^jF(a;,2;)e = -2k l  J] 
^ q=—oo,^0  

r»00 

X / no{x ,y , z )6ng{x ,y , z )E^g{x ,y , z )Uo{y)dy{3 .28)  
' —OO 

Again, as in the first-order theory section, because 5n is zero outside the region of 

the grating (in all three dimensions), we may constrain the limits of integration to the 

bounds of the grating depth, approximately 100 nm from the semiconductor surface. 

In this region, Uo is the average index of the grating. If, for example, the grating is a 

square grating with 50 % duty cycle in air, Uo = {uair + nsc)/2 = (1 + 3.3)/2 = 2.15 

for typical values of semiconductor refractive index. 

Because we have already postulated that there is a guided mode propagating in 

the —z direction, represented as we may represent this term explicitly as the 

g = 2 term in Equation 3.28. 

^F{x ,z )  = + 
oz  2/3o  ox^  

_| 2_ ^iq{<l>ix,z)+A0z) ^ 

g=—oo ,^0,2 

/  no ix ,y , z )Sng{x ,y , z )E^g{x ,y , z )Uo{y)dy ,  (3.29) 
J  a  

where: 

/• 

I^r{x ,y )  =  - ^  j  Uono{x ,y ,  z )5n2{x ,y ,  z )Uo{y)dy  (3.30) 

The first term on the right-hand side represents the lateral diffraction of the mode, 

the second term contains what is known as the reflection coupling coefficient, and the 
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third term represents the coupUng from all of the partial waves that are not guided 

in the material. 

The equation associated with the backward-propagating mode is: 

where K* is the complex conjugate of Equation 3.30. 

3.4.5 Partial Waves and the Guided Mode Equations 

Equations 3.29 and 3.31 must be solved simultaneously with all of the other Eg in 

order to fully solve 3.24. If we take a closer look at Equation 3.24, we can solve this 

for the partial waves that are diffracting into the substrate and into the superstrate, 

consistent with second-order gratings. To solve for the partial waves, we must make 

the following assumptions [82]: 

1. Partial waves will be emitted from the grating nearly normal to the surface. 

This, combined with the weak-coupling approximation allows us to neglect all 

first and second derivatives in z. 

2. Of all the partial waves, only the guided modes have enough power to couple 

significantly to the partial waves. This infinite sum is therefore reduced to two 

terms. 

Using these two assumptions, the sum on the right-hand side of Equation 3.29 be

comes: 

£B(X,.) = 

U2 ~  

X / no{x ,y , z )Sng{x ,y , z )E_q _ 2 {x ,y , z )Uo{y)dy ,  (3.31) 
a 

, i {( t>{x,z)+Al3z) 
.2 

+5n- i{x ,y ,  z )Ei{x ,y ,  z )e  dy  
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and the equivalent term from Equation 3.31 becomes: 

. k l  
Uo{y)no{x ,  y ,  z )  (Sn_i{x ,  y ,  z )E_i{x ,  y ,  z )e  

dy .  +5n^s{x ,  y ,  z )Ei{x ,  y ,  ̂ )e -»3W(^ .^ )+A/3^)^  

Because the partial waves are coupled primarily from the guided modes, we may 

assume the partial waves Em may be approximated as 

y ,  z )  =  F{x ,  +  B{x ,  (3.32) 

E+i(x, y ,  z )  =  F{x ,  +  B{x ,  (3.33) 

where £"_! is the surface emitting mode, while the £'+i is the substrate emitting mode. 

[/_!+ is the y component of the surface emitting wave coupled from F, while /7_i_ is 

coupled from B. Equivalently, U+i+ and J7+i_ are the y components of the substrate 

emitting wave coupled from the F and B, respectively. With these definitions, we 

may further specify the last term in Equation 3.29 as: 

iF{x ,  z )  
/3. 

b f 
/  UQ{y)no{x ,y , z ){6n- i{x ,y , z )U^i+{y)  +  5n- i{x ,y , z )U+i+{y))dy  

'OC,  Jg  

/  t^o  (y )^o(a: ,  y ,  z )  {6ni{x ,  y ,  z )U- i -{y)  +  5n_i (x ,  y ,  z )C/+i_(y) )  dy  
J a Po^.g  

and 

iB{x ,  z )  
A  

X 

t f 
^ j Uoiy)no{x ,  y ,  z )  i6n_s{x ,  y ,  z )U+i_{y)  +  6n^i{x ,  y, 2:)[/_i_(y)) dy  

+iF{x ,  ̂ )e -^2(0(^ , . )+A/3 . )  

/ Uorio ix ,  y,  z )  {Sn^^ ix ,  y,  z )U+i+iy)  +  Sn^i{x ,  y ,  z )U^i+{y) )  dy  
J a [Po^  
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for the last term in Equation 3.31. We first introduce another set of couphng coeffi

cients: 

f \ ] 
e^++ = Uo{y)no{x,y,z) 5ni{x,y, z)U-i+{y) + 5n^-^{x,y, z)U+i+{y) dy, (3.34) 

k^ f f 1 
£-+= ̂  / Uo{y)no{x ,y , z )  5n i{x ,y ,  z )U- i -{y)  +  5n- i{x ,y ,  z )U+i-{y)  dy ,  {3 .35)  

Pos •'5 
k l  

£ no{x ,y , z )  Sn^3{x ,y , z )U+i-{y)+6n^i{x ,y , z )U- . i - {y)  dy, (3.36) 

k l  
e+- = ^ / Uo{y)no{x,y,z) Sn_s{x ,y ,  z )U+i+{y)  +  5n_i{x ,y ,  z )U^i+{y)  dy .  (3 .37)  

Po^  Jg  ^  

£++ and £+_ couple F to the surface and substrate emitting waves, while e_+ and e 

couple B to the surface and substrate emitting waves. Applying these substitutions 

we arrive at the pair of coupled-wave equations: 

0 i  (9^  
^^(a;,^) = j ^^^F{x ,z )  + ie++{x ,z )F{x ,z )  

^•^ i2{H^,z )+A0z)  ^ j ^3_3g^ 

0 i  0^  
—B{x ,z )  =-  ——F{x,z ) - i£_^{x ,z )B{x ,z )  

_-^-i2Wx,z)+APz) ^ Z))F(X, Z). (3.39) 

The additional couphng values for partial waves (e) act as corrections to the coupled 

mode theory, such that even off Bragg resonance (where there is no vector solution 

as shown in Figure 3.9), there is still reflected hght, essentially coupled from F to a 

surface  emi t t ing  wave ,  and  subsequent ly  coupled  in to  the  ref lec ted  mode B.  

3.4.6 Partial Waves and the Partial Wave Equations 

So far, there are two equations (Equations 3.38 and 3.39) but 6 unknowns {F,  

B, U+1+, C/+i_, C/-1+, t/_i_)! This results in an underdetermined system, and this 

section is devoted to rectifying the matter. 
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We may write the relevant 2"'^ order partial waves as; 

Emix ,  y ,  z )  =  F{x ,  +  B{x ,  

where m = —1,1. There are several additional assertions that are necessary to 

simplify the equations [82]: 

1. Neglect all z derivatives (first and second). This is a reasonable approximation, 

assuming we are not too far detuned. 

2. Neglect second derivatives of the partial waves in the x  dimension. This is 

legitimate as long as our guided mode's phase front does not vary significantly 

from the grating phase 0. 

3. Assume the only terms which contribute in a significant fashion are the two 

guided modes (very little light is coupled directly from the surface emitting 

wave to the substrate emitting wave, and vice versa). 

With these assumptions, we may simplify Equation 3.24 to be: 

If we equate terms with of similar F and B,  we may separate this into two equations: 

(^o^o f^m) ^)Uo{y)) (3.40) 

, im{( j>(x,z)+A/3z) 

+ B {X,  ~u^_{y)  + {k ln l  -  i t )  Um-{y)  

= [-2klnodn^{x ,y , z )Uoiy)]  

[ -2k lnJnm+2{x ,y , z )U*{y)]  .  
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Equations 3.40 and 3.41 give rise to four equations for second-order gratings: 

^[/_i+(y) + {kln l  -  0iy)  t /_ i+(y) = -2klno5n- i{x ,  y ,  z )UQ{y) ,  (3.42) 

+ {k^nl - = -2klnMx{x,y,z)UQ{y), (3.43) 

^U+i+{y)  +  {k ln l  -  C/+i+(y) = -2klnoSni{x ,  y ,  z )Uo{y) ,  (3.44) 

•^U+i-{y) + {klnl - (3l^) U+i-.{y) = -2klnoSn3{x,y, z)Uo{y). (3.45) 

Using Equations 3.42-3.45 along with Equations 3.38 and 3.39, we have six equa

tions, and six unknowns. If there is a solution, we may find it uniquely. 

3.5 Grating Shape 

It is worth noting that according to Equations 3.38 and 3.39, the amount of 

light reflected and outcoupled can be somewhat independently controlled, by simply 

changing the amounts of each component of the refractive index modulation. For 

example, a square-tooth grating with a 50 % duty cycle has a zero value 5n_2 term. 

If this were treated as a first-order grating (Equations 3.17 and 3.18), there would be 

no coupling (provided we replaced (5n_2 with simply Sn). However, in second-order 

coupling, there will still be a component reflected due to the non-zero e_-|_ and 

terms. Figure 3.10 shows several examples of index modulation and what spectral 

components it entails, along with their weight. 

Each spike on the right-hand figures of Figure 3.10 represent a value of g, and 

where the frequency is positive, q is positive, while when the frequency is negative, 

q is negative. The locations of these peaks are at g/0.3, where the corresponding 

q is the order of diffraction. Therefore the value of 6ni, for example, is found at a 

frequency of 1/0.3. Additionally, in the frequency figures on the right-hand side of 

Figure 3.10, the Fourier transforms of a single tooth are plotted in light grey dots. Note 

there is no zero order component, which is due to explicit removal in the summation. 
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FIGURE 3.10. Different index modulations, and respective frequency components. 
All gratings are taken to have a period of 0.3 /nm. Subfigures a-e are the grating 
funct ions  in  rea l  space .  The  x  axis  represents  the  propagat ion  d imens ion ,  and  the  y  
axis represents the index perturbation An. Subfigures f-j are the Fourier transforms 
of a-e, respectively. 
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Also note that Figure S.lOi is the only Fourier spectrum that is not symmetric (or 

antisymmetric). This type of grating is known as blazed, and is used specifically to 

remove surface or substrate emission. Remember that if 5ni and 5n_i provide surface 

emission, while 5n-i and (5n_3 provide substrate radiation. If the Fourier spectrum 

is asymmetric about zero frequency, it is possible to put a preference on surface vs. 

substrate emission by changing the grating symmetry. Figure S.lOi is exaggerated to 

show asymmetry is possible, however a functional blaze will rely on strong values for 

5ni for positive q values. 

3.6 Summary 

In conclusion. Chapter 3 provides a basic understanding of first and second-order 

gratings. As an introduction, plane-wave coupled mode theory is presented as an 

exercise to understand the fundamental concept of grating coupling. 

Reflection gratings are reviewed in terms of first-order coupled mode theory in Sec

tion 3.3, where we derive a set of coupled modes for a two dimensional field (including 

free diffraction in the lateral dimension). Furthermore, this theory is discussed as a 

wavelength selective mirror, and simulated fields are shown which include diffraction 

in the lateral dimension. We contrast the effective refiectivity from a laterally infinite, 

and laterally finite grating region. 

Reflection and out-coupling gratings are discussed in 3.4, where we use Floquet 

expansion to derive a set of 6 equations, representing two guided modes and two out-

coupled waves. This theory is suitable for evaluating second-order Bragg gratings 

that provide surface emission and reflection, or detuned second-order gratings, that 

primarily provide out-coupling, and minimize reflection. 
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CHAPTER 4 

LASER CAVITY DESIGN 

"Books on quantum electronics and laser technology usually only contain 

information on ideal empty resonators. A number of monographs deal

ing with the theory of resonators contain practically nothing else... At 

the same time this information is only a starting point in an analysis 

of the non-linear interaction of the resonator modes, evolution of these 

modes and so on, processes which are intimately connected with the ac

tive medium and affect in a decisive way the characteristics of the laser 

radiation." 

-Anan'Ev[4] 

There have been many unstable resonator designs suggested in the literature to 

achieve high power[7, 9, 27, 28, 58, 74], some of which have been recreated using 

semiconductors. There have also been unstable resonator configurations that are 

unique to semiconductor lasers[18, 49]. The FATURL uses a finite aperture out-

coupling mirror, common in macroscopic unstable resonators. However, this finite 

aperture is used in conjunction with the TURL, a uniquely semiconductor-based 

unstable resonator design. 

A schematic of the FATURL is seen in Figure 4.1. The round trip propagation 

is discussed by starting at any plane and stepping through the cavity until we arrive 

back at the same plane and direction. The round trip mode propagation typically 

goes as follows. The electric field starts at the taper/ridge junction, travelling in 

the —z direction, and subsequently propagating down the ridge. The resulting field 

at the ridge-side mirror is reflected by a cleaved facet or DBR. The reflected field 
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AeW êd 
guiding 
region 

FIGURE 4.1. DBR-FATURL schematic diagram. Axes not drawn to relative scale 
with each other. 

propagates in the +z direction and is coupled into the taper region. The expanded 

field amplified by the taper is reflected by the taper-side mirror (again cleaved facet 

or DBR). The reflected field propagates back in the — ^ direction through the taper. 

The field impinging on the taper/ridge junction is spatially filtered by the spoiling 

groove, and continues to propagate through the ridge. Each element is described in 

greater detail in the following section. 

4.1 Decomposing the Active Region 

We choose to first introduce individual components of the active region, essentially 

decomposing the cavity. In understanding the purpose of each element, we can then 

investigate how they interact with each other, contributing to the success or detriment 

of the cavity. 
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4.1.1 Ridge 

The ridge is designed to be a single-lateral mode element (see Figure 4.1). Single 

mode operation is achieved by index guiding, resulting from a wet etch of the epitaxial 

structure adjacent to the region of guiding. The goal is to create a tight lateral 

confinement and therefore a high in the ridge. High confinement improves the 

mode selectivity of the ridge. 

Typical ridge widths are on the order of 3 ^m, but can be larger than 4 //m, 

allowing for an increased mode confinement. A wider ridge however has reduced 

mode selectivity (the first-order mode has loss that is commensurate with that of the 

fundamental mode), and requires lower lateral confinement for single-mode operation. 

Furthermore, the modifications to the refractive index as a result of the carrier density 

and temperature changes in the ridge can push a single-mode ridge into a region where 

it will support multiple modes. 

The ridge is to be one of the filtering elements. For typical TURLs, the field 

incident from the taper is wide compared to the fundamental mode of the ridge (this 

is not accurate for cavities with phase corrections at the taper mirror, as in Reference 

[57]). A portion of this field will be coupled into the fundamental (supported) mode 

of the ridge, while the remainder is coupled into the "leaky" or "evanescent" modes. 

If the ridge is long enough, the leaky modes will be sufficiently extinguished, leaving 

only the fundamental mode after reflection and recoupling to the taper. 

The typical length required to filter all modes except the fundamental is unfor

tunately significant. At higher power densities, the material adjacent to the ridge 

becomes "bleached" (carrier density brought to transparency), causing a significant 

reduction in loss. This "saturable absorber effect" will cause the material to become 

essentially transparent, allowing for high-order modes to propagate longer distances 

before they are absorbed, thus reducing mode-selectivity. 
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4.1.2 Spoiling Grooves 

While the spoiling grooves are arguably not part of the active region, it is appro

priate to mention their effects at this point. They are between the two mirrors, and 

at their slice of 2; there is indeed gain, therefore we include them as part of the "active 

region." 

Because the ridge can not be easily made long enough to be the only mode-

dependent loss element, we add spoiling grooves (troughs etched through the active 

region meant to scatter light, as seen in Figure 4.1) to act as a hard aperture. Nu

merical investigations have shown the mode effective location for a hard aperture is 

at the ridge/taper junction. The mode coupled from the taper to the ridge is quite 

large after propagating from the ridge to the taper mirror and back. Such a wide 

mode (relative to the ridge width) means many modes of the ridge are excited, and 

only a small fraction of the power is in the fundamental guided mode. 

The spoiling grooves narrow the lateral dimensions of the field by acting as a 

spatial filter. The narrow field is centered about the ridge, similar to the guided 

mode. A larger percentage of the light that is transmitted through the spoiling 

grooves is coupled into the fundamental mode of the index-guided ridge. 

It should be noted that the spoiling groove/ridge combination does not provide 

much more mode selectivity than the ridge alone near threshold. Nevertheless, in 

order to avoid bleaching of the material adjacent to the ridge, the spoiling grooves 

are essential for well-above threshold operation. A ridge long enough for the power 

in the passive sections to drop below the saturable absorber level would still operate 

in single mode well above threshold. However, the taper provides more gain, and the 

ridge typically reaches gain saturation before the taper therefore a short ridge/spoiling 

groove combination is desirable. 
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4.1.3 Taper 

The primary guiding in the taper is due to gain-guiding, centering the mode within 

the area where gain is highest. Because gain guiding is somewhat weak, it is often 

said (as an approximation) that the mode is allowed to "freely diffract" in the taper. 

These two descriptions conflict with each other if the mode originating from the ridge 

excites higher order modes of the increasingly wide tapered section. The angle of 

taper should therefore be well matched to the ridge-mode angle of diffraction. If the 

taper angle is smaller than this, much light is lost due to low confinement within the 

gain region; however when the taper angle is larger than the diffraction angle, higher 

order modes may be excited, causing a premature filamentation threshold. 

In addition to premature filamentation, a larger problem often is carrier build

up. This effect occurs if the "freely diffracting" mode does not cause enough carrier 

recombination in certain parts of the taper. Such carrier build-ups also cause fila

mentation due to significant carrier non-uniformity. One technique to avoid carrier 

buildup is to use a non-hnear taper shape, such as the shape of a trumpet bell, for 

example. In certain TURLs, this has proven to be a reliable means to avoid carrier 

build-up[53, 79]. However it is inappropriate to interpret such a non-linear taper 

as to be matching a Gaussian expansion in a linear media, because the carrier and 

temperature non-uniformity in the tapered region play a significant role in the field 

propagation. The Rayleigh range of a Gaussian beam with dimensions similar to the 

ridge mode is short compared with the non-linear tapered curves most utilized. 

An optimized angle is referred to as adiabatic, indicating the angle is sufficiently 

designed to avoid excitation of higher-order modes of the much wider taper. A safe 

linear taper angle for our purposes lies in the range of about 5 and 7 degrees, and we 

choose to use 6 degrees as a compromise. Due to the nature of the mode effects in 

a FATURL compared to a TURL, the FATURL actually has superior performance 

with a linear taper than with a trumpet flare. In general, however, cavity schemes 
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should be tested on a case by case basis to determine the effects on the taper shape 

and angle. 

4.2 Grating Mirrors and Out-Coupling 

4.2.1 Feedback 

The use of grating in a DBR configuration results in a very powerful scheme to 

change the laser cavity. Until the mid-1980's, a majority of edge emitting lasers had 

cleaved facet planar mirrors, not allowing wide aperture, single-mode operation. By 

1983, the proliferation of etched-facet mirrors allowed greater versatility[20, 86, 89]. 

However, the poor mirror quality and inability to modify spatially varying amplitude 

reflectivity have been limiting factors for etched-facet lasers. 

Alternatively, DBR gratings allow for complete control over phase and amplitude 

reflectivity in a continuous, spatially varying manner. Long gratings provide high 

reflectivity, necessary in the ridge mirror, while a short grating section may be used 

for the low-reflectivity taper-side mirror. Furthermore, all mirrors (and out-coupling 

gratings) may be fabricated in a single step, thus simplifying the fabrication process. 

4.2.2 Out-Coupling 

With the use of detuning out-couplers in conjunction with first-order grating, the 

responsibilities of reflection and out-coupling are completely separated, thus allowing 

more versatility. The ability to separate these duties is a quite unique and liberating 

feature of DBR cavities. Using curved grating allows reliable phase correction of the 

out-coupled field. The out-coupled mode size can be easily made such that the relative 

transverse mode dimensions are close in size, therefore creating a quasi-circular output 

mode with no external optics. As packaging costs are a significant portion of fiber-

coupled laser manufacturing, this is an efficient (low-cost) approach offered by grating-
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coupled surface emitters. 

Detuned second-order gratings provide a non-normal surface emission. The angle 

of emission that the —1 order (surface emitting) makes with the surface normal is: 

sin(6'o) = rieff - (4.1) 

where 6o is the output angle relative to surface normal, and is normally small (< 7 

degrees). 

Two issues are introduced by using a separate reflection grating and out-coupling 

grating. The first relates to "beam-steering." As the laser power is increased, the 

refractive index within the grating changes due to higher optical power densities, 

changing the feedback wavelength of the first-order grating. This change in wave

length alters the phase-matching condition (Equation 3.23), therefore changing the 

output angle. Prom the derivative of Equation 4.1, this shift is: 

cos(6'o) 

This is a problem inherent in all surface emitting lasers where the out-coupling grating 

does not also provide feedback (as in a second-order grating matching the Bragg 

condition). 

The second issue has to do with a minute amount of unintentional feedback from 

the detuned second-order grating coming from one of two sources: the side-lobe re

flectivity or reflection due to the correction term in the coupled wave analysis. Even 

off resonance there is some reflectivity from gratings at wavelengths not within the 

bandwidth of the reflector (ripples known as "side-lobes"). The reflectivity in the 

side-lobes, while small compared to the central lobe, can be significant with respect 

to the reflectivity of the first-order grating. 

There can also be some reflection though light is not coupled directly from the 

forward to the backward propagating mode. Instead, light can be coupled from the 

forward to the out-coupled mode, and then to the backward propagating mode (Sec

tion 3.4.4). Furthermore, this fleld can be commensurate with the field reflected from 
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the low-reflectivity first-order grating, and is exacerbated if the first-order grating 

provides unstable cavity feedback, while the curved, second-order grating provides 

quasi-stable cavity feedback[38]. 

4.2.3 The Issue with Integrated DBR Lasers 

The largest drawback of integrated DBR lasers is the fact that the passive material 

used for the grating has the same band-gap as the active region. The passive region 

therefore adds significant cavity loss, affecting threshold and slope efficiency. 

There are several techniques to circumvent such a problem. The first is to spatially 

remove, and then grow a new material, allowing for independent control over the 

passive region's band-gap. If the passive region has a significantly larger band-gap 

than that of the active region, it becomes virtually lossless. 

Another solution is a post-processing of the material to change its band-gap. Such 

techniques may employ ion-implantation[41], ion-free vacancy-diffusion[21], or laser 

shifting[26] to blue-shift the quantum-well band-gap of the grating region relative to 

the active region. These techniques use impurity diffusion or band-gap intermixing 

in order to accomplish band-gap shifting. 

The other problem with DBR lasers fabricated without regrowth (in the maimer 

proposed in this dissertation) is the need to pattern the grating near the active layers. 

In order to achieve acceptable coupling efficiency, the grating must be brought within 

about 300 nm of the material guiding layers. Due to the difference in layer structure of 

the active and passive regions, the transverse mode overlap is less than unity. Light 

that does not make it from one section to the other is scattered (usually into the 

substrate), and contributes to overall internal loss through another coupling coefficient 

Cg. This coupling should be as close to 1 as possible, and is typically between 0.85 

and 0.95 in our lasers. 

To improve coupling, the most widely used solution is grating fabrication and re-
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growth. This method utihzes a high index material to be deposited above the grating, 

allowing for a symmetric mode and efficient active/passive coupling. It should also 

be noted that grating may be fabricated below the active region and may be ana

lyzed in the same manner without loss of generality. The final possible solution which 

may improve active/passive coupling is the advent of deep gratings fabricated into 

the surface, near the cap region. As indicated in Section 3.3.3, the grating couphng 

efficiency is highly dependent on the mode overlap with the grating (Fg). This mode 

confinement may be achieved by placing shallow gratings near the waveguide, where 

the mode is strong, or placing very deep gratings farther away from the waveguide, 

making up for the small mode amplitudes by large interaction regions. 

4.3 Finite Aperture Tapered Unstable Resonator Lasers 

The purpose of an unstable resonator is to provide a large mode volume, combined 

with high mode-selectivity. Two ways a mirror element can have mode-dependent 

loss are by adding curvature (a spatial phase modulation) or by changing the spatial 

amplitude reflectivity. Macroscopic lasers have historically utilized limited transverse 

reflectivity or variable reflectivity mirrors[74], and this is explored for an empty-

resonator problem in Appendix C. 

With cleaved-facet lasers, the mirror does not provide any mode selectivity, as the 

mirror acts as an infinite planar mirror. One employed method to improve internal 

losses is to change the curvature of the mirror by building up the grating through use 

of curved concentric curve teeth, as opposed to straight-hne teeth[57]. Unfortunately 

when used in the method of Reference [57], the phase is matched such that the light is 

focused back into the ridge. The cavity stability increases, reaching what is termed a 

"quasi-stable" case, significantly reducing the transverse mode-selectivity of the laser. 

An alternative to this is to change the curvature such that the curvature is opposite 

in sign to the curvature of the field (the grating is like a convex mirror). This approach 
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is explored using gratings in Reference [29]. While this approach yields a higher degree 

of cavity instability, the loss remains internal loss, and the laser efficiency suffers. 

In both the case of straight-line grating and concentric curved grating, the pre

dominant mode selectivity is coming from the spoiling grooves, where much of the 

light is reflected into the spoiling grooves, and filtered out of the cavity. The hy

perbolic case filters modes by reflecting much of the light out of the cavity into the 

adjacent passive section. The use of the internal absorption is quite similar to that in 

the traditional infinite-aperture TURL. In order to avoid this internal loss filtering, 

if the lateral extent of the mirror is limited (i.e. smaller than the lateral mode size) 

at the taper end, there will be less light reflected into the spoiling grooves and fil

tered out of the cavity. This type of laser has been termed a "finite aperture tapered 

unstable resonator laser" (FATURL)[10]. 

Another way to look at the FATURL is to note that the mirror actually acts as 

an aperture, similar to the spoiling grooves. However, the light that is filtered out of 

the cavity due to the taper-side finite-aperture mirror contributes directly to output 

power, as opposed to internal absorption and scattering. 

The easiest technique to realize a finite aperture is through grating coupling, 

however the technique would work just as well if a spatially varying facet coating 

were used. The following two sections explore what happens when the taper-side 

mirror is finite with respect to the field. 

Figure 4.2 shows four methods to achieve a FATURL edge-emitting laser, and are 

offered in addition to the surface emitting manifestation experimentally demonstrated 

in this dissertation, and schematically shown in Figure 4.1. Figure 4.2a shows how a 

spatially varying reflectivity via facet coating this might be accomplished [84]. Such a 

design could include one A/2 layer fohowed by many A/4 layers, only deposited in the 

region where reflection is desired. Figure 4.2b shows an edge-emitting DBR manifes

tation of a FATURL, similar to the infinite aperture TURL method in Reference [64], 

where a very good anti-reflection facet coating is necessary to suppress oscillations 
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FIGURE 4.2. Four methods to achieve a FATURL edge-emitting laser: a) spatially-
varying facet coating, b)DBR reflector with AR facet coating (and/or angled facet 
with respect to cavity axis), b) external spatially-varying mirror in proximity to facet, 
and d) lens-coupled external spatially-varying mirror. It should be noted that (c) and 
(d) can stand to benefit greatly from an AR facet coating in order to avoid lasing 
independently. 

due to facet reflections. The Figures 4.2c-d utilize an external reflector, such as a 

spatially varying dielectric mirror deposited onto a glass window, either by proximity 

coupUng, or lens coupling this mirror to the laser. Again, this last method suffers if 

the facet does not have a quality AR coating. 

4.3.1 Suppressing Filamentation (Soft Aperture Mirrors) 

Recall that according to Section 2.2.4, the field distribution should be as smooth 

as possible (no small form structure) in order to avoid self guiding of the light. 

Such structure can create carrier non-uniformities, facilitating filamentation. The 

discontinuities in a rectangular aperture cause ripples in both Fresnel and Praunhofer 

diffraction[35], seeding premature filamentation. 

Alternatively, if a Gaussian aperture is employed, where the amplitude reflectivity 

is given by: 

the diffraction pattern remains Gaussian (in linear, homogeneous media), pushing 

r{x)  =  Tmax exp (4.2) 
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FIGURE 4.3. "Hard" finite aperture (a) and "soft" gaussian finite aperture (b). 

filamentation to higher currents, therefore allowing greater range of single-mode op

eration. Similar mirrors have been used in macroscopic high power gas and solid-state 

unstable resonators, and have been dubbed a "variable reflectivity mirror" (VRM). 

These mirrors primarily allowed for more power in the central lobe of the far field [74]. 

Gain non-linearities are not as problematic in other materials as compared with semi

conductor material. Figure 4.3 shows how this may be accomplished via a DBR grat

ing by changing the length of the DBR grating as a function of the lateral dimension 

X. This is done by assuming very little lateral diffraction occurs in the grating (a 

good approximation for short, low-reflectivity first-order gratings). We may then say 

that the length of the grating as a function of x, is calculated by: 

Lg{x)  — —tanh(r(a:)). (4.3) 
Kg 

In actuality, a rectangular aperture and Gaussian aperture are two extremes of a 

set of functions known as "super-Gaussians." This set is described by: 

r{x)  =  rmax exp 

where N is  a  positive integer (l,2,...oo), and 2N is the order of the super-Gaussian, 

also known as "order of super-Gaussianity" [78]. The case where N=1 is of course 

a Gaussian with a 1/e full width of Wm, and N=oc is a rectangle of width Wm- As 

will be shown, a Gaussian reflector will show a much higher theoretical filamentation 

threshold, improving the laser brightness and total power. 
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4.4 Cavity Losses 

Typically, an analytical approach to semiconductor lasers traces the electric field 

amplitude around the cavity, accounting for modal losses and gains through their 

interaction with each element. In this case, the transverse electric field is assumed to 

interact uniformly with the cavity gains and losses in space. For example in a ridge 

laser, the change in field (gain, loss, and phase change) incurred in a step dz is simply: 

E{z  +  dz)  =  

where Qmod and amod are the modal gain and loss, respectively. In a ridge laser, these 

do not change as a function of the longitudinal position within the cavity [z]^ and 

are to be taken as constants. The mirror reflectivity at either facet is given by 

the amplitude reflectivity at surface m. The amplitude reflectivity is typically taken 

to be a scalar value as it interacts with the entire field uniformly, such as the case of 

a cleaved facet. 

Unfortunately, such analysis is not applicable to the TURL because the modal 

gain and loss change dramatically along the cavity length. Instead, modal power (as 

opposed to amplitude) may be tracked through the cavity in an equivalent manner to 

obtain a reasonable analysis of the cavity, including diffraction in the lateral direction. 

Using power formalism, we may define modal absorption, modal gain, spoiling 

groove coupling, and effective refiectivity for the +z propagating mode as follows: 

dx  dyF*{x ,  z )U*{y)a{x ,  y ,  z )F{x ,  z )U(y)  

Cc^a ;F*(a : ,  ̂ ; )F (x ,  ̂ ; )  
' .L  V  ^^  ^ ^  ( 4 . 4 )  

+ _ J .  IZ .dxF*{x ,z )g , f fy (x , z )F{x ,z )  

^  '  JZodxF*{x ,z )F{x ,z )  '  ^  ^  

^ IZc dxF*{x, Zsg)pix)F{x, Zsg) 

IZ^dxF*{x ,Zsg)F{x ,z ,g)  

For the —z propagating fields, the modal absorption, modal gain, and spoiling 
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groove coupling are given by: 

_ X!IoC?a;/^dy5*(2:,z)[/(y)a(x,y,z)5(x,2)C/*(y) 

" ( fZdxB*(x ,z )B(x , z )  ' ^ ^ 

- ^  IZo '^^^*(^^^)9e f fy{x , z )B{x ,z )  ^ ^  

'  j^^dxB*{x ,z )B{x ,z )  '  ^  ^ ^  

^ J!L dxB*{x, Zsg)p{x)B{x, Zsg) 

JZc ,dxB*(x ,Zsg)B{x ,Zsg)  

Finally, we define a new term, "effective reflectivity," which is essentially the power 

reflectivity at a surface. This effective reflectivity is defined at the two mirrors by: 

f r j  \  {x ,  Zml)F(x ,  Zml)  

e// ml J^^dxB*{x,Zml)B{x,Zml)' -oo 
rCXD 

JZ,dxB*{x ,Zm2)B{x ,Z^2)  

J^^dxF*{x,Z^2)F{x,Z^,y ^ ^ 

The above equations use the following definitions: 
ml Ridge-side mirror indicator 
m2 Taper-side mirror indicator 

9mod i^) Modal gain in the ±z direction 

^modi^) Modal absorption in the ±z  direction 
C ĝ̂ ~ Power coupling at spoiling groove 
(i?e//)^i/„2 Effective power reflectivity of ridge- and taper-side mirror 
a{x ,  z )  Material absorption 
p{x)  Aperture function of spoiling grooves 

We choose to maintain the two-dimensional integral over the transverse direction 

in the modal absorption (Equations 4.4 and 4.7) to keep the solution general. How

ever, since the field in the y direction is assumed separable from the x, z directions, we 

may remove the transverse coordinate y explicitly and replace it with in Equations 

4.5 and 4.8, consistent with Equation 2.18. The modal gain gmod{z) is the power gain 

the field incurs in a small slice dz centered around z through propagation. Further

more, we use the approximation mentioned in Section 2.2.3, that effective index is 

approximately the index in the active region to arrive at Equations 4.5 and 4.8. The 



110 

modal absorption amod{z) is the power absorption that the field incurs in a small slice 

dz centered around z. These parameters are field and carrier dependent. The effect 

of a finite mirror is described by Equations 4.10 and 4.11, however for the purpose of 

the FATURL, it is the taper-side mirror (m2) which provides critical filtering due to 

a laterally finite mirror. 

It should be noted that Equations 4.4-4.11 are applicable to any cavity, and par

ticularly useful in broad-area-type lasers. Because these equation track the power 

and not the amplitude, they do not retain phase information, and can not provide 

longitudinal mode spectrum. However what this analysis ignores in phase, it more 

than makes up in ability to treat our broad-area like cavity. 

It is immediately obvious that the forward-propagating field (obeying Equations 

4.4-4.6) is inextricably coupled to the backward-propagating field (obeying Equa

tions 4.7-4.9) through the gain and loss, which are direction independent. Additional 

coupling between the fields is accomplished by way of the mirrors, following from 

Equations 4.10 and 4.11. 

4.4.1 Mirror Width Dependant Cavity Losses 

To understand how the finite aperture changes the laser cavity, it is helpful to 

analyze the taper from a ray approach. We assume the field from the ridge may be 

approximated as a point source. As light expands from the ridge propagating in the 

+z direction, the mode size expands, filling the taper. At the end of the taper, it hits 

the taper-side mirror and is reflected, continuing to expand now in the —2; direction. 

In the case of an infinite-aperture TURL, much of the light that is reflected by the 

taper-side mirror is either absorbed by the passive region adjacent to the taper, or is 

scattered out of the cavity by the spoiling grooves. Only the few rays that remain 

near the 2; axis will make it through the spoiling grooves and remain in the cavity. 

This ray approach to an infinite-aperture TURL is shown in Figure 4.4a. 
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FIGURE 4.4. Function of the finite-aperture cavity from a ray perspective: a) rays 
in an infinite aperture TURL, and b) rays in a FATURL. 

The mode-dependent loss is essential to unstable resonator operation, but is more 

appropriately distributed in a FATURL. To avoid such large internal losses, the taper-

side mirror can be reduced to only reflect those few rays which are passed by the spoil

ing grooves (see Figure 4.4b). In this case, the main source of the mode-dependent 

loss is shifted from the spoiling grooves to the taper-side mirror. 

Alternatively, Figure 4.5 presents the simulated forward and backward internal 

field amplitude for both an infinite aperture TURL and a FATURL. The simulation 

current is roughly twice the threshold current. In an infinite aperture TURL, much 

of the field reflected from the taper-side mirror of the laser is filtered out by the 

intra-cavity aperture, as defined by Equation 4.9. This may be seen in Figure 4.5a. 

A better approach is to reduce the lateral extent of the mirror by allowing r to 

be X dependent, thus we may increase the backward-propagating field confinement 

within the gain region. In this case, C~g will be brought closer to unity, distributing 

lateral mode selectivity between the spoiling grooves and the mirror. We can also 

see from Figure 4.5b that the spoiling grooves still provide a significant amount of 

mode-dependent loss because when the taper-side mirror size gets small, diffraction 

effects take over. 

Figure 4.6a presents the results at Ith and 2 x I^h of the backward-propagating 

spoiling groove coupling (C^) for both a rectangular finite aperture, and a Gaus
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Infinite Aperture TURL 

Forward Propagating Field Amplitude 

Finite Aperture TURL 

Forward Propagating Field Amplitude 

Backward Propagating Field Amplitude Backward Propagating Field Amplitude 

^Plane of Spoiling Grooves and ^Plane of Spoiling Grooves and C*' 

b) 

FIGURE 4.5. Simulated forward and backward propagating field for (a) infinite aper
ture and (b) finite aperture out-coupling mirrors. Results pictured here are for ~ 2x 
threshold. 

sian finite aperture TURL. The effective mirror reflectivity at the tapered end of the 

FATURL {{ReffU) dependence on mirror width is shown in Figure 4.6b. The reflec

tor is made up of a 20 //m long DBR grating, with a grating internal loss of 7 cm~^. 

We then simulated the cavity for varying finite aperture widths, and calculated C^g 

and (i?e//)m2 using Equations 4.9 and 4.11 respectively. 

Considering simple geometric effects, when the mirror is reduced in lateral extent, 

t h e  s p o i l i n g  g r o o v e  c o u p l i n g  { C ~ g )  i n c r e a s e s  w h i l e  t h e  e f f e c t i v e  r e f l e c t i v i t y  ( R e f f )  

decreases. As stated above, this shifts much of the cavity loss from intra-cavity loss 

to out-coupling mirror loss. It should be noted at this point that is essentially 

unity as long as the combination of and the mode selectivity of the ridge guide 

provides an adequate spatial filter. 

At first glance, it may seem that the best results may be achieved as the mirror 

width goes to zero. However looking at C~, when the mirror width reaches sizes 

of the order of the wavelength of light, the decreasing geometric size of the field is 
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FIGURE 4.6. a) Spoiling groove coupling in the negative Z direction as a function of 
mirror width for both rectangular apertures and Gaussian apertures, b) Taper-side 
effective reflectivity as a function of mirror width for both rectangular apertures and 
Gaussian apertures. 

counterbalanced by the diffraction effects of the aperture. Consequently, there is an 

optimum mirror size at which the laser achieves maximum performance (Figure 4.6a). 

For the present design, the optimum mirror width is on the order of 30 /xm. 

Additionally, upon inspection of Figure 4.6a, C~g oscillates in mirror width for 

the case of a rectangular aperture. This oscillation is common with unstable res

onators, first noted in passing by Reference [31], and more thoroughly in Reference 

[76], However these previously reported scenarios do not include non-linear material 

interaction in their calculations. 

Oscillations do not sit well with the above explanation, and deserve some atten

tion. If we look at the finite aperture straight-line grating, we may unwrap the taper 

and approximate the system as a clear aperture, passing light from an on-axis point 

source to the left of the aperture and observing some on-axis point to the right of 

the aperture. As the mirror width changes, the number of Fresnel zones, or Fres-
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nel number Nf of the aperture changes. The optical path length from the point 

source through a point in the aperture to the detector results in a phase that falls 

either between 0 and TT or between —TT and 0, depending on the position within the 

aperture. Presnel zones label continuous regions of the aperture that only contribute 

positive phase or only contribute negative phase. The Presnel number (Nf) indicates 

the number of these zones within the aperture. If, for example, there is an even 

number of Presnel zones (equal number of regions contributing phase between — TT 

and 0 as regions contributing between 0 and vr), all electric fields from the zones will 

destructively interfere, resulting in zero on-axis irradiance. 

Due to the index non-uniformity in the tapered region caused primarily by the 

carrier non-uniformity, there is an additional lensing effect that occurs. At higher cur

rents, the carrier distribution shifts the virtual source in the —z direction (assuming 

operation below the filamentation threshold), and has been observed in infinite aper

ture TURLs[52], and the effects are reviewed in Section 4.6.2 for infinite-aperture 

TURLs and PATURLs. Considering this non-linear efi^ect, the Nf of the cavity 

changes with drive current, and therefore internal losses (dominated by C^) will 

fluctuate with current. 

The simplest case of the above only deals with a linear, homogeneous medium. 

In such a medium, or even a ID guided mode, where the remaining two dimensions 

are unguided, the periodicity of the on axis irradiance is proportional to the square 

of the width of aperture (or in this case the mirror). We may approximate the ridge-

taper junction to be an on-axis point source, some optical distance ne//-?o from the 

aperture, and the observation plane to be located equidistant from the aperture along 

the optical axis {Eg). The optical path length {Lopt{xa)) taken by a ray through some 

portion of the aperture {xa). The amplitude on axis fluctuates (for small angles) as: 
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Eo{x = 0) - I ^ 
^'Wnif'2 ^ihoT^cf f Lopt (^(1) 

.ITUTT 
(4.12) 

where xj? is the radius of the last complete Presnel zone. This is the same description 

as found in Equation C.8, and further rigor may be found in Appendix C. The sum 

in Equation 4.12 adds the light coming from all Np complete Fresnel zones, while 

the integral in Equation 4.12 is only the contribution of the last partial Presnel zone. 

This amplitude of the integral of the exponential fluctuates from +1 to -1 as higher 

order Fresnel zones are included in the integral (with increased mirror width). The 

period of fluctuation increases as the square of the mirror width (wm)- With this in 

mind, the period of oscillation seen in Figure 4.6 increases as a function of mirror 

width if the taper length is increased. The oscillation is not purely sin(x^) because 

the material interaction is nonlinear. 

For the Gaussian aperture, there is no oscillation (or the amplitude of oscillation 

is small). This can be seen in Figure 4.6a. The example described by Equation 4.12 

is only applicable for a rectangular aperture. Each "zone" in a Gaussian aperture (or 

any non-rectangular aperture) has a different transmission amplitude, therefore they 

don't cancel each other out. The small oscillation is due to the discretization of the 

Gaussian aperture in the numerical calculations, which slightly alters the shape. 

Another way to describe this oscillation is through edge-waves [6] and the equiv

alent Fresnel number [74]. This technique is done in detail in Appendix C for the 

empty-resonator case. Essentially, the technique utilizes the idea that the mode re

flected from a finite aperture is composed of the mode that is reflected from the center 

of the aperture (the continuous portion of the mirror) and the light that is diffracted 
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off the discontinuity of the mirror. The power of these two components along with 

their relative phase is what causes this constructive or destructive interference, exem

plified by the round-trip loss shown in Figure C.4. The case of the Gaussian aperture 

(Figure C.4a) has no oscillation in the round-trip loss, while the case of harder edged 

apertures (Figure C.4b-d) have oscillations. 

Near the point where the mirror width goes to zero, there is a drastic increase in 

Cjg, noticeable at threshold, but more noticeable at two times threshold. If we rely on 

Fresnel zone analysis, this coupling should go to zero as the mirror width goes to zero. 

However, this analysis does not rely on material with a spatially dependent complex 

refractive index. When the mirror width is close to zero, there is very little power that 

is reflected. Most of the mode will interact with the passive region due to diffraction. 

The power density will be small and much of the mode will be absorbed, shifting 

internal loss from Cjg to Using the definition of power coupling (Equation 4.9), 

if the mode is absorbed before it reaches the spoiling groove plane, it is not included 

in Cjg. The effects of absorption may be seen in the backward-propagating field 

amplitude of Figure 4.5. The portion of the mode that does not leave the gain region 

continues to be amplified. Therefore, the remaining mode is localized on axis at the 

spoiling groove plane significantly increasing the coupling of the spoiling grooves. To 

show this is the case, we have also done the identical simulations letting the material 

absorption go to zero in the passive section adjacent to the tapered gain region, 

observing the C~g term does indeed tend toward zero for decreasing mirror width in 

the case of no absorption. 

Figure 4.7 shows the same curves as Figure 4.6a, but for higher taper-side mirror 

reflectivities. Figure 4.7a shows at the threshold current for a DBR length of 40 

IJ.M, which results in a peak mirror reflectivity of about 14 %. Figure 4.7b shows the 

same data for a DBR length of 60 /xm, which results in a peak mirror reflectivity of 

about 27 %. Both of these examples are higher reflectivities than would normally be 

used to achieve high differential quantum efficiencies. It is noteworthy that the value 



117 

a) 

Threshold Spoiling Groove Coupling (C^) 

High Reflectivity Mirror (-14%) 

• I . I • 

—Rectangular Mirror 

® Gaussian Mirror C" 

0 20 40 60 80 100 120 

Mirror Width (|im) 

-//-

Threshold Spoiling Groove Coupling (C^^) 

High Reflectivity Mirror (-27%) 

—Rectangular Mirror 

Gaussian Mirror 

m 

% 

b) 

80 100 120 

Mirror Width (fim) 

'VA-

FIGURE 4.7. Spoiling groove coupling in the negative Z direction at threshold as 
a function of mirror width for both rectangular apertures and Gaussian apertures. 
Simulated DBR mirrors are a) 40 fim providing about 14 % peak reflectivity, and b) 
60 /iiri long, providing about 27 % peak reflectivity. 

of C~g is shifted down slightly for higher reflectivities. This is primarily the result of 

saturating the passive material adjacent to the active taper, much like the reduction of 

C~g for the case of 2xlth, shown in Figure 4.6a. The higher field powers reflected from 

a mirror with higher reflectivity more easily bleach this passive material, increasing 

the width of the field at the plane of the spoiling grooves, resulting in a lower coupling 

efficiency in accordance with Equation 4.9. 

4.5 Power Performance 

4.5.1 Differential Quantum Efficiency 

In Figure 4.9, we have simulated the laser cavity by assuming a rectangular finite 

aperture mirror. While maintaining the mirror width, we have changed its reflectivity 

(changed the length of the grating), and simulated the power for several currents 

above threshold to calculate the differential quantum efficiency (DQE). This has been 
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FIGURE 4.8. Differential Quantum Efficiency as a function of mirror width for rect
angular and Gaussian apertures. Three cases given for peak reflectivities of about 3.5 
%, 14 %, and 27 %. Reported DQE values are particularly low due to a pessimistic 
value of Cg. 

repeated for several mirror widths including both FATURLs and infinite aperture 

TURLs for comparison. 

In the FATURL, we may define an average internal loss and a mirror loss using 

Equations 4.4-4.11: 

1 / 1 \ ^ rL 
< a, > = — In ("modW + "modW) > (4-14) 

2L \C+C-CIJ 2L 

where L is the length of the device, not including mirrors. Additionally, the DQE is 

given by the fraction: 

V D  =  V i ^  • (4-15) 

Using Equations 4.9 and 4.11, we see as the mirror width decreases, the mirror 

loss increases. Furthermore, for certain mirror widths where there are an odd number 
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of Fresnel zones, the average internal loss decreases. Figure 4.8 shows by using these 

facts, it follows that with all other parameters equal, the differential quantum effi

ciency increases as the mirror loss increases. This effect is dominated by the mirror 

loss. However in the case of laterally finite mirrors, < ctj > is decreased because 

the taper-to-ridge coupling C~g increases (Figure 4.6). The oscillations seen mimic 

C~g, seen in Figures 4.6a and 4.7a-b. Where the spoiling groove coupling increases 

in Figures 4.6a and 4.7a-b, the DQE also increases (Figure 4.8). Peaks are slightly 

shifted due to the changing effective reflectivity, and its significance to the DQE. 

For infinite aperture TURLs, a low-refiectivity facet coating is necessary to im

prove device performance because the field interacts uniformly with the mirror. Figure 

4.8 shows a very strong dependance of effective reflectivity on DQE. Efficiency drops 

off very quickly as reflectivity is increased. Figure 4.9 shows this dependance may 

be mitigated through the use of a finite-aperture, where the higher DQE may be 

maintained. 

4.5.2 Threshold Conditions 

Using Equations 4.4-4.11, we may use energy conservation to evaluate the round 

trip lasing condition: 

Using the same conditions in Figure 4.9, we have also simulated the approximate 

threshold of the laser by using the bracketing and bisection routine. For a given 

reflectivity (i.e. a given grating length), we know that Rgff of the taper-side mirror is 

reduced (Equation 4.11) for smaller lateral mirror dimensions {wm)- This will increase 

the mirror loss. However, as seen in Figure 4.6a, the —-z spoiling groove coupling 

can be significantly greater than Cjg{wm — oo), indicating a decrease in threshold. 

1 = 

(4^6) 
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FIGURE 4.9. Differential Quantum Efficiency of a rectangular finite aperture, as well 
as infinite aperture (slightly different laser material constants than that of Figures 
4.6-4.7, and Figure 4.8) 

as seen in the 25 /im finite mirror case of Figure 4.10. In the majority of the cases 

however, the threshold increases, as may be seen in the 10 fira finite mirror case of 

Figure 4.10. 

It turns out that we may have the best of both worlds. We may achieve an in

creased DQE, and a decrease of the threshold simultaneously. This occurs when we 

choose a mirror width that maximizes C~g, while maintaining a large mirror loss. In

spection of Figures 4.9 and 4.10 however indicates that there is only a minor threshold 

dependance on mirror with, while DQE is very important for many laser applications, 

including high brightness lasers. 

4.5.3 LI Characteristics 

With the increased DQE (Section 4.5.1) and slightly increased lasing threshold 

(Section 4.5.2), we need to still make sure the laser operates at higher power under 
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FIGURE 4.10. Threshold current density of a device 1500 /xm long, including a 200 /IM 
ridge. The threshold is numerically calculated by using a round trip field amplitude 
convergence condition. This lasing mechanism is done above and below threshold, 
and decreases the A/ between steps, until AI < 2 mA. 
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single-mode operation. This is done by simulating LI data (taking total power levels 

at different currents). We can determine lasing numerically by monitoring the field 

convergence in the simulator. Additionally, we can estimate the region of single-

mode operation because the model will show filamentation by not converging above 

threshold. 

Figure 4.11 shows data taken for an infinite aperture TURL, a Gaussian FATURL, 

and a rectangular aperture FATURL. Solid data points indicate electric-field conver

gence in the model, representing a single-mode lasing (no filamentation). Below 

threshold, the field does not converge in the prescribed number of cavity iterations, 

and the data points are hollow to represent this. Above threshold, the field lases, but 

if it doesn't converge, this shows the laser has reached the filamentation threshold. 

Such a situation breaks up the spatial coherence of the field, significantly reducing 

the laser brightness. 

We additionally show that the filamentation threshold for the rectangular aperture 

FATURL is significantly low, not allowing the FATURL to achieve higher powers than 

the infinite aperture TURL. This premature filamentation, as predicted in Section 

4.3.1, is due to the hard-edged aperture of the rectangular reflectivity. Alternatively, 

the Gaussian aperture, with its apodized edge, allows much better filamentation sup

pression, allowing single-mode operation well above threshold. 

4.6 Output Field 

4.6.1 Output Mode and Far Field Distribution 

As mentioned above, an important characteristic of unstable semiconductor lasers 

is the field profile. For finite-aperture mirrors this is especially important, because 

there is a danger of having too much contrast between the mode propagating through 

the mirror, and the mode propagating adjacent to the mirror. It is then very impor

tant to make sure this does not cause a significant amount of structure in the lateral 
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FIGURE 4.11. Simulated LI characteristics for a 1500 jim long gain section. Solid 
data points represent single-mode lasing, while hollow data shows below threshold 
and above filamentation threshold operation (simulation non-convergence). 

field, and distort the far-field pattern, resulting in an extended diffraction pattern. 

The far-field is calculated through a Fourier transform and normalized to a maximum 

of unity. The far-field is phase corrected using a single radius of curvature phase cor

rection. This phase correction could be easily realized using a lens for edge emission, 

or using a concentric curved detuned second-order grating for surface emission. Fig

ure 4.12 shows the lateral near- and far-field pattern of a finite aperture, as well as 

an infinite aperture TURL, using a first-order grating coupling coefficient, of 70 

cm~^, and a grating length, Lg of 50 /im. 

There is a slight increase in the lateral dimension of the near-field of the 25 ^m 

finite mirror, which is primarily due to the interaction of the forward propagating 

mode with the carriers along the edge of the linear taper. This increase in the lateral 

dimension slightly decreases the width of the first zeros of the far-field pattern to 

1.2 degrees full width of the center lobe, compared to 1.4 degrees for the infinite 
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FIGURE 4.12. Near-field (a) and far-field (b) distribution for a finite mirror of 10 % 
reflectivity on axis and 20 jim. misalignment. All fields reported at 2x threshold 

mirror. With a 10 % reflectivity mirror, as in Figure 4.12, there is a sizable amount 

of field structure at 2xlth, including a slight dip in the field caused by the partial 

transmission of the mirror. This near-field structure causes a slight increase in the 

wings of the far-field, reducing the power in the central lobe of the far-field from 98.7 

% to 95.1 %. 

4.6.2 Phase Radius Current Dependence 

It is well known that in TURLs, the mode phase-front changes with drive current [51]. 

This is primarily due to a change in the carrier antiguiding effects. The non-uniform 
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carrier profile changes the phase front in a manner similar to a negative lens. 

Such changes make it difficult to design an unchanging phase correction in the 

second-order grating as the phase-front will only match the grating curvature for a 

small range of currents. Figure 4.13a shows that the radius of curvature suited for 

a minimum full-width half-max (FWHM) spot size. In each case, shaded regions 

indicate the range in which the second-order grating correction radius results in a 

field that is less than 1.1 x diffraction-limited (minimum diffraction limit). 

Near threshold, the phase front of the two fields is quite similar, resulting in 

roughly the same correction radius, where the center of curvature of the second-order 

grating is slightly outside the ridge. Above threshold, the carrier distribution changes 

significantly, causing the optimized correction radius to increase (or become more 

negative). Movement of the center of curvature is more significant for the FATURL 

than the infinite aperture TURL, though the range of correction radii increases also. 

For both the infinite aperture TURL and FATURL, a second-order correction radius 

can be designed to easily operate over a wide current range. 

Figure 4.13b shows the FWHM of the optimized phase correction radius as a 

function of drive current. They follow similar trends, the FATURL with a slightly 

smaller FWHM until about 3x threshold. At this point, the infinite aperture TURL 

has a smaller optimized FWHM. 

4.7 Conclusion 

We demonstrate, at least theoretically, the function of a finite mirror incorporated 

on the taper side of the laser improves performance. This is accomplished by reducing 

the internal loss, primarily the result of spatial filtering of the spoiling grooves, and 

shifting this mode-dependent loss to mirror loss. A direct result of loss incurred 

through the out-coupling mirror is increased output power, improving slope efficiency. 

The theoretical cavity element losses are explored, with a focused look at C~ and 
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FIGURE 4.13. a) Optimized radius of second-order phase correction as a function 
of drive current for both infinite aperture TURL and FATURL. The shaded region 
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(^e//)m2, the two elements with significant mode filtering in the FATURL. Laser per

formance resulting from shifting modal losses are reported, including improvements 

in slope efficiency, and only small increases in threshold current. Superior efficiency 

performance is achieved using a FATURL, compared to an infinite aperture TURL. 

Output power and mode shape (near- and far-field distributions) are shown to be 

acceptable for FATURL operation. A slight modification to the rectangular aperture 

FATURL is proposed to raise the filamentation threshold, increasing the single-mode 

operation region, and ultimately making a higher-brightness source. Tfirough use of 

Gaussian reflectivity VRMs, the filamentation threshold may be pushed near to that 

of an infinite-aperture TURL. 
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CHAPTER 5 

FABRICATION 

5.1 Microfabrication 

Most semiconductor devices are small, with sizes from microns to lOO's of microns. 

Due to these small features, contamination such as dust, or other particulate can be 

detrimental to device performance. In the case of these devices, there are special 

facilities known as "clearirooms" that were initially created and refined for silicon 

processes for use in electronics. Since then, semiconductor optical device technology 

has tapped into the usefulness of cleanrooms for small feature fabrication. 

Cleanrooms are designed to have high air-flow through "hepa-filters," designed 

to remove small particulate. The performance of cleanrooms are typically measured 

via federal standard 209E, though this has been subsequently replaced by the in

ternational standard ISO-14644-1. These standards classify the number and size of 

particles in the air per unit volume [44]. A typical office building (such as Meinel 

building) would be approximately class 500,000 to 1,000,000. Most semiconductor 

processing for devices on the scale of these FATURLs requires facilities between class 

100 and class 10,000 (not including vacuum chambers, etc.). All post-growth fabri

cation of these devices takes place in the Optoelectronic Microfabrication Facility at 

the Optical Sciences Center. 

5.1.1 Growth Techniques 

There are two main categories of fabrication techniques used in modern process-

ing:growth/deposition and etching. Not all processing may be divided into these two 

categories, but for the purposes of this dissertation, they will be the primary methods 

of fabrication. 
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Epitaxial material typically compromises a small number of thin layers, on the 

order of a few microns composite thickness. These are deposited ("grown") on a 

thicker substrate (typically ~500 //rn thick), for mechanical support, and to define a 

periodic lattice for growth of quasi-single crystal structure. 

As a mater of definition for this dissertation, "growth" is to be considered equiv

alent to a "deposition" which allows for atoms to migrate upon contact with the 

substrate. The atoms move to achieve the lowest energy state; when prepared cor

rectly, the atoms create a continuous single crystalline layer. 

There are several techniques to accomplish epitaxial growth, but the two pre

dominate methods of growth are molecular beam epitaxy (MBE) and metal organic 

chemical vapor deposition (MOCVD). MBE is typically used to make high quality 

epitaxial layers, but is not very well suited for high volume production. On the other 

hand, MOCVD is used primarily in industry, where high yield and throughput are 

desired. Due to the common industrial use of MOCVDs, this is the method we choose 

for growth of our epitaxial structure. 

5.1.2 Etching Techniques 

Once the epitaxial layers are grown, the material must be removed in order to 

provide spatially varying guiding, loss, and gain necessary in typical photonic devices. 

This is typically done after growth, but under certain circumstances, may be done 

before growth, or between two growth steps (known as regrowth). In the case of our 

TURLs, regrowth is avoided, as it is typically cumbersome and results in low yields. 

There are two types of etches, chemical etching, and physical etching. Chemical 

etching relies on chemical reactions with the semiconductor to remove material, while 

physical etching is more of a ballistic process used to "chip away" at the surface 

of the material. Furthermore, the two main categories of etching are dry and wet 

etching styles. Dry etching is typically accomplished by exposing the semiconductor 
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a) b) 

FIGURE 5.1. Over- (a) and under- (b) cut profiles of the wet chemical etch 
HC1:C2H402 on indium phosphide. The over-cut view is from the (Oil) crystal plane, 
while the undercut view is from the (Oil) plane. 

to chemically reactive gasses, accelerating gas particles toward the semiconductor to 

provide physical etching. In actuality, dry etching is typically a combination of the 

two [42], 

Alternatively, wet etching typically brings the epitaxial material in to contact 

with a liquid whose chemical composition is concocted to create a reaction with the 

desired material to be removed. Wet etching is primarily chemical, with the physical 

contribution typically negligible. 

The crystalline structure of semiconductors is particularly susceptible to chemical 

etch anisotropy, etching different crystal planes at varying rates. Sometimes this may 

be used to the fabricator's advantage, while other times may stand in the way of a 

process. For example, hydrochloric acid:acetic acid (HC1:C2H402) etches InP, and 

depending on the crystal direction, will create over-cuts or under-cuts to a masked 

portion. Figure 5.1 shows micrographs of orthogonal etch planes of InP. Figure 5.1a 

shows an overcut at 145 degrees when viewed from the (Oil) direction, while the un

dercut (Figure 5.1b) has an angle of 87 degrees when viewed from the (Oil) direction 

(perpendicular to the (Oil) direction). The etched InP in Figure 5.1 has subsequently 
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been covered with organic-inorganic sol, but is not of consequence in this dissertation. 

For many purposes, dry etching is considered to be a superior process. The near-

vertical side walls and orientation independence of the physical etching combined with 

the smooth surfaces of chemical etching can provide high aspect ratio, high resolution 

patterns. 

On the other hand, wet etching being predominately chemical means it is much 

easier to stop etches at certain layers known as "etch-stops," by utilizing etches 

that are material dependent. A good example is shown in Figure 5.1 where the 

HC1:C2H402 etches InP much faster than it etches Ini_j,Gaj:AsyPi_j^, therefore a thin 

layer of Ini_^Gaa;AsyPi_y is used as an etch-stop layer, resulting in the flat surface 

at the bottom of the recessed areas on either side of the ridge. While possible, this 

type of control is much more difficult with dry etching. 

Finally, for purposes of ease of fabrication, dry etching processes are typically 

avoided if possible because they are usually processed in vacuum chambers, where 

loading and unloading can cause significant bottle-necks in the processing speed and 

fabrication throughput. 

5.2 Material Layers 

Laser designs such as the TURL and the FATURL are not fundamentally limited 

to a specialized material or techniques such as material regrowth. Indeed, even the 

wavelength need not be at a particular value. There are instances in which it proves 

useful for particular layers to be included in the epitaxial structure, and of course, 

certain wavelengths may be more useful than others, depending on the application. 

It was stated in Section 1.1 that the motivation for this research is optical amplifiers. 

The two examples used were EDF and Raman amplifiers, typically necessitating pump 

wavelengths of 980 nm or 14xx nm. However, it is not a stretch to propose this type 

of high brightness laser for high resolution graphics (830 nm), data storage (<650 
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FIGURE 5.2. a) Layer structure within the gain region, b) Layer structure adjacent 
to the ridge (passive lateral cladding), c) Layer structure in grating region. 
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nm), or medical use (1400 nm to 1700 rim). There is no reason such a laser can not 

perform formidably at these wavelengths. 

The material used is a 4 quantum-well structure of InAlGaAs/IriGaAsP/InP, 

meaning the quantum-wells are InAlGaAs, the barriers and waveguide region that 

is not InAlGaAs is made of InGaAsP. Figure 5.2 shows a schematic of the transverse 

layer structure in the gain region (Figure 5.2a), adjacent to the ridge (Figure 5.2b), 

and in the grating region (Figure 5.2c). The shaded region in Figure 5.2 indicates 

the optical guiding layers. This structure is grown on an n-doped InP substrate. 

InAlGaAs-type structures somewhat lattice-matched to InP can have a band-gap 

varied roughly between 600 nm and 1700 nm[59], and the material reported here has 

a band-gap of 1415 nm, and is applicable as an s-band Raman pump. Typical mate

rial in this wavelength regime is made only of InGaAsP/InP, however the inclusion 

of the aluminum allows for deeper potential wells, therefore carrier leakage is not as 

significant. 

The wafer includes a triple separate-confinement heterostructure (SGH) to act as 

a guiding region for the mode. The full width of this material is 274 nm, including 

the quantum-well, barrier structure. All of these layers are undoped, and participate 

in the intrinsic doping section of the pin structure. 

There is an InGaAsP etch-stop located 0.25 /im above the SGH which allows 

for positioning the grating as well as controlling the index-confinement in the ridge. 

Above the etch-stop, there is 2 of p-doped InP, finalized by 200 nm of a p+ InGaAs 

cap layer to assist with ohmic contacts. 

5.3 Ridge and Taper Fabrication 

The steps to fabricate a FATURL (and for that matter an infinite aperture TURL) 

are shown in Figure 5.3. Material is coated with Shipley 1813 and is spun at 5000 

RPM to produce a photoresist film thickness of approximately 1.4 /im. The sample is 
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FIGURE 5.3. Schematic of the seven-step process used to fabricate TURLs. 

then soft-baked at 100 °C for 60 seconds. The pattern is transferred into the resist by 

photohthographic exposure of about 4 seconds for a lamp irradiance of 11 rnW/cm^. 

Subsequently, the exposed photoresist is removed with developer in about 30 seconds, 

leaving a positive image of the mask features in the photoresist. The resist pattern 

is transferred into the InGaAs p^ cap layer using H2S04:H202:H20 with a mix ratio 

of 1:1:10 (Figure 5.3a). The photoresist is removed with solvent, and the InGaAs 

is used as a mask to etch InP 2 /im to the etch-stop using HC1:C2H402 1:4 (Figure 

5.3b). Because HC1:C2H402 is a selective etchant, it etches InP preferentially over 

InGaAsP. All wet processes are done at room temperature. 

Shipley 1813 photoresist is then reapplied in the same manner and another pho

tolithography step is used to define the taper. The cap layer is again etched, removing 

the InGaAs cap adjacent to the taper using the previous technique. Alignment is cru

cial as the ridge must line up with the end of the taper in order for efficient coupling 

between the index-guided ridge and the gain guided taper. The etch-stop is then 
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FIGURE 5.4. a)400 nm period wet etched InP grating, using HBR:H202:H20. Pho
toresist is still on the sample, b) dry etched 220 nm grating using CH4:H2. 

removed to prepare for grating fabrication. This step is shown in Figure 5.3c. 

5.4 Grating Fabrication 

The grating features are the smallest post-growth features, and therefore require a 

great amount of attention. Typical first-order grating (the smaller of the two periods) 

is on the order of 220 nm, corresponding to A/2 where A is measured in the material 

(A = Xo/rigff where Ao is the vacuum wavelength and Ueff is the effective index of 

the material). 

Unlike the other steps of processing, patterns are defined into resist not by pho

tolithography, but rather by electron beam lithography (EBL). EBL is known as a 

"direct writing" lithography, where patterns are defined in a computer CAD-like file, 

and written line by line in a serial manner, as opposed to photolithography where an 

entire pattern is transferred into resist at once, in a parallel fashion. If photolithog

raphy is like a stencil, then EBL is similar to a paint brush. The benefit is in its 

versatility, as compared to photolithography. 

EBL resist works on very similar principals to it's photoresist cousin. Polymer 
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chains are broken by the energy added to the resist by the electrons (typically 20-50 

keV, 40 keV in all cases within this dissertation) much like the photochemical destruc

tion using optical lithography. Then when the resist is developed, the broken polymer 

chains are washed away, resulting in a positive image left open in the resist [60]. 

Due to the feature size of the grating, a thin EBL resist is used in order to 

achieve high resolution. Nippon Zeon Corporation's ZEP 520 EBL resist is applied 

via spin-coating. When diluted with chlorobenzene 1:2, ZEP 520 EBL resist typically 

achieves film thicknesses of 70-100 nm, allowing for clean pattern transfer into the 

semiconductor. The resist is baked at 170 °C before writing to remove residual 

solvents [67]. 

As indicated in Section 5.1.2, the transfer of the pattern from the EBL resist 

into the semiconductor may be accomplished via wet or dry etching. Figure 5.4 

shows the difference between wet etched second order gratings, and dry etched first 

order gratings. Note the period of Figure 5.4b is half that of Figure 5.4a, and the 

magnification is roughly double. The sloped side-wall in Figure 5.4a is typical of 

wet etching and is orientation dependent. There is a small amount of slope on the 

side-walls of the dry etching in Figure 5.4b, but is not orientation dependent. In most 

dry etching procedures, features will taper the deeper the etch is transferred into the 

material primarily caused by an inability to remove the reactive species created by 

the etch. 

In Chapter 3, grating shape was related to coupling coefficient (see Section 3.5). 

Certain types of grating shapes may be advantageous compared with others, and 

this shape is primarily controlled by etching technique. For first-order grating, (5n±i 

controls the reflection, while for detuned second-order grating, 5n±i is primarily re

sponsible for surface emission. However, the 5n2 is important in detuned second-order 

grating because there is a small, but non-negligible amount of reflection from these 

gratings. It is therefore desirable for the 5n2 to be small to reduce this contribution to 

unwanted feedback. It is our desire to etch the first-order and detuned second-order 
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grating to process in one processing step, therefore etch side-wall shape takes a back 

seat to resolution. Due to the resist undercut of many wet etch procedures (see Fig

ure 5.4), features the size of first-order grating (lines 100 nm wide) are not possible. 

However they are possible using dry etching procedures, which have only minimal 

undercutting; for this reason, dry etching is used to etch all grating in a single step. 

Figure 5.3d shows the grating fabrication step. The grating is written into the 

layer below the etch-stop using a modified JEOL 6000 SEM. The modification allows 

for control of the electron beam such that in addition to simply a raster-scarmed trace 

pattern of the electron beam, arbitrary patterns may be written into EBL resist; this 

control is called Nanometer Pattern Generation System (NPGS), and reads CAD-like 

files to define the pattern. The electrons have an energy of 40 keV, and the ZEP 

requires a dose of approximately 20 nC/cm for first-order grating, and 35 nC/cm 

for second-order grating. A multiple-pass technique is used in order to improve edge 

smoothness. 

After exposure, the material is developed in p-xylene for 60 seconds to clear out 

exposed resist. Finally the pattern is transferred into the material using electron-

cyclotron resonance reactive-ion etching (ECR-RIE) with a CH4:H2 chemistry and a 

flow ratio of 12.5 sccm:62.5 seem, chamber pressure of 45 mTorr, for 3:30 minutes. 

The RF power was 100 W, and microwave power was 500 W, with a DC bias voltage 

of approximately 495 V , resulting in a tooth-height of roughly 120 nm. A 1 minute 

O2 RF-excited plasma was used to remove any residual EBL resist. 

5.5 Spoiling Grooves and Passivation 

As mentioned numerous times previously, spoiling grooves are still used in this 

material. Furthermore, spoiling grooves must be etched completely through the 

quantum-wells in order to be effective. We choose a non-selective wet etch of HBr:H202:H20 

10:6:275. The spoiUng grooves are defined in photoresist via photolithography, and 



138 

etched nominally 500 nm into the material after a 50 second etch (Figure 5.3e). In

spection has shown that there is no more than 300 nm undercut in the direction 

towards the ridge. With an aperture opening of 10 /xm, it is certain that the aperture 

width is more than 9.5 /xm. Fabricated ridge and spoiling grooves are seen in Figure 

5.5a, with a close-up of the ridge/taper junction in Figure 5.5b. The micrographs 

show a 200 /zm long, 4 /im wide ridge, coupled to a linear taper (the taper is to the 

left in Figure 5.5a, to the right in Figure 5.5b). The spoiling groove opening, best 

seen in Figure 5.5b is 10 /im wide, and ridge full-width is 4 /im. There is a 2.5 /xm 

wide metal strip on top of the ridge to provide electrical contact. Figure 5.5b also 

shows an angular etch quasi-perpendicular to the ridge etch side and angular etch of 

the spoiling grooves, indicating further the etch anisotropy indicated in Figure 5.1. 

After spoiling groove definition, a 240 nm Si02 layer is deposited using electron-

beam evaporation. This layer is used for passivation, a technique to control the 

environment of the surface of the semiconductor in order to keep unwanted species 

from the semiconductor. In our case, the use of the aluminum in the material struc

ture requires certain precautions to be taken, as free aluminum bonds on the surface 

of semiconductor readily form bonds with oxygen in the atmosphere. This aluminum 

oxide compound causes absorption and heating centers on the surface of semicon

ductor, and results in long-term device degradation. Silicon nitride deposited by 

chemical vapor deposition (CVD) is the most common passivation technique. Depo

sition methods such as CVD and sputtering are nearly conformal, meaning dielectrics 

(or metals for that matter) deposited on surface morphology will cover the surface 

uniformly, coating sidewalls and flats alike. Contrarily, electron-beam evaporation is 

typical directional, resulting in feature shadowing, for structured surfaces. 

Films deposited by each of these techniques are amorphous and material chemistry 

is highly dependent on the deposition environment. Experimental testing lead to the 

decision that e-beam evaporation is most appropriate for depositing films with a lower 

density, allowing short via etch times, thus limiting undercut of the film etch. 
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FIGURE 5.5. a) Ridge with metal on top. The taper is to the left, under the metal 
"contact-pad." Spoiling grooves can be seen as features at an angle converging on 
the ridge/taper junction, b) Close-up of ridge/taper junction and aperture created 
by spoiling grooves (taper is to the right). Spoiling groove opening is about 10 /xm, 
ridge full-width is 4 /xm, and metal on top of ridge is about 2.5 /im wide. 

As indicated by Figure 5.3f, vias are opened up in the SiOa with another pho

tolithography step. Only area under where current is to be injected should be opened 

up, in this case along the ridge and on the taper. A 35 second wet buffered oxide 

etch (BOE) is used to remove the oxide. 

5.6 Metallization 

As these are electrically pumped lasers, two electrical contacts are necessary for 

device operation. Because the grating is near the semiconductor, lack of a high quality 

metal on the surface of the grating can cause undue absorption of the light in this 

region. It is therefore desirable to pattern the p-side metal to just be on top of the 

active region. At least one side of the lasers must be patterned in order for power 

extraction. There has been success in suppressing a partial wave (out-coupled mode) 

from the semiconductor by depositing a high quality uniform metal on the surface 

of the grating. The metal causes the surface emitting mode to act as an evanescent 
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FIGURE 5.6. Lift-off profile obtained with NRl-3000 PY photoresist. After metal 
deposition, resist remover dissolves the resist by attacking it from the edge of the 
pattern. 

wave, and very little energy is lost into this mode. Another understanding is that 

the metal acts as a mirror, and the light is essentially reflected into the substrate. 

Provided the substrate metal is either transparent (using a material such as indium 

tin oxide) or patterned to allow light out of the material, this method has shown very 

respectable results[63]. With appropriate fabrication equipment, such an emission 

mode-suppression mechanism could be used by TURLs or FATURLs, however there 

has been no published work on this to date. 

We have however employed a patterned p-contact and an unpatterned n-coritact, 

which results in loss of the substrate emitting mode through absorption and scattering 

by the n-contact. We have chosen the "lift-off" technique to pattern the metal. 

Compared to other methods used to pattern material (i.e. patterning photoresist on 

an unpatterned surface, then etching, resulting in removal of unmasked material), 

lift-off relies on the fact that we can deposit material in a selective manner. 

The lift-off technique entails putting down a photoresist and patterning via pho

tolithography, similar to most other steps. However the semiconductor with patterned 

photoresist is placed into a metal deposition chamber (in this case electron beam evap

oration chamber), and metal is deposited everywhere. Once the metal is deposited, if 
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it is possible to remove the photoresist, the metal that was deposited on the photore

sist is removed as well, leaving the metal deposited on the cleared areas of the sample 

surface. This process requires a somewhat unique feature of some resists: undercut. 

In Section 5.5, the shadowing features of the highly-directional electron-beam evapo

ration were outhned. If the photoresist has undercut, there will be breaks in the metal 

between the sections the metal is deposited on the photoresist and where it is not 

deposited on the photoresist (see Figure 5.6). When the sample is rinsed with a pho

toresist stripping agent, the resist is dissolved through these discontinuities, freeing 

the metal above it and allowing it to lift-off. Lift-off results in sharp metal features 

with extremely high resolution and deposition of metal with large aspect ratios. 

We use a negative tone lift-off resist NR1-3000PY, made by Futurex Corporation, 

assisted by HMDS adhesion promoter. This resist is approximately 3 /im thick after 

a 45 second 4000 RPM spin, allowing for well defined metal even on the surface of 

the ridges. After spinning, the sample is soft-baked at 150 °C for 60 seconds. The 

sample is exposed by the same means as the Shipley photoresist, but using a 15 

second 11 mW/cm^ exposure, followed by an image reversal bake at 115 °C for 90 

seconds. The sample is cooled and then developed for 35 seconds in RD6 developer, 

also provided by Futurex. Proper processing results in a 1 /xm undercut (see Figure 

5.6). Metal is deposited 25 nm Ti, 55 nrn Pt, and ~300 nm Au, which has shown 

good work-function matching to highly doped InGaAs caps [33]. In order to not 

thermally stress the resist, deposition temperature is critical, and should be kept to 

a minimum (measured ambient temperatures should stay below 50 °C ). The resist 

is then removed in 1-Methyl 2-Pyrrolidinone (NMP) heated to 115 °C (Figure 5.3f). 

Following completion of processing on the p-side of the sample, the substrate 

is thinned via mechanical polishing to approximately 125 /xm. This is primarily 

to facilitate cleaving the sample, though because heat removal is to be performed 

through the substrate, there is a nominal improvement in heat dissipation (due to 

the low thermal resistivity of InP). 
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FIGURE 5.7. 4x1 array of grating-coupled unstable resonators. From the left, the 
first and third are finite-aperture TURLs, while the second and fourth are infinite-
aperture TURLs. 

N-contacts is deposited on the substrate side of the semiconductor, but is not 

patterned. 25 nm Ni, 55 nm Ge, and 200 nm Au is used for the n-contact (Figure 

5.3g)[45]. Finally contacts are annealed using a rapid thermal annealer using a two-

step recipe to 360 °C for 20 seconds to achieve ohmic contacts. The first step brings 

the chamber slowly to 300 °C which does not affect contacts, and then the chamber 

is brought quickly to 360 °C for the second step. This two step process overcomes 

complications resulting from material stress when the sample temperature is raised 

over a large range at a fast rate. 

Completed devices can be seen in Figure 5.7. This is a 4x 1 array of 1500 fim long 

tapered unstable resonator lasers. From left to right, it is alternating finite-aperture 

TURLs and infinite-aperture TURLs. Bright rectangles on the taper side and ridge 

side are gratings, and darker triangles are p-contacts. 
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CHAPTER 6 

DEVICE PERFORMANCE 

6.1 Test Setup 

Lasers are tested on oxygen-free copper used to spread the heat from the small 

heat source created by the laser. This heat is spread and transferred from the copper, 

through a thermo-electric cooler (TEC), to a large "thermal bath," aluminum in inti

mate thermal contact with a large optical table. Substrate temperature is measured 

in the Cu heat spreader. Provided the heat produced by the laser is less than the 

maximum heat transferable by the TEC, this set-up is sufficient to maintain the sub

strate temperature. Temperature is controlled with an ILX Lightwave LDC 3742B 

laser diode controller, to which we can control the temperature with an accuracy of 

0.1 °C . 

Contact between the semiconductor and the Cu is optimized by maintaining a 

high polish on the surface, however subsequent tests have shown electrically (and 

thermally) conducting grease significantly improves operation of unmounted lasers. 

Efficient heat removal is of primary concern in high power lasers, maximized by a 

quality solder mounting p-side down to the heat-sink. To test unmounted lasers, it 

is necessary to pulse the laser current on the order of 1 /is with a low duty cycle. In 

our case, typical pulse widths are on the order of 5 //s, and duty cycles are between 

5 % and 10 % (typically duty cycles > 10 % are known as "quasi-CW," as the lasers 

are not off long enough to drop significantly in temperature). 

Electrical contact is made through a probe needle with a 10 jim radius tip touching 

the p-contact (p-side up), and through the Cu thermal spreader in contact with the 

n-contact. We use an ILX Lightwave LDP 3840 pulsed current source to provide 

current injection to the laser, with a maximum pulse current of 1 A. Optical power is 
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acquired using a Newport 2832C power meter and 4" 8190PT integrating sphere with 

an InGaAs detector. For surface emitting lasers, the integrating sphere is positioned 

within 4 cm of the semiconductor surface. Power is taken from the surface of the 

lasers, while power that is diffracted into the substrate as well as light transmitted 

through the grating is unaccounted for. Edge-emitting lasers are positioned at the 

edge of the Cu and the integrating sphere is placed as close as possible to capture the 

highly divergent mode, grabbing 100 % of the light from a single facet. 

Spectra are measured by butt-coupling a 54 /im core multi-mode fiber to the 

output of the laser. The fiber is connected to an Hewlett Packard 70950B optical 

spectrum analyzer. The near-field is imaged using a single lens onto a Hamamatsu 

C2400 vidicon camera, placing neutral density filters in the optical path such that the 

vidicon is not saturated. The surface emitting far field is measured by removing the 

lens, and assuring the vidicon is placed in the Fraunhoffer regime of the diffracting 

beam. Again, neutral density filters are placed in the optical path to assure the 

vidicon is not saturated. 

6.2 Material Characteristics 

6.2.1 Test Laser 

To characterize the material, we choose to back out data from broad-area laser 

performance. In this case, the contact width is 100 /^m. We choose this type of laser 

for several reasons. 

1. With a very large gain region, the current spreading may be neglected; the 

difference in the area of current injection at the quantum-well level (yo) and the 

p-contact area (at yc) is small in comparison to the contact area. Furthermore, 

because we may neglect current spreading (described in Section 2.3.2), threshold 

current densities are easy to approximate with relatively low error. 
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2. The mode is well confined laterally within the gain region, therefore we may 

assume the gain confinement factor is approximately F^). 

3. Lateral modes compete for carriers; the growth of one mode typically results in 

the demise of another mode. A very broad laser ensures the presence of many 

modes, where modal gain and power are averaged over the modes. One mode 

growing or dying is therefore a negligible effect on the external characteristics 

of the cavity, avoiding spectral hopping and LI curve kinks. 

4. A simple test that may be performed to calculate internal quantum efficiency 

and internal loss involves testing lasers of different lengths, that have uniformly 

distributed internal mode loss (Section 6.2.2). Broad area lasers may be fabri

cated in long lengths (~1 cm) and be cleaved to length, making this "cut-back" 

test convenient. 

5. Internal quantum efficiency is partially dependent on contact geometry. The 

broad area taper of the TURL and the FATURL makes up the majority of the 

laser, and is well approximated by a broad area laser. 

6.2.2 Power/Voltage Characteristics 

Figure 6.1 shows a typical power and voltage vs current (LIV) curve acquired for 

our laser material. The current is stepped through a range of values. At each step, 

the optical power out of the laser is captured (usually through a single facet only), 

along with the serial voltage drop over the semiconductor material. 

Important values on the power vs current (LI) plot are threshold current (or 

threshold current density) and slope efficiency (related to differential quantum effi

ciency). DQE measurements will allow us to determine internal loss and internal 

quantum efficiency of the material. Additionally, these slope measurements will give 

us points of reference for comparison to our TURLs and FATURLs. Threshold cur-
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FIGURE 6.1. a) Typical power vs. current characteristics. Also plotted is device 
voltage vs. current, b) Important points shown on an LIV plot. 

rent densities will help us determine a bottom limit for our laser device threshold, 

again as a point of reference. Finally, the thermal roll-over of the current has been 

shown to be primarily caused by electron leakage out of the quantum-wells into the 

p-material [68] 

The most important value on the voltage vs current (IV) plot is the resistance 

{dV/dl) above the "turn-on" voltage, however the total voltage drop is also impor

tant. The resistance allows us to determine the quality of the metal/semiconductor 

contacts, but the resistance also increases if there is insufficient doping or low quality 

material. 

First we look at the differential quantum efficiency, and its relation to internal 

quantum efficiency and cavity length. As shown in Chapter 4, the DQE is related to 

cavity losses by the following equation: 
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FIGURE 6.2. a) Inverse DQE plotted vs. length to determine internal quantum 
efficiency and internal loss, b) Threshold current density plotted vs cavity length. 

We may substitute Equation 4.13 into the inverse of Equation 6.1: 

] _  2  < a i >  

VD .] f 1 \ 

If the inverse of the DQE is plotted vs cavity length, the result will be a straight 

line, where the y-intercept is the inverse of the internal quantum efficiency, and the 

slope is proportional to the internal loss. For a laser with cleaved facets, {Reff)mi ~ 

{Reff)yni — R ̂  0.3. Figure 6.2a shows such a plot. 

Many lasers are tested, resulting in an average DQE for each length. The error bars 

show the high/low range for each cavity length. As indicated in the figure, the internal 

quantum efficiency and internal loss determined for our InAlGaAs/InGaAsP/InP 

structure is 0.58 and 5 cm~^, respectively. One school of thought is that the best 

results should be used to fit such a measurement, because any unwanted effects due 

to fabrication imperfections will result in adverse effects in the laser, decreasing the 

DQE. This however assumes material non-uniformity is not the issue, but rather a 
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FIGURE 6.3. a) LIV plot for different temperatures, b) Threshold current extracted 
from (a), and an exponential fit to the data. 

processing imperfection such as poor cleaves, or rough waveguide edges. In any case, 

a fit to the best data still only results in an internal quantum efficiency of about 0.62 

and an internal loss of 5.2 cm~^. These are not a significant deviation from the fit to 

the average data, as there is relatively high precision in these measurements. 

The threshold current density gives a lower bound to the threshold current density 

achievable in the TURL and FATURL. The value for a laser about 1500 fim is around 

250 k/cvc? is a lower bound because the internal loss for a broad area laser is much 

smaller than that for an unstable resonator. As mentioned in Chapter 4, losses are 

typically quite high for an unstable resonator, and this loss is very mode dependent. 

As will be seen in Section 6.3.1, threshold current densities are more than double 

those for an equivalent length broad-area laser. 

LIV curves are shown for a 1000 fiin long broad area laser (Figure 6.3a). The serial 

resistance of the device is about 0.43 fi, indicating respectable p- and n-contacts, as 

well as decent material growth quality. The characteristic temperatures of the lasers 

are also calculated for temperatures up to 50 °C , and are shown in Figure 6.3b. Tem-
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FIGURE 6.4. a) Threshold spectral power density for different heat-sink tempera
tures. b) Peak wavelength extracted from (a) as a function of substrate temperature 
shows 6.7 A/K shift. 

perature dependence of the laser threshold is proportional to the exponential relation 

Ith oc expT/To, where the value To characterizes effects such as Auger recombination, 

and carrier leakage. These values are taken using a 5 /xs pulse width and a 10 % duty 

cycle, and may vary slightly from CW values. Temperature dependence is small, as 

the threshold is still quite low even with a substrate temperature of 50 °C , and 

an exponential growth fit indicates that To is around 71 K, typical for this type of 

material. 

6.2.3 Spectral Characteristics 

We see in Figure 6.4 the temperature dependent threshold spectra. This change 

is roughly 6.7 A/K, shghtly higher than typical gain peak shifts due to temperature, 

but too close to be attributed to other effects. As indicated in Section 2.3.4, the gain 

peak blue-shifts with increased carrier densities, due to band-gap renormahzation. 

However, this shift assumes the gain region maintains a constant temperature. In 
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actuality, as the carrier density is increased within a laser cavity, so does the temper

ature (primarily due to non-radiative recombination). The gain peak shifts to the red 

side with temperature. The actual total shift is a combination of these two effects, 

but is dominated by temperature. 

If we analyze the peak wavelength as a function of drive current and know the 

temperature dependence of the gain peak, we can determine the cavity temperature 

shift as a function of drive current. It should be noted that this analysis must be done 

above threshold, as the carrier density nominally clamps at threshold, so the change 

in carrier density may be neglected. All things equal, it is important to minimize the 

temperature shift with current, because this indicates efficient heat removal. Higher 

temperature may shift the gain peak outside of the grating bandwidth, and will most 

certainly increase Auger recombination as well as thermally induced carrier leakage. 

6.2.4 Grating Characteristics 

Finally, in order to properly fabricate these lasers, knowledge of the effective index 

in the grating region is necessary so we may properly choose the grating periodicity 

for first and second-order grating. To accomplish this, we fabricate lasers (TURL) 

with a DBR first-order grating on the ridge-side mirror (ml), and a cleaved facet for 

the taper-side out-coupler mirror. Optical output is taken from the cleaved facet of 

the laser. 

Figure 6.5a shows threshold spectra for lasers fabricated with different grating 

periods in the ridge grating. For the Bragg condition to be met, this is related to 

y-effective index by: 
X p  

n e f f y  =  

where \p is the peak lasing wavelength in free space, and A is the grating periodicity. 

Figure 6.5b calculates the effective index from the peak wavelength and the grating 

periodicity. The shape of this curve is similar to the low-energy side of a harmonic 
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FIGURE 6.5. a) Threshold spectral power density for different grating periodicity, b) 
Calculated effective index of grating region. 

oscillator, one of the more simple semiconductor models. The values for effective 

index are about 3.22, very near the index of InP ( '^3. 19). 

6.3 TURL/FATURL Experiments and Analysis 

FATURLs are fabricated next to otherwise identical infinite-aperture TURLs using 

methods described in Chapter 5. Sets of two adjacent lasers (distanced at 500 iiixi 

centers) can then be tested to compare as directly as possible performance of the 

FATURL with that of the more classical infinite-aperture TURL. This close spacing 

reduces both material and processing variations [11]. 

The 1000 /im device has a maximum taper width of 84 /xm, the result of a 6 

degree linear taper expanding over 800 /im. The out-coupling mirror width for the 

1000 ^m devices is 15 /xm, nominally 16 % of the field width. The 1500 /xm device 

has a maximum taper width of 137 jim resulting from the same taper angle as the 

shorter devices. The mirror width for these devices are 20 /im, about 14 % of the 
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FIGURE 6.6. Comparing an infinite aperture and finite aperture TURL LI curve of 
a) a 1000 /im gain region device, and b) a 1500 iim device. 

field width. The first-order grating is 30 fim long, resulting in a reflectivity of about 

5 %. 

6.3.1 TURL/FATURL Power-Current Characteristics 

Figure 6.6 shows the LI curve for a 1000 /im TURL/FATURL pair (Figure 6.6a), 

and a 1500 /im TURL/FATURL pair (Figure 6.6b). Substrate emitted power is not 

included, but is approximately equal to the surface emitted power. 

The surface emitting DQE for a FATURL is 0.184 for a 1000 fim device, and 0.080 

for a 1500 fim device. For the sake of comparison, the DQE for the infinite aperture 

TURL is about 0.127 for a 1000 //m TURL and 0.057 for a 1500 //m TURL. The 

FATURL shows a DQE improvement over the infinite aperture DQE of about 45 % 

for the 1000 //m device, and more than 40 % improvement for the 1500 ^im device. 

Theoretical calculations using values determined from the material characterization 

shows the DQE improvement for these lasers should be about 49 %. In light of all 

unknowns and approximations, this is relatively close agreement. 
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The threshold current densities of the 1000 /urn lasers are 1144 A/crn^ and 1297 

A/crn^ for the infinite aperture TURL and the FATURL, respectively. This represents 

a 13 % increase in Jth, where theoretical calculations indicate an increase of about 15 

%. For the 1500 ^rn TURL/FATURL pair, the threshold current densities are 582 

A/cm^ and 739 A/cm^, a 27 % increase in Jth- Theory again gives a nominally 15 

% increase in threshold current density. Upon further device inspection of the 1500 

Hm long devices, a non-uniformity of the electron-beam resist caused poor quality 

gratings, reducing the taper-mirror reflectivity in the FATURL device, but not in 

the infinite aperture TURL. We attribute the poor threshold performance to this 

cause, however the increase in DQE still represents an appreciable effect, and believe 

the difference in Jth from the 1000 /xm devices to be more indicative of true laser 

operation. 

In our material analysis using broad area lasers, we reported a To of 71 K. This 

analysis relies on the idea that lasing occurs on or near the gain peak. With DBR 

and DFB lasers, the lasing wavelength is dictated by the grating, and its relation to 

the gain-peak. For this reason, TQ values are somewhat convoluted in that the lasing 

threshold can not provide the same information. An example of this is that the Bragg 

condition of the grating may be satisfied for a wavelength red-shifted from the gain 

peak at room temperature. When the temperature is increased, the gain peak shifts 

closer to the grating wavelength, improving gain at that wavelength, thus reducing the 

threshold current. This results in a negative TQ! A real world experimental example 

of this can be given for the 1500 lasers. Analyzing the threshold between 283 K 

and 318 K, the total Tq is about 57 K. When we analyze the Tq value between 283 

K and 298 K, the Tq is 102 K, but between 303 K and 318 K, To is only 43 K. 

There was no evidence of thermal roll-over, an effect primarily dictated by carrier 

leakage [68]. The likely reason for this is because our ability to operate the laser under 

high injection currents was mitigated by the peak power of the pulsed current source. 

We suspect that laser shut-off, predicted in Section 2.3.4, was also not observed for 
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FIGURE 6.7. a) Threshold spectral power density representative of an infinite aper
ture TURL or a FATURL. Spectra are given for different substrate temperatures, b) 
Peak lasing wavelength as a function of substrate, with the lasing peak of a Fabry-
Perot laser of the same material for reference. 

this same reason. 

6.3.2 TURL/FATURL Spectral Characteristics 

The threshold spectral power density is shown in Figure 6.7a. Data shown is for 

an infinite aperture TURL, however does not noticeably vary from a FATURL with 

the same first-order grating period. Data is acquired for temperatures between 10 

°C and 50 °C . It is possible to infer from these plots the approximate location of 

the gain peak by the background power near the wavelength of lasing. For lower 

temperatures, the gain peak is slightly to the blue-side of the lasing peak, while at 

higher temperatures (nominally above 25 °C ), the gain peak is to the red-side of 

the gain peak. We expect that due to the gain-peak shift at higher temperatures the 

slope efficiency and threshold will suffer, and this is evident in the To value at higher 

temperatures reported in Section 6.3.1. 
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To further illustrate this shift, Figure 6.7b shows the peak wavelength acquired 

from Figure 6.7a plotted vs. temperature. The peak lasing wavelength from Figure 

6.4b from a broad area laser is shown for sake of comparison. We see that as suggested, 

the peak wavelengths cross at about 298 K (25 °C ) due to the difference in the 

temperature dependent refractive index shift and temperature dependent gain peak 

shifts. The lasing wavelength of the grating-based TURL shifts at 0.93 A/K, a very 

typical value for grating-stabilized semiconductor lasers. 

For higher currents, the FATURL shows very good mode selectivity, with a 30 

dB side-mode suppression ration (SMSR). The 1500 fim long FATURL shows a 3 dB 

full width of the mode at 1 A ( 1.5xlth) of 4.5 A. As mentioned in Chapter 4, this 

linewidth is primarily dictated by the small bandwidth of the ridge-side mirror. 

6.3.3 TURL/FATURL Near- and Far-Field Characteristics 

An important criterion for a high brightness laser is that it must be operating in 

a single mode. Near- and far-field characteristics help examine the modal behavior. 

Spectra are useful, but because the different frequencies for each transverse mode 

are so closely spaced, such measurements require very high resolution to determine 

if there is multi-mode operation. The far-field of a laser however is typically more 

forthcoming about spatial mode operation. 

Using the method outlined in Section 6.1, far-field measurements were made on 

surface emitting lasers. Two-dimensional uncorrected far-fields for 1000 fim lasers are 

shown in Figure 6.8. We use the qualifier "uncorrected" because there is no lensing 

elements (spherical or aspheres) outside the cavity (save the grating out-coupler) to 

correct for phase curvature. This is especially important if the detuned second-order 

grating out-coupler curvature is not strictly matched to the phase front of the field 

internal to the guiding layers. Figure 6.8a,c represent far field operation of an infinite 

aperture TURL at Llx/^/j and 1.4x1^^, respectively, while Figure 6.8b,d represent 
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FIGURE 6.8. Linearized far field for infinite aperture TURL ((a) and (c)) and 
FATURL ((b) and (d)). (a) and (b) are both at l.lxlth, while (c) and (d) are 
at 1.4x/t/j. Axes are measured in degrees, and the lateral dimension falls along the 
horizontal axis. 
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FIGURE 6.9. Linearized far-field for infinite aperture TURL (left) and FATURL 
(right). Both have been fit with a sine function, and the full width of the firsts zeros 
are reported. 

far field operation of an FATURL at l.lxlth and lAxIth-

There are several standard ways to characterize the field. One is known as M^, 

a number that denotes the spatial and angular variance of a beam at the equivalent 

of a waist[5]. If the field is properly normahzed, > 1, where the value 1 is only 

obtained for a Gaussian, and higher for any deviation from a Gaussian. While this 

is often used for systems that should have Gaussian, Hermite-Gaussian, or Laguerre-

Gaussian modes, it is not well suited for our means. 

In our case, the output is somewhat rectangular (dictated partially by the lateral 

mode distribution, and partially by the grating out-coupler). The Fourier transform 

of a two dimensional rectangle function is a two-dimensional sinc^ function. Figure 

6.9 shows the lateral far fields of two 1000 //m lasers, an infinite aperture TURL 

(left) and a FATURL (right) operating at lAxIth. Both are fit well by the the sinc^ 

function. The natural measure of such a function is the distance between the first 

zeros (where about 90 % of the light power is concentrated). In the case of the field 



158 

from a 1000 //rn long laser, the angle between the first minima is about 2 degrees, 

which is diffraction limited compared to simulations. 

Unfortunately, the angle between the first minima is not a reference that most peo

ple recognize. A more common measurement is full-width at half maximum (FWHM). 

In this case, only 72 % of the power falls within these limits (again assuming a sinc^ 

dependence), as compared with a Gaussian which has 76 % of its power within the 

FWHM. Another (even more inappropriate, but often used) measure of diffraction 

angle is the 1/e point. This last measure is most appropriate for Gaussian beams, 

and we chose not to apply it here. 

Near threshold, the FWHM in both dimensions is below 1 degree for the infinite 

aperture TURL and the FATURL. This measure stays almost constant (actually 

slightly decreases due to mode size, as discussed in Section 4.6.1) up to at least 

2.3xIth, the maximum current output of our pulse source. Unfortunately, in Figures 

6.8 and 6.9 we see the growth of a side-lobe in both the infinite aperture TURL and 

the FATURL. This is most likely due to carrier non-uniformity within the taper. The 

fact that this side-lobe is more significant for the case of the infinite aperture TURL 

emphasizes that a linear taper is better suited to FATURLs than infinite aperture 

TURLs (see Section 4.1.3 for further details). The asymmetry is likely due to non

uniform strain in the active region due to the p-contact probe tip, as the field differs 

slightly depending where the contact pad is probed. 

The near-field for a 1500 fim device shown in Figure 6.10 indicates why the slope-

efficiency is so low (we expect upwards of 30 %, but only achieve 18 % in the best 

case). The longitudinal dimension (horizontal) shows that even at 1.3x1^^,, the mode 

amplitude is not completely extinguished by the end of the grating. This shows that 

much of the field propagates through the grating without being out-coupled. Another 

way to look at this is that the zero-order mode maintains a dominant amount of 

power by the end of the grating. This light continues to propagate into the passive 

region beyond the grating, and is absorbed, therefore wasted power. Improvements 
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a) b) 

FIGURE 6.10. Non-gamma-corrected near fields for 1500 //m long a) infinite aperture 
TURL and b) FATURL operating at about 1.3 xlth-

to grating coupling may easily be made in future experiments by slightly increasing 

the depth of the grating teeth, in turn increasing the overlap integral of the mode 

with the grating teeth. 

6.4 Summary 

In summary, we have shown a technique to characterize semiconductor material 

through the cut back method. Using this technique, we are able to extract the 

internal quantum efficiency of the material used in our experiments, as well as the 

internal loss resulting from scattering and absorption outside the active region. The 

internal quantum efficiency is measured to be 0.51, while the internal loss is about 5 

cm""^. Threshold behavior shows us that the characteristic temperature TQ is 71 K 

for broad-area lasers. 

Spectral characteristics show the peak wavelength at threshold shifts by about 

6.7 A/K. Furthermore, through use of gratings with difi^erent periodicities, we can 
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measure the spectrum resulting from this feedback. Knowledge of the peak wavelength 

combined with the grating period allows us to calculate the effective index within the 

grating. In our region of interest (~ 1415 nm) the effective index is approximately 

3.225. 

We then fabricate TURLs and FATURLs to analyze the difference in operation. 

1000 yum FATURLs have a 45 % improvement of DQE when compared to infinite 

aperture TURLs. This represents a DQE increase from 0.127 for the infinite aperture 

TURL to 0.184 for a FATURL. 1500 jim lasers show a DQE increase from 0.057 

to 0.08, a 40 % improvement in DQE of the FATURL compared with an otherwise 

identical finite aperture TURL. These improvements confirm results indicated by the 

numerical modelling. 

Spectral measurements show a single mode operation, with a 30 dB SMSR and 

1.4 A 3 dB full width at 1.5 A temperature dependant shift of less than 1 A 
indicates well controlled grating feedback. Far-field characteristics show the FWHM 

of a 1000 jiin infinite aperture TURL and FATURL to be very similar (about 1 

degree). Furthermore, this remains the case to at least 2.3x1^/,, the limit of our 

current source. 

Near-field imaging indicates that the second-order grating is insufficient to couple 

all of the light incident on it. This causes a large amount of loss resulting from the 

light that passes uncoupled through the detuned second-order grating. This light is 

absorbed in the passive material outside the laser cavity. Simple measures such as a 

deeper grating etch on subsequent laser generations could overcome this issue. 
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CHAPTER 7 

CONCLUSION 

The focus of this dissertation was to design an efficient high brightness semicon

ductor laser. This was accomplished by using a finite-aperture in conjunction with a 

traditional tapered unstable resonator laser. With the incorporation of a finite aper

ture, it is possible to significantly reduce the internal loss, while increasing mirror loss. 

The combination of these two will result in a significant improvement in differential 

quantum efficiency. 

In conjunction with this dissertation, a comprehensive semiconductor model has 

been developed within our research group for the purpose of developing and testing 

laser cavity designs. Such a model allows a new laser design to prove itself in the 

theoretical world, and to refine the design for best operation, while also providing a 

quick "turn-around time" from design idea to theoretical performance of the idea. 

In depth characterization of material processing (wet etching, dry etching, contact 

annealing sensitivity, etc.) has allowed expansion from GaAs-based laser fabrication 

to InP-based long wavelength laser fabrication. Such refinement of the fabrication 

process has lowered device serial resistances from about 4 to only about 0.5 

through annealing optimization. Certain dry etching steps (slow and cumbersome in 

processing) were able to be replaced with fast and simple wet etch steps. These steps 

included ridge fabrication, and the opening of grating windows, and spoiling groove 

fabrication, significantly increasing speed and reproducibility of fabrication. 

Complete computer controlled characterization allowed for data such as optical 

power, device voltage, optical spectrum, near- and far-fields are all acquired in a 

reproducible manner. Furthermore, material characterization allows for a creation of 

a "feed-back loop," providing effective and reasonable material parameters to use in 
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the device simulations, facilitating the next generation of laser design. 

7.1 Contributions of Finite Mirrors 

Finite aperture tapered unstable resonator lasers (FATURLs) were theoretically 

and experimentally investigated. From numerical models, a FATURL cavity was 

designed, a photolithographic mask was prepared, and lasers were fabricated in InP-

based materials. Post wafer-growth fabrication took place completely within the 

microfabrication facility at Optical Sciences Center. Lasers were tested within the 

semiconductor laser laboratory. The introduction of the FATURL and first experi

mental verification of the FATURL were brought about by the author, with the help 

of Dr. Hui Luo and Dr. Mahmoud Fallahi. 

The addition of a laterally finite out-coupling mirror is shown through numerical 

modelling to increase mirror loss and decrease internal loss. These two effects result 

in a significant improvement of differential quantum efficiency, while only changing 

the threshold current density by small amounts. 

The inclusion of a finite aperture into a TURL has been experimentally shown 

to improve differential quantum efficiency over 40 % as compared with an infinite 

aperture TURL, consistent with numerical simulations. This was verified in both 1000 

ixm and 1500 /im devices by comparing otherwise identical lasers fabricated in close 

proximity (500 jim center to center separation), one with an infinite aperture and one 

with a finite aperture. For the 1500 /xm devices, the differential quantum efficiency 

went from 0.057 to 0.080, with a threshold current density changing from 582 A/cm^ 

to 739 A/cm^. 1000 /xm devices showed a DQE improvement from 0.127 to 0.184, and 

a threshold current density increase from 1144 A/cm^ to 1297 A/cm^. These power 

characteristics confirmed the model's predictions with reasonable accuracy. 

Full-width half-max for a 1000 /xm FATURL remained 1 degree up to almost 

2.5xlth- A slight increase in the power concentrated in the first side-lobes was ob
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served, and is attributed to carrier non-uniformities, causing a phase mismatch with 

the out-coupHng grating. Spectral characteristics show a d\/dT of less than 1 A/K, 

confirming grating-based spectral filtering. At 1.5x1th, the side-mode suppression 

ratio of 30 dB for the FATURL, and a 3 dB bandwidth of 4.5 A. 

7.2 Limitations 

There are many reasons the lasers did not perform optimally. First and foremost 

in this case, was that the fabricated coupling efficiency was significantly lower than 

expected. This unpredictability is mentioned in Chapter 4 as an item that may 

be improved by the FATURL. Unfortunately, coupling coefficient unpredictability 

was intended to be applied solely to the first-order reflection grating. Light passing 

through the out-coupling grating without diffracting out of the cavity can not be 

recovered, whether in a traditional infinite aperture TURL or a FATURL. Deeper 

grating teeth is a quick method of improving this coupling, increasing the Fg of the 

mode with the grating section. 

Packaging improvements can also significantly affect the operation of the FATURL. 

Proper packaging of the laser, including p-side down mounting and grating metalliza

tion to suppress one of the out-coupled orders promises significant improvements to 

laser operation. 

7.3 Future Work 

Additional work on the FATURL as proposed in this dissertation could improve 

performance. There are however significant performance improvements that can be 

made with further investigation that are reviewed here. 
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7.3.1 Super-Gaussian Mirrors 

As stiown in Chapter 4, single mode operating power may be increased very signif

icantly by inclusion of a Gaussian or super-Gaussian reflector, possibly fabricated in 

the same manner as the typical rectangular grating mirrors. The filamentation thresh

old was not reached in our experimental test cases due to a limited current supply. 

However operation of these lasers well above threshold (where they are intended to 

be used), may show that rectangular reflectors cause premature filamentation due 

to their hard edges. Our simulations show super-Gaussian are less susceptible to 

filamentation, and show promising operation to almost 7 x1th-

7.3.2 Passive Quantum-Well Intermixing 

A traditional problem in monolithic DBR lasers is that the grating region is passive 

and lossy to the light produced by the quantum-wells. An area of great use to 

monolithic DBR lasers is that of localized impurity diffusion, out-diffusion, or laser 

assisted quantum-well intermixing, where the band-gap of the grating material is 

blue-shifted such that the photons from the active region are at energies below the 

band-gap of the grating region. They are therefore essentially transparent, again 

improving the DBR laser performance. 

7.4 Improved Testing 

At the semiconductor laser laboratory, the addition of a high-current, short pulse 

laser driver source has improved the testing of high power electrically pumped lasers. 

This new source is an Avtech AV0Z-A3-B 100 V 100 A pulsed voltage supply (100 

A can be applied to a 1 resistor). This pulse source can have pulse widths as short 

at 100 ns, and as long as 2 /xs, and duty cycles up to 0.1 %. With proper protection 

circuitry, we have shown that a 70 A pulse of less than 1 fis on an unpackaged laser 
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is accompanied by relatively low ringing and overshooting. The significance of this 

should not be overlooked, as needle probes and even short wires can cause significant 

inductance in the load signal. Such a pulse tester will provide effective drive currents 

for future semiconductor laser testing. 
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APPENDIX A 

PERTINENT CONSTANTS AND SIMULATION VALUES 

A.l Physical Constants 

k s  

m o  

e 

h 
h  

Boltzmann Constant 
Free Electron Mass 
Elementary Charge 
Perm, of Free Space 
Planck Constant 
Planck Constant/27r 

1.3806503 X 10-23 J/K 
9.10938188 X LO^^I Kg 
1.602176462 x IQ-^^ C 
8.854187817 x 10"^^ 
6.62606876 x lO^^^ J s 
1.054571596 x lO'^^ Js 

8.653790 X 10"^ eV/K 
5.138 X 10^ EV/C2 

5.526350 X 10^ e/(V cm) 
4.1356279 x lO-^^ eVs 
6.5820563 x IQ-^® eVs 

A.2 Typical Simulation Values 

Most of the results reported in this dissertation are from a material described by 

the following simulation parameters. 

Notable exceptions are Figures 4.8 and 4.10, which simulate an InGaAsP/InP 

material emitting at a wavelength of about 1.3 /um. 
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TABLE A.l. Pertinent values used for simulation. 
Variable Value Description 

N, 512 Lateral points in simulation window 
N, 201 Longitudinal points in simulation window 

Lc 1500 iim Active simulation window length 

total 200 fim Total simulation window width 

Lridge 200 /xrn Ridge length 
3.5 iiui Ridge width 

taper 136.5 //m Taper full width 

H, 2.0 /im Thickness of unetched p-type material 

He 0.24 lira Thickness of etched p-type material 
D 30 cm^/s Carrier Diffusion Constant 

rio 3.22 Effective index 

drieff 2x10-^ Index-guided index step 

Ty 6.4x10-2 Transverse gain confinement 

Vi 0.60 Internal quantum efficiency 
< a i >  5 cm-^ Internal loss 
ttb 2.0 Anti-guiding factor 
Ctx 3x10-4 K-i Thermal index coefficient 

A 1.0x10® s"! Non-radiative recombination coefficient 
B 1.0x10-^° cm^/s Spontaneous emission coefficient 

Crt 25.0x10-^" cm®/5 Room temperature Auger recombination 

Qo 2000-1 Non-linear gain-carrier relation coefficient 

Ntr 2.4xl0-i®cm-3 Transparency carrier density 

Ns IxlOi'^cm"^ Shift carrier density 

Ao 1.415 iim Vacuum wavelength 

K g  90 cm-^ First-order grating coupling coefficient 
4x10-^ Grating confinement factor 
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APPENDIX B 

NOTATION FORMALIZATION OF THIS DISSERTATION 

B.l Coordinates 

X  Lateral dimension (in the plane of the quantum-well and perpendicular 
to the direction of propagation) 

y  Transverse dimension (in the direction of growth of the quantum-well) 
z Longitudinal direction (direction of propagation) 

B.2 Electric Field 

Generalized electric field, both space- and time-dependent 

Time-independent electric field (where £ (^,0 = 
T h e  c o m p o n e n t  o f  t h e  e l e c t r i c  f i e l d  i n  t h e  x ,  z  p l a n e  a f t e r  t h e  y  
dimension is removed. 
Field guided in the material in the y  dimension. 
Guided field propagating in the + z  direction 
Guided field propagating in the —2: direction 
Electric field vacuum wavenumber 
Integral of the square modulus of the transverse electric field 

B.3 Refractive Index/Effective Index 

n(l^) Complex material refractive index 
Effective index (in this case a function of (x, z )  used to remove the 
y  dimension) 

nr( x , y , z )  Real part of the refractive index 
n i ( x , y , z )  Imaginary part of the refractive index 

t>
 

Change in refractive index as compared with the background 
refractive index no 

0 Propagation constant (/3 = nejfko)-
Py Propagation constant only considering the effective index in the y  

dimension {(3y = rieffyko) 
Uo Background constant refractive index (= n ^ f f )  
at, Linewidth enhancement factor 

£ (7",^) 

E{-r) 
Exz{^) •^) 

U{y) 
F { x , z )  
B { x ,  z )  
ko 
E 



B.4 Gain and Loss 

a { x , y ,  z )  Three dimensional material loss (not including gain region) 
c t e f f y i x ,  z )  Effective material loss after effective index reduction 
g { x ,  y ,  z )  Three dimensional quantum-well gain 
ga Gain within the quantum-wells 
Fy Transverse mode confinement within the quantum-wells 
g e f f y { x ,  z )  EfTective quantum-well gain g e f f y { x ,  z )  =  g a ^ y  

B.5 Energies 

Eg Band-gap energy 
Eci Energy of conduction subband 
Em Energy of valence subband 
Ea Auger activation energy 
Cfc Conduction band quasi-Fermi energy 
Cfy Valence band quasi-Fermi energy 

B.6 Carriers 

N { x ,  y ,  z )  Carrier distribution 
Hci Conduction band electron density in the subband 
Pyi Valence band hole density in the subband 
D  Carrier diffusion constant 
/AT Carrier flux 
r]i Internal quantum efficiency 

y ,  z )  Injection current density at the quantum-well surface 
da Total quantum-well thickness 
A  Non-radiative recombination coefficient 
B  Spontaneous emission coefficient 
C  Auger recombination coefficient 

y ,  z )  Scalar potential 
p  Material resistivity 
W { z )  P-contact width 
rric Conduction band mass 
nihh Heavy hole band mass 
nis Spin orbit split off band mass 
Ago Spin orbit spht energy 

Reduced density of states 
fci Conduction band quasi-Fermi energy of subband 
fyi Valence band quasi-Fermi energy of subband 
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B.7 Temperature 

T{x,y,z) Temperature distribution 
(T_ Thermal conductivity in layer below quantum-well 
CT+ Thermal conductivity in layer above quantum-well 
Q{x, y, z) Heat source within the semiconductor material 

B.8 DBR Grating 

z) Grating phase deviation 
5nm{x, y, z) Fourier coefficient of the index perturbation 
A Fundamental grating period 
kg Grating wavenumber (27r/A) 
Kr Reflection grating coupling coefficient 
Lg Grating length 
Fg Transverse power overlap with the grating teeth 
S First-order grating phase detuning {5 — kg — 2(3) 
f3r The nearest on-resonance Bragg wave number 
A/3 Second-order grating phase detuning (A/3 = kg — (3r) 

B.9 Cavity Design and Analysis Parameters 

ml/m2 Label for the ridge-side (ml) and taper-side (m2) mirrors 
Wm Mirror width 
Cg Transverse coupling of the mode in the active region to the passive region 

Ctg~ Coupling through the spoiling grooves in the ±z direction 

Modal gain in the direction 

aZ!Zi Modal loss in the ^z direction 
mod 

{Reff)jni/m2 Effective power reflectivity of ridge- and taper-side mirror 

Lopt Ray optical path length 
< > Internal loss 
ttjn Mirror loss 
r]£) Differential quantum efficiency 
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APPENDIX C 

EQUIVALENT FRESNEL NUMBER AND EMPTY 
RESONATORS 

C.l Generalized Huygens' Integral 

The Huygens Fresnel integral: 

E{xf,z^) ~ (C.l) 

propagates an electric field from the plane defined at to the plane at zi, separated by 

a homogeneous medium[35]. Equation only accounts for one dimension of transverse 

diffraction. The value zia is the distance along the propagation axis separating Za and 

zi, and Xia is the transverse separation (xi — Xa)- What now happens if we would like 

to difl^ract through an optical system? Presumably we may diffract through free space 

using Equation C.l, refract at an optical surface using Snell's law, diffract through 

the optic, and refract again coming our of the optic. This technique may be used 

consecutively through an entire optical system. 

We would however like a better technique to analyze the system then to step 

through each element individually. A first-order optical system may be described by 

a single 2x2 matrix, whose elements act on rays. Such an "ABCD" matrix operates 

on a two element vector describing the ray height from the optical axis and the ray 

slope as an angle with respect to the optical axis[e.g. 74], 

While the ABCD matrix was developed for rays, its elements are also useful in 

full electric field calculations. This facilitates propagation through an optical system 

in much the same way the Huygens Fresnel integral is used to propagate through 

free space. Through simple analysis, a general ABCD matrix may be described by a 

propagation, magnification, and a lensing operation. This is shown mathematically 
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as: 

>1 B 
C D 

1 L 
0 1 

M 0 
0 1/M -1// 1 

1 0 

5 is a dernagnified propagation length {L/M), C is a magnified effective lens, and D is 

an inverse magnification. For an ABCD system therefore, the zia in the denominator 

of the kernel may be replaced with our dernagnified propagation length B. 

Using this, the one dimensional propagation kernel becomes: 

C.2 Unstable Systems 

Now we have a technique for propagating a general (paraxial) field around a laser 

cavity described by an ABCD matrix. If our cavity is fully defined by an ABCD 

matrix, we may still find analytical solutions to the round-trip iterator. If we add a 

hard aperture to the system to make the eigenmodes physically realizable, we may 

no longer treat the cavity as a linear system, even though all but one element in the 

cavity is linear. 

We may however apply a "split-step" method to find the cavity solutions (this is 

a case where the problem itself is a split-step system, propagating through a linear 

system, and then a non-linear aperture truncation). For example we may consider a 

two mirror system. If we start at the aperture, we may use Equation C.3 to propagate 

back and forth to one mirror. The field may then be truncated by the aperture, and 

this truncated field may be propagated from the aperture around the other side of the 

cavity again using Equation C.3. This newly evolved field will be again truncated by 

the aperture, and returns to the starting position for a full round trip propagation. 

and the generahzed Huygens' integral in one dimension is therefore [74]: 

E{xi; Z a  + 2i) c; (C.3) 
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observation plane 

before aperture 

/ 1 o\ /l L'„\ / I 0\ 

1-2/R, 0 J b 01 

a) b) 

observation plane y 

after apenure 

c) 

M 

-MB-

FIGURE C.l. Simulated unstable resonator, a) Schematic of a single-aperture un
stable resonator, b) Equivalent unfolded cavity. If the observation plane observes the 
right-going field in (a), the system corresponds to the top schematic in (b). If the 
observation plane observes the left-going field in (a), the system corresponds to the 
bottom schematic in (b). c) The equivalent canonical system (reproduced from[74]). 

This problem is greatly simplified if we take the aperture to be located at one of the 

mirrors (or if the mirror itself is limited in lateral size). This configuration (seen in 

Figure C.la) requires only one application of Equation C.3 and one truncation. 

C.2.1 Equivalent Systems 

As may be inferred from above, we may unwrap the system and create a repetitive 

transmission system (Figure C.lb). Additionally, we may simplify Equation C.3 for 

easier analysis. The first thing is to introduce new variables where: 

E{xi-,m+l) = Mi(xi;m-f 

We have changed the notation to match that of an iterative cavity, such that instead 

of 2;, we have notated m as the number of round trips of the laser cavity. An artificial 

phase factor has also been introduced, mimicking a curved observation plane. Sub
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stituting these into Equation C.3, and bringing the exponents both to the right side 

within the integral we have: 

u{x,;m + l) = 

where we have introduced p{x) which is our aperture function. For now we will 

assume this is a rect function of full-width 2a, and the reflection of this is unity 

within the mirror. Any spill-over goes to out-coupled power. We may additionally 

make a change of variable, such that Xg = Mxa- With this, our system becomes: 

I  i  p M a  

u(xi; m + 1) = \ p / Ua{xe/M-,m)e'^^'''-~'''^^dxe. (C.5) 
V iXMB J_Ma 

In the case of an eigenmode with an eigenvalue of 7, we have: 

j i p M a  

7n(xi;m+1) = (C.6) 
V iXMB J_Ma 

C.2.2 Canonical Systems 

What we have done in Equation C.5 is to treat the system as a free-space prop

agation, where the eigenmode phase is corrected, resulting in a "collimated" system. 

This collimated system is very powerful, and is quite often used in analyzing unsta

ble resonators. There are two modes in an unstable resonator. One eigenmode is 

the mode in which the phase is removed, and we propagate the u functions. In the 

canonical system, this mode is continuously collimated, while in the actual system the 

mode is expanding. There is another mode that is converging, both in the canonical 

and the actual laser system. This second converging mode will become important in 

the equivalent Fresnel number analysis. In the canonical system, the magnification 

M has a distinct value M = m + \/m? — 1, where m = {A-\- D)/2 and is the stability 

condition (|m| > 1 for unstable systems). This comes from the decomposition of the 
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original ABCD system into the lens, magnification, and free-space propagation that 

is used in the canonical approach [74]. 

C.3 Fresnel Analysis 

Up until now, we have explained how (in a very general sense) to treat apertures 

(specifically in resonators), but in this section, we will introduce some phenomena 

that aid in describing how systems with apertures behave. 

C.3.1 Fresnel Zones of an Aperture 

Let us analyze a point source, an aperture some distance Zi away, an aperture 

of radius a, and a point detector some distance away from the aperture Z2. In one 

dimension, we may treat this system in phase. The point-source Zi to the left of the 

aperture emits a field proportional to e''"'/r where r is the distance from the point 

source to any other point in space. We may say that the optical path length through 

a given x position in the aperture plane p in homogeneous media is; 

If we consider all possible paths that the light may take between the two points, 

we sum up all of the optical paths permitted by the aperture, or integrate over p. 

Before we do this, let us break up our aperture into sections of the optical path length 

deviation from the on-axis term in integer multiples of A/2, where A is the wavelength 

in the medium. Each one of these is known as a "Fresnel zone." This results in an 

(C.7) 
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integral; 

rd ^ikLoptXp) 

J o  

_ 2g®'^(-2i+-^2)n6 

» (^. + ̂ 2K + =f2 (i + i) 

[f (C.8) 

a  ^i^p'^{l/zl+l/z2) 

2giA;(2i+22)'ib 2g»m7r 

{Zi + Z2)nb m=0 

The sum in Equation C.8 is a sum over each whole Fresnel zone. If we take two of 

these zones, the sum is zero. To accentuate the importance of this concept, let us 

assume our aperture includes an integer number of Fresnel zones (a = Pm)- For the 

case of whole number of Fresnel zones: 

Equation C.9 may be interpreted as consecutive constructive and destructive interfer

ence. It should be noted that each Fresnel zone contributes the same amount of power 

to the point detector at Z2- Additionally, by construct, each Fresnel zone represents 

a A/2 phase shift, such that for an odd number of Fresnel zones, each even zone will 

destructively interfere with an odd zone, and there will be no "net" power on our 

detector. 

C.3.2 Collimated Fresnel Number 

In the case of our canonical system, we are looking at a "plane" wave hitting the 

aperture. A plane wave in Equation C.7 is denoted by Zi = oo. The collimated system 

results in a plane wave diffracting off the aperture of radius Ma, creating a bright 

or dark spot on-axis depending on the number of Fresnel zones. If our collimated 

field is incident on the aperture in the canonical system, it will diffract to the next 

aperture, which is a distance of MB away. Now we may treat this aperture as a finite 

sized detector. If we have made the above assumptions correctly, our detector will 

{zi+Z2)ni,Tr M = odd 

M = even 
(C.9) 
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detect less power if there are an even number of Fresnel zones than if there are an 

odd rmmber. 

The number of zones M  in this case is known as the "Collimated Fresnel Number," 

denoted by Nc, and given by: 

'  X M B  X B  ^  '  

The losses in one round trip should remain highly dependant on the collimated 

Fresnel number if instead of a detector in our detection plane, we have an aperture. 

The power that is not passed through the aperture constitutes the cavity round-trip 

internal loss. As we will see, there is a better number to evaluate a laser cavity. The 

collimated Fresnel number considers the magnification and the free-space propagation, 

but does not consider the lensing. Therefore if used alone, Nc only describes part of 

the round-trip propagation. 

C.3.3 Equivalent Presnel Number 

In Section C.2.2, we spoke of a converging eigenmode solution to the canonical 

system. We may find a solution to this in the following manner: 

1. Assume a converging spherical wave of radius Rq is incident upon an aperture 

in the canonical system. After going through the magnification, the new radius 

?o. is M'^Rn. 

2. Then propagate this field via Equation C.6: 

I  i  j -Ma —ikxI /M'^Ro 

After propagation, the spherical wave will have a new radius M'^Ro -H MB. 

3. If this is an eigenmode of the system, the new radius will be equal to Rq. If we 

solve this problem, we find the radius of the converging spherical wave is: 

= (C.12) 
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The phase of this converging spherical wave at the edge of the aperture {x^ = 

MA) is ira^/XRo. 

The canonical system triple-operation (magnification, propagation, and phase) 

will not have eigenmodes of the cavity unless the aperture is also included, therefore 

the collimated eigenmode and the converging eigenmodes are both eigenmodes of the 

non-finite-width system. We may treat the aperture as we do in Equation C.6, or we 

may just assume that the eigenmodes of a cavity with an aperture is approximately 

that of the infinite canonical system, with a small perturbation that comes from 

diffraction off the edge of the aperture. This diffraction is known as an edge-wave[65, 

74], and removes mode orthogonality. 

There are two ways to deal with mode non-orthogonality. The first is to view the 

collimated mode in the canonical model as the "desired" mode, leaving the converging 

mode as parasitic. In this case, the phase incurred by the converging wave through 

one round trip is ka^/{2Ro) + k{B). On the other hand, the phase of the collimated 

mode is kBM, resulting in a net phase difference of tto^/XRo. When we use this with 

Equation C.12, this is known as 27r x N^q, where Ngg is: 

1 vra^ - 1) f Ma'\ (M^ - 1) f M' - A , 
2tt XRo 2XMB \ XB ) 2M^ V 2M2 ) ^ ) 

The Neq is the number of waves of phase difference between the converging mode and 

the collimated mode. This example is illustrated in Figure C.2a. In the case when 

Neq is a whole number, there is constructive interference between the converging 

mode created in the m*'' cavity iteration and the converging mode created in the 

{m+ iteration, resulting in higher power transfer from the collimated mode to the 

converging mode. However, if Ngq = {2j + l)/2, where j is an integer, the interference 

of the same two modes is destructive, causing no power loss in the collimated mode. 

Therefore the round-trip losses found in cavities that have Ngq of integer values will 

be greater than those for half-integer values. 
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Ti rrfiTfT'rT=R'T TpTr Ti rrfiTfT'rT=R'T TpTr 
/ 

i i I..U 1.[jj-ai-i Jxi i 11 111 l_J 
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b) 

FIGURE C.2. Technique to show equivalent Fresnel number, a) shows the parasitic 
method, while b) shows the recoupling to collimated mode approach. 

The other way we may describe the system as done in Reference [74] where we see 

the converging mode continues to contract, pictured in Figure C.2b. This converging 

mode will finally get small enough that it will diffract about itself, growing in size to 

meet up to the size of the aperture. It will then excite edge waves, some of which will 

be recoupled to the collimated mode. The phase difference between the two modes 

obeys the phase conditions as the previous technique, and produces the same defini

tion for the equivalent Fresnel number Equation C.13. In the case that Nf.g using this 

method is a whole number, the mode recoupled to the collimated mode destructively 

interferes with the collimated mode already propagating, increasing losses within the 

cavity. Conversely, if N^q is a half integer number, the resulting interference will 

constructively interfere, reallocating power to the collimated mode. 
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Returning to Equation C.6, if we introduce two new variables = Xi/Ma and 

= XajMa, this equation becomes: 

The reader should take note at this point that traditional eigenmodes techniques to 

solve Equation C.14 would yield incorrect results. This is because we have made a 

change of variables to arrive at equations of u, such that to transfer from Un to Una 

is not a simple replacement of variables, but rather is a multiplication by a phase 

factor. 

C.4 Matrix Solutions (Numerical Analysis) 

For clarity, we may return to Equation C.3 and use this (with the inclusion of an 

eigenvalue) and search for solutions to the eigenvalue equation: 

If we discretize x  and y in similar ways such that Xj = {j — N/ 2 ) A x ,  and similar 

for y. In this manner, E and p may be broken up so that Ej(m) = E{xj]m) and 

Pj = p{xj). This integral becomes a sum: 

7ii(Ma^i; m + 1) 

(C.14) 

(C.15) 

(C.16) 

Let us look at a matrix operation: 

J E M - I  K M - 1 , 1  K M - 1 , 2  •  •  •  K M - 1 , N  E N - 1  
\  I E m  /  \  K M , I  K M , 2  •  •  •  K M , N - I  K M , N  J \ E N  / 

(C.17) 
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We may write that eadi term on the left hand side is equal to a single sum; 

N 

lEj = Kj^iEi 
1=1 

However this looks very similar to Equation C.16 if: 

Ki,i = 

(C.18) 

1 
(C.19) 

Because our operator is a square matrix, finding the eigenvalues is extremely simple 

using numerical techniques like eig in Matlab for example. There are actually two 

possible cavity matrices, depending on whether we observe the right-going or left-

going field (see Figure C.l). For a hard edged aperture, where p is a rectangle 

function: 

K 

0  0  Kl,q+1 •  Ki^N-Q-1 Kl^N-Q 
0  0  -^2,9+1 • K2,N-Q-L K2,N-Q 

0  0  KN-l,q KN-l,Q+l • •  • KN-l,N-q-l KN-I,N-
0  0  KN,Q KN,q+l • KN,N-q-l KN,N-q 

/ 0  0  .. 0 0  
0  0  . .  0  0  

Kq,l ^9,2 •  •  - f ^g,7V-l Kq,N 

^Q+1,1 Kq+1,2 Kq+1,N 

KN-Q-I,! KN-G-1,2 •  K^-Q-L 

KN-Q,! KN-Q,2 •  •  K]SI-Q^N-L KN-q,N 
0  0  . .  0  0  

v  0  0  . .  0  0  

0 0 \ 
0 0 

0 0 

\ 

(C.20) 

(C.21) 

/ 
The value q corresponds with Xq = —a. Equation C.21 is the adjoint of Equation 

C.20. Equation C.20 truncates the field before doing the sum, and therefore looks 

at the right going field in Figure C.l. Equation C.21 results in a field that is zero 

outside the aperture, and therefore represents the left-going field in Figure C.l. We 

will be using a matrix of the form of Equation C.20 as our propagator, but either 

system is valid. 
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Using a liernel of this form, propagation of our field becomes a matter of linear 

algebra. In preparation for the possibility of nmltiple mode solutions for this cavity, 

we will notate our system with superscripts n: 

where E  is the column vector made up of E j  and K is our propagation matrix from 

Equation C.20. 

In this simulation, we will want to be able to change the collimated Fresnel rmrnber 

or the equivalent Fresnel number, so we may state Equation C.19 in terms of N^. 

We have additionally removed the term, as this is simply a constant, and does 

not affect our fields or eigenvalues. 

C.5 Numerical Results and Discussion 

Upon constructing kernel matrices using Equation C.23, Matlab's eig function 

was used in order to find the eigenvalues of matrix. As mentioned before, these 

represent the actual mode solutions to the cavity. By collecting the eigenvalues, we 

may find the round-trip power loss of the eigenmode using 1 — [74]. 

C.5.1 Mode Crossings 

Round trip losses for a square aperture cavity are shown in Figure C.Sa. We can 

see that there are points on the curve where the round trip losses come close to each 

other, and then immediately turn away. In actuality, they are passing through each 

other, however because we organize the modes in order of decreasing eigenvalue, the 

modes switch indices. In Figure C.3b, modes n = 0 and n = 2 have been reshaped 

such that ANeq is a continuous function. This shows that these modes cross 

(C.22) 

(C.23) 
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Round Trip Loss 
eigenmodes ordered by increasing loss 

1 

Mode 0 
Mode 1 

Mode 2 

Mode 3 

Round Trip Loss 
reordered bv hand 

ModeO 
m=1.18 

Mode 2 

b) 

FIGURE C.3. Round trip loss (1 — for different modes, a) orders the eigen
modes decreasing 7. b) Mode orders corrected by hand 
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with a period on the order of (but shghtly less than) Neq- This difference has been 

attributed to deviation of the mode phase from that of a cylindrical phase. Unstable 

resonators are known for their high mode selectivity, and we will only analyze the 

lowest loss mode from herein. 

Though geometrically unstable resonators are well known for having very high 

mode-selectivity, we can see that there are periodic mode degeneracies. If we order 

our modes by the number of zero crossings (as in Hermite-Gaussian modes, etc.) we 

see that ra = 0,2,4,... have even symmetry, while n = 1,3,5,... have odd symmetry. 

Therefore it is clear that it may be possible for even order modes to be degenerate 

with each other, and odd order modes to be degenerate with each other, however 

never will an even mode be degenerate with an odd mode. 

The periodicity seen in Figure C.3 was first seen numerically by Fox and Li[32], 

and to date best described by Anan'ev[6]. It follows that when designing an unstable 

cavity where single transverse mode operation is desired, designing far away from 

these mode crossings is essential. 

C.5.2 Aperture Shape 

It is of some importance to mention our aperture function. Severe discontinuities 

at the edge of the mirror have been researched exhaustively[6, 77], and "soft-edge" 

variable reflectivity mirrors (VRM), including Gaussian mirrors have been analyzed 

to a lesser extent [6]. We revisit some of these numerical calculations in order to better 

understand what is happening. 

Figure C.4 plots the round trip losses for several shapes of mirror reflectivity 

(Gaussian to square). We see in the case of the Gaussian mirror, there is no periodicity 

at all. In fact, with a Gaussian aperture, there is analytical solution to the mode 

distributions [6]: 

f { x )  =  , (0.24) 
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Round Trip Loss for Mirror: 

- exp(-x' 

Round Trip Loss for Mirror: 

exp{-x'®) 

Apenure Shape 

Round Trip Loss for Mirror: 

= exp(-x"®) 

Round Trip Loss for Mirror: 

= exp(-x^") 

tr 

FIGURE C.4. Round trip loss (1 — for different mirrors, a) Gaussian VRM, 
b) Super-Gaussian of order 10, c) Super-Gaussian of order 50, d) Super-Gaussian of 
order 100. 
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where Hm is an order Herrnite polynomial. The eigenvalues in this case are given 

It may be easily seen that these modes have no degeneracies, and this is reaffirmed 

with the calculations in Figure C.4a. With this "soft-edge," less diffraction goes into 

larger angles. However when we increase the order of the super-Gaussian, light gets 

diffracted into larger angles, and more power is diffracted into the converging mode. 

As the VRM becomes more like that of a rectangle function (edges become more 

discontinuous), more light is diffracted into the converging mode. In the case of a 

super-Gaussian of order 10 (Figure C.4b), there is only one mode-crossing, while the 

modes with higher A^eg stabilize. This is predicted by[74], and these should approach 

the geometrical loss of the system (1 — 1/M for the fundamental mode). When 

the Super-Gaussian order goes up to 50 or 100 (Figure C.4b,c), this separation of 

eigenvalues occurs above our highest value of N^q ~ 5. 

by: 

(C.25) 
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