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ABSTRACT 

High power, diffraction-limited semiconductor lasers are required for a wide 

range of applications such as pumping for EDFAs, Raman amplifiers, and for free space 

optical communications. Unstable resonator has been identified as a very promising 

concept to develop these lasers. The objective of this research is to investigate and 

develop tapered cavity unstable resonator grating coupled surface emitting lasers 

(TCSELs). The laser consists of a ridge section, a tapered gain section and a DBR grating 

section. The ridge is used to ensure single lateral mode operation. The taper is used to 

achieve high power from a large aperture. The grating is used to provide feedback and 

surface outcoupling. This laser design has several key features including high output 

power, near diffraction-limited beam, low divergence angle, single longitudinal mode 

operation, and integration with dynamic functionality such as wavelength tuning and 

beam steering. In this dissertation the design, fabrication and characterization of TCSELs 

are discussed. 

The theory of TCSELs is presented. As a theoretical investigation, a 

comprehensive numerical modeling based on finite difference beam propagation method 

(FD-BPM) for semiconductor laser is developed. The model includes major parameters 

affecting device performance such as current spreading, carrier diffusion, nonlinear gain-

carrier relation, gain saturation, carrier induced antiguiding and thermal lensing. The 

simulation results are presented and effects of design parameters on device performance 

are discussed. 
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TCSELs with dififerent device design and functionality are fabricated. The 

characterization results are discussed. High power operation is obtained under both 

pulsed and continuos wave (CW) operation. Collimated near dif&action-limited beam is 

demonstrated with moderate power. Single longitudinal mode operation with high side 

mode suppression ratio is observed. Wavelength tuning and beam steering is achieved 

using current injection to the suitable grating section through indium tin oxide (ITO). 

Several approaches for the improvement of the laser performance are discussed. 
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1. INTRODUCTION 

1.1 Background and Motivation 

High power, high brightness semiconductor lasers have a number of applications, 

which include pumping of EDFAs, Raman amplifiers, optical interconnects, and for free 

space optical communications.' The brightness is defined as the power emitted per unit 

area per unit solid angle. It can be shown that the brightness achieves a theoretical 

maximum as the laser operates in single lateral mode and therefore the output beam is 

diffraction limited.^ So the goal is to develop single lateral mode, high power 

semiconductor lasers. The output power from a semiconductor laser is limited by the 

catastrophic damage on the facet.^ Therefore in order to obtain high power, a large 

aperture is needed to avoid the problems of optical damage and high current density 

operation. However, a large aperture laser usually operates in multi lateral modes soon 

after the injection current is above threshold. To prevent multi-lateral mode oscillation, 

some methods of mode discrimination are needed. Numerous approaches have been 

investigated for this purpose. So far the most promising ones include diode laser arrays, 

optical power amplifiers, and unstable resonator lasers. 

1.1.1 Diode Laser Anrays 

A diode laser array consists of a number of emitters, each operates in a single 

spatial mode. High brightness is achieved from mutual coupling among individual 
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emitters and overall spatial coherence. Several coupling mechanisms have been studied 

extensively. These include evanescent wave coupling,^ diffraction coupling,^ and leaky-

wave coupling.^ So far the most successful high power, high brightness diode laser array 

has been the resonant leaky-wave coupled array developed by Botez and his colleagues.® 

Near diffraction limited beam with output power up to IW under CW operation,' and 

power up to 2.1 W under pulsed operation'" have been demonstrated. An in depth review 

of the work in various kinds of diode laser arrays can be found in two recently published 

books."-

While diode laser arrays have shown some promising resuhs, there are some 

problems facing the array structure. The most important one is that the overall coherence 

generally decreases when the output power increases. In order to increase the overall 

power output, more emitters have to be added to the array. It becomes even more difficult 

to keep more emitters to operate in a mutually coherent way. 

1.1.2 Master Oscillator Power Amplifier (MOPA) 

In recent years, MOPA architecture has emerged as a preferred approach for 

obtaining high-power, single-frequency, and beam-quality diode laser sources.'^ The 

mode discrimination can be considerably simpler in a MOPA diode laser array as 

compared to a diode-laser array oscillator. The structure of MOPA consists of a DBR 

master oscillator coupled to a power amplifier. The amplifier is a gain-guided flared 

amplifier. The light dif&acts firom the single mode ridge waveguide as it propagates 

through the power amplifier. As the mode propagates along the length of the tapered gain 
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region the modal intensity remains approximately fixed; however, due to the increasing 

aperture size the overall power is increased. The output power, to first order, scales 

linearly with amplifier width at a set current density. In theory, the uni-directional 

coupling means that the frequency and lateral mode characteristics and the power output 

can be controlled independently of each other. The advantage of MOP A is that the 

spectral- and spatial-mode instability with drive current, which is pervasive in diode-laser 

array oscillators, can be avoided. In practice, there is always some light back injected into 

the oscillator from the power amplifier. Therefore, a critical requirement for all MOP A 

designs is that the light levels injected back into the oscillator from the amplifier be 

sufficiently low that the frequency and lateral mode stability of the oscillator is 

maintained and self-oscillation of the power amplifier is avoided. High quality AR 

coating (R < 10"^) is usually needed to achieve this requirement. Angled facet is another 

method for achieving low reflectivity. Over the years, the MOPA structure has made 

significant progress. Dififraction-limited beam with output power up to 2W under CW 

operation has been demonstrated from a MOPA.''* 

Despite these promising results, MOPA structure has several shortcomings. The 

most important one is the need of a very low reflectivity coating from the output facet. In 

principle the residual reflection from the facet will eventually cause the amplifier section 

to self-oscillate and the whole structure to lase in double cavity modes. 
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1.1.3 Unstable Resonator Laser 

Unstable resonator is well known to be superior to stable resonator in achieving 

single lateral mode high power output.'^ It is widely used in high power solid-state and 

gas lasers. The principle of using unstable resonator in semiconductor laser was 

demonstrated as early as mid-1980s.'®'" However, the development of unstable 

semiconductor laser was hindered by the difficulty of fabricating high quality curved 

mirror, which is inevitable in the conventional unstable resonator. In the past several 

years, owing to the development of fabrication technology, impressive successes have 

been achieved. Low damage parabolic and cylindrical mirrors can be dry etched into 

diode laser cavities with high precision using focused ion beam milling (FIB) 

technology. A focused ion beam is used as a milling tool to remove material from one 

end of a prefabricated laser cavity. Precise mirror curvatures are achieved using computer 

control. Good results have been achieved from these curved facet semiconductor lasers, 

while diffraction-limited beam with output power greater than IW has been 

demonstrated.*^ However, since FIB milling is a rather slow process, it is not suitable for 

large volume production. This fact makes the use of FIB, and therefore the unstable 

cavity made by it, very limited. Curved mirror has also been fabricated using reactive ion 

etching (RIE) with limited success, which is a more common technology than FIB. 

However, the surface roughness made from RIE is higher than from FIB.^° 

A simple approach to develop unstable resonators in semiconductor lasers is to 

use a tapered gain section. This design is sometimes referred as diffractive unstable 

resonator. The tapered unstable laser was first demonstrated in 1992^\ shortly after the 
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demonstration of high-brightness tapered amplifiers^^. The tapered laser is very similar to 

the MOPA structure described in the previous section. In many cases, the only difference 

between the two is the reflectivity of facets. For tapered amplifier, both facets are AR 

coated to suppress self-oscillation; while for tapered laser, both facets are reflective with 

one facet coated to have a smaller reflectivity to increase the output power while the 

other facet is HR coated. Through the years, tapered lasers have undergone dramatic 

development. Diffraction-limited beam with output power of IW under CW operation,^^ 

and power of 5W under pulsed operation^"* have been demonstrated. The advantage of 

tapered lasers over amplifiers is that it's simpler to fabricate and will not support two 

cavity modes. 

1.1.4 Grating Coupled Surface Emitting Lasers (GCSEL) 

Most of the lasers described so far are edge emitting devices. The edge emitting 

lasers have several shortcomings. The output beam has large ellipticity because of the 

dramatically different near field size in the lateral and transverse direction. The output 

beam also suffers from astigmatism because of the curved wavefront in the lateral 

direction. These features make the coupling of the output beam into fiber rather difficult. 

Complicated external optics and related optomechanical alignment are required for these 

lasers to be used in practical applications. These problems can be alleviated in grating 

coupled surface emitting lasers (GCSEL).^^' In GCSEL, a second order grating is used 

to provide surface outcoupling. In comparison to edge-emitting lasers, GCSELs have 

many advantages, which include low divergence angle, single-longitudinal mode 
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operation, compatibility with beam forming elements, on wafer testing and 2-D array 

integration.^^ Based on the feedback grating configurations, GCSELs can be divided into 

two types: 1) uses first-order grating for feedback and detuned second-order grating for 

out-coupling, 2) uses a single second-order Bragg grating for both feedback and out-

coupling. The first configuration separates the out-coupler fi-om the oscillator and gives 

the maximum flexibility in optimizing the lasing characteristic and the surface 

outcoupling. However, because feedback and out-coupling have different grating periods, 

they may experience beam steering as operating condition changes. The second 

configuration combines the feedback and out-coupling into a single second-order Bragg 

grating. While the beam-forming capability is somewhat limited in this configuration, 

stable normal out-coupling is intrinsically guaranteed without any beam steering. In 

addition, by matching the curvature of the second order grating to the phase front of the 

forward propagating wave, collimated outcoupling beam can be achieved.^^ Finally due 

to the fact that the emitting aperture is significantly larger than the edge-emitting laser, 

catastrophic optical damage can also be greatly reduced. 

1.2 Scope of Research 

The goal of this research is to research and develop tapered cavity grating coupled 

surface emitting DBR lasers. In addition to investigate their potential for high power and 

high brightness applications, we will also study the capability of incorporating dynamic 

functionality such as wavelength tuning and beam steering into these lasers. The scopes 

of this research are as follows; develop a comprehensive numerical modeling to simulate 
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the laser behavior and to optimize the device design; design and fabrication of edge 

emitting and surface emitting tapered cavity unstable resonator lasers; and complete 

characterization of the lasers fabricated. 

In chapter 2, the comprehensive semiconductor laser model is first described. 

Then the numerical methods for solving various equations are presented. Finally the 

simulation results for several laser design are discussed. 

Chapter 3 describes the various device fabrication processes, which include top 

contact definition, ridge definition, grating fabrication, ITO deposition and etching, and 

back comact and annealing. The reason behind each fabrication process is discussed. 

Chapter 4 contains the characterization setup, results and discussion. The 

evolution of light current characteristic, lasing spectrum, near and far filed pattern, and 

dynamic functionality including wavelength tuning and beam steering are discussed. 

Finally, chapter S presents concluding remarks and the suggestion for 

improvement on device performance and future work. 
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2. MODEL AND NUMERICAL SIMULATION 

A semiconductor laser is a complicated device. An accurate modeling of the laser 

is essential to better understand the device behavior and to provide guidance for the 

device design. Over the past several decades following the realization of lasing in 

semiconductor material, a number of models have been developed for this purpose.^^ 

However most of these models are not adequate to simulate a broad area laser such as the 

tapered cavity unstable resonator laser. In this dissertation a model suitable for broad area 

semiconductor lasers is adopted.^" The model is capable of calculating the optical field 

distribution inside a laser resonator in both axial and lateral direction using beam 

propagation method. Included in the model are major effects affecting the laser 

performance such as carrier diffusion, gain saturation, carrier induced antiguiding and 

thermal lensing.^'" 

In this chapter the model and numerical simulation is investigated. First the model 

is discussed and relevant equations are developed. Then the numerical methods used to 

solve the equations are described in detail. Finally the simulation resuhs are presented 

and the physical effects of several design parameters on the laser performance are 

investigated. 

2.1 Propagation Model 

A schematic diagram of a tapered cavity unstable resonator laser and the 

coordinate system used in the model are shown in Figure 2.1. 
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Ridge Tapered 
Gain 

Spoiling 
Groove 

Grating 

Figure 2.1 Schematic diagram of the tapered cavity DBR laser and the coordinate system 
used in the modeling. 

The device consists of a ridge section, a tapered gain section, and a DBR grating 

section. The ridge is designed to support only the fundamental lateral mode. The guided 

beam from the ridge section diffracts freely in the tapered gain section and is amplified 

during the propagation. High output power is achieved from a relatively large aperture to 

reduce the risk of high power density. The grating is used to provide both feedback and 

surface outcoupling. Most feedback from the tapered end is blocked by the spoiling 

groove and doesn't get to the ridge end. If the spoiling grooves are not used, the device is 

likely to operate in multi lateral modes like a regular broad area laser. The on axis part of 

reflection serves as a seed for oscillation of the fundamental mode. 
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For the coordinate system, the z-axis is parallel to the propagation axis of the laser 

cavity, usually known as the axial or longitudinal direction. The x-axis is in the direction 

parallel to the epitaxial growth plane and is referred as the lateral direction in this 

dissertation. The y-axis is perpendicular to the x-z plane in the direction of growth and is 

referred as the transverse direction. 

2.1.1 Wave Equation and Helmholtz Equation 

The optical field £(x, y, z,  t)  satisfies Maxwell's wave equation,'^ 

V'E(ir,j>,2.()- (2.1.1) 
C Cf 

where c is the velocity of light in vacuum, and £{x,y, z) is complex dielectric constant. 

It should be emphasized that in a laser cavity e{x, y, z) is not constant, instead it depends 

on a number of parameters such as wavelength, carrier density and temperature. 

Considering only TE mode and adopting an optical frequency (o, the optical field 

can be represented as, 

E(x, y,z,0 = E(x, y,  z) exp(/£ar). (2.1.2) 

Substitute (2.1.2) into (2.1.1), we arrive at the Helmholtz equation, 

V -£(*, y,z)+k^^n- (x, y, z)E{x, r) = 0, (2.1.3) 
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where Aq is free space optical wave vector (Atq = —), and n{x,y,z) is complex refractive 
c 

index (n'{x,y,z) = £{x,y, 2)). «(*,y, z) can be written explicitly in the real and 

imaginary part as, 

n(x,y,2) = n(x,y,z)+i^;^, (2.1.4) 

where w(x, y, 2) is index of refraction, g is power gain coefficient, and a is loss 

coefficient. t^x,y, 2), g, and a are all real numbers. 

2.1.2 Effective Index Approximation 

In equation (2.1.3), the optical field is a function of all three coordinates. Because 

the optical wave is well confined in the y direction, the y variation of the optical field 

can usually be removed using the effective index approximation.^'^ Here a brief derivation 

of the effective index method is given. 

We assume E(x, y,  z) has the following form of solution. 

E{x,y,z) = E(,x,z)Yiy). 

Substitute (2.1.5) into (2.1.3), we have, 

^d^E{x,z) , d^Eix,z)\ _^d-Y , 2.., 

(2.1.5) 

dx^ dz'  
Y{y)+E{x, z)^^k,-n-{x, r, y)E{x, z)ny) = 0. (2.1.6) 

dy-

Equation (2.1.6) can be easily solved using the method of separation of variables. 

1 (d^E{x,z)^d^E{x,z)^ 

E{x,z) dx' dz' 
—^-^-eiy\x,z) = -k^^n^^{x,z),  (2.1.7) 

Y{y) dy' 
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where n^(x, z) is effective index to be solved. Equation (2.1.7) is solved in two steps. 

First, the slab waveguide equation along a line parallel to y axis passing each point 

(ar,z), is solved to find 

d'Y 

dy 
T+^o' k Cv; =0. (2.1.8) 

Second, the two-dimensional Helmholtz equation is solved using effective index 

z) found from (2.1.8), 

/ -I--d-E{x,z)  ̂ d-Eix,z) 

ex' dz' 
+k^'n^ff\x,z)Ei,x,z) = Q). (2.1.9) 

2.1.3 Wave Equations inside a Laser Cavity 

Inside a laser cavity, the optical field consists of two counter-propagating waves. 

The forward propagating wave, £, (*, z) = (p, (x, z) tx^-i^z), travels in the positive z 

direction. The backward propagating wave, E_ (x, z) = (p_ (x, z)exp(+/y6k), travels in the 

negative z direction. The total optical field is the sum of the two waves, 

E{,x, z) = <p^ (x, z) exp(-//ar)+<p, (x, z) exp(+//ar), (2.1.10) 

where is propagation constant in z direction. 

Substitute (2.1.10) into (2.1.9), we have, 

=» (2.111a) 



ox dz dz' 
(2.1.11b) 

Invoking the usual paraxial approximation, i.e., assuming ^ is negligible 

compared to other terms in the equation, we obtain a set of differential equations in z for 

the two waves. 

Studying equation (2.1.12), we find two terms on the right hand side of the 

equation. The first term represents changes caused by diffraction as light wave 

propagates. The second term represents change caused by spatial variation of the 

complex dielectric constant in both lateral and longitudinal direction. 

To simplify equation (2.1.12), the complex effective index (*, z) is written as 

the sum of two parts: 

where is a real number that represents average index of refraction, and &n{x, z) is a 

complex number that represents all the changes over . Contributions to A/i(x, z)come 

from three sources; 

1) Built in index change of the laser structure when no current is injected, usually 

(2.1.12a) 

(2.1.12b) 

w,^(x,z) = /io +A«(jf,z), (2.1.13) 

in the form of lateral index guiding dn^ (x, z); 
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2) Material loss; 

3) Change caused by carrier injection and temperature distribution inside laser 

cavity. 

The main effect of carrier injection is producing gain in the active layer. 

However, in addition to providing gain, carrier injection can also cause a reduction of 

local refractive index. This phenomenon in semiconductors is known as carrier induced 

antiguiding, which can cause filamentation in broad area lasers. 

In semiconductor lasers, both gain and refractive index are functions of 

temperature. As temperature increases gain reduces and refractive index increases. 

Increasing temperature also causes red shift of gain spectrum, resulting in longer lasing 

wavelength in Fabry-Perot lasers. In our model, the temperature dependence of gain is 

neglected. On the other hand, the temperature dependence of refractive index is 

considered to include the thermal lensing effect. 

By combining all the above effects, change of refractive index, A«(x, r)can be 

written as, 

= + + (2.1.14) 
J,Kq aKQ LKQ 

The first term on the right hand side of the formula represents built-in index 

guiding. The second term represents material loss. The third term describes change of 

gain, where F is power confinement factor in y direction. The fourth term describes 

carrier induced antiguiding, where b is commonly known as the antiguiding factor. The 

final term is for change of refractive index caused by temperature change. 
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Assuming mode propagation effective index is close to the average refractive 

index, 0 is chosen as; 

P = • 

By substituting (2.1.13) and (2.1.15) into (2.1.12), we have. 

(2.1.15) 

d<p^ _ i ay, 

dz dx' 

d-(p.  S(p.  _  

dz Ik^riQ dx' 

+ ikr 

• + ikr 

Aw(jf,z) + 

Aw(x,z) + 

Art-(x,2) 

2AJn 

^\x,z) 

2n„ 

<P. 

9. 

(2.1.16a) 

(2.1.16b) 

Equation (2.1.16) is the core for our semiconductor laser modeling. As discussed 

earlier, the goal of the model is to fmd the optical field distribution inside the laser cavity. 

This is done by solving (p^ (x, z) and^j. (x, z) in equation (2.1.16). It will be shown that 

the equation can be solved efficiently using beam propagation method (BPM). However, 

in order to use BPM, the parameters in the equation should be known first. Studying 

equation (2.1.16), we find that the only unknown parameter is A/i(x, z). From (2.1.14), it 

is obvious that in order to calculate A/i(x, z) we need to find both the carrier distribution 

and the temperature profile. 

2.2 Carrier Distribution 

To find carrier distribution, we need to understand the mechanism governing 

carrier transportation and the sources of carrier generation and consumption. We know 

that carrier concentration inside a semiconductor laser active layer is mainly caused by 
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current injection. However, the carrier distribution is not identical to the current 

distribution on the top contact. There are two major mechanisms causing the carrier 

distribution to differ from the top contact current distribution; current spreading and 

carrier dififusion.^' When the current is injected through the contact, the carriers will first 

undergo some lateral spreading in the p cladding layer before they reach the active layer. 

The current spreading happens mainly in p cladding. The spreading in substrate and n 

cladding is much smaller and is neglected in our model. After the carriers are injected 

into the active layer, they will experience further diffusion in both longitudinal and lateral 

direction. Longitudinal diffusion is neglected in this model because it has little effect on 

lateral mode behavior. 

To accurately calculate the carrier distribution inside active layer, we need to 

consider both current spreading and carrier diffusion. Strictly speaking, these two 

problems are not independent. Instead we are required to solve two boundary value 

problems simultaneously: current spreading in the p cladding between the top contact and 

active layer, and carrier diffusion in the active layer. These two problems are intimately 

linked to each other by the potential along the top boundary of the active layer affected 

by both the current spreading in the cladding layer and the diffusion in the active layer. 

A schematic illustration of the laser layer structure and notations used for carrier 

calculation are shown in Figure 2.2. 
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p contact 

p cladding 

active layer 

substrate 

n contact 

Figure 2.2 Schematic of layer structure and notation used in current spreading 
calculation. 

2.2.1 Current Spreading 

The lateral current flow in the p-cladding layer is governed by Laplace's' equation, 

(2.2.1) 
d'u d'u 

dx- dy 

where u{x,y) is the potential within the p-cladding layer. The current density j{x,y) at 

each point is proportional to the gradient of potential, i.e., 

p 
(2.2.2) 

where p is resistivity. Our goal is to calculate the current density on the top boundary of 

the active layer, ^l^s is accomplished by solving the potential described in 
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Laplace's equation. To solve Laplace's equation, we need to define the boundary 

conditions. 

We assume constant current density within the top contact, then the top boundary 

condition can be written as. 

P 

where 7,^ is the nominal current density on the top contact. 

(2.2.3) 

J,.. = 
ContactArea 

(2.2.4) 

The potential at the bottom boundary of the p cladding equals the Fermi level, 

which is a function of carrier density. It is for this reason that the current spreading and 

carrier diffusion are interconnected to each other. However, the effect of Fermi correction 

is small and can be neglected.^^ Then the bottom potential can be assumed constant, 

m(X,0)=0. (2.2.5) 

Laplace's equation can be solved using several techniques such as finite element 

analysis, finite difference analysis, or use of integral equations. Here we adopt an exact 

analytical solution found by means of conformal mapping:^^ 

sfTtad (*) ~ "^fop • sfnom (*)' (2-2.6) 

where Jspnormi^) is ^ normalized current spreading function. 

J spnoffH (jc) = —arctan 
n 

sinh(;rfr/4iy) 

cosh(;ix/2/f) 
(2.2.7) 
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where W is the width of the top contact, and H is the thickness of the p cladding. 

J^rm^x) has a maximum value of 1.0, and has the following property, 

(2.2.8) 

The extent of the current spreading depends on the ratio . For a small ratio, 

the current spreading is apparent. As the ratio increases, the current spreading decreases 

and the current distribution on top of the active layer resembles the top contact current 

distribution. This distribution is shown in Figure 2.3. 

Current Spreading 

W = 3 
-- W = 5 

0.8 

0.6 

0.4 

0.2 

Figure 2.3 Normalized current spreading function for different stripe width. H = \ for all 
calculations. 
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2.2.2 Carrier Diffusion 

Carriers in the active region undergo lateral diffusion. The carrier diffusion 

equation can be derived in the following manner. 

Assume N(x) is the carrier density. If Nix) is not constant over the space, the 

carriers will diffuse from high concentration area to low concentration area. The carrier 

diffusion flux /v, i.e., number of carrier flow through a unit area per unit time is: 

dN 
^=--0 —, (2.2.9) 

where D is an effective diffusion coefficient. From Gaussian's law, the carrier 

decreasing-rate due to diffusion is, 

(2.2.10) 
at dx' 

Equation (2.2.10) only considers the carrier diffusion effect. In a semiconductor 

laser, the general carrier rate equation includes carrier injection, nonradiative 

recombination, spontaneous emission. Auger recombination, and stimulated emission. 

Combining all these parameters, the carrier-increasing rate inside the active layer is 

represented as the following, 

— = + • (2.2.11) 
d t  d x -  q d  ^ h v d  

In the above equation, the first term on the right-hand side describes carrier 

diffusion. The second term represents carrier injection, where is internal quantum 

efficiency, which is the fraction of terminal current that generates carriers in the active 
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layer. Other terms represent different types of carrier recombination: A is nonradiative 

recombination rate, B is spontaneous recombination rate, C is Auger recombination 

rate, and Fg is modal gain. 

In our model only steady state solution is required. Then the left-hand side 

vanishes, and we have the steady state carrier diffusion equation, 

= (2.2.12) 
dx' qd hvd 

Equation (2.2.12) is solved to find lateral carrier density distribution. It should be 

noted here that gain is a function of carrier density. The gain carrier relation will be 

discussed in the next section. 

2.2.3 Gain-Carrier Relation 

In semiconductor lasers, gain and refractive index are nonlinear functions of 

carrier density. For a given laser structure, the gain and refi'active index can be calculated 

using microscopic theory for any input carrier density. Such a calculation requires 

knowledge of the band structure and density of states in the conduction and valence 

bands.The calculation is very complicated and time consuming and it is beyond the 

capability of a personal computer to accomplish such a computation within reasonable 

amount of time.'*' 

To overcome this problem, a phenomenologicai approach is generally used to 

describe the gain in semiconductor lasers. By first order approximation, the gain can be 

assumed to vary linearly with carrier density, i.e.. 
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g(AO=a(JV-iV,), (2.2.13) 

where a is gain coefficient, also known as the differential gain. is transparency 

carrier density, at which point the material becomes transparent for an optical field. 

The linear gain approximation works well for lasers operating near threshold, 

since the carrier density is clamped to its threshold value. However for broad area lasers 

operating well beyond threshold, the linear gain approximation is questionable. In this 

case, carrier density changes significantly both in lateral and in longitudinal directions. 

Under these circumstances, linear gain approximation is no longer valid and must be 

replaced by other formulas. It is found that a logarithmic function is a better fit over a 

wider range of carrier density.'*^ A three-parameter logarithmic fit is usually used to 

describe gain carrier relation. 

where and are three parameters used to fit the gain-carrier density curve. 

A comparison of linear and nonlinear gain-carrier relation is shown in Figure 2.4. 

(2.2.14) 
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Gain-Carrier Relation 

4000 

Linear gain-cairier relation 
Nonlinear gain<aiTier relation 

3000 

2000 

1000 

8 6 0 4 10 2 

Carrier Density (lo'^ cm'^) 

Figure 2.4 Comparison of linear and nonlinear gain-carrier relation. Linear gain-carrier 
relation: a = 810''^cm-, and = 1.8-10'"cm'\ Nonlinear gain-carrier relation; 

gg =2000cm"', = 1.8-10""COTand N, = 0.01 10"'*cm ^ 

In this model, nonlinear gain-carrier relation is used to better reflect the actual 

device physical behavior. 

2.3 Temperature Profile 

To calculate refractive index change caused by temperature rising inside a 

semiconductor laser, one need to calculate the temperature profile. The primary sources 

of heat in a semiconductor laser are nonradiative recombination of carriers in active layer. 
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ohmic heating in the cladding layer, and the reabsorption of spontaneous emission."*^ 

Among these, nonradiative recombination of carriers is the dominant factor. In this model 

only nonradiative recombination is considered as the heat generation source. Other heat 

sources can be easily integrated in the model in the future. 

The main part of the thermal model follows Joyce and Dixon.'*^ A schematic 

illustration of laser structure used for thermal calculation is shown in Figure 2.5. 

dx 

A y %•» 

02a K 

i k 

U ^  
t ^ 

^3 : , ^ 5  

^2b-l \ Wl 

B 
^y 

T = 0 

dx 
= 0 

Figure 2.5 Schematic illustration of laser layer structure used in temperature calculation. 
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The laser is modeled as consisting of a number of heat conducting layers, each 

having a certain thickness /, and a constant thermal conductivity cr^. Heat is generated in 

a planar stripe that bisects the active layer denoted by Atm- This heat is then conducted 

through different layers to a heat sink at the bottom, which is assumed to be an infinite 

heat reservoir and therefore remains at ambient temperature. So the calculated 

temperature profile is actually the temperature rise with respect to the heat sink 

temperature. It is assumed that no heat escapes from the upper and side boundaries. 

The coordinate system used in the thermal model is not continuous. Positive y is 

in the direction away fi-om the heat source in the active layer, and the origin of y in each 

layer is located at the interface of that layer closer to the heat source. It is assumed that 

the number of lower layers, which is below the heat source, is a and number of upper 

layers is b . Different layers are numbered from the heat source in an increasing manner. 

The notation is that the / th lower layer has a subscript of 2/ -1, so the lower layers are 

numbered as 1, 3, ..., 2a -1. Similarly the upper layers are numbered as 2, 4, ..., 2/>. 

It is assumed within each layer thermal conductivity is constant and there is no 

source of heat generation. Therefore temperature T satisfies Laplace's equation. 

At the interface between two adjacent layers, with the exception of the heat-

generation plane, temperature and heat fiow are continuous, 

(23.2) 
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_ 57;(x,/,) _ 5r,,,(ac,0) 
= r (2.3.3) 

In the middle of the active layer, the heat is generated and flows to the first lower 

and upper layer. The temperature is still continuous across the interface. The heat flow 

however is not continuous any more. This is represented as. 

The first term on the left-hand side of the equation represents the heat flow to the 

first lower layer, and the second term represents the heat flow to the first upper layer. The 

term Q{X) represents the heat generated in the active layer. Now if Q{X) is known one 

can find the temperature profile from solving equation (2.3.1) to (2.3.4) together with 

boundary conditions described earlier in this section. The exact solution of T{X, y) is 

usually obtained by finite difference or finite element analysis of the equations. This is a 

standard and accurate method to calculate T{x,y). The main problem with this approach 

is the long computation time since the two-dimensional Laplace's equation must be 

solved every time that Q{x) is changed. 

In this model a difTerent approach is adopted to calculate the temperature 

profile.'*^ Since all the equations involved are linear, the heat diffusion problem can be 

modeled as a linear system. Then one only need to calculate the thermal impulse 

response, which is the temperature profile caused by a thermal delta function with unit 

power. With thermal impulse response known, the temperate profile generated by any 

heat source can be easily found using convolution. Strictly speaking, the above statement 

(2.3.4) 
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is not entirely accurate. The thermal model is indeed a linear system; however, it is NOT 

a shift-invariant system. A system is said to be shift-invariant if the only effect caused by 

a shift in the input is an equal shift in the output. Convolution theory is only valid for 

linear shift-invariant system."*^ For the heat diffusion problem discussed in the thermal 

model, a shift in the position of the input (heat source) will cause not only a shift in the 

position of the output (temperature profile), but also a change in the shape of the output. 

However, if the lateral dimension is very large, the change in shape will be very small. In 

this situation, the heat diffusion can be approximated as a linear shift invariant system 

and impulse response approach can be used. 

2.3.1 Thermal Response from a Uniform Heat Source 

Using the method of separation of variables, a general solution of Laplace's 

equation for the temperature within the / th layer can be found as,"*' 

sinh(^„>')]cos(^„x), (2.3.5) 
rt=l 

Iti 
where k„=n—, and „ and r, „ are constants to be determined. This solution will 

B 

dT B 
automatically satisfy the boundary condition on the sides, i.e., — = 0 for * = ± —. 

dx 2 

First we consider the thermal response from a uniform heat source located at the 

center of the active layer. The width of the heat source is and the heat-generation rate 

is (W/cm^). The heat-generation function 0(*)is then. 
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Q{x) = Jmrect{^^ 
J 

0 

A x< — 
2 
A 

x> — 
2 

(2.3.6) 

Using equation (2.3.1) through (2.3.4), together with boundary conditions, 

coefficients „ and r, „ can be determined. The derivation is straightforward and is 

omitted here. The fmal results are listed as following, 

= 0 

=tanh(Ar„/,J 

(2.3.7) 

(2.3.8) 

'26-1.0 

'26-1 

(2.3.9) 

' 26-l.n tanh(Ar„/,,.,) 
(2.3.10) 

''..0 =• 

/• ^ 

V J 
'"..2.0 

1 + 
r \ q-,.2 

'*1+2,0^1 

(2.3.11) 

tanh(Vj+ 
r. = V o-. y 

r.2.n 

1 + %2.« 

(2.3.12) 

P\.Q ~ Pifi ~ 
^ t t / ^ 

\J^\ ^3 '26-1 / B 
(2.3.13) 
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(2.3.14) 

A+2.0 ~ 0 ''i.o'i )A.0 

Pi.i.n = [cosh(^„r, )-r, „ sinh(^,r, )l/9, „ 

(2.3.15) 

(2.3.16) 

It should be noted here that coefficients r, „ only depend on parameters relating to 

wafer structure, i.e., thickness and thermal conductivity a, of each layer. Coefficients 

on the other hand, depend also on parameters related to the heat source. 

The purpose of calculating the temperature profile inside a semiconductor laser is 

to calculate the spatial variation of index refraction it causes. Since we are only interested 

in index change in the lateral direction, the temperature change in the transverse direction 

can be eliminated. This is done by integration of T, (*, y) in y direction, similar to the 

effective index approximation used in the earlier section. 

Within each layer, the temperature is averaged over y direction as. 

jT,{x,y)cfy 

T,{x)= 
(2.3.17) 
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2.3.2 Thermal Impulse Response and System Function 

Thermal impulse response is the temperature profile caused by a heat-generating 

source having a shape of delta function with unit power. Thermal impulse response 

solution will have the same form as expressed in equation (2.3.5) and it can be obtained 

by modifying the thermal response fi'om a uniform heat source. The modification is 

reflected by a change of the coefficients P, „. It is easily seen that coefficients „ should 

not change because they only depend on wafer parameters. One finds the modification by 

decreasing the width of the heat source while keeping the total heat generated constant. 

As we reduce i4^, so i4^ -> 0, while maintaining = 1, we have: 

With (2.3.18) - (2.3.21), (2.3.7) - (2.3.12) and equation (2.3. 17), we can 

calculate the thermal impulse response 77^ (j^)for each layer. Since optical field is well 

confined in layers within a few microns of the heat source, only the thermal impulse 

response in these layers is needed. 

Considering nonradiative recombination as the only source of heat, the heat-

generation rate Q{x) is obtained from; 

( t  t  / ^ 1 a - a _ 'i , '3 , , '26-1 I 
P\.0-P2.0- + + •••+ 

<73 ^26-1 J "a 
(2.3.18) 

(2.3.19) 

(2.3.20) 

(2.3.21) 
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Q{x)=Ahvd^N{x), (2.3.22) 

where A is nonradiative recombination rate. 

Temperature rise is then calculated using convolution of heat generation function 

with the thermal impulse response, 

r(x) = 0(x)®77(x). (2.3.23) 

The thermal impulse response for a semiconductor laser mounted p-side up is 

shown in Figure 2.6. 

Thermal Impulse Response 

Figure 2.6 Thermal impulse response for a semiconductor laser mounted p-side up. 

During the numerical calculation, the convolution is implemented using the Fast 

Fourier Transform (FFT). From the convolution theorem, the Fourier transform of the 
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temperature response is equal to the product of the Fourier transform of the heat 

generation function and the Fourier transform of the thermal impulse response, i.e., 

TF{J,)=QF(J,).TIF{/,) (2.3.24) 

where TF, QF , and TIF are Fourier transform of T, Q, and 77, respectively. TIF is 

known as the thermal system function. The thermal system function corresponding for a 

laser mounted p-side up is shown in Figure 2.7. 

,x 10 
Thermal System Function 

'-600 -400 -200 0 200 400 600 
fx (le-3 1/um) 

Figure 2.7 Thermal system function of the semiconductor laser mounted p-side up. 
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2.4 Numerical Method for Solving Wave equation 

The wave equation discussed in section (2.1) has no analytical solution inside a 

broad area laser cavity, but it can be solved numerically. For clarity the wave equation is 

rewritten as following, 

A«-(x,z) d<p. ^ i  d-(p, 

8z dx' ° 
dji(x, z) + -

2«o 
<P. (2.4.1) 

Beam propagation method, commonly known as BPM, is a numerical method for 

solving the wave equation.'*^ BPM has been widely used for simulation of 

electromagnetic wave propagation in guided-wave optoelectronic and fiber-optic 

devices."*' Initially BPM was only used for solving the scalar wave equation in parabolic 

approximation, like equation (2.1.16). Recently full vector BPM has been developed for 

more accurate modeling.In our model, scalar BPM is used to solve the wave 

equation. There are two different approaches of BPM. One is based on Fast Fourier 

Transform (FFT), referred as FFT-BPM in this discussion. The other is based on finite 

differencing and will be referred as FD-BPM. 

2.4.1 FFT-BPM 

Within a small distance the complex refractive index perturbation An(x, z) 

can be assumed constant in the longitudinal direction. If the change of An{x, z) is also 

small in the lateral direction, then we can take the Fourier transform of equation (2.4.1); 
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-^ = ±/ - ' U/itn 
dz Ik^n^ '  

A«(x,z)+ 
^n-{x,z) 

2«n 
(2.4.2) 

where is the Fourier transform of (x, z) in x direction. There exists an analytical 

solution for the equation (2.4.2); 

T, (/, z + Az) = (/, z) • exp[± /;r/^-Az]-exp lSn{x,z) + 
Aw-(x.z) 

2Wn 
(2.4.3) 

From solution (2.4.3) we can take the inverse Fourier transform in order to find 

the wave at z + Az. 

Generally the FFT-BPM is performed in the following steps: 

Step 1. Taking Fourier transform of the input wave at z, 

^,(/,Z) = fK(>:,-)} (2.4.4) 

Step 2: Calculating the Fourier transform of the wave at z + Az, 

4'°(fij,z + Az) = T.(ty,z) • exp ± (2.4.5) 
L "o J 

Step3: Taking inverse Fourier transform to find the wave at z + Az, 

<!)^ (*, z + Az) = F-' ̂  ° (/, z+Az) (2.4.6) 

Step 4: Including the lens effect caused by gain or spatial index change. 

(p^ {x, z + Az) = <pI (jf, z + Az) • exp An{x, z) + 
^'ix,z) 

2/ln 
Az (2.4.7) 

In the above calculation, steps 1 to 3 account for beam diffraction and step 4 

accounts for the lens effect. 
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The advantage of FFT-BPM lies in its simplicity of implementation. However, the 

accuracy and speed of FFT-BPM is not as good as FD-BPM.'^ 

2.4.2 FD-BPM and Transparent Boundary Condition (TBC) 

The idea behind finite difference method is to use an algebraic difference equation 

to approximate the original differential equation. A function ^(x, z) can be represented 

by its values at the discrete set of points: 

X, =Xo +/Ax, 

=Zo +wAz, n = l,2,.-,N + l 

Using standard Crank-Nicholson differencing scheme, the finite difference 

version of wave equation (2.4.1) can be obtained as. 

^ J c^.-i -2^, -2^, +^,.1 

Aj 4AO/IO AX' AX* (2.4.8) 

where / = 2,3,..7-l. 

The above equation can be further reduced to the following. 

<P,-\ + -2-jAk^n^ ̂ +^o'(2no + Aw,""^ jAnr-^Ax' fP, 

= -i<.+ -l+jAk^n^ •^+^o'^2Wo +Aw"*-''= jArt^'^^Ax^ 9" "rqil. 

(2.4.9) 
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On the right-hand side of the equation (2.4.8), <p" represents the wave at the 

current z position and its value is assumed ah-eady known. On the left-hand side, 

represents the wave at the next step in propagation and its value needs to be solved. 

It should be emphasized that equation (2.4.8) actually is a set of linear equations. 

There are a total number of / - 2 linear equations and I variables, so the linear problem 

is not completely defined to have a unique solution of . To complete the set of linear 

equations, we need to take into account the boundary condition. 

The simplest boundary condition is to set the optical field value at the two 

boundary points be zero. This is a reasonable approximation if we set the lateral 

calculation size large enough. However, large calculation size will increase the 

computation time and make the simulation inefficient. A simple approach to alleviate this 

problem is to inserte an artificial absorption region outside the area of interest. The width 

of the absorption region and the magnitude of the absorption are adjusted to assure they 

don't change the wave behavior within the area of our interest. Unfortunately, the 

adjustment has to be done for each particular problem. This can be very time consuming. 

A better approach is to use the so-called transparent boundary condition (TBC).^^ The 

TBC has no adjustable parameters and is problem independent. The lateral calculation 

size can be significantly reduced, resulting in a much more efficient computation. An in 

depth discussion of the transparent boundary condition can be found in Hadley's work.^^ 

Here a brief description and the results are given. 
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Near the boundary the lensing effect caused by spatial index change can be 

neglected and only the diffraction term is to be considered. As a result the solution of 

optical field at the right boundary takes the form, 

<z> = ^oexp(-A^x) (2.4.9) 

It can be proved that as long as the real part of is positive, the optical energy 

is guaranteed to flow out of the boundary, just like diffraction effect. If the value of k^n 

is chosen properly, the boundary seems not exist for optical wave. This is why this 

method is called transparent boundary condition. The calculation of turns out to be 

very simple. It is calculated using the value of optical filed near the boundary at current 

propagation step, 

^ = exp(-#, A*). (2.4.10) 
^t-2 

In our model if the real part of calculated becomes negative, it will be reset 

to zero. Prior to start of next step, the boundary value at the current step is adjusted 

accordingly. 

n 

^ = = (2.4.11) 

Then the boundary condition for the new propagation step is, 

9>r' = <P1-\ • Ax). (2.4.12) 

Using the same method the boundary condition at the lefl side can be derived, 

9'r' =<pV- exp(+At (2.4.13) 
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Equation (2.4.9), (2.4.12) and (2.4.13) constitute a complete set of linear 

equations and have a unique solution. The corresponding coefficient matrix has a 

tridiagonal form ^^and the equations can be solved very efficiently. 

2.5 Numerical Method for Solving Carrier Diffusion Equation 

The steady state carrier diffusion equation is, 

^ ^ ^ ^ ^ ^ \ < P > \  + \ ( P - \  ^ 2  5  J )  
dc- qd ^ hvd 

Equation (2.5.1) can be further reduced to the following form; 

= (,3.) 
sat 

where we have introduced a few new parameters; 

• Diffusion length describes the extent of diffusion, 

(2-5-3) 

• Normal carrier density is the value of carrier density when we ignore 

diffusion and assume the carrier density has a rectangular distribution like that 

of the top contact current, 

(2.5,4) 
qdA 

• Saturated power describes the gain saturation. 
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„ hvdA 
^„=-p— (2.5.5) 

1 

where a is gain coefficient for linear gain-carrier relation. For nonlinear gain-

carrier relation, a is the derivative of gain with respect to carrier, which is 

ds j? 
a - —^ —. In numerical calculation, we choose a constant a at 

dN N + N, 

N = N,. 

Depending on the choice of B, C, and the form of gain-carrier relation, there are 

several levels of complexity in terms of the corresponding numerical method. 

2.5.1 ^ = 0, C = 0. and Linear Gain-Carrier Relation 

Under these conditions, carrier diffusion equation has the following form. 

,d'-Nix) 
N-

. Psa, J P ' " ' sal 

(2.5.6) 

We divide x-axis into M grids with M points {k = 1,2..A/). The corresponding 

difference equation is; 

r2 
-diff Ax-

i.A. 
sat 

P 
FJ -FJ J -FJ JJU 

^sat 
(2.5.7) 

Equation (2.5.7) is further reduced for numerical calculation; 

^k-l ~^^k •*••^*+1 "[''11 "^^U^k^k spnomjc ~^lS^k 

with the constants defined as; 

(2.5.8) 
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<^ii = 
Ax 

J 
^14 ~ ^11 ' 

''IS ~^\\^0 Cm =^11 

(2.5.9) 

Near the boundary, we can ignore all the other terms but the diflfusion term. The 

carrier diffusion equation (2.5.2) then becomes: 

T FJ (2.5.10) 

The above equation has an analytical solution, so carrier density near boundary always 

has the following form. 

A'^(x + Ar) = ^(*)exp 
^ A 

V J 

(2.5.11) 

Then we have the boundary condition, 

~  ̂bound^X + ^ 2 = 0  

^M-\ ~ ^bound^Ki ~ ® (2.5.12) 

bound 
= exp ̂  Axr ^ 

Equation (2.5.8) and (2.5.12) constitute a complete set of linear equations. It also 

has the tridiagonal form and can be solved very efficiently. 



2.5.2 B^O, C^O, and Linear Gain-Camer Relation 

Under these conditions, the carrier diffusion equation is no longer a linear 

equation. To solve the equation, it has to be linearized first.^^ The linearization is done 

terms of the small deviation, ^(x) = ix)-N' (*). 

dx-

, 2BN' ZCN'' P{x) 
1 + + +—^ 

, 2BN' 3CN'' P{x) 
1 + + +—^ 

N 

N' 

BN'- CN'-
N ix) + N' (x) + —— + 

• [n ' -N , ]  Fix) 

(2.5.13) 

The corresponding difference equation is; 

3 A^r.l -2N';' +Ni:\ 

Ax' 
1+ 

2BNI 3CN, k , « -T 

, 2Bm 3CN'/ P, 
1+ ^ + !L_4._JL 

N 

Nl 

-NJ 0 spnorm^k + NI + 
BNl' cm 

Mt 

(2.5.14) 

The above equation is further reduced for numerical calculation: 

N':\-2N, r' = k +c^n-^ +c^/>, W' 

~^2S'^spnorm,k k "*"^26^* 

+C:^PXK-N,) 

(2.5.15) 
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with the constants defined as following; 

c,, = 
Ax 

J 

IB 3C 1 
^22 ~ ^21 , ^23 ~ ^21 . ^24 ~ <^21 

^ ^ (2.5.16) 
- A/ _ ^ C 

Cns — Cij/VQ Cjg — Cji ^27 — Cji 
/4 .(4 

The boundary condition is the same as the previous section. 

Solution of carrier density is obtained by solving equation (2.5 .15) iteratively 

until convergence is achieved. First a guess solution is put into equation (2.5.15), and 

a solution N' is calculated. Then the solution N' is put into equation (2.5.15), and a 

solution is calculated. This process is repeated several times until the difference 

between successive calculations is lower than a predefined error limit. 

2.5.3 B^O, C^O, and Nonlinear Gain-Canier Relation 

The procedure is very similar to the one discussed in the previous section. Here 

we only present the final results. 

The linearized difference equation; 

-2Nr = 
P. 

34 

^"31 •^^32-^t 
P. 

34 

N':' 

K (2.5.17) 

^35 '^ipnorm.k +c^,N[+c^N', 

+<^Mntak('v;+ArJ 

with the constants defined as following; 
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2B 3C 
— C-,, 

(2.5.18) 
C 1 

—^11 C -xo — __ 

The boundary condition is the same as section 2.5.1. 

Again, accurate solution of N is obtained by solving equation (2.5.17) iteratively 

until little difference exists between successive calculations. 

2.6 Outline of Numerical Simulation 

The most important calculation of the simulation is the propagation from current 

step to the next step. 

• Step 1; Calculate the power using the forward and backward wave at the 

cur ren t  s tep ,  P{x , z )  =  (p^ ' { x , z ) - \ - (p_ ' { x ,2 ) .  

• Step 2: Calculate the carrier density N { X ,  r) at the current step using P { X ,  z ) .  

• Step 3 ; Calculate the temperature profile T { X ,  Z )  using N { X ,  Z ) .  

• Step 4; Calculate gain, carrier induced antiguiding, and thermal induced 

refractive index change. 

• Step 5: Propagate the wave to the next step using FD-BPM. 

The steps used for a single propagation step are illustrated in Figure 2.8. 
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Step 3;Calculate temperature profile from the carrier density distribution found in step2. 

Stepl:Calculate power density at the current position from forward wave and backward wave 
already known 

Step2;Calculate carrier density distribution power density at the current position from forward 
wave and backward wave already known 

Step 4; Calculate change of complex refractive index cause by carrier and temperature 
distribution. 

Step 5; Propagate the forward wave or the backward wave one step further using beam 
propagation method (BPM) 

Figure 2.8 Steps to propagate the wave to the next step. 

The simulation starts with initialization of forward and backward waves across 

the entire (x, z) plane. For the first calculation, a uniform constant value is assigned to all 

points. In later calculations, the initial optical field is assumed to be equal to the last 

calculation to save computation time. The forward wave is propagated step by step from 

the front facet (ridge end) to the back facet (tapered end). During this calculation, the 

forward wave is constantly updated while the backward wave is kept unchanged. When 

the forward wave propagates to the back facet, the backward wave at that facet is 

calculated using the facet reflectivity. In current simulation the grating is treated as a 

mirror, whose reflectivity and curvature is changed by user input. The distributed 

feedback and outcoupling effect of grating will be integrated into the simulation in the 

future. After reflection, the backward wave is propagated step by step to the front facet. 

During this calculation, the backward wave is updated while the forward wave is kept 
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unchanged. When the backward wave reaches the front facet, the forward wave at that 

facet is calculated using the front facet reflectivity. This whole process completes one 

round-trip. The value of the front facet forward wave calculated after one round-trip is 

compared to the one just prior to the round-trip. If the two values are different, the field 

has not converged yet and the round-trip calculation will continue. When the field 

converges, the intensity of the field does not change between successive round-trips. At 

this time the propagation is stopped. It should be noted here that we do not adjust 

wavelength to satisfy round-trip phase condition. Therefore when the field converges, the 

phase of the field will not be the same between successive round-trips. 

The outline of the numerical simulation is illustrated in Figure 2.9. 

No. Continue propagation 
Converge afiter a round trip? 

Yes. Stop propagation. Calculate output power and far field. 

Propagate the forward wave from the front facet (ridge side) to the back facet. 

Calculate the backward wave at the back facet using boundary condition. 

Calculate the forward wave at the front facet using boundary condition. 

Initialize forward and backward wave across the entire x-z plane 

Propagate the backward wave from the back facet to the front facet. 

Figure 2.9 Outline of numerical simulation. 
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After converging, several calculations are done to evaluate the laser performance. 

The most important ones are output power, near and far field from the tapered end. If a 

simulation does not converge after many round-trips, it means either the laser is below 

threshold or the laser is far beyond threshold and does not maintain a stable single lateral 

mode. The later one is used to evaluate the laser lateral mode stability. We are seeking 

design that can maintain single spatial mode for very high pumping and high power 

output. 

2.7 Simulation Resuit 

Our simulation results are obtained by considering a typical tapered cavity device 

as described below. The laser consists of a 500-txm long ridge and a ISOO-jom long 

tapered section. The ridge width is 3-fim and the taper width is 150-|im. The lateral 

calculation size is 200-|im. Number of steps in x and z direction was chosen so that 

doubling the number would not change the simulation result significantly. During this 

simulation, the grating section was simulated as a mirror with effective reflectivity. 

Therefore the resuks are closer to the case of an edge-emitting device. However, 

curvature of the grating was considered in the simulation. We believe this simplified 

treatment of the grating section will give qualitative resuh of the actual device. Accurate 

treatment of the grating will be implemented in the future simulation, which will consider 

distributed feedback, outcoupling, and absorption loss. 



The detail symbol and value of device parameters used in the simulation are listed 

in Table 2.1. 

Symbol Value Parameters 
Ltotal 2000 Total length (um) 
Wtotal 200 Total width (um) 
Lridge 500 Ridge length (um) 
Wridge 3 Ridge width (um) 
Wtaper 150 Tapered width (um) 
Hctr 1.4 Center cladding thickness (um) 
Hguide 0.4 Guide cladding thickness (um) 
Nx 256 Number of grids in x-axis (has to be power of 2) 
Nz 200 Number of grids in z-azis 
R1 0.95 Left facet power reflection coefficient 
R2 0.1 Right facet power reflection coefficient 
nefF 3.34 Effective index of guide 
dnefF 2.00E-03 Effective index step 
gama 0.0636 Confinement factor 
dactive 180 Active layer thickness (A) 
effint 0.9 Internal quantum efficiency 
alfaint 2 Internal modal loss (1/cm) 
D 30 Carrier diffusion constant (cm^2/s) 

A 0.1 Non-radiative recombination rate (lO'^ 1/s) 

B 0.8 Spontaneous recombination rate (IC^-IO cm^3/s) 

C 2 Auger recombination rate (10^^-30 cm^6/s) 

al 8 Gain coefficient (10^^-16 cm'^2) 

Ntrl 1.8 Transparency carrier density (10^^18 l/cm'^3) 
g02 2000 Gain factor (cm'^-l) 

Ntr2 1.8 Transparency carrier density (10^18 l/cm'^3) 
Ns2 0.01 Shift carrier density (10^^18 l/cm'^3) 
b_ag 1 Antiguiding factor 
alfa T 3 Thermal index coefficient (10^^-4 1/K) 
lamdaO 0.98 Vacuum wavelength (um) 

Table 2.1 Symbol and value of device parameters used in the modeling. 
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2.7.1 Effect of Spoiling Groove 

Spoiling grooves are used as a spatial filter to ensure single lateral mode operation 

of the laser. During the numerical modeling, the spoiling groove is simulated as a hard 

aperture with rectangular shape. Optical wave inside the aperture will go through without 

any change and optical wave outside the aperture will be attenuated to zero. The aperture 

size of the spoiling grooves is very important. If aperture size is too large, the spoiling 

groove will not ftinction as an effective filter. We found that simulation did not converge 

for aperture size larger than 35 ^m, which meant the device was operating in muhi lateral 

modes. For effective filtering, the aperture size has to be smaller than this value. On the 

other hand, a too small aperture will disturb the wave confined in the ridge waveguide. 

For a ridge with 3 (im width, we believe 10 jam is the minimum aperture size. To 

determine the optimum value, numerical simulation was performed on devices with 

aperture size from 10 ^m to 30 |im. The calculated near field pattern at the tapered end 

for different aperture size is shown in Figure 2.10. The device had a linear grating and the 

current was set at 2 A. 
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Figure 2.10 Near field patterns at the tapered end for device with different spoiling 
groove aperture size. 

As shown in figure 2.10, the near field pattern changes dramatically as the 

aperture size is increased. When the aperture size is below 20 the intensity 

distribution of the near field is quite uniform. As the aperture size is increased above 20 

^m, some features start to appear. The intensity is no longer near uniform; instead it has 

several distinct ripples across the lateral direction. These ripples are starting point of 

filamentation, which will cause multi lateral mode operation. The magnitude of the 

ripples increases rapidly as the aperture size is increased to 30 ^m. The appearance of 
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intensity oscillations in the near field is an indication that the spoiling groove is no longer 

effective. From these results, we can make the conclusion that aperture size between 10 

to 20 jAm is good. During the following simulation, aperture size is chosen to be 10 ^mi. 

2.7.2 Effect of Antiguiding Factor 

Antiguiding factor, also known as linewidth enhancement factor, describes the 

carrier-induced change of refractive index in semiconductor material."'As the carrier 

density increases in a semiconductor laser, the refractive index decreases. This carrier 

induced refractive index change is one of the most important parameters that affect the 

laser lateral mode behavior. In broad area laser, this can cause beam self-focusing and 

filamentation.®" As the power in the center part is higher, the carrier density is decreased 

due to the stimulated emission. Then the refractive index will increase, which will cause 

self-guiding. If the antiguiding factor Is large, self-focusing and filamentation will occur. 

To investigate the effect of antiguiding factor on device lateral mode, numerical 

simulation was performed on devices with antiguiding factor set from 0 to 2.5. The 

calculated near field pattern at the tapered end for different aperture size is shown in 

Figure 2.11. The device had a linear grating and the current was set at 2 A. 
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Figure 2.11 Near field patterns at the tapered end for device with different antiguiding 
factor b. 

The effect of antiguiding faaor on device lateral mode is apparent from figure 2.11. 

When the antiguiding factor is below 1.0, the intensity distribution of the near field is 

quite uniform. As the antiguiding factor is increased above 1.5, power starts to 

concentrate in the center part, which is a clear sign of self-focusing. In real device, the 

antiguiding factor is a material parameter and can not be arbitrarily chosen. However, it is 

a function of wavelength^^' and the active layer structure.^^' As the lasing shifts to 

the shorter wavelength, the antiguiding factor decreases. This property can be used in 
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device design to increase the current range for single lateral mode operation. In this 

modeling, most simulations were done with antiguiding factor equal to 1. 

2.7.3 L-l curve, Optical Field and Carrier Distribution 

In tapered cavity laser, the forward wave has a curved wavefront due to the beam 

free diffraction in the tapered section. A linear outcoupling grating will result in a large 

beam divergence angle in the lateral direction, while the beam divergence angle in the 

longitudinal direction is small. Thus the output beam will suffer astigmatism, which may 

cause difficulty in coupling into fiber. A collimated output beam in both lateral and 

longitudinal directions is desirable in many applications. This can be accomplished using 

a curved grating, whose curvature matches the wavefront of the forward wave, for 

outcoupling.^ However, using curved grating for feedback makes the laser resonator 

closer to a stable cavity, which may affea the laser lateral mode behavior. To investigate 

the effect of grating curvature on laser performance, devices with different grating 

curvatures were simulated. We found that the current range within which a device could 

maintain single lateral mode operation depended upon the radius curvature. For linear 

grating, the device can maintain single lateral mode operation for a large current range, 

even beyond ten times the threshold. However when the radius of curvature is reduced, 

the current range decreases. The current range is also affected by the value of antiguiding 

factor. Devices with smaller antiguiding factor have larger current range for single lateral 

mode operation. For curved grating with curvature almost coinciding the phase of the 

forward wave, the single mode current range is about four times the threshold when the 
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antiguiding factor is equal to 1. The current range decreases to about two times the 

threshold when the antiguiding factor is increased to 2. Devices with curved grating have 

slightly smaller threshold current and higher efficiency because of more efficient 

feedback. However, the difference is not significant. Here the calculated L-I curve for a 

device with linear grating is shown in Figure 2.12. 

L-I Curve 
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Figure 2.12 Calculated L-I curve for a device with linear gratings. 

The calculated threshold current was about 300 mA and the threshold current density was 

260 A/cm^. The external quantum efficiency was 37%. The output power was 800 mW at 



2 A injection current. It should be noted here that this result included the total output 

from the tapered end. For grating coupled devices, part of the power is coupled into the 

substrate and is not available for surface em~ssion. Therefore the experimental result 

should be less than the calculated result here. 

To better understand the device physical behavior, the electric field and carrier 

density inside the laser cavity were calculated. The forward and backward waves for a 

device with linear grating are shown in Figure 2.13. 
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Figure 2.13 Forward and backward wave (electric field) inside laser cavity for a device 
with linear gratings. 
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The intensity of the forward wave increases gradually in the tapered gain section as it 

propagates towards the tapered end. In the lateral direction, the power is first 

concentrated in the central part because of the confinement in the ridge section. It then 

gradually spreads to the sides because of beam diffraction in the tapered gain section. At 

the tapered end, the lateral power distribution is almost uniform. The evolution of the 

backward wave is similar. The intensity gradually builds up as the beam propagates. 

Most backward wave is blocked by the spoiling groove and doesn't get to the ridge end. 

The on axis part of the reflected wave serves as a seed for oscillation of the fundamental 

mode. This distribution of forward and backward wave is typical for unstable resonator 

lasers. 

The carrier density distribution for the device is shown in Figure 2.14. 
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Figure 2.14 Carrier density distribution inside laser cavity for a device with linear 
gratings. 
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2000 

The carrier distribution inside the laser cavity almost follows the shape of the top contact 

with some modification due to carrier diffusion. However, there are two distinct features 

as shown in figure 2.14. One is a large carrier density buildup at the edge of the tapered 

gain section. This is because that the beam diffraction does not follow the linear taper and 

the optical power on the edges is smaller than in the central part. The carrier buildup at 

the edge does not affect the lateral mode behavior very much, however, it does reduce the 

device efficiency because these carriers are "wasted". A "trumpet" slope taper design can 

alleviate this problem. 67 The other feature is the significant carrier density outside the 
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contact in the tapered section. These carriers are not due to diffusion. They are generated 

from photon absorption of the backward wave. These carriers buildup is a direct result 

from unstable resonator design and cannot b,e reused. 

For comparison, the forward and backward waves for a tapered laser with curved 

grating are shown in Figure 2.15 . 
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Figure 2.15 Forward and backward wave (electric field) inside laser cavity for a device 
with curved gratings. 

Since the grating curvature coincides with the phase front of the forward wave, most of 

the reflected wave goes right back to the ridge section. This choice of grating curvature 



makes the laser cavity closer to a stable resonator. Therefore, the current range of this 

laser design for stable single lateral mode operation is smaller than a laser using linear 

gratings for feedback. However, this design ~s attractive in applications where normal 

collimated surface emission is required and moderate power is needed. 
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The carrier density distribution for the device is shown in figure 2.16. 
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Figure 2.16 Carrier density distributions inside laser cavity for a device with curved 
gratings. 

The carrier distribution in this device is similar to that with linear grating with 
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carrier buildup on the edge of the taper contact. However there is no carrier buildup in the 
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taper section outside the contact because no significant backward wave exists there. 

Instead, carrier is building up in the ridge section because of strong forward wave. 

2.7.3 Conclusion 

From simulation results on various laser designs several conclusions can be 

drawn. First, the use of spoiling groove is absolutely necessary and smaller aperture size 

is required for effective filtering. Second, the antiguiding factor is important in 

determining the lateral mode behavior and smaller value is better for single lateral mode 

operation. Third, device with linear grating for feedback can operate in single lateral 

mode for a very large current range. However, it's not suitable to use linear grating for 

outcoupling because of the resulted astigmatism in the output beam. Finally, devices with 

curved grating can operate in single lateral mode for a limited current range, which 

depends on the curvature of the grating and the value of the antiguiding factor. Devices 

with curved grating for outcoupling can provide collimated surface emission. 
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3. DEVICE FABRICATION 

Device fabrication is one critical step in the development of semiconductor lasers. 

In order to fabricate the lasers, muhiple fabrication steps with accurate processing control 

are required. The final device performance on a large extent depends on the success of 

each fabrication step. Therefore development and optimization of the fabrication 

technology is very important. 

All our devices were fabricated in the Optoelectronic Microfabrication Facility at 

the Optical Sciences Center. The microfabrication facilities are housed in a 1600 square 

foot cleanroom. The facilities and processing capabilities include wet benchs, optical, 

holographic and electron beam lithography, electron cyclotron resonance reactive ion 

etching (ECR-RIE), electron beam evaporator, rapid thermal annealing, and wire 

bonding. 

Our typical laser fabrication processes consist of the following steps. Top contact 

and alignment mark definition, ridge defmition, spoiling groove, grating fabrication, 

lapping, bottom contact, and annealing. In this chapter each processing step is described 

following their usual order in device fabrication. 

3.1 Wafer Structure 

The wafers used for device fabrication came from several sources. Most of them 

were obtained from our industry sponsor, OptoPower Corporation. The wavelength of 

these wafers range from 930 to 990 nm. We also designed several wafer structures and 
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had them commercially grown by Epitaxial Products International (EPI). The laser 

structures from both OptoPower and EPI are grown on 2" GaAs substrate by Metal 

Organic Chemical Vapor Deposition (MOCVD), which is also known as Metal Organic 

Vapor Phase Epitaxy (MOVPE).^® This growth technology allows growing very thin 

layer and abrupt transitions between different layers with high uniformity and thickness 

control, which is required for growing very fine structures such as quantum well. 

The OptoPower wafers consist of a strained single quantum well (SQW) 

InGaAs/GaAs with graded-index separate confinement heterostructure (GRINSCH) 

structure. The GRINSCH was usually used in quantum well structures to increase the 

confinement of the lasing mode to the active layer. The detailed layer structure of 

OptoPower wafer is not disclosed here for proprietary reasons. 

The EPI wafer includs a strained three quantum well (MQW) InGaAs/GaAs 

GRINSCH structure. A well-designed MQW structure generally has a lower threshold 

and somewhat higher differential quantum efficiency than SQW.^^ From substrate side, 

the epitaxial laser structure of EPI wafer starts with a 1.5 |im thick AlxGai.xAs (x=60%) 

cladding layer. The cladding layer is doped with silicon to have an n-type doping with 

concentration greater than 5 x lO'^ cm'^. Following the cladding layer is a 0.12 |im thick 

AlxGai-xAs (x=60%-2S%) graded index optical confinement layer. The graded section is 

followed by the active layer, which consists of three 60 A thick InGaAs quantum wells 

and 200 A thick GaAs barriers. Following the active layer is another 0.12 ^m thick 

AlxGai-xAs (x=25%-60%) GRIN optical confinement layer. The two GRIN layers and the 

active layer were not doped. After the GRIN layer is a 0.3 ^m thick AlxGa^xAs (x=60%) 
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cladding layer. This cladding layer is doped with zinc with a doping concentration greater 

than 5 X cm'^. Following the cladding layer is a 100 A thick GaAs layer, which 

serves as an etch-stopping layer. Following is a 0.9 urn thick AlxGauxAs (x=60%) 

cladding layer. The etch-stop layer and cladding layer are also doped with zinc. This 

doping structure is used to prevent recombination in the etch-stop layer and to provide a 

low threshold device.^" Finally is a 0.2 |im thick GaAs cap layer, which is highly doped 

with zinc to have a doping concentration greater than 2 x 10^' cm'^. The high doping 

concentration is required to form a low resistance ohmic contact. A schematic illustration 

of the laser structure and a calculated electric field mode solution supported by the 

structure is shown in Figure 3.1. 
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Figure 3.1 Laser structure of the EPI wafer (bottom) and the calculated TEO mode 
solution. 

3.2 Top Contact and Alignment Mailcs 

The first step in the device fabrication is the definition of top contact and 

alignment marks. The top contact here is a sequence of thin metal films deposited on the 

top of the p-GaAs cap layer. It allows for current injection into the active layer. The top 

contact controls the current distribution through the shape of the contact. It is therefore 

very important to accurately transfer the contact patterns from photomask to reflect the 

original design. During this first step, the alignment marks also need to be defined. They 
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provide a series of reference points and directions to allow accurate positioning and 

aligning during the subsequent lithography steps. 

During our device fabrication, the top contact and alignment marks were defined 

by an image reversal process using AZ5214E photoresist'^ and liftoff. 

3.2.1 Image Reversal 

First, the sample was thoroughly cleaned in acetone, isopropanol and rinsed in DI 

water. After cleaning, a thin film of AZ5214E phototresist was spun onto the sample at 

4500 RPM for 40 seconds. The spinning resulted in a film thickness around 1 um. The 

sample was soft-baked at 100 °C for 50 seconds on a hotplate. The purpose of the soft 

baking is to evaporate most of the solvents. The sample was then patterned using a light 

field mask. In a light field mask, also known as a clear field mask, features are covered 

with chrome and are therefore opaque to UV light, all other areas are clear and 

transparent. During this patterning, the exposure time was 5 seconds at the UV power 

density of 14 mW/cm^. After this first exposure, the sample was baked at 115 "C for 1 

minute on a hotplate. The stability of the temperature during this baking was very critical 

and temperature fluctuation should be avoided. After baking, the sample was flood 

exposed with UV light for 15 seconds. No mask was used during the flood exposure. The 

first exposure and the baking caused a change in the property of photoresist. Normally 

AZ5214E is a positive photoresist, i.e., the exposed photoresist will be cleared away 

during developing process. However in our process, the baking caused the photoresist 

exposed during the first exposure to change its property and become negative. The 
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photoresist unexposed during the first exposure did not change its property after baldng 

and remained positive, though response to UV light was reduced. During the flood 

exposure, the entire photoresist was exposed. Therefore the part exposed during the first 

exposure would stay after developing process because it was negative, and the part 

unexposed during the first exposure would be cleared away. This process is known as 

image reversal because its overall effect is like changing a positive photoresist to a 

negative one. Image reversal is used here because it has the advantage of creating 

undercut pattern that is required for the following liftoff process. This process is also 

environment fnendly because it does not use chlorobenze, which is usually required in 

other processes. After flood exposure, the sample was developed in an AZ400K 

developer for 30 seconds. A diluted 1 ;4 AZ400K : DI water was used to give high 

contrast. The sample was then hard-baked at 115 "C for 2 minutes on a hotplate. The 

purpose of the hard baking is to harden the photoresist and to increase the etching 

resistivity of the photoresist during the next process. 

3.2.2 p Metalization 

Prior to p-metalization, the sample had to be cleaned thoroughly to increase the 

adhesion between metal and semiconductor. After hard baking, the sample was plasma 

cleaned in an oxygen environment for 20 seconds to remove any residual photoresist in 

the opening area. It was then soaked in a 1:1 HCI;DI water for 30 seconds to remove any 

native oxide. The sample was then immediately put into a vacuum chamber for metal 

evaporation. The evaporation was done using an Edwards Auto-306 Electron Beam 
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Evaporator. The metal used for p-contact was 25 nm of titanium, 55 nm of platinum, and 

300 nm of gold. This Ti/Pt/Au combination is widely known as a good ohmic contact for 

highly doped p-type GaAs.^^ The initial titanium layer served as an intermediate layer to 

increase adhesion between metal and semiconductor. The platinum layer served as a 

barrier layer to prevent gold diffusion into semiconductor. The relatively thick layer of 

gold was required for wirebonding. 

3.2.3 Liftoff 

After metal evaporation, the sample was soaked in hot 1-Methyl 2-Pyrrolidinone 

(NMP) at 110 °C for 5 to 10 minutes. As photoresist was dissolved in NMP solution, the 

metal on top of it was "lifted off' from the surface of the sample. After the metal was 

lifted off, the sample was removed form NMP and sprayed with acetone to completely 

eliminate any excess loose metal. 

This liftoff process was optimized and found to be very reliable for the top contact 

definition. In fact it can be used for the definition of both large area and very fine 

structures (2-3 ^m). Figure 3.2 shows the SEM picture of a ridge contact before and after 

liftoff The fine features of the ridge and undercut pattern are clearly visible. 
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Figure 3.2 SEM micrograph of a ridge pattern before (left) and after (right) liftoff. 

After the liftoff process was completed, the thickness of the metal deposited was 

measured with a Tencer AlphaStep 500 Profiler. We found very good agreement between 

the measurement and the specified values. 

3.3 Ridge 'Definition and Grating Area Etching 

After the top contact definition, the second step in device fabrication is ridge 

definition and grating area etching. The ridge is defined by simply etching away part of 

the p-cladding layer on the two sides of the channel contact. As a result of the etching of 

the ridge, the refractive index on the sides is reduced and an optical index guiding in the 

lateral direction is created. 
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3.3.1 Requirement of Etch-Depth Control 

It is well known that the value of index difference is an important parameter in 

determining the waveguide property. If this value is too small, index guiding is weak and 

the optical mode can not be well confined. If the value is too large, index guiding 

becomes too strong and the ridge will support multiple lateral modes. A calculation 

showed an index difference value around 0.002 was suitable for our device design. 

During fabrication, this value was obtained by controlling the etch-depth. A calculated 

refractive index difference as a function of the etch-depth for the EPI wafer is shown in 

Figure 3.3. 
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Figure 3.3 Calculated refractive index difference as a function of etch-depth. 

From the figure we can see that index difference is a strong nonlinear function of the 

etch-depth. When the etch-depth is increased from 0 up to 0.8 micron, the refractive 

index changes very little and the difference is essentially zero. As etch-depth is increased 

further, the refractive index difference starts to increase almost exponentially. When we 

approach the desired index difference value of0.002 at an etch-depth around 1.1 the 

refractive index difference varies significantly as a function of the etch-depth. Therefore 

to ensure the design value of refractive index difference, an accurate control of the etch-

depth is required. 
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There is another reason for accurate etch-depth control. During the second step of 

device fabrication, part of the p-cladding layer in the grating area is etched away to 

position the Bragg grating closer to the active layer. This step is necessary to ensure 

interactions of the optical wave with the grating. The position of the grating is very 

critical. If it is too far away from the active layer, the interactions between grating and 

optical field will be too weak and the grating will have essentially no feedback and 

outcoupling effect. If the grating is too close to active layer, the interactions will be too 

strong, which is not good for device performance either. When the grating is positioned 

closer to the active layer, the coupling loss between the gain section and the grating 

section also increases. Generally the position of the grating relative to the active layer is 

from 0.3 to 0.5 |im, depending on the epitaxial structure and the application. For our 

device design, we found the optimal etch-depth for ridge and grating position is very 

close. Therefore ridge definition and grating area etching was done in the same step. 

3.3.2 Dry Etching and Wet Etching 

The accurate control of etch-depth was accomplished by including an etch-stop 

layer in wafer structure during the epitaxial growth and utilizing a combination of both 

dry and wet etching. Generally dry etching is preferred to wet etching in defining fine 

structures such as a ridge pattern as it provides an anisotropic etching profile, i.e., the 

etching occurs mainly in one direction. This etching can produce very sharp and vertical 

sidewalls with no overcutting or undercutting. However, dry etching alone can not be 

used to achieve the required etch-depth accurately. The reason is two folds. First, the 
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etch-rate of dry etching can not be controlled very precisely because of the fluctuation of 

certain etching parameters. The system we used has an etch-rate fluctuation about 10%. 

Therefore, for a targeted etch-depth of 1.1 iim, the actual etch-depth may have up to 100 

nm variation, which is unacceptable for our device design. Second, the etching recipe we 

use etches both AlGaAs and GaAs, and the etch-rate is similar for the two materials. For 

these reasons we can not rely on the GaAs layer to stop the dry etching. Instead, 

additional wet etching is used to control the etch-depth. Wet etching is generally an 

isotropic process, i.e., the etching occurs in nearly all directions. Though the etch-rate 

may vary slightly in different directions depending upon the crystallographic structure. 

Wet etching usually results in undercutting, which is not acceptable for defining fine 

patterns. However, wet etching is a highly selective process, i.e., the etch-rate can change 

significantly among different materials. We can use this property to include an etch-stop 

layer to control the etch-depth perfectly. 

First, the sample was patterned using standard optical lithography. Photoresist 

Shipley 1813 was used as a mask for etching. The sample was dry etched in an Oxford 

Plasmalab System 100 electron-cyclotron resonant reactive ion etch (ECR-RIE) system 

equipped with an Astex microwave generator. The etching was done in a chlorine, 

methane and argon environment,^ with an RF power of 100 W and a microwave power 

of SOO W. The target etch-depth for this process is approximately 100 to 200 nm above 

the GaAs etch-stop layer. 

After dry etching, the sample was wet etched in a hot buffered oxide etchant 

(BOE) and hydrofluoric acid (HF) solution. The BOE and HF ratio was 5 to 1 and the 
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etching temperature was set at 100 °C. Under these conditions, the etch-rate for 

Alo.6Gao.4As was about 0.1 |am per 10 seconds. The BOE.HF resulted in negligible 

etching of GaAs. The wet etching time was usually set around 30 seconds to ensure 

complete removal of AlGaAs cladding above the GaAs etch-stop layer and at the same 

time not to cause excessive undercutting. After wet etching was finished, the sample was 

soaked in acetone to remove photoresist and cleaned. 

3.4 Spoiling Groove 

After ridge defmition and grating area etching were completed, spoiling grooves 

were defined. The purpose of the spoiling grooves is to prevent most of the feedback 

firom the tapered end to reach the ridge end and thus cause multimode operation. Without 

it, the device would lase in several lateral modes just like a regular broad area laser. 

During device fabrication, the spoiling grooves were realized by etching two triangular 

shape grooves on the two sides of the ridge contact, positioned close to the taper input. 

The distance between the closest apexes of the two triangles determined an aperture, 

through which optical wave could pass through without attenuation. Outside this aperture 

optical wave travelling in both directions would be strongly scattered and attenuated. So 

the two spoiling grooves served as a spatial filter in the form of an aperture. The aperture 

size was between 10 to 20 ^m. This value was chosen to be small enough to serve as an 

effective aperture and at the same time not too small to disturb the optical wave travelling 

inside the ridge waveguide. To prevent optical wave going through outside the aperture, 
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the spoiling grooves should be etched deep well below the active layer. The etching could 

be done either by dry etching or by wet etching. The dry etching has the advantage of 

accurately transferring the mask pattern because of its high anisotropic etching. This 

process is however time consuming. The wet etching has just opposite characteristic. 

With proper etchant, deep etching can be done fairly quickly using wet etching. However, 

the isotropic etching property of wet etching tends to result in overcutting or undercutting 

depending upon crystal orientation, which might be a problem in some cases. For our 

devices, both methods have been used to etch the spoiling grooves. Both seemed to work 

just well, and we found little difference on their effects on device performance. The 

recipe for dry etching is the same as the one described before. A five to six minutes dry 

etching was usually required to have the desired etch-depth. For the wet etching, we used 

H2S04:H202:H20 (1 :8:80) as etchant. This solution was effective for both GaAs and 

AlGaAs with little difference of etch-rate for the two materials. With etch-rate around 0.6 

|am per minute, the sample was usually wet etched for about three minutes to have the 

desired etch-depth. A SEM micrograph of a ridge with spoiling grooves etched is shown 

in Figure 3.4. 
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Figure 3. 4 SEM micrograph of a top view of a ridge and spoiling grooves. 

3.5 Grating Fabrication 

Grating fabrication is one of the most important processing steps for our lasers. 

Device performance is strongly related to the grating quality. Poor quality grating will 

increase the lasing threshold and decrease external quantum efficiency. In addition, it will 

degrade the beam quality. We need to be able to fabricate high quality gratings, which is 

a very challenging task. 



In this section, a brief description of the theory of grating design is first presented. 

Then the equipment used for grating fabrication is described. Finally the procedure for 

grating pattern generation and etching are discussed in detail. 

3.5.1 Theory of Grating Coupling 

The theory of grating coupled surface emission has been investigated by many 

authors.''*'Here only a brief discussion of the grating coupling is presented. In 

grating coupled surface emitting lasers, feedback and surface outcoupling is obtained 

from different diffraction orders of a Bragg grating. For an input beam propagating into a 

surface relief grating, the diffraction angle of the q"* order 6^, is given by the following 

equation:^ 

K  
Wjsm^j  (3 .5 .1)  

In equation (3.5.1), 0^ is measured fi-om the surface normal, is the effective 

refractive index of the grating section, is the refi'active index of the medium into 

which diffracted beam goes. Aq is the optical wavelength in vacuum, and A is the period 

of the grating. Feedback happens when the diffraction angle equals to -90°. Substituting 

this value into equation (3 .5.1), we have; 
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where is a negative integer. The absolute value of q is defined as the grating order. 

We notice for first order grating, only one diffraction order exists, which is responsible 

for providing feedback. For second order grating, there are two diffraction orders. The 

second order diffraction provides the feedback, and the first order diffraction provides 

surface outcoupling. It should be noted here that there are two first order diffraction 

beams, one goes to the air and the other goes to the substrate. The diffraction beam 

radiating into the substrate is scattered and must be considered as a loss for surface 

outcoupling. Two methods can be used to reduce this loss. One approach is to incorporate 

a multi layer DBR reflector on the substrate side to redirect the beam into the air.'*' The 

position of the substrate reflector must be located precisely to ensure coherent addition of 

the redirected beam and the beam radiated into the air. The other approach is to use 

blazed grating to increase the diffraction efficiency of the surface emitting beam.^°'®' 

For simplicity during fabrication, one single section second order grating can be 

used to provide both feedback and surface outcoupling. However sometimes it's better to 

separate the outcoupling part from the feedback part. In this case, a first order grating is 

used to provide feedback and a detuned second order grating is used to provide surface 

outcoupling. In a detuned second order grating, the period of grating is slightly reduced to 

obtain negative detuning to eliminate the feedback and to increase surface outcoupling 

efficiency.^ Only the first order diffraction occurs for outcoupling. 

For second order gratings, the intensity of different dif&action orders is a function 

of several grating parameters. The most important ones are the grating duty cycle and 

grating depth, as reported by Hardy et al.^^ Here the grating duty cycle is defined by the 
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ratio of the tooth width (unetched part) over the grating period. Shown below in Figure 

3 .5 is a calculated efficiency of different diffi'action orders for a rectangular grating as a 

function of grating duty cycle; 
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Figure 3.5 Ratio of different diffraction orders as function of the grating duty cycle (from 
A.HardyRef[83]). 

When the grating duty cycle () increases, the reflection increases and the 

transmission decreases. The surface outcoupling efficiency experiences a increasing first 

and then a decreasing. For our device deign, low reflection and high outcoupling into the 

air is required, this can be accomplished by a value around 0.4. The efficiency of 
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diffraction orders also depends on the grating depth. As reported in Hardy's work, an 

etch-depth around 120 nm is suitable to provide high surface outcoupling and low 

reflection. 

3.5.2 Electron Beam Lithography (EBL) 

The resolution of any optical lithography system is limited by the diffraction of 

the optical beam used in exposure. Generally the finest feature that can be reliably 

produced is comparable to the optical wavelength. For the common I-line UV system, 

this value is around SOOnm. For lasing wavelength in 980 nm regime, the nominal period 

of first order and second order grating are 150 nm and 300 nm, respectively. This fine 

feature is therefore beyond the capability of conventional optical lithography. Instead, 

electron beam lithography (EBL), which has a much shorter wavelength than UV light, 

may be used to generate the fine grating pattern. Resolution of a few tens of nanometer is 

commonly achievable in EBL system. In addition, EBL utilizes a direct writing process 

and requires no mask, therefore it is very flexible. We can generate almost any pattern 

without first designing a mask. However, this process is time consuming and is not 

appropriate for large volume production. 

Our EBL system is a modified JEOL 6400 scanning electron microscope (SEM) 

equipped with a beam blanking unit and a Nanometer Pattern Generation System 

(NPGS), which is used to design and write grating patterns.^ 
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3.5.2 Nanometer Pattern Generation System (NPGS) 

Nanometer Pattern Generation System (NPGS) is a system package developed by 

J. C. Nabity Lithography Systems®' to assist grating writing on JEOL 6000 series SEMs. 

Grating patterns are generated in DesignCAD, a commercially available 2-D graphic 

design package. It allows users to program in a simple language, BasicCAD, to aeate 

complex 2-D patterns. The pattern designed in DesignCAD is saved in a file, which is 

read by NPGS during actual grating writing. Prior to grating writing, a run file is 

generated in NPGS to allow user to specify important parameters such as magnification, 

beam current, center-to-center spacing, line spacing, and dose. These parameters affect 

the grating quality in different ways. Lower beam current can achieve smaller spot size 

and increase resolution. However, lower current also results in a longer writing time. For 

ZEP-520 resist, beam current of 10 and 50 pA is used to write first order and second 

order grating, respectively. Center-to-center spacing, line spacing and dose are chosen 

carefully to aeate different grating profiles. During the e-beam writing, grating with 

different duty-cycle was created by using different center-to-center, line spacing and dose 

combinations. A SEM picture of the top view of two gratings Avith different duty cycle is 

shown in Figure 3.6. 
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Figure 3.6 SEM picture of gratings with different duty cycles. 

In Figure 3. 7 the black part is the etched region. The grating shown on the left side has a 

duty cycle around 40%, which is suitable to provide low reflection and high surface 

outcoupling efficiency, while the grating shown on the right has a larger duty cycle, 

which is used to provide high reflection. 
' 

3.5.3 Grating Pattern Writing 

The resist used in grating writing is ZEP-520 produced by Nippon Zeon 

Corporation. It is a high-resolution, high sensitivity electron beam resist. 

First, the sample was thoroughly cleaned and baked for 5 minutes on a hotplate. 

After baking, a thin film of ZEP-520 was spun onto the sample at 4500 RPM for 40 

seconds. The ZEP-520 was diluted in two parts of chlorobenzene to reduce the film 

thickness. The spinning resulted in a film thickness around 100 nm. Thin film is 

beneficial for producing fine features. The sample was then baked at 170 °C for 5 to 10 

minutes to remove excess moisture and ready for electron beam writing. 
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Prior to e-beam writing, the SEM was warmed up for about one hour to stabilize 

the electron beam. Careful adjustment was performed on the SEM to obtain the smallest 

spot size possible. This step was of paramoupt importance for achieving high resolution 

during grating writing. The sample was then loaded into the SEM chamber for grating 

writing. Writing a single second order grating usually took 15 to 20 minutes. 

After the grating writing was completed, the sample was developed in a pure p

xylene solution for 60 seconds and rinsed in IP A prior to etching. 

3.5.3 Grating Etching 

The grating was dry-etched in the ECR reaction ion etcher using the same recipe 

as used in· previous section for ridge definition and grating area etching. A SEM 

micrograph of the etching profile is shown in Figure 3.7. 

Figure 3. 7 SEM picture of grating profiles after dry etching. 
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The etching profile was very good, with sharp, vertical sidewalls. The resulted 

grating was uniform and of high quality. The etch-depth of about 120 to 140 nm is 

achieved, which is very close to the optimum value. 

3.6 Indium Tin Oxide (iTO) 

Indium tin oxide (ITO) is deposited on top of the grating section serving as a 

transparent electrode in lasers that incorporate dynamic functionality such as wavelength 

tuning and beam steering. The ITO deposition was conducted by the Thin Film Group at 

the Optical Sciences Center. After the grating fabrication was completed, a thin film of 

ITO with nominal thickness of 0.2 |im was sputtered onto the sample using a Perkin 

Elmer 2400 RF Sputtering System. The target used for ITO deposition consisted of 90% 

InjOa and 10% SnOs. 

After ITO deposition, the sample was patterned using Shipley 1813 photoresist 

and standard optical lithography. The sample was then etched in 12M HCI for SO 

seconds. The etching removed all ITO that was not covered by photoresist. The sample 

was then soaked in acetone to remove all remaining photoresist, leaving a thin film of 

ITO on top of the grating section. 
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3.7 Back Contact 

After the grating fabrication was completed or ITO process was finished, the 

sample was ready for back contact. Prior to back contact formation, the sample was 

thinned by lapping. 

3.7.1 Wafer Lapping 

The wafers used for laser fabrication have a large thickness of 300 to 400 |im. 

They need to be thinned to facilitate the cleaving and to improve the heat sinking 

capability after the device fabrication is almost finished. Thinning could be done either 

chemically or mechanically. During our device fabrication a mechanical lapping was 

used to thin the entire sample to a thickness of about 100 tim, prior to the back 

metalization. The sample was lapped using 600 grit polishing paper in a South Bay 

Technology Model 920 Lapping and Polishing Machine. The lapping of one sample took 

about 10 minutes. After the lapping, the sample became very fragile and had to be 

handled with great care. 

3.7.2 n Metalization 

After lapping the sample was cleaned with acetone, rinsed, and put into the 

electron beam evaporator for evaporation. The metal used for n-contact was 25 nm of 

nickel, 55 nm of germanium, and 80 nm of gold. The Ni/Ge/Au combination has been 
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widely used for n-type GaAs to create ohmic contact.^® The nickel layer served as an 

intermediate layer to increase adhesion between metal and semiconductor. 

3.7.3 Rapid Thermal Annealing 

After back metal was evaporated, the sample was annealed to form ohmic contact. 

The three metals would form such alloy as NiGe, NiAs, and AuGa during the thermal 

annealing. The annealing was done in a Heatpulse System 610 Rapid Thermal Annealer 

under H2 and N2 forming gas environment. First the temperature inside the RTA was 

ramped from room temperature up to 415 °C at 125 "C per second. Then the temperature 

was maintained at 415 for 20 seconds. Finally the temperature was reduced slowly 

back to ambient value. 

After annealing, the sample was first probe tested under pulsed operation to 

examine its performance. After probe testing, the sample was mounted on a gold plated 

copper heatsink using Indium or epoxy and devices with good initial results were 

wirebonded. The devices were then subjea to thorough testing under pulsed and CW 

operation. 

The top view of a completed batch of devices is shown in Figure 3.8. Features 

such as ridge, tapered gain section, grating and spoiling grooves are easily seen in this 

figure. Typically a processing batch contained 30 devices with different design for 

performance comparison. 
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Figure 3. 8 S~M picture of top view of completed devices. 
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4. RESULTS AND DISCUSSION 

All devices were tested thoroughly after fabrication at the Integrated Optics and 

Photonics Laboratory in the Optical Sciences Center. In the lab an optical table was setup 

specifically for semiconductor laser characterization. Characterization capabilities 

included light current characteristics, optical spectrum, and near and far field. Most 

testing instruments were connected via HPIB to a controlling computer, and 

characterizations were conducted automatically. A schematic illustration of the 

characterization setup is shown in Figure 4.1. 
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Figure 4.1 Schematic illustration of the whole setup for laser characterization. 
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In this chapter each characterization setup is first described in detail. Then the 

characterization results are discussed. 

4.1 Light Current Characteristic 

The light output power L versus the injected current I, known as the light current 

characteristic, is one of the most important characteristics that specifies semiconductor 

laser performance. Semiconductor laser characterization usually starts with measurement 

of L-I curve under different driving conditions. 

4.1.1 L-i Curve Characterization Setup 

Devices under test were put on a 1" by 1" copper plate. An internal temperature 

sensitive resistor was used as a temperature measurement device. The copper plate was 

positioned on top of a Melcor thermal-electric cooler. The cooler was put on top of a 

large aluminum block. Area of the copper plate and aluminum block in contact with the 

TE cooler were well polished and pasted with a thin film of thermal grease to reduce 

thermal resistance. The aluminum block was in good thermal contact with the optical 

table. Together they served as a large thermal reservoir. The cooler was connected to a 

temperature controller unit in an ILX LDC-3742B laser driver. The whole setup was to 

provide a temperature-stabilized platform on which devices could be tested. 

Devices are tested under both pulsed and continuous wave (CW) operation. An 

ILX LDP 3840 precision pulse current source is used for pulsed operation. The output 
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from the current source is conditioned by a RC circuit to provide a "clean" pulse. This 

step is necessary to alleviate overshooting which may cause damage to devices. An BLX 

LDC-3742B current source is used for CW operation. Voltage drop across a small 

resistor in series with device under testing is connected to an oscilloscope. This provides 

monitoring of pulse shape as well as a check of the current through devices. 

A Labsphere power meter measures the output light power. The power meter 

consists of a silicon detector embedded in a 4" integrating sphere and a controller. 

Integrating sphere is particularly suitable for measuring laser power. The Lapsphere 

power meter is calibrated for wavelength from 400 nm to 1100 nm in a 25 nm step. 

The current sources and the power meter are connected via HP® cables to a 

controlling computer. The computer is equipped with Labview, a software package 

widely used for instrument control. A custom virtual instrument (VI) is written in 

Labview to automate the L-I characterization. Parameters such as initial and final current, 

current step, duty cycle, pulse width, and wavelength can be entered through computer. 

Data collected is written into a text file and is used for further analysis. 

4.1.2 Results 

Edge-emitting tapered lasers were first fabricated to optimize fabrication process 

and prove the concept of the device design. The fabrication process is similar to that 

described for surface-emitting lasers, except the part of grating fabrication is not required. 

The device is cleaved on both ends to form an unstable resonator. The output power from 
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the tapered end is collected for measuring the light current characteristic. A typical L-I 

curve of the edge-emitting laser is shown in Figure 4.2. 
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Figure 4.2 L-I curve of a typical edge-emitting tapered cavity unstable resonator laser 
under pulsed operation for different temperature. 

The device was probe tested at room temperature under pulsed operation. The 

pulse width was S |is and the duty cycle was 10%. The device had a threshold current of 

290 mA, corresponding to a threshold current density of 150 A/cm^. The external 

differential quantum efficiency from the tapered end was about 35%. The device had a 

maximum power of 320mW at 1A current, which was the limit of the pulse current 
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source. The efficiency and output power from the tapered end can be further increased by 

applying HR coating on the ridge end and low reflectivity coating on the tapered end. The 

device showed no sign of degradation, which meant higher power was available at higher 

injection current. 

After realization of good edge-emitting devices, we focused our work on surface-

emitting lasers. This was a more difficult task. The requirement of well-defined grating is 

very demanding. In addition, there is another problem facing grating coupled surface 

emitting lasers. Because the grating section has the same epitaxial structure as the gain 

section, optical wave is strongly absorbed in the grating passive section. However, as the 

optical power increases, the absorption in passive section decreases. Therefore, the 

grating section functions as a saturable absorber. To investigate the effect of the passive 

section on laser performance, we have tested some edge emitting lasers with different 

length of passive section. The device under test was a FP broad area laser. It was first 

cleaved to have some passive section on one end, and the L-I curve and spectrum was 

measured. Then the passive section was cleaved off and the device was tested again. A 

comparison of the L-I curve of a device with and without passive section is shown in 

Figure 4.3. 
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Figure 4.3 L-I curve of a broad area FP laser with no passive section and with 500 |im 
passive section. 

Lasers without passive section showed a typical linear L-I curve of diode lasers. 

The threshold current was around 200 mA and the external quantum efficiency was 42% 

from a single facet. Lasers with passive section had a much higher threshold, at around 

750 mA. The passive section length was 500 ^m. The high threshold current was 

expected and attributed to the initial high loss in the passive section. When the current 

was increased above the threshold, the output power and slope efficiency increased 

rapidly during a small current range. This phenomenon resembled that from a Q-switched 

laser. The dramatic increasing of the output power indicated that the loss in the passive 
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section was reduced significantly, which was due to the saturation of loss as the optical 

power increased within the passive section. The final external quantum efficiency of the 

laser was 38%, only slightly smaller than the value of laser with no passive section. This 

showed that the loss in the passive section was indeed saturated and had a small value. In 

addition, the lasing spectrum of the device with passive section was red shifted compared 

to that of the device without passive section. This can be explained by the fact that loss is 

lower on the longer wavelength side. The wavelength red shift was about 10 nm. 

In grating coupled surface emitting lasers, the same principle of saturable 

absorption described above applies. However the grating length we used is usually less 

than 500 iim and distributed feedback means even shorter effective passive section 

length. Therefore we expect the increase of threshold current will not be as much as the 

one shoAvn above. Still the effect of saturable absorption in the passive section is to be 

considered. For our device design, we usually design the grating period so the lasing 

wavelength is red shifted respect to the gain peak to reduce the absorption loss. 

The light current characteristic of TCSELs improved as the processing steps were 

optimized and better material was used for fabrication. The evolution of the L-I 

characteristic could be divided into three generations. 

The first generation devices were made from an OptoPower wafer with SQW 

InGaAs/GaAs GRINSCH structure. A typical L-I curve of the first generation tapered 

cavity surface emitting lasers fabricated at the Optical Sciences Center is shown below in 

Figure 4.4. 
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Figure 4.4 L-I curve of a first generation TCSEL under pulsed operation for different 
temperature. 

The device was probe tested at room temperature under pulsed operation. The pulse 

width was S |is and the duty cycle was 1%. The device had a threshold current of 630 

mA, corresponding to a threshold current density of 310 A/cm^. The external differential 

quantum efficiency was about S%. The device had a maximum surface emitting power of 

20mW at IA current. There were several reasons for the low efficiency. First, the 

processing steps, especially the grating fabrication step, were not yet optimized. Second, 

the emission wavelength of the laser was blue-shifled as respect to the gain peak, which 

would introduce a large amount of loss in the passive section. This lasing wavelength 
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offset was due to the uncertainty on the material composition and refractive index 

calculation. Third, there were no high reflectivity (HR) coating on the ridge side to 

increase the output power from the grating side. 

After the results from the first-generation devices were analyzed, several changes 

were made to improve the device performance. Processing steps were reviewed and 

refined. Accurate characterization on material used for device fabrication was performed. 

And HR coating was applied on ridge side to lower the threshold and to increase the 

external quantum efficiency. These steps improved device performance significantly. A 

typical L-I curve of a second-generation device is shown in Figure 4.5. 
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Figure 4.5 L-I curve of a second generation TCSEL with and without HR coating under 
pulsed operation. 

The device was first probe tested with the ridge side as cleaved (power reflectivity 

-30%). It had a threshold current of 480 mA, corresponding to a threshold current density 

of 189 A/cm^. The external quantum efficiency was 6.6%, slightly better than that of the 

first-generation. The device had a maximum surface emitting power of 45mW at 1A 

driving current. To increase the device efficiency, HR coating was applied on the cleaved 

end to achieve a reflectivity of 95%. Ailer HR coating, the threshold current reduced to 

390 mA, corresponding to a threshold current density of 154 A/cm^. The external 

quantum efficiency increased dramatically to 14.1%. A surface emitting power of 

1 lOmW was obtained at 1A driving current. No degradation of output power was 
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observed throughout the current change, which indicated that higher power was 

achievable at higher current. The results from the second-generation device showed that 

HR coating on ridge side was very important to increase external quantum efficiency. 

The first two generations of devices were fabricated from OptoPower wafers, 

which had a SQW GRINSCH laser structure without an etch-stop layer. The lack of etch-

stop layer made accurate positioning of the grating very difficult, which may affect the 

device performance. To alleviate this problem, a new batch of devices were fabricated 

from a different wafer. The third-generation devices were fabricated from an EPI wafer 

that was specifically designed for surface-emitting devices. It had a three quantum well 

GRINSCH laser structure and incorporated an etch-stop layer, which allowed accurate 

position of the grating. A typical L-I curve of a third-generation device under pulsed 

operation is shown in Figure 4.6. 
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Figure 4.6 L-I curve of a third generation TCSEL under pulsed operation with different 
duty cycles. 

The device was tested at room temperature under pulsed operation. The pulse-width was 

fixed at S ^s, and the duty-cycle was changed to investigate the thermal effect. The 

device had a threshold current of 500 mA, corresponding to a threshold current density of 

359 A/cm^. The external differential quantum efficiency was 29%. Output power of 160 

mW was obtained at a pump current of 1 A, which was the limit of the pulse current 

source. There was no sign of degradation, which indicated that higher power was possible 

at higher current. This significant increase in efficiency and power from the third 

generation lasers was attributed to optimized fabrication technology and better material 
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used for device fabrication. The laser performance under quasi-CW operation (10% duty 

cycle) degraded slightly from that under 1% duty cycle pulse operation, which was 

mainly attributed to the higher temperature. 

The device was then wirebonded and tested under CW operation with p-side up. 

The L-I curve of the device under CW operation is shown in Figure 4.7. 
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Figure 4.7 L-I curve of a third generation TCSEL under continuos wave (CW) operation. 

Under CW operation, the threshold current changed little from the value under pulse 

operation. This was expected because the thermal effect under CW operation was not 

significant near the threshold. However, the external differential quantum efficiency 
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reduced to 18%. And the device had an output power of200 mW at a pump current of 

1.45 A. The peak output power was limited by the thermal rollover as the injection 

current increased higher. The drop of the efficiency and power under CW compared to 

pulsed operation was also observed in other p-side up mounted broad-area lasers. The 

reason was mostly due to the large thermal effect under CW operation. Better packaging 

to reduce the thermal resistance should increase the device performance under CW 

operation. 

The external quantum efficiency of the third generation devices under pulsed 

operation is 29%, which is a very good result. However, improvements can still be made 

to increase the efficiency and the output power. There are several factors limiting the 

device efficiency. One is the absorption loss in the grating section. When beam 

propagates in the passive section, some power is absorbed along the path and lost. If this 

loss can be reduced, outcoupling efficiency will increase. One method to reduce the loss 

in passive section is using bandgap-engineering technology to selectively change the 

band structure in the grating section.^' By blue shifting the bandgap in the grating 

section, the absorption loss can be significantly reduced. Another factor limiting the 

surface emitting efficiency is the dif&action loss to the substrate. When the input beam is 

diffracted by second order grating, there are two first order diffraction beams. One goes 

up to the air and is the surface emitting beam. The other goes to the substrate and is 

scattered and lost there. The power diffracted into the substrate can be quite significant, 

as shown in section 3.S. 1. If this part of power can be reused, the surface emitting 

efficiency can be increased significantly. Two methods have been investigated to address 
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this problem. One approach is to incorporate a multi layer DBR reflector on the substrate 

side to redirect the beam into the air. The position of the substrate reflector must be 

located precisely to ensure coherent addition of the redirected beam and the beam 

radiated into the air. The other approach is to use blazed grating to suppress the 

diffraction efficiency of the beam going to the substrate and to increase the diffraction 

efficiency of the beam going to the air. 

4.2 Optical Spectrum Analysis 

Optical spectrum is an important characteristic for semiconductor lasers, 

especially for DBR lasers. From spectrum analysis, one can tell whether a laser is lasing 

in single longitudinal mode or multi mode. 

4.2.1 Optical Spectrum Characterization Setup 

The light emitted from device under testing was collected by a lens and coupled 

into a multimode fiber. The lens coupling was necessary to couple all the power into the 

fiber because emitting area of lasers were generally much larger than the size of the fiber 

(62.5 in diameter). The fiber was connected to a Hewlett Packard 71450B Optical 

Spectrum Analyzer (OSA). The OS A had a wavelength range from 600 to 1700 nm. The 

spectral resolution of the OSA was 0.08 nm. The spectrum analyzer was connected via 

HPIB to a computer. 
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4.2.2 Lasing Spectnim 

The lasing spectra of surface emitting lasers were taken under different currents 

and temperatures to investigate the effect of driving condition on longitudinal mode 

characteristics. Shown below in Figure 4.8 are typical optical spectra of TCSEL under 

different injection currents. The temperature was fixed at 20 °C. 
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Figure 4.8 Surface emitting spectra of TCSEL under different injection currents. 

The spectra are shown in log scale in figure 4.6. The device maintained stable single 

longitudinal mode operation throughout the current change. The lasing wavelength was 
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very stable for current from threshold up to 1 A, which was the limit of the pulse current 

source. No mode hopping was observed. The threshold current for the device under 

testing was about 400 mA. As we can see from the above figure, the side-mode 

suppression ratio (SMSR) of lasing spectrum increased very rapidly as the current 

increased above the threshold, then it increased slowly with current. When injection 

current was above 550 mA, the SMSR was over 40 dB. The high value of SMSR was a 

good indication that the grating was well defined and very effective. Measurement of the 

linewidth of the lasing spectra was limited by the resolution of the optical spectrum 

analyzer. 

Another important characteristic is the lasing wavelength as a function of the 

temperature. Shown below in Figure 4.9 are the lasing spectra of the device under 

different temperatures. The injection current was set at 1 A. 
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Figure 4.9 Surface emitting spectra of TCSEL under different temperatures. 

The lasing wavelength shifted to longer wavelength as temperature increased. For Fabry-

Perot lasers, the wavelength red-shifl is due to the red-shifl of the peak of gain spectrum, 

and the value is usually around 3 A/^C. For DBR lasers, the lasing wavelength A is 

determined by the grating period A and the effective refractive index n,^, 

A = —  
m 

where m is the order of feedback grating. When temperature changes, the grating period 

A changes little and the lasing wavelength change is mainly due to the change of the 
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effective refractive index . In fact the wavelength change dX is proportional to the 

effective refractive index change dn,^, which itself is proportional to the temperature 

c h a n g e  d T ;  

"•t "«r 

where Uj is the thermal index coefficient, v/hich has a value around 3 x 10"* K'V For our 

devices, the red-shift was 0.6 kfC, typical for DBR lasers. 

In conclusion, stable single longitudinal mode operation was achieved in TCSEL 

throughout a large range of current and temperature change. High side mode suppression 

ratio of more than 40 dB was demonstrated. 

4.3 Near and Far Field 

The light intensity distribution on the emitting area of a semiconductor laser is 

called near field pattern. For edge-emitting devices, it is the light intensity distribution on 

the output facet. For grating coupled surface emitting devices, it is the light intensity 

distribution on the surface of the output gratings. A uniform near field pattern is usually 

desirable. The light intensity distribution far away from a laser is called far field pattern. 

It is usually plotted as a light intensity versus the diverging angle. For a laser operating in 

single lateral mode, the far field (electric field) is proportional to the Fourier transform of 

the near field (electric field) and the divergence angle is equal to the diffraction-limited 

value. For a laser operating in multi lateral modes, the relation does not hold any more 
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and the resulted divergence angle is larger than diffraction-limited. Therefore by 

measuring the near field and far field pattern and divergence angle, one can tell whether a 

laser is operating in single lateral mode. 

4.3.1 Characterization Setup 

The setup was first designed for measuring near and far field of edge-emitting 

devices. It was later adjusted to also include surface-emitting device characterization. 

Measurement of near field was straightforward. The near field of the device under testing 

was imaged through a lens onto a Cohu 4915 2100 High Performance CCD camera. The 

CCD had an active size of 6.4 by 4.8 mm. Since the near field of the laser had a typical 

size of 200 |im, a magnification of 20 was usually used to enlarge it. The output from the 

CCD camera was connected to a SONY TV monitor and a computer. The computer was 

equipped with an image-grabbing card and Beam Analysis software from GTFS for 

image analysis. 

Measurement of the far field pattern was more complicated. For an edge emitting 

device, the electric field at the output facet had an curved phase in the lateral direction 

caused by diffraction in the tapered gain section. Therefore any directly recorded far field 

would have a very large divergence angle due to this phase curvature. To correctly 

measure the far field, the phase curvature should be removed. This could be done by 

using a cylindrical lens to collimate the output beam in the lateral direction. A different 

approach was used in our setup to measure the "corrected" far field and the divergence 

angle. The setup is shown in Figure 4.10. 



121 

Near Field 
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Figure 4.10 Schematic illustration of the setup for measuring near field and far field 
pattern. 

The measurement was done in two steps. First, the position of the lens was 

adjusted so the near field pattern was imaged on to the CCD camera. By measuring the 

distance from the lens to the device facet and the CCD camera, the magnification of the 

optical setup can be calculated; 

A/ = ^, (4.3.1) 

Then while keeping the position of the lens and the CCD camera, the laser was moved 

closer to the lens until a sharp image of a "virtual source" was obtained on the CCD 

camera. It could be shown that this image was proportional to the "corrected" far field. 

Suppose the movement of the laser was A/ and the full width half maximum (FWHM) of 
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the obtained image was , it could be proved that the FWHM divergence angle of 

the "corrected" far field was given by, 

^measure = ^ (4-3.2) 

During experiment, it was very difficult to move laser when it was under testing. Instead, 

the laser and the CCD camera was kept in place and the lens was moved closer to the 

laser to acquire the virtual source image. This turned out to introduce very little 

difference compared to moving the laser, and the formula (4.3.2) could be safely used for 

calculating the divergence angle. The measured divergence angle was then compared to 

the theoretical value to determine whether the output beam was diffi-action-limited. 

4.3.2 Near and Far Field from Edge-Emitting Lasers 

The near and far field of edge emitting tapered cavity lasers is measured using the 

setup described above. A typical near field and corrected far field fi-om an edge emitting 

device is shown in Figure 4.11. 



Figure 4.11 Near field pattern (left) and corrected far field pattern (right) of an edge 
emitting tapered cavity laser. 

In Figure 4.11, the horizontal axis is in the lateral direction of the laser and the 
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vertical axis is in the transverse direction. As shown on the left, the near field is uniform 

across the l~teral dimension of about 200 Jlm. The corrected far field, shown on the right, 

has a single lobe lateral profile. Experimental results showed that the device was 

operating in single lateral mode. However, because of the large difference of near field 

beam size in two directions and the astigmatism, it's very difficult to couple the output 

beam into a fiber. This shortcoming will be overcome in the surface emitting tapered 

cavity laser. 

4.3.3 Near and Far Field from Surfacee-Emitting Lasers 

The near filed pattern of a TCSEL device under CW operation at current under 

and above threshold is shown in Figure 4.12. The device had a curved second order 

grating to provide feedback and collimated surface outcoupling. 



124 

Figure 4.12 Near field pattern under threshold (left) and above threshold (right). 

In figure 4. 12, the tapered gain section was on the right side of the grating. So the beam 

propagated from the right to the left. When injection current was below threshold, only 

spontaneous emission was outcoupled from the grating. The intensity of the spontaneous 

emission was weak and it decreased as the beam propagated further into the grating 

section. The decreasing was due to the loss in the grating passive section. When the 

current was increased above the threshold, the near field became very bright. The 

intensity distribution was quite uniform along the lateral direction with some small 

spikes. Although the origin for these spikes was not entirely clear at this time, it's 

believed that the irregularity on the grating surface was responsible. 

To better investigate the beam quality of the device, the far field of the device was 

measured for different injection currents. The measurement was done by directly 

recording the beam intensity on the CCD camera located 200 mm away from the grating 

surface. This measurement setup did not correct any residual phase curvature that might 
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be present in the near field, so this method measured the "true" divergence-angle of the 

far field. The measured far-field patterns under CW operation at different currents are 

shown in Fig. 4.13. 

Figure 4.13• Far field pattern of the device under CW operation at different current. Left: I 
= 1.14 A (1.6 Ith); Right: I= 1.3 A (1.9 Ith). 

In figure 4. 13, the horizontal direction is in the longitudinal direction and the vertical 

direction is in the lateral direction. The device under testing had a threshold current 

around 700mA. When current was below 1.3 A (1.9 Ith), the far field had only one spot. 

As the current increased from the threshold up to 1.1 A ( 1. 6 Ith) the lateral divergence 

angle ofthe beam stayed below 0.25°(FWHM), which corresponded to 1.1 times 

diffraction-limited value for a 225 J.tm wide grating. As the current increased further, the 

lateral divergence angle increased slowly. The lateral divergence angle increased to 0.30° 

at 1.3 A, which corresponded to approximately 1.4 times diffraction limited. As the 

current increased beyond 1. 3 A, a second lobe started to appear in the lateral direction 
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and the far field did not maintain a single lobe. At this point, the device started to lase in 

muiti lateral modes. The divergence angle in the longitudinal direction remained around 

0.2°, very close to dif&action-limited. 

As the device had near dif&action-limited surface emitting beam, it also had good 

efficiency and high output power. The L-I curve of this device under CW operation was 

shown in Figure 4.14. 
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Figure 4.14 L-I curve of a TCSEL under CW operation with collimated near diffraction-
limited output beam. 

The device had an external quantum efficiency of 16%, which was quite good 

considering under CW operation. The output power was 120 mW for the injection current 
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at 1.3 A, at which point the output beam was still near diffraction-limited. The efficiency 

and output power under CW operation can be further increased with better packaging and 

other methods described in the previous section. 

The evolution of the far field with injection current was very similar to the 

simulation result in section 2.7.3. From the simulation result, the current range within 

which a device with curved second order grating can maintain single lateral mode 

operation depends on the value of the antiguiding factor. The smaller this value is, the 

larger the current range is. It is well known that antiguiding factor is a function of lasing 

wavelength. The value increases as the lasing moves to longer wavelength. Therefore if 

the lasing wavelength can be blue shifted, instead of red shifted, respect to the gain peak, 

the antiguiding factor can be reduced and current range can be increased for single lateral 

mode operation. Since absorption loss will increase substantially in the passive section 

for shorter lasing wavelength and therefore decrease device efficiency, direct blue shift is 

not suitable. However, if one use the bandgap engineering technology described in the 

previous section, the loss in the passive section can be significantly reduced. Then 

wavelength blue shifting can be used to reduce the antiguiding factor in the gain section, 

which will increase the current range for single lateral mode operation. 

For applications that don't require collimated normal surface emitting beam, 

another approach may be more suitable. A short linear first order grating is used to 

provide feedback and a detuned second order grating is used to provide surface emission. 

Because the feedback and outcoupling function is separated, they can be optimized 

independently. The linear first order grating is good to obtain stable single later mode 
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operation. And the second order grating can be used to achieve different outcoupling 

function such as focusing, collimating, and even spots array generation. 

4.4 Wavelength Tuning and Beam Steering 

Wavelength tunability is a desirable feature in application like wavelength 

division multiplexing (WDM) communication.Traditionally, multi section DBR lasers 

are used to achieve wavelength tuning.^' Multiple epitaxial growth is usually required for 

these lasers, making their fabrication quite complex and expensive. During the course of 

this research, we used a new approach to achieve wavelength tuning. The grating section 

is coated with a thin film of ITO that is served as a transparent electrode. Wavelength 

tuning is achieved by current injection into the ITO coated grating section. Same layer 

structure is used for the gain and grating seaion, therefore no epitaxial regrowth is 

required, making the fabrication relatively simple. We also use the same principle to 

achieve beam steering, which is attractive for applications such as optical data storage, 

switching, and free space optical communication. 

In this section, the theory of wavelength tuning and beam steering is first 

presented and then the experimental results are discussed. 

4.4.1 Theory 

As discussed earlier, the lasing wavelength of a DBR laser is determined by the 

grating period A and the effective refractive index in the grating section: 
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2n.ffA 
 ̂= -A- (4-4.1) 

If the refractive index is changed by some methods, the lasing wavelength will also be 

changed. From equation (4.4.1), the shift of lasing wavelength dX is proportional to the 

change of refractive index dn^; 

dX = ^^l (4.4.2) 

Similarly beam steering is achieved using the same principle. The dif&action 

angle of the output beam is determined by grating period and the effective refractive 

index in the grating section. For a second order grating, the diffraction angle measured 

from the surface normal is given by: 

sin0^=n.^-^, (4.4.3) 

When effective refractive index is changed, the diffraction angle will also be changed. 

From equation (4.4.3), the beam steering angle dO is calculated using the following 

equation. 

dd =— ( 4 . 4 . 4 )  
COS0J 

Usually the outcoupling beam is close to the surface normal, then equation (4.4.4) can be 

simplified as; 

(4.4.5) 

From equation (4.4.2) and (4.4.S), we notice that both the wavelength shift and 

beam steering angle are proportional to the change of refractive index. During 
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experiment, the change of refractive index is accomplished by injecting current into 

grating section through a thin film of ITO served as a transparent electrode. Several 

mechanisms are accountable for refractive index change. They can be divided into two 

categories; thermal effect and carrier effect. The thermal effect causes the refractive 

index to increase at higher temperature. The index change is almost a linear function of 

the temperature. Typical thermal coefficient of refractive index change for GaAs is 

around 3 x 10"^ The carrier effect includes the bandfilling, also known as Burstein-

Moss effect,'^ and the free carrier plasma effect.''* Both cause the refractive index to 

decrease at higher carrier concentration. Therefore the thermal effect and carrier effect on 

refractive index is opposite in sign. Which effect dominating in a laser depends upon the 

device structure and ITO property. 

4.4.2 Wavelength Tuning Result 

Wavelength tuning was demonstrated on surface emitting devices with pure 

second order gratings. A single second order grating was used to provide both feedback 

and outcoupling to prevent beam steering while achieving wavelength tuning. The grating 

section was covered with a thin film of ITO to allow current injection. The device was 

tested with two probes. The gain section was driven by a pulse current source, and the 

grating section was driven by a CW current source. The surface-emitting spectrum was 

measured at different ITO tuning currents while keeping the injection current of the gain 

section constant. The lasing spectrum shifted to the longer wavelength as the tuning 
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current was increased. The measured wavelength shift as a function of the tuning current 

is shown below in Figure 4.15. 
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Figure 4. IS Wavelength shift as a function of the ITO tuning current. 

The red-shift of lasing wavelength meant that the refractive index increased as 

more carrier was injected. The increasing of refractive index suggested that the main 

tuning mechanism in this device was the thermal effect. The wavelength shift was almost 

a linear function of the injection current. A wavelength shift of 1 nanometer was obtained 

at ITO current of SS mA, at which point ftuther increase of the tuning current was 

stopped to avoid damage to the ITO. From the wavelength shift value, the change of 
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refractive index can be calculated. The estimated dn^ value was about 3.5x10'^ for ITO 

current at 55 mA. The device maintained single longitudinal mode operation through the 

wavelength tuning. And the output power was found to be almost independent of the 

tuning current, which was a desirable property for actual applications. 

4.4.3 Beam Steering Result 

Beam steering was demonstrated on surface emitting devices with two grating 

sections. A short first order grating was used to provide feedback and a detuned second 

order grating was used to provide surface outcoupling. The second order grating was 

covered with ITO to allow current injection. The first order grating was kept undisturbed 

to prevent wavelength tuning during the experiment. As in the wavelength tuning 

experiment, the device was tested with two probes, a pulsed current source for the gain 

section and a CW current source for the ITO covered detuned second order grating 

section. Beam steering was measured by recording the far field of the output beam on a 

CCD camera. The camera was kept in place when the ITO current was increased. The 

recorded far field patterns at different ITO currents were then compared to each other to 

determine the direction and magnitude of beam steering. A comparison of the far field 

patterns at two currents is shown below in Figure 4.16. 
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Figure 4.16 Beam steering result: far field pattern at two different ITO currents. 

In Figure 4 .16, the horizontal direction is in the lateral direction and the vertical direction 

is in the longitudinal direction. The gain section is on the bottom side. The ITO current 

was 0 rnA for the left side pattern and 50 rnA for the right side pattern, respectively. The 

beam steering is apparent. The direction of the beam steering with increasing current is to 

the top side, i.e., further away from the gain section. From this beam steering direction, 

we concluded that the refractive index increased as the current was increased. The beam 

steering angle was 0.2 degree when the ITO current was 50 rnA. From the beam steering 

angle, the change of refractive index can be calculated using equation ( 4. 4. 5). The 

estimated dneff value was about 3.5 x 10·3 for ITO current at 50 rnA. Therefore, both the 

sign and magnitude of the refractive index change was the same as that in the wavelength 

tuning experiment. This verified our expectation that the same thermal effect was the 

dominant factor responsible for refractive index change in both experiments. Again, the 

output power was found almost independent of ITO current. 
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The range of wavelength tuning and beam steering is limited by the magnitude of 

refractive index change, which during these experiments is around 3.5 x 10'^. I believe 

this value can be significantly increased by optimizing the fabrication process. Now the 

ITO is deposited directly on the AlGaAs cladding layer, which has a relatively small 

doping concentration. Therefore the contact between ITO and the cladding layer is not 

good, making the carrier injection localized and non-uniform across the grating section, 

which will reduce the carrier effect. Better ITO deposition and annealing should alleviate 

this problem and increase the refractive index change and therefore increase the range of 

wavelength tuning and beam steering. 
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5. CONCLUSIONS 

Tapered cavity surface emitting DBR lasers (TCSELs) were investigated both 

theoretically and experimentally. This laser design has key features including high output 

power, near diffraction-limited beam, low divergence angle, single longitudinal mode 

operation, and integration with dynamic functionality such as wavelength tuning and 

beam steering. These features make the laser attractive for such applications as pumping 

for EDFAs, Raman amplifiers, and for free space optical communications. 

A comprehensive semiconductor laser numerical modeling was developed to 

better understand the device physical behavior and to provide guidance for device design. 

Several important conclusions are drawn from the results of numerical simulations. The 

inclusion of the spoiling grooves is critical for single lateral mode operation. Both carrier-

induced antiguiding and thermal lensing cause a laser to operate in multimode under high 

current. Their effects should be minimized for high power single mode operation. Device 

with linear grating can operate in single lateral mode for a large current range. Curved 

grating is effective in collimating the output beam. However, it reduces the cunent range 

within which a laser can maintain single mode. 

A number of devices were designed and fabricated. High power surface emission 

was demonstrated under both pulsed and CW operation. Under pulsed operation over 170 

mW of power was obtained for an injection current of 1 A, with a slope efficiency of 0.37 

mW/mA. The device showed no sign of degradation. Under CW operation over 200 mW 

of power was obtained for a current of 1.5 A, with peak power limited by the thermal 
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rollover. Collimated near dif&action-limited output beam was achieved in lasers with 

curved second order gratings. The laser maintained single lateral mode operation under 

CW operation for current up to 1.9 times the threshold, with surface emitting power over 

120 mW and divergence angle below 0.3°. Wavelength tuning was demonstrated using 

current injection into feedback grating section through ITO. About ~1 nm wavelength 

shift was obtained at an ITO current of 55 mA. Similarly, beam steering was 

demonstrated using current injection into outcoupling grating section. Over 0.2° of beam 

steering was obtained at an ITO current of 50 mA. 

The device performance and functionality can be improved in a number of ways. 

To increase the surface emission efficiency, we can incorporate muhilayer DBR reflector 

in the substrate to redirectorthe substrate diffraction beam to the surface. Or we can use 

blazed grating to suppress the substrate diffraction and increase the surface diffraction. 

We can also use bandgap-engineering technique to reduce the loss in the passive grating 

section and therefore increase the device efficiency. This technique also allows us to blue 

shift the lasing wavelength in order to reduce the antiguiding factor, which will increase 

the current range for single lateral mode operation. To increase the current range for 

collimated surface emission, we can use a combination of a linear first order grating for 

feedback and a curved detuned second order grating for outcoupling. Finally, the range of 

wavelength tuning and beam steering can be increased by improving the ITO process. 



137 

REFERENCES 

1 D. Botez and D. R. Scifres, Diode Laser Arrays. Cambridge University Press, 1994. 

2 J. N. Walpole, "Semiconductor amplifiers and lasers with tapered gain regions," Opt. 
Quantum Electron., vol. 28, pp. 623-645, 1996. 

3 D. Welch, R. Craig, vV. Streifer, and D. Scifres, "High reliability, high power, single 
mode laser diodes," Electron. Lett, vol. 26, pp. 1481-1482, 1990. 

4 C. Harder, "High power limits of ridge waveguide laser structures," OSA Anrmal 
Meeting, paper WI1, San Jose CA, 1991. 

5 G. A. Evans, N. W. Calson, J. M. Hammer, M. Lurie, J. K. Butler, S. L. Palfrey, R. 
Amantea, L. A. Carr, F. Z. Hawrylo, E. A. James, C. J. Kaiser, J. B. Kiric, and W. F. 
Reichert, "Two-dimensional coherent laser arrays using grating surface emission," IEEE 
J. Quantum Electron., vol. 25, pp. 1525-1536, June 1989. 

6 D. Welch, W. Streifer, P. Cross, and D. Scifres, "Y-junction semiconductor laser 
arrays: part II - experiments," IEEE J. Quantum Electron., vol. 23, pp. 752-756, Mar. 
1987. 

7 D. Botez, L. Mawst, P. Hayashida, G. Peterson, and T. J. Roth, "High-power, 
diffraction-limited-beam operation from phase-locked diode-laser arrays of closely 
spaced 'leaky' waveguides (antiguides)," Appl. Phys. Lett., vol. 53, pp. 464-466, Aug. 
1988. 

8 D. Botez, A. P. Napartovich, and C. A. Zmudzinski, "Phase-locked arrays of 
antiguides: analytical theory H," IEEE J. Quantum Electron., vol. 31, pp. 244-253, Feb. 
1995. 

9 C. A. Zmudzinski, D. Botez, L. J. Mawst, C. Tu, and L. Frantz, "Coherent IW 
continuous wave operation of large-aperture resonant arrays of antiguided diode lasers," 
Appl. Phys. Lett., vol. 62, pp. 2914-2916, Mar. 1993. 

10 L. J. Mawst, D. Botez, C. A. Zmudzinski, K. Jansen, C. Tu, T. J. Roth, and J. Yun, 
"Coherent IW continuous wave operation of large-aperture resonant arrays of antiguided 
diode lasers," Appl. Phys. Lett., vol. 60, pp. 668-670, Mar. 1992. 

11N. W. Carlson, Monolithic Diode-laser Arrays. Springer-Verlag, 1994. 



138 

REFERENCES - continued 

12 Gary A. Evans and Jacob M. Hammer, Surface Emittinie Semiconductor Lasers and 
Arrays. Academic Press, 1993. 

13 S. O'Brien, D. F. Welch, R. A. Parke, D. Mehuys, K. Dzurico, R. J. Lang, R. Waarts, 
and D. Scifres, "Operating characteristics of a high-power monolithically integrated 
flared amplifier master oscillator power amplifier," IEEE J. Quantum Electron., vol. 29, 
pp. 2052-2057, June 1993. 

14 D. Welch, R. Parke, D. Mehuys, A. Hardy, R. Lang, S. O'Brien, and D. Scifres, 
"2.0W cw, diffraction-limited operation of a monolithically integrated master oscillator 
power amplifier," IEEE Photon. Technol. Lett., vol. 5, pp. 297-300, 1993. 

15 A. E. Siegman, "Unstable optical resonators for laser applications," Proc. IEEE, vol. 
58, pp 277-287, 1965. 

16 A. P. Bogatov, P. G. Eliseev, M. A. Man'ko, G. T. Mikaelyan, and Yu. M. Popov, 
"Injection laser with an unstable resonator," SovJ. Quantum Electron., vol. 10, pp. 620, 
1980. 

17 J. Salzman, T. Venkatesan, R. Lang, M. Mittelstein, and A. Yariv, et al, "Unstable 
resonator semiconductor lasers II - Experiment," IEEE Proc. J., vol. 134, pp. 76, 1987. 

18 R. K. DeFreez, J. Puretz, R. A. Elliott, G. A. Crow, H. Ximen, D. J, Bossert, G. A. 
Wilson, and J. Orloff, "Focused-ion-beam micro-machined diode laser mirrors," Proc. 
Soc. Photo-Opt. Eng., vol. 25, pp. 1043,1989. 

19 M. L. Tilton, G. C. Dente, A. H. Paxton, J. Cser, R. K. DeFreez, C. E. Moeller, and D. 
Depatie, "High power, nearly diffraction-limited output fi'om a semiconductor laser with 
an unstable resonator," IEEE J. Quantum Electron., vol. 27, no. 9, pp. 2098-2108, Sep. 
1991. 

20 S. A. Biellak, C. G. Fanning, Y. Sun, S. S. Wong, and A. E. Siegman, "Reactive-Ion-
Etched Diffraction-Limited Unstable Resonator Semiconductor Lasers," IEEE J. 
Quantum Electron., vol. 33, no. 2, pp. 219-230, Feb. 1997. 

21 E. S. Kintzer, J. N. Walpole, S. R. Chinn, C. A Wang, and L. J. Missaggia, "High-
power, strained-layer amplifiers and lasers with tapered gain regions," IEEE Photon. 
Technol. Lett, vol. 5, pp. 605-608, 1993. 



139 

REFERENCES - continued 

22 J. N. Walpole, E. S. Kintzer, S. R. Chinn, C. A. Wang, and L. J. Missaggia, "High-
power strained-layer InGaAs/AlGaAs tapered travelling wave amplifier," Appl. Phys. 
Lett, vol. 61, pp. 740-742, 1992. 

23 S. O'Brien, D. Mehuys, R. J. Lang, and D. F. Welch, "IW CW single frequency, 
diffraction-limited unstable resonator semiconductor laser with distributed Bragg 
reflector mirrors," Electron. Lett., vol. 31, pp. 203-204, 1995. 

24 D. Mehuys, S. O'Brien, R. J. Lang, A. Hardy, and D. F. Welch, "5W, diffraction-
limited, tapered-stripe unstable resonator semiconductor laser," Electron. Lett., vol. 30, 
pp. 1855-1856, 1994. 

25 K. Kojima, S. Noda, K. Mitsunaga, K. Kyuma, K. Hamanaka, and T. Nakayama, 
"Edge- and surface-emitting distributed Bragg reflector laser with muhiquantum well 
active/passive waveguides," .4/7/;/. Phys. Lett., vol. 50, pp. 227-229, 1987. 

26 S. H. Macomber, J. S. Mott, R. J. Noll, G. M. Gallatin, E. J. Gratrix, S, L. O'Dwyer, 
and S. A. Lambert, "Surface-emitting distributed feedback semiconductor laser," AppL 
Phys. Lett., vol. 51, pp. 472-474, 1987. 

27 N. Eriksson, A. Larson, M. Uemukai, and T. Suhara, "Parabolic-confocal unstable-
resonator semiconductor lasers - modeling and experiments," IEEE J. Quantum 
Electron., vol. 34, pp. 858-868, 1998. 

28 H. Luo, R. Bedford, S. Penner, and M. Fallahi, "Tunable grating coupled surface-
emitting tapered laser," IEEE Photon. Technol. Lett., vol. 11, pp. 1102-1104, 1999. 

29 Bohdan Mroziewicz, Maciej Bugajski, and W. Nakwaski, "Principles of modeling the 
physical phenomena in junction lasers," Chapter 9, Physics of Semiconductor Lasers. 
North-Holland, 1991. 

30 Govind P. Agrawal, "Fast-Fourier-transform based beam-propagation model for 
stripe-geometry semiconductor lasers; inclusion of axial effects," J. Appl. Phys., vol. 56, 
no. 11, pp. 3100-3109, Dec. 1984. 

31 G. Ronald Hadley, John P. Hohimer, and A. Owyoung, "Free-running modes for gain-
guided diode laser arrays," IEEE J. Quantum Electron., vol. 23, no. 6, pp. 765-773, June 
1987. 

32 Gregory C. Dente, "Modeling of broad-area DBR/DFB lasers," SPIE vol. 2382, pp. 
165-186,1995. 



140 

REFERENCES - continued 

33 M. Born, and E. Wolf, Principles of Optics. 6"* edition, Cambridge University Press, 
1998, I''edition, 1959. 

34 Jens Buus, "The effective index method and its application to semiconductor lasers," 
IEEE J. Quantum Electron., vol. 18, no. 7, ppl083-1089, July 1982. 

35 W. B. Joyce, "Current-crowded carrier confinement in double-heterostructure lasers," 
J. Appi Phys., vol. 51, no. 5, pp. 2394-2401, May 1980. 

36 G. Lengyel, Peter Meissner, Erwin Patzak, and K. H. Zschauer, "An analytical 
solution of the lateral current spreading and diffusion problem in narrow oxide stripe 
(GaAl)As/GaAs DH lasers," IEEE J. Quantum Electron., vol. 18, no. 4, pp. 618-625, 
Apr. 1982. 

37 G. Ronald Hadley, John P. Hohimer, and A. Owyoung, "Comprehensive modeling of 
diode arrays and broad-area devices with applications to lateral index tailoring," IEEE J. 
Quantum Electron., vol. 24, no. 11, pp. 2138-2152, Nov. 1988. 

38 G. Lengyel, and K. H. Zschauer, "Self-consistent solution of the diffusion and current 
spreading problems in oxide stripe lasers using integral equations, an application to triple 
stripe lasers," lElEEJ. Quantum Electron., vol. 21, no. 10, pp. 1675-1682, Oct. 1985. 

39 Markus-Christian Amann, and Franz Kappeler, "Analytical solution for the lateral 
current distribution in multiple stripe laser diodes," Appl. Phys. Lett., vol. 48, no. 25, pp. 
1710-1712, June 1986. 

40 W. W. Chow, S. W. Koch, and M. Sargent, Semiconductor Laser Phvsics. Springer-
Verlag, 1994. 

41 C. Z. Ning, R. A. Indik, and J. V. Moloney, "Effective Bloch equations for 
semiconductor lasers and amplifiers," IEEE J. Qticmtum Electron., vol. 33, no. 9, pp. 
1543-1550, Sep. 1997. 

42 L. Coldren and S. Corzine, Diode Lasers and Photonic Integrated Circuits. John Wiley 
& Sons, 1995. 

43 E. Duda, J. C. Carballes, and J. Apruzzese, "Thermal resistance and temperature 
distribution in double-heterostructure lasers: calculations and experimental results," IEEE 
J. Quantum Electron., vol. 15, no. 8, pp. 812-817, Aug. 1979. 

44 W. B. Joyce, and R. W. Dixon, "Thermal resistance of heterostructure lasers," J. Appl. 
Phys., vol. 46, no. 2, pp. 855-862, Feb. 1975. 



141 

REFERENCES - continued 

45 R. J. Lang, A. Hardy, R. Parke, D. Mehuys, S. O'Brien, J. Major, and D. Welch, 
"Numerical analysis of flared semiconductor laser amplifier," IEEE J. Quantum 
Electron., vol. 29, no. 6, pp. 2044-2051, June 1993. 

46 J. D. Gaskill, Linear Svstems. Fourier Transforms, and Optics. John Wiley & Sons, 
1978. 

47 H. S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids. 2"^ edition, Oxford 
University Press, 1959. 

48 J. Van Roey, J. van der Donk, and P. E. Lagasse, "Beam-propagation method: analysis 
and assessment," J. Opt. Soc. Am., vol. 71, no. 7, pp. 803-810, July 1981. 

49 W. P. Huang, and C. L. Xu, "Simulation of three-dimensional optical waveguides by a 
full-vector beam propagation method," IEEE J. Quantum Electron., vol. 29, no. 10, pp. 
2639-2649, Oct. 1993. 

50 E. E. Kriezis, and Antonis G. Papagiannakis, "A three-dimensional fiill vectorial beam 
propagation method for z-dependent structures," IEEE J. Quantum Electron., vol. 33, no. 
5, pp. 883-890, May. 1997. 

51 Fabrizio Fogli, Gaetano Bellanca, Paolo Bassi, Iain Madden, and Waher Johnstone, 
"Highly efficient full-vectorial 3-d BPM modeling of fiber to planar waveguide 
couplers," J. Lightwave Technoi, vol. 17, no. 1, pp. 136-142, Jan. 1999. 

52 R. Scarmozzino and R. M. Osgood, Jr., "Comparision of finite-difference and Fourier-
tranform solution of the parabolic wave equation with emphasis on integrated-optics 
applications," J. Opt. Soc. Am. A, vol. 8, pp. 724-731, No. 5, May 1991. 

53 G. Ronald Hadley, "Transparent boundary condition for beam propagation," Opt. 
Lett., vol. 16, no. 9, pp. 624-626, May 1991. 

54 G. Ronald Hadley, "Transparent boundary condition for the beam propagation 
method," /£££y. ^antum Electron., vol. 28, no. 1, pp. 363-370, Jan. 1992. 

55 W. H. Press, Numerical Recipe in C: the Art of Scientific Computing. Cambridge 
University Press, 1988. 

56 T. Y. Na, Computational Methods in Engineering Boundary Value Problems. 
Academic Press, 1979. 



142 

REFERENCES - continued 

57 M. Osinski and J. Buss, "Linewidth broadening factor in semiconductor laser - An 
overview," IEEE J. Quantum Electron., vol. 23, no. 1, pp. 9-28, Jan. 1987. 

58 H. Haug and S. W. Koch, Quantum Theory of the Optical and Electronic Properties of 
Semiconductors. World Scientific, 1993. 

59 Z. Dai, R. Michalzik, P. linger, and E. J. Ebeling, "Numerical simulation of broad-
area hihg-power semiconductor laser amplifiers," IEEE J. Quantum Electron., vol. 32, 
pp. 2240-2254, 1997. 

60 J. R. Marciante and G. P. Agrawal, "Nonlinear mechanisms of filamentation in broad-
area semiconductor lasers," IEEE J. Quantum Electron., vol. 32, pp. 590-596, 1996. 

61 H. Wenzel, G. Erbert, and P. M. Enders, "Improved theory of the refractive-index 
change in quantum-well lasers," IEEE J. Select. Topics Quantum Electron., vol. 5, no. 3, 
pp. 637-642, May/June 1999. 

62 S. Balle, "Simple analytical approximations for the gain and refractive index spectra 
in quantum-well lasers," Phys. Rev. A, vol. 57, pp. 1304-1312, 1998. 

63 M. Mullane and J. G. Mclnemey, "Minimization of linewidth enhancement factor in 
compressively strained semiconductor lasers," IEEE Photon. Technoi. Lett., vol. 11, no. 
7, pp. 776-778, July 1999. 

64 J. Stohs, D. J. Gallant, D. J. Bossert, and S. R. J. Brueck, "Epitaxial structure 
dependence of thelinewidth enhancement factor in GaAs and InGaAs quantum well 
lasers," Proc. SPIE, vol. 2994, pp. 542-551, 1997. 

65 G. Hunziker, W. Knop, P. Unger, and C. Harder, "Gain, refractive index, linewidth 
enhancement factor from spontaneous emission of strained GalnP quantum well lasers," 
IEEE J. Quantum Electron., vol. 31, no. 4, pp. 643-646, Apr. 1995. 

66 R. J. Lang, "Design of aberration-corrected curved-mirror and curved-grating unstable 
resonator diode lasers," IEEE J. Quantum Electron., vol. 30, no. 1, pp. 31-36, Jan. 1994. 

67 P. M. W. Skovgaard, J. G. Mclnemey, J. V. Moloney, R. A. Indik, and C. Z. Ning, 
"Enhanced stability of MFA-MOPA semiconductor lasers using a nonlinear, trumpet-
shaped flare," IEEE Photon. Technoi. Lett., vol. 9, no. 9, pp. 1220-1222, Sep. 1997. 

68 K. Iga and S. Kinoshita, Process Technology for Semiconductor Lasers - Crystal 
Growth and Microprocesses. Springer-Verlag, 1996. 



143 

REFERENCES - continued 

69 G. P. ^rawal and N. K. Dutta, Semiconductor Lasers. 2*^ edition. Van Nostrand 
Reinhold, 1993. 

70 M. Dion, P. Levesque, Z. R. Wasilewski, M. Fallahi, F. Chatenoud, R. L. Williams, 
and S. J. Rolfe, "Effect of p-dopant positioning in low-threshold, InGaAs.GaAs/AlGaAs, 
MQW GRINSCH lasers with GaAs etch-stop layer for multi-wavelength applications," 
SPIE, vol. 2683, pp. 8-17, 1996. 

71 Hoechst-Ceianese AZ 5200 Positive Photoresist Products Bulletin. 

72 A. Katz, C. Abemathy, and S. Pearton, "Pt/Ti ohmic contacts to ultrahigh carbon-
doped p-GaAs formed by rapid thermal processing," Appl. Phys. Lett., vol. 56, no. 11, pp. 
1028-1030, 1990. 

73 S. Penner, M. Fallahi, and 0. Nordman, "Electron Cyclotron Resonance Reactive Ion 
Etching of GaAs in Chlorine-Methane," Microelectronic Engineering, 41/42, pp. 383-
386, 1998. 

74 M. G. Moharam and T. K. Gaylord, "Diffraction analysis of dielectric surface-relief 
gratings," y. Opt. Soc. Am., vol. 72, no. 10, pp. 1385-1392, Oct. 1982. 

75 S. H. Macomber, "Nonlinear analysis of surface-emitting distributed feedback lasers," 
IEEE J. Quantum Electron., vol. 26, no. 12, pp. 2065-2074, Dec. 1990. 

76 N. Izhaky and Amos A. Hardy, "Analysis of DBR lasers and MOP A with saturable 
absorption gratings," IEEE J. Quantum Electron., vol. 33, no. 7, pp. 1149-1155, July 
1997. 

77 A. Yariv and M. Nakamura, "Periodic structures for integrated optics," IEEE J. 
Quantum Electron., vol. 13, no. 4, pp. 233-253, Apr. 1977. 

78 R. L. Roncone, L. Li, K. A. Bates, J. J. Burke, L. Weisenbach, and B. J. J. Zeiinski, 
"Desing and fabrication of single leakage chaimel grating coupler," Appl. Opt., vol. 32, 
no. 24, pp. 4522-4528, 1993. 

79 D. Mehuys, A. Hardy, D. P. Welch, R. G. Warrts, and R. Parke, "Analysis of detuned 
second-order grating output coupler with an integrated superlattice reflector," IEEE 
Photon. Technol. Lett., vol. 3, no. 4, pp. 342-344, Apr. 1991. 

80 M. Hagberg, N. Eriksson, And A. Larsson, "Investigation of high-efficiency surface-
emitting lasers with blazed grating outcouplers," IEEE J. Quantum Electron., vol. 32, no. 
9, pp. 1596-1605, Sep. 1996. 



144 

REFERENCES - continued 

81 M. Matsumoto, "Analysis of the blazing effect in second-order gratings," IEEE J. 
Qucmtum Electron., vol. 28, no. 10, pp. 2016-2023, Oct. 1992. 

82 M. Hagberg, N. Eriksson, T. Kjellberg, and A. Larsson, "Dependence of output 
coupling efficiency on detuning in surface grating output couplers," Opt. Lett, vol. 20, 
no. 10, pp. 180-182, Jan. 1995. 

83 A. Hardy, David F. Welch, and William Streifer, "Analysis of second-order gratings," 
lEElEJ. Quantum Electron., vol. 25, no. 10, pp. 2096-2105, Oct. 1989. 

84 R. S. Penner, "Focusing, wavelength tuning, beam steering and beam shaping of 
circular grating surface emitting distributed Bragg reflector lasers," Ph. D dissertation. 
Optical Sciences Center, University of Arizona, 1999. 

85 J. C. Nabity Lithography Systems, P. O. Box 5354, Bozeman, MT 59717. 

86 N. Braslau, J. Gunn, and J. Staples, "Metal-Semiconductor Contacts for GaAs Bulk 
Effect Devices," Solid-State Electronics, vol. 10, pp. 381-383, 1967. 

87 D. Hofstetter, B. Maisenholder, H. P. Zappe, "Quantum-well Intermixing for 
Fabrication of Lasers and Photonic Integrated Circuits," IEEE J. Select. Topics Quantum 
Electron., vol. 4, no. 4, pp. 794-802, July/Aug. 1998. 

88 P. Cusumano, J. H. Marsh, M. J. Rose, J. S. Roberts, "High-Quality Extended Cavity 
Ridge Lasers Fabricated by Impurity-Free Vacancy Diffusion with a Novel Masking 
Technique," IEEE Photon. Technol. Lett., vol. 9, no. 3, pp. 282-284, Mar. 1997. 

89 M. Li, J. Bengtsson, M. Hagberg, A. Larsson, and T. Suhara, "Off-Plane Computer-
Generated Waveguide Hologram," IEEE J. Select. Topics Quantum Electron., vol. 2, no. 
2, pp. 226-235, June. 1996. 

90 T. Koch, and U. Koren, "Semiconductor Lasers for Coherent Optical Fiber 
Communications," J. Lightwave TechnoL, vol. 8, pp. 274-293, 1990. 

91 K. Kobayashi, and I. Mito, "Single Frequency and Tunable Laser Diodes," J. 
Lightwave Technol., vol. 6, pp. 1623-1633, 1988. 

92 S. Adachi, GaAs and Related Materials Bulk Semiconducting and Superlattice 
Properties. World Scientific, 1994. 



145 

REFERENCES - continued 

93 B. R. Bennett, R. A. Soref, and J. A. Del Alamo, "Carrier-Induced Change in 
Refractive Index of InP, GaAs, and InGaAsP," IF.F.F.J Quantum Electron., vol. 26, no. 
1, pp. 113-122, Jan. 1990. 

94 S. Murata, A. Tomita, and A. Suzuki, "Influence of Free Carrier Plasma Effect on 
Carrier-Induced Refractive Index Change for Quantum-Well Lasers," IEEE Photon. 
Technol. Lett., vol. 5, no. 1, pp. 16-19, Jan. 1993. 


