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ABSTRACT 

Over the past decade, circular grating surface emitting DBR lasers (CGSELs) have 

progressed from theory to reality. These devices possess several properties that make 

them attractive options for such applications as optical interconnects, switching and data 

storage. These advantages include low divergence angles, circular beam profiles, and 

high power output. In this dissertation, the addition of new functionality to these lasers 

including wavelength tunability, focusing, beam steering and beam shaping is 

investigated. 

The theory governing device operation is presented. Pertinent discussions include the 

coupled mode equations, grating coupling, focusing and changes to the effective index of 

refraction resulting from current injection through a transparent electrode on the grating. 

The development and refinement of the device fabrication process is detailed. Key 

milestones in the grating writing process included achieving first order gratings 

(A = 0.15 nm), creating chirped period gratings for focusing and optimizing the linewidth 

and uniformity of the grating for high power devices. Of equal importance in obtaining 

high efficiency devices was the reactive ion etch process. Two different etch recipes 

were developed: one for mesa-definition and a shallower grating-defining etch. 

Significant evaluation of the electrical and optical properties of the transparent electrode, 

Indium Tin Oxide, was performed. Incorporating ITO into the fabrication process 

required optimization of deposition, patterning, etching and annealing. 
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Device perfonnance, efficiency and functionality improved with each generation. 

Consequentially, over 225 mW of output power for a injection current of600 mA, or a 

slope efficiency of 0.43 mW/mA, was produced by the final generation of high power 

CGSELs. Focusing was demonstrated by the creation of individual devices with different 

focal lengths. Coarse mode selection was obtained by removing radial segments of the 

circular grating thereby eliminating both feedback coupling and surface outcoupling. 

Dynamic functionality such as beam steering and wavelength tuning was also realized for 

devices with ITO. Over 1° of beam steering was achieved for an ITO injection current of 

35 mA. Similarly, over 1 nm of tuning, or 0.5 nm of continuous tuning, was 

accomplished. 

In conclusion, possibilities for improvements in device performance and future work are 

suggested. 
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1. INTRODUCTION 

Surface emitting lasers offer considerable advantages over edge-emitting devices 

including no facet cleaving, on-chip testing, better mode control, and the ability to 

incorporate arrays of such lasers. A number of mechanisms for surface emission have 

been investigated including 45° mirror facets. Vertical Cavity Surface Emitting Lasers 

(VCSELs), and grating outcoupling. Due to the increased complexity and the difficulty 

in achieving good quality angled reflectors, 45° mirror facets are not a viable option. 

VCSELs on the other hand have had tremendous success. Therefore, a section in this 

chapter will be devoted to them. Circular Grating Surface Emitting DBR Lasers 

(CGSELs) have been investigated by a number of research groups for over a decade. In 

this chapter, 1 will provide a brief historical overview of the progression of these devices 

from theory to fabrication to the current state of the art. The contributions of various 

research groups, both past and present, will be noted. Finally, the advantages and 

applications of CGSELs will be examined. 

1.1 VCSEL Activity 

There is considerable interest in VCSELs in both research and commercial facilities. The 

University of Texas and UC Santa Barbara have programs in this area. Additional 

research is taking place at Sandia National Labs. On the industrial side. Motorola, 

Lucent and Hewlett Packard (HP) are putting forth a sizeable effort while Honeywell is 
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recognized as die industry leader in the production of VCSELs. Currently VCSEL 

technology is a tnulti million dollar business and is experiencing a tremendous annual 

growth rate.' 

The first VCSEL was fabricated at the Tokyo Institute of Technology in the 1970's, but 

commercialization did not occur until the 1990's dianks largely to work done by Jack 

Jewell at AT&T Bell Laboratories." Through improved process control. Bell Labs 

produced devices which yielded the smallest size, lowest threshold, highest quantum 

efficiency and highest modulation speed observed to that point in time. VCSELs can 

now be modulated at rates on the order of Gigabit/s, have yields of several thousand 

lasers per 3" wafer, have lifetimes exceeding one million hours, are inherently single 

longitudinal mode due to their small cavity, and can be tested on the chip prior to 

packaging. Primary applications of VCSELs are in data communications and 

telecommunications, but given the low production costs of these devices they are now 

competing in applications traditionally served by edge emitting Fabry Perot lasers and 

LEDs. 

Research is presently being conducted in oxide-isolated VCSELs, which yield lower 

threshold cunents, and in expanding the available wavelengths. Typical VCSELs emit at 

850 nm and 980 nm, but alternative wavelengths include 780 nm, 1.3 fim and 1.5 ^m.^ 

Visible wavelength VCSELs, in the red region of the spectrum (630 and 670 nm), have 

been fabricated at Sandia and HP. 
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1.2 CGSEL Background 

Beginning with the theoretical discussions'^'^ and the demonstration of the first 

electrically pumped device in 1992,^ CGSELs have improved in both performance^ and 

functionality . Original patents pertaining to circular grating surface emitting distributed 

feedback lasers were filed by Robert Schimpe in 1985 and Chun-Meng Wu in 1993.' '° 

Analysis of distributed feedback laser theory applied to a circularly symmetric geometry 

was first presented by Toda^ and Erdogan and Hall/ These theoretical discussions 

revealed that resonant modes could be supported for a laser with this new configuration. 

Subsequently, lasing was observed for optically pumped circular grating DFB lasers by 

researchers at the National Research Council of Canada (NRC) and Bell Northern 

Research (BNR) in 1991" and at the University of Rochester in 1992.'" The NRC/BNR 

device lased at A, = 1.3 |am, while the emission wavelength for the Rochester laser was 

>. = 0.81 ^m. Shortly thereafter, the first electrically pumped distributed Bragg reflector 

(DBR) laser was realized at NRC.® Unlike the DFB laser, in which the grating covers the 

entire active region, the active area in a DBR laser is typically confined to the center and 

is surrounded by concentric circular gratings. Given that the electrically pumped DBR 

laser is a less cumbersome configuration for a CGSEL as compared to optically pumped 

designs, subsequent research concentrated on improving DBR laser performance such as 

threshold and output power. More recent efforts have concentrated on implementing 

arrays of devices and incorporating functionality such as focusing and beam steering. 
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1.3 CGSEL Activity 

Several institutions throughout the world have been involved in the development of 

CGSELs. These facilities include the University of Rochester, the National Research 

Council of Canada, Chalmers University of Technology, and the Optical Sciences Center. 

As mentioned previously, much of the initial theory was performed at the University of 

Rochester and they have continued their investigation into the behavior of grating 

coupled DFB lasers by applying techniques such as perturbation theory, field expansion, 

and volume-current methods. Recently, Olson and Hall have investigated higher order 

modes in optically pumped devices.'^ 

Considerable work is being done at Chalmers University in Sweden in the research group 

of Anders Larsson.''* Research into grating coupling efficiency using linear gratings 

began in the mid I990's, while circular grating work began shortly thereafter. In addition 

to fabricating focusing devices,' current research has been devoted to improving the 

spatial mode behavior of these lasers. A passive central indentation in the center of the 

contact was found to reduce the local field strength, thereby mitigating die severe 

fllamentation and producing a uniform, single mode emission with a 1.5 times diffraction 

limit output.*^ 

The CGSELs program at the National Research Council of Canada concluded shortly 

after Mahmoud Fallahi's transfer to the Optical Sciences Center in 1995. However, the 

first electrically pumped CGSEL was demonstrated at the NRC and considerable 

advances in device performance and power were achieved there. 
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1.4 Advantages and Applications of CGSELs 

Given that CGSELs utilize a horizontal cavity, they realize a much larger gain section as 

compared to VCSELs; therefore, they can achieve much higher output powers. A typical 

CGSEL produces hundreds of milli-Watts of output power whereas a VCSEL yields only 

several mW. Like VCSELs, the surface emission nature of CGSELs facilitates the 

fabrication of arrays of such devices. However, unlike VCSELs, it is possible to 

implement CGSELs of differing wavelengths within the same array since the feedback 

and therefore wavelength selection is provided by the grating periodicity. Similarly, it is 

possible to have devices with varying functionality on the same array. The larger 

emission area of CGSELs results in a smaller beam divergence, less than 1°, compared to 

the < 20° divergence typically observed in VCSELs.'® Finally, this grating-based 

technology can be readily transferred to other semiconductor materials thereby enabling 

lasing wavelengths other than the 980 nm currently used. 

The high output power and ability to incorporate functionality such as focusing and 

steering make CGSELs attractive candidates for use in free-space optical interconnect 

applications. The possibility of optoelectronic integration is an additional benefit of these 

lasers in such an application. The ability to incorporate devices with slightly differing 

wavelengths within an array suggests that CGSELs can be used in wavelength division 

multiplexing (WDM) applications. 
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2. THEORY, ANALYSIS AND DESIGN 

In this chapter the theory of circular grating lasers and the principles governing the newly 

incorporated functionality are described. The purpose of this chapter is to provide the 

reader with the background necessary to understand the basic principles of operation. In 

depth analysis can be found in other sources which are referenced throughout this 

chapter. 

2.1 Coupled-wave Theory for Circular Gratings 

The initial theory governing distributed feedback in linear grating lasers was developed 

by Kogelnik and Shank in the early 1970's.'^ Toda^and Erdogan and Hall" first provided 

a coupled-mode theory analysis for the near threshold behavior of circularly symmetric 

distributed feedback semiconductor lasers in their papers published in 1990. In depth 

analysis of this topic has been the subject of several dissertations'® "; therefore, only a 

cursory treatment will be given here. 

Derivation of the coupled-mode equations begins with the scalar wave equation for the 

electric field. Given the circular geometry of these lasers, a cylindrical coordinate system 

is used. The electric field is expanded in a Fourier series consisting of outward and 

inward propagating waves with amplitudes Am(r) and Bm(r) respectively as indicated in 

equation 1. 

£(r,«) = X e-' K "> ( ^ ) + ( / » • ) ]  (  I  )  
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These cylindrical waves are expanded in terms of Hankel functions (Hn,^"\Pr)) with 

azimuthal mode number m, where n = 1 or « =2 denotes Hankel functions of the first and 

second kind respectively. The argument of the Hankel flmctions is the product of the 

radial position, r, and the radial propagation constant, p. The resulting coupled mode 

equations, assuming no azimuthal mode coupling, are represented by the following 

system of equations/ 

dr 2 

dr 2 

Interaction of the fields with the grating and gain sections is incorporated in the complex 

coupling function Km(r). 

K„ (r) = ila^ - g„ (r)]+2kcos{ip^r -fl) (3 ) 

The complex coupling function, Km(r), includes both a uniformly distributed grating loss, 

ttg, and a radially variant saturable gain, gm(r). This approach, developed by K. 

Kasunic'^, represents a more advanced analysis of the coupled mode equations than the 

original work by Erdogan and Hall. For gratings with small depth, the strength of the 

interaction is characterized by the coupling coefficient, K. The grating phase at the origin 

is denoted by Kasimic's work on distributed Bragg reflector (DBR) lasers was 

extended by R. Latipov.^" The DBR analysis includes a finite-extent gain section 

encircled by a lossy region representing the grating. This geometry more accurately 
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reflects our electrically pumped devices; however, it also results in different boundary 

conditions. 

Typically, solutions to the coupled wave equations (2) are obtained by applying the large-

radius approximation for the Hankel functions and then utilizing numerical methods such 

as the multidimensional Newton-Raphson root searching algorithm.'^ Different boundary 

conditions and convergence criteria have been used by theorists investigating this 

problem. This process involves defining fleld values at either the center or the outer 

extent of the device and then numerically integrating outwards or inwards respectively 

until the change associated with each subsequent iteration is less than the desired 

tolerance. These numerical results can be used to predict mode behavior as a fimction of 

gain/loss, grating coupling and output power. 

2.2 Grating Coupling 

Grating based resonance and outcoupling allows enormous flexibility in device design. 

First order gratings can be deflned so to select a desired lasing wavelength, while second 

order gratings can provide both resonant feedback and surface emission. Detuned second 

order gratings can be used in conjunction vsrith flrst order gratings to incorporate 

flmctionality such as focusing or beam shaping. Pure second order gratings are typically 

used to achieve high power devices. 

Grating coupled feedback relies on the coherent addition of the electric field caused by a 

period perturbation of the refiractive index and is governed by the Bragg equation^* 
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•^0 «A m = 2A 
n.>r 

( 4 )  

Where Xo is the free-space lasing wavelength, «e^is the effective index of refraction, m 

represent the grating order and A is the period of the grating. Greatest feedback 

efficiency is achieved for the m = 1 order and the corresponding A is known as a first 

order grating. Hence, by correctly choosing the grating period it is possible to select the 

desired lasing wavelength. 

Detuned second order gratings are used to provide surface outcoupling for these lasers. 

In this configuration, an inner first order grating annulus is surrounded by a detuned 

second order grating. The grating periodicity (A) is determined by 

where mom is an integer denoting the output coupling order and 0 is the emission angle as 

measured from the surface normal. For maximum outcoupling efficiency, the magnitude 

of mout should be unity. When the angle is chosen such that 0= 0°, the grating also 

satisfies the 2"'' order Bragg diffraction condition and feedback is provided. Additional 

diffi^ctive orders are also produced, including substrate radiation and reflection. The 

contribution of each component is determined by the ratio of the ridge width to the 

grating period as reported by Hardy et a! and illustrated in Figure 1 for a linear grating.^ 

By changing the linewidth to optimize either surface emission or reflection, a second 

order grating can be used for outcoupling and resonant feedback. The coupling is also a 

function of the length of the grating. As shown in the top chart in Figtire 1, reflection is 

A = ( 5 )  
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maximized for a grating period with a narrow valley (large Ai value). However, surface 

emission (Radiation into Air) decreases as Ai/A increases for values of Ai/A greater than 

0.4. Therefore, choosing the grating linewidth involves tradeoffs between reflection and 

surface emission while minimizing substrate radiation. Typically, we aimed for a value 

of Ai/A = 0.66 for pure second order devices while smaller values of Ai/A were used in 

the detuned second order gratings which only provided surface outcoupling. 

Radiation 
into Air 

_ Transmission Reflection 

0 0.25 0.5 0.75 1.0 

Normalized Tooth Width A,/A 

Radiation into 
Substrate f-* H 

Absorption 

^ 11111111111111111111111111 riT7i^?i>4j 111111 n 
0 0.25 0.5 0.75 1.0 

Normalized Tooth Width A/A 

Figure 1. Grating coupling as a function of linewidth. (From Hardy e/ al [22]) 
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The grating depth also influences the coupling. A plot of the coupling distribution as a 

function of tooth height (equivalent to grating etch depth) is given in Figure 2. These 

plots are for linear gratings with a rectangular grating cross-section having A|/A= 0.5 and 

length I = 50 but the results can be extended to the circular grating geometry without 

loss of meaning. 

Figure 2. Radiation coupling as a function of grating depth. (From Hardy et al [22]) 

As suggested in the figure, surface outcoupling (Radiation into Air) is maximized for a 

tooth height of 0.12 (im. During the process development phase of device fabrication, the 

grating depth was determined by inspecting the grating cross-section. The depth was 

controlled by adjusting the reactive ion etch time. 

Radiation Reflection 
into Substrate 

Radiation 
into Air 

.  I  I  I  I r  [  t  t  I  I  I  I  I  I  I  I  I  I  I  f  I '  •  • '  I  •  "  i  '  "  '  •  I  •  ^  I  
0 0.04 0.08 0.12 0.16 

Rectangular Tooth Height (^m) 
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2.3 Polarization of Circular Grating Surface Emitting Lasers 

The state of polarization in InGaAs/GaAs lasers depends on whether or not tensile or 

compressive strain is incorporated into the quantum well during the epitaxial growth 

stage. The quantum wells in these wafers are compressively strained, hence transverse 

electric (TE) polarization is favored. Since the field within the quantum well layer is 

propagating radially, one should adopt cylindrical coordinates when describing the field . 

The polarization state of the light emitted by circular grating lasers is highly dependent 

on the lateral or azimuthal mode number, m. The resulting electric field at a fixed plane, 

z, can be expressed in cylindrical coordinates by the following relation.23 

E(r , z, ¢) = D1 (r) cos(m¢)/; + D2 (r) sin(m¢)r 

For the fundamental mode, m = 0, the resulting polarization can be characterized as 

azimuthal since the radial term vanishes, while m = 1 results in linear polarization. 

Figure 3 depicts devices with arrows superimposed indicating the corresponding 

azimuthal and linear polarizations. 

Figure 3. Azimuthal polarization (m = 0) (left) and linear polarization (m = 1) (right). 

( 6) 
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As a result of the azimuthal polarization distribution, m = 0, the inadiance pattern has a 

central null in both the near field and the far field. Additional insight can be gained by 

decomposing the polar coordinate based electric field distribution into Cartesian 

coordinates. This procedure is accomplished as follows; 

= A ( f )  sin(/w^) cos ̂ - D ,  (r) cos(/n^) sin (!> 
(7 ) 

E'y (/•> = ̂ 2 (r) sin(/W(^) sm ̂  + D, (r) cos(m^) cos tp 

It is interesting to note that for the special case Di=D2 the first-order lateral mode, m=l, 

is linearly polarized in the>' direction since the Ex component vanishes. As a result, there 

is a non-zero contribution at the center of the irradiance pattern. For all other azimuthal 

mode numbers, there will be a central null.^'* In actual devices, single mode operation is 

difficult to observe because the lasing thresholds for the various modes are very close. 

Since the field is not ideal but consists of a superposition of modes, which may even 

include linear modes, a central null may not always be observed. 

2.4 Focusing Capability of Chirped Gratings 

A paraxial ray optics approach is used to explain the ability of these devices to converge 

to a focal point. Typically, a numerical aperture of 0.08 was chosen during the design 

stage. (A focal point at 2.S nrni with light emitting aperture radius of 0.2 mm.) 

By systematically adjusting the periodicity (chirping the grating), it is possible to impart 

focusing properties on the beam. In this situation the basic grating equation, (S), is 

modified. As the grating extends radially outward, the periodicity, or detuning, is varied 
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in accordance with equation 8 such that a focal point is defined. An illustration depicting 

this concept and defining the variables is provided in Figure 4. The convention used 

when defining the angle is that counter clockwise rotations are negative; hence, -r/fis 

used in the equation and a negative B is defined in the figure. 

A(r;n,A.0 ,J)~ '-o ~ 
n- sin( arctan(- r f)) 

( 8) 

f 

r 

Figure 4. Paraxial ray theory governing focusing. 

However, a constant period inner annulus is still required in order to provide the feedback 

resonance for stimulated emission. Similarly, it is possible to modify the grating to 

achieve greater beam diffraction and beam shaping as described in section 2.7. 
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2.5 Beam Steering 

The ability to dynamically steer the beam position is tremendously beneficial in such 

applications as switching, optical data storage and free-space optical communications. 

This objective can be realized by using a transparent electrode in order to inject 

additional carriers into the outcoupling grating region. For a perfectly symmetric near 

field distribution (m = 0 azimuthal mode number), the net effect of changing the 

diffraction angle is to collapse or expand the ring-like far field irradiance. However, for 

the m = 1 mode, which has a bi-lobal near field distribution, one achieves simultaneous 

inward/outward steering of the lobes. This shift in the outcoupling angle results fi-om 

both localized thermal effects and a change in the carrier density. 

By re-arranging (5) it is apparent that for a fixed lasing wavelength, Ao, there exists a 

relationship between the dif&action angle, the effective index of reflection and the 

grating period. If one can now modulate either the effective index or the period of the 

outcoupling grating by injecting carriers through a transparent electrode, one arrives at 

following expression governing the diffraction angle. Indium Tin Oxide (ITO) was 

chosen as the transparent electrode; hence, Irro denotes injection current through the ITO. 

Changes to the period of the outcoupling grating are related to the coefficient of thermal 

expansion while changes in the refractive index are a result of carrier and thermal effects. 

Carrier effects take place on a rapid time scale whereas thermal expansion effects are 

much slower, on the order of tens of microseconds.^^ The change in effective index due 

(9 )  
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to carrier injection has been investigated by a number of groups^^"^' for both optical and 

electrical carrier injection. Three main changes to the effective index result from carrier 

injection: bandfilling, bandgap shrinkage and free-carrier absorption. For various carrier 

concentrations and wavelengths of interest, a particular regime dominates. The sign and 

magnitude of the shift in effective index is correspondingly dependent on the operating 

conditions. As a general rule, blue shifts (decrease in nefr) are attributed to increased 

carrier concentration while red shifts (increase in nefr) are associated with heating. 

2.5.1 Thermal Effects 

The dominant thermal effect is the change in refractive index as a function of temperature 

dn/dT, also denoted as the thermal coefficient of the refractive index P(T,X). Detailed 

measurements on our quantum well wafer have not been performed; however, sufficient 

insight can be gained by using values associated with the bulk material. A thermal 

coefficient of the refractive index value of p « 3 x 10"^ ®C'' has been reported for 

wavelengths in the range of 890 nm to 1.8 ^m.^* The coefficient of thermal expansion for 

bulk GaAs is a(T)= 5.4 • °C*' at 300 

In order to verify the appropriateness of the bulk parameters the thermal sensitivity of the 

lasing wavelength was measured for a pure second order grating. A thermo-electric 

cooler was used to adjust the temperature over a range of IS to 35 while a 

spectrum analyzer was used to record the lasing wavelength. For a pure second order 

grating, the Bragg equation (4), becomes 



30 

A =  ̂  =  A (10 )  
"eff 

The temperature sensitivity of the free-space wavelength, dXo/dT, can be obtained by 

differentiating with respect to temperature. 

(11) 
dT dT dT 

It is now necessary to obtain a value of dA/dT by rearranging the coefficient of thermal 

expansion. 

a(7) = —= 5.4*10-'A7' (12) 
A 

Therefore, 

A A WA 
= 5.4* 10'® A (13) 

^T dT 

Analysis of this experiment for a second order CGSEL is given in Table I 

Measured lasing wavelength sensitivity dVdT= 0.0748 nm/C 
Average wavelength A.= 988.24 nm 
Index of refraction n= 3.272 
Initial grating period A= 302 nm 
CoefF. of expansion (bulk GaAs) dA/dT= 0.00163 nm/C 
Thermal coeff. of refractive index (bulk GaAs) dn/dT= 0.00030 /C 

o 11 >
 

3
 

d VdT= A dn/dT + n dA/dT dVdT= A dn/dT +n dA/dT 

Calculated lasing wavelength sensitivity o.ogSd o.osoe + 0.0053 
Relative contriDution 94.&% &.!)% 

Table 1. Thermal sensitivity: dn/dT and d>ydT. 



The measured thermal sensitivity of the lasing wavelength was 0.075 nm/°C for the 

grating stabilized configuration. Similar measurements on broad area Fabry-Perot lasers 

revealed dXo/dT values of 0.315 nm/®C, which reflects the shift in the gain peak 

associated with changes in temperature and the absence of wavelength stabilization 

resulting from the grating. As mdicated by the data, there is reasonable agreement 

between the observed value dXo/dT = 0.075 nm/°C and the calculated value of 

dXo/dT = 0.096 nm/°C. It is also important to note that there is an order of magnitude 

greater contribution of the thermal coefficient of the refractive index as compared to the 

coefficient of thermal expansion. 

2.5.2 Bandfilling 

Bandfilling, also Icnown as the Burstein-Moss effect'^, creates a decrease in absorption 

for energies slightly above the nominal bandgap as a result of filling the lowest energy 

states. The extent of band filling is dependent on the density of states which in turn is 

dependent on the effective mass. Therefore, given that electrons generally have a lower 

effective mass as compared to holes, the effect of bandfilling is more pronounced in n-

doped semiconductor materials than in p-type. As the lowest energy levels in the 

conduction band become full, optically excited transitions firom the valence band must 

then involve higher levels in the conduction band and therefore greater energies. This 

resulting change in absorption impacts the refractive index by the Kramers-Kroenig 

relation. The overall result of bandfilling is a decrease in refractive index for energies 
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near the bandgap. Hence it is possible to affect the optical properties of the 

semiconductor by temporarily changing the carrier concentration through electrical 

current injection. 

2.5.3 Bandgap Shrinkage 

The basic principle of bandgap shrinkage is that a large concentration of electrons results 

in an overlap of the waveflinctions. As a consequence of the Coulomb repulsion and 

screening experienced by the electrons, there is a decrease in their energy and hence a 

reduction in the energy of the conduction band edge. A similar effect for holes increases 

the valence band energy resulting in the net effect: bandgap shrinkage. These effects are 

nearly independent of doping levels and are mainly influenced by the free-carrier density. 

As was the case with bandfilling, bandgap shrinkage affects absorption; therefore, the 

resulting change in the refractive index is calculated using the Kramers-Kronig integral. 

Since the net result of bandgap shrinkage is a decrease in the bandgap, there is an 

increase in the absorption coefficient. Hence, for energies below the bandgap. An is 

positive. 

2.5.4 Free Carrier Absorption 

Interband free-carrier absorption, also know as the plasma effect, describes the situation 

where a free carrier absorbs a photon and jumps to a higher energy level. The 

significance of this effect is dependent on the carrier concentration, the effective mass 
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and the wavelength. If one assumes an equal injection of holes and electrons, the 

contribution of the electrons will be substantially greater than that of the holes given the 

differences in effective mass.^° Plasma effects always result in a negative /in. The 

plasma effect increases as the photon energy decreases below the bandgap. 

2.6 Wavelength Tuning 

The mechanisms governing wavelength tuning are very similar to those discussed in the 

previous section. However, instead of creating an ITO annulus over the outcoupling 

grating, as is the case for beam steering, one covers the feedback grating with ITO. If a 

pure second order grating is being used, then the ITO covers the entire grating region. If 

it is desirable to have wavelength tuning associated with a focusing device, then the ITO 

must cover only the inner annulus consisting of a first order grating. 

Wavelength tuning by carrier injection has been investigated by a number of groups 

using linear DBR structures. In their book, Coldren and Corzine provide an estimation of 

the continuously timing range resulting from an An/n value of ~ 0.1%.^^ This value 

suggests that wavelengths can be continuously tuned 0.05%, which corresponds to 0.8 

nm at Xo = 1.55 ^m or 0.5 nm at 980 nm. Experimentally, a continuous tuning range of 

1.03 nm for a 1.5 pm DBR laser has been reported.^' Beyond this continuum, mode-hop 

tuning occurs as alternate axial modes become favored within the gain spectrum. In an 

attempt to extend the continuous tuning range, a number of groups have investigated 
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using a 3 section linear DBR laser.^^^^ Continuous tuning over a range of 5-10 nm at a 

lasing wavelength of 1.5 jam has been reported for 3 section DBR lasers.^"* 

2.7 Beam Shaping/Mode Selection 

In some applications it is desirable to have either a single lasing wavelength or a specific 

emission pattern. These properties can be achieved by implementing a variety of 

different schemes. A detailed theoretical investigation into this subject was performed by 

R. Latipov as part of his Masters Thesis-", hence only a brief overview of the relevant 

theory will be presented here. The primary means by which one can obtain mode 

selection is by perturbing the grating region. By breaking the circular symmetry of these 

structures, it is possible to force preferential resonance modes and alter the beam shape. 

We have accomplished this objective by defining arced regions in which no grating, and 

therefore no wave coupling, is present. Additionally, no feedback is provided by the 

arcs; therefore, lasing cannot occur in these areas. Arced regions with angles typically 

spanning 2 to 5° were written on top of the patterned grating region during the electron 

beam lithography step of fabrication. A complete discussion of the results is presented in 

chapter 4. 
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2.8 Semiconductor Wafer 

During the course of this research, semiconductor wafers were obtained from a variety of 

sources including the National Research Council of Canada, OptoPower Corporation, and 

Epitaxial Products International. 

2.8.1 Wafer structure 

The wafer details described in this section pertain to the wafers provided by the National 

Research Council of Canada (NRC) and Epitaxial Products International (EPI). Both 

epitaxial structures were grown on 2" gallium arsenide wafers. The EPI wafer was 

grown in a Metal Organic Vapor Phase Epitaxy (MOVPE) reactor. MOVPE, which is 

also known as Metal Orgam'c Chemical Vapor Deposition (MOCVD), allows for thin 

layers and abrupt transitions in the growth structure with high uniformity and thickness 

control. The NRC wafer was grown using Molecular Beam Epitaxy (MBE), which also 

provides accurate process control using solid sources instead of vapor phase sources. 

SEM cross-sections of both wafers are shown in Figure S. Both wafers included a 

strained triple quantum well InGaAs/GaAs structure, which is denoted MQW in the 

figure. 



Figure 5. Cross sections ofNRC (left) and EPI (right) wafers. 

The epitaxial layer structure for the NRC wafer began with a 0.12 IJ.m thick graded 

AlxGal-xAs (x=0.25 to 0.70) region followed by a 1.2 IJ.m Alo.7GCl<lJAs layer and a 
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0.12 IJ.m AlxGal-xAs (x=0.70 to 0.25) GRIN section that was doped at 5 x 10 17 cm-3 with 

Si to serve as then layer. The active region consisted of three wells of strained 

lno.2Gao.sAs of thickness 60 A sandwiched between 300 A thick GaAs barrier layers. The 

Be-doped p region had a structure identical to that used for then region; however, a 

150 A GaAs etchstop layer was incorporated into the structure at a position 0.32 IJ.m 

above the quantum wells. The etchstop served to accurately position the gratings for 

optimal coupling. By using selective wet etching it is possible to etch exactly to the stop 

layer. The Be doping (5 x 1017 cm-3
) extended both above and below the etchstop layer. 

This doping structure prevented recombination in the etchstop, provided a high doping 

level for the current injection through the ITO in beam steering/wavelength tuning 

devices, and produced a low-threshold device. 35 This structure was completed with a 

0.2 IJ.m GaAs cap layer. 
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The layer specifications for the EPI wafer were as follows. A graded AlxGai-xAs (x=0 to 

0.60) region 0.15 |am thick was followed by a 1.2 Alo.6Gao.4As layer. Both layers 

were specified to be doped at concentrations greater than 5 x lO'^ cm*^ with Si. An 

undoped GRIN region, Al^Gai.xAs (x=0.60 to 0.25), with a thickness of 0.12 helped 

create waveguide confinement. The triple quantum well active region consisted of 

strained Ino.12Gao.g8As with thickness 60 A sandwiched between 200 A thick GaAs 

barrier layers. A 0.12 |xm thick graded region served as the top cladding of the 

waveguide. For this wafer, Zn was used as the p dopant. A 0.3 |am AIo.6Gao.4As layer 

was followed by a 100 A GaAs etchstop. Hence the etchstop layer was positioned 

0.42 fam above the top of the quantum wells. The epitaxial growth was completed with a 

0.9 nm Alo.6Gao.4As layer, followed by a 0.15 |im GRIN layer and a 0.1 |am GaAs cap. 

2.8.2 Material Characterization 

The wafer characterization performed by EPI included photoluminescence, 

electroluminesence, X-ray diffi-action and surface defect mapping. The tolerances on the 

thickness of the wafer were ±10 % and ±30 % for the doping levels. The specified 

wavelength was 970 ± 15 nm while photoluminescence measurements revealed peak 

intensity at 977 nm adjacent to the major flat and 974 nm opposite to the major flat. The 

inferred value over the main 2" wafer was 975.5 nm. In addition to the characterization 

performed by EPI, we also fabricated broad area lasers in order to determine the optical 

loss, internal quantum efficiency, gain and the peak wavelength of the material. 
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A necessary condition for lasing is that the gain equals the loss. The loss consists of two 

terms: an internal optical loss, a;, and a mirror loss, Um. The mirror loss can be accurately 

calculated based on the cavity length and facet reflectivities while the average internal 

loss must be determined experimentally. For a Fabry-Perot cavity, 

a_  =  —hi  m U) L 

The power reflectivity, R, is associated with the amplitude reflectivites, r, in such a way 

that R = rir2. Assuming equal facet reflectivites, R can be calculated from the index of 

refraction of the material. Assuming a vacuum for the ambient material 

^ / i - lV  R = (15)  
.w + U 

The index of refraction can be determined experimentally or calculated to within 1 % 

relative error using models based on the epitaxial layer structure of the wafer.^^ Hui Luo 

has done such modeling in our group using the mathematical software Matlab. During 

the material characterization, both gain guided and index guided structures were used. In 

a gain guided laser, the lateral component of the optical mode is confined by the gain 

profile which is defined by the current injecting contact. For index guiding a physical 

waveguide structure is created by etching the material. Consequently, the effective index 

of refraction varies between the two cases. For the EPI wafer, Luo's program determined 

values of 3.2925 and 3.2933 for the index guided and gain guided structiu%s respectively. 

This results in reflectivities of28.52% and 28.53%. This difference will not significantly 

impact the analysis. The greater distinction between index guiding and gain guiding 

manifests itself in terms of the optical mode confinement. Gain guiding has less 
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confinement as a result of spreading of the injection current. Consequently, the 

thresholds and efficiencies of gain guided lasers are inferior. 

The external differential quantum efficiency, T]d, can be calculated from the slope 

efficiency and is also related to the material parameters r|i (internal quantum efficiency), 

ttm (mirror loss), and <ai> (average optical loss) as given in (16).^'* 

(16) 
he dl <a,>+a, I in 

Alternatively, replacing the mirror loss by (14), one arrives at: 

7/ In(^) 
n u =  r -  (17 )  

L<a,  > + ln(-) 
K 

Consequently, by determining r|d for several different cavity lengths it is possible to 

obtain the material parameters Tii and <ai>. Typically, 1/rid is plotted versus cavity 

length which gives a linear relation. 

l ^ L  
n 1 r t  ( 18)  

r), In(-) 

Hence, the internal quantum efficiency is given by the reciprocal of the intercept and the 

material loss can be extracted from the slope. The internal quantum efficiency is very 

close to unity. For our triple quantum well wafers the internal loss was approximately 

2.5 cm*'. 
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3. FABRICATION 

All of the device fabrication, with the exception of epitaxial growth, was performed in the 

Optoelectronic Microfabrication Facility at the Optical Sciences Center. The cleanroom 

consists of over 1600 square feet of Class 100 and Class 1000 workspace. Processing 

capabilities include optical, holographic and electron beam lithography, ECR reactive ion 

etching, electron beam evaporation, scanning electron microscopy, rapid thermal 

annealing and wirebonding. 

In this chapter, the individual processing steps are described and the rationale behind 

these decisions are explained. The discussion proceeds in the order in which the samples 

were normally processed. 

3.1 Alignment Marks and p-contact 

3.1.1 Pattern Definition and Metalization 

The definition of alignment marks and the p-contact is the first of the processing steps. 

The p-contact, located on the top side of the wafer, is needed for electrical current 

injection while the alignment marks are used to accurately position masks and gratings 

during subsequent processing. Several options were investigated including reactive ion 

etching of a pre-deposited metal and liftoff metalization. 

Depositing the contact metal over the entire sample and then etching both the metal and 

the semiconductor is an attractive approach in that it reduces the number of processing 
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steps. However, this method presented several problems and was not a viable process. 

There were adhesion problems between the gold and the photoresist. Several different 

types of photoresists were tried, but with limited success. The use of adhesion promoters 

was avoided since in the past we had experienced problems with these materials 

inhibiting etching. Reactive ion etching removes material from the sample by two 

mechanisms; physical etching and chemical etching. Physical etching is analogous to 

sandblasting; the ions within the plasma dislodge atoms from the sample by means of 

momentum transfer. Chemical etching requires that the reactive ions interact with the 

constituent elements of the sample to form volatile species which are then removed from 

the surface of the sample. Generally, reactive ion etching of metal is dominated by the 

physical etch component rather than the chemical component; therefore, highly energetic 

plasmas are required. Our Oxford Instruments Plasmalab System 100 equipped with an 

Astex microwave generator was used for the electron-cyclotron resonant reactive ion etch 

(ECR-RIE). The maximum rf power was 300 W, while 700 W of microwave power was 

available, but these did not produce a reasonable etch rate of the metal. This process was 

successfully implemented on a Gain?As based material during a collaboration with 

Northwestern University. The powers generated by their Plasma-Therm SLR 770 were 

much higher and therefore a much faster etch rate was achieved. Figure 6 shows the 

resuh of such a process. 
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Figure 6. ECR-RIE of patterned metal and semiconductor. 

Liftoff involves creating an undercut profile in the patterned photoresist which facilitates 

the "lifting off' of metal deposited on top of the photoresist. The basic processing steps 

involve covering the sample with photoresist, exposing the pattern, creating the liftoff 

profile, metalization and metal liftoff. Two different procedures for creating a liftoff 

profile were compared. 

The first process used Shipley 1813 positive photoresist. A 1.3 ~m thick film of resist 

was spin cast onto the sample and pre-baked at 1 00°C for 1 minute. The sample was 

patterned using a chrome mask with either 60 or 100 ~m diameter circular openings (the 

p-contact) and cross-shaped alignment marks. The alignment marks had a 500 ~m 

center-center separation and any given region on the mask consisted of an array of 16 by 

16 devices. Following exposure and preceding development, the sample was soaked in 

chlorobenzene for 2 minutes and subsequently baked at 70°C for 45 seconds. The sample 
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was then developed in Shipley MicroPosit 352 developer and post-baked in preparation 

for metalization. 

The second alternative relied on the image reversal properties of AZ 5214E photoresist. 

The following procedure was used.^^ The resist was spun to a thickness of 1.5 ^im and 

then pre-baked at 100®C for 45 seconds. The sample was exposed for 2.5 seconds using 

a pattern that had an opposite Held of the mask used in conjunction with the Shipley 1813 

based procedure. In contrast to the previous procedure, this method utilized a negative 

tone photoresist hence an opposite mask must be used. Following the exposure, the 

sample was baked at 115°C for 1 minute in order to thermally crosslink the exposed 

areas. Temperature stability is critical in this step since too great a temperature can result 

in crosslinking the unexposed area as well. The sample was then subjected to a flood UV 

exposure (no mask) for 15 seconds. The sample was developed in AZ 400K developer, 

which was diluted 1:4 to give high contrast, rinsed and post-baked. 

A comparison of the two liftoff profiles can be seen in Figure 7. Instead of using the 

circular mesa mask, a linear channel waveguide mask was used in order to facilitate 

inspecting the cross-sections. 
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Figure 7. Cross-sections ofliftoffprofiles with Shipley 1813 (left) and AZ5214E (right). 

It is apparent that the liftoff profile has actually collapsed in the Shipley 1813 case. As a 

result of this non-ideal profile, it was often very difficult to liftoff the metal. Portions of 

the metal would not lift off and the metal in other areas had to be tom away from the 

defined structures. In addition to giving a much nicer profile, the AZ 5214E process is 

also much more environmentally friendly since it avoids the use of chlorobenzene. 

Prior to metalization, the samples were plasma cleaned and then dipped in an equal part 

HCl:H20 solution (6M). These process steps eliminated contaminants on the wafer 

surface and remove the native oxide that forms on the sample. It is necessary to have an 

oxide-free surface in order to create ohmic contacts. Following an HCl dip, the surface is 

temporarily hydrogen passivated and oxide growth is inhibited.37 The time between the 

HCl dip and loading the sample for metalization should therefore be kept to a minimum. 

Metalization was performed using an Edwards Auto-306 Electron Beam Evaporator. The 

chosen combination of metals for the p-contact was 25 nm of titanium, followed by 55 

nm of platinum and 300 nm of gold. Deposition thickness was monitored with an 
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oscillating crystal monitor. The titanium/platinum combination has been reported as an 

excellent ohmic contact to highly doped p-type GaAs.^® The top layer of gold enables 

contact probing and wirebonding. It was found that if the thickness of the contact metals 

became too thin (less than 200 nm) wirebonding was not possible. The ball bond would 

lift up the metal during the bonding process even when the force was set to the minimum 

value. The platinum layer serves as a diffusion barrier by preventing the gold from 

spiking into the semiconductor and producing an inhomogeneity in the contact. The 

primary method by which carriers are injected into the semiconductor is by way of 

quantum-mechanical field emission tunneling. High doping concentrations in the 

semiconductor (greater than lO" cm"^) result in a reduction of the width of the metal-

semiconductor depletion region hence facilitating timneling. As a result, the current-

voltage characteristics behave in nearly an ohmic (linear) manner as opposed to the 

diode-like behavior of a Schottky barrier. 

In order to liftoff the excess metal, the sample was placed in a beaker of 1-Methyl 2-

Pyrrolidinone (NMP) which was heated to 110 °C. The sample was soaked for 

approximately 10 minutes without agitation. Subsequently, it was removed from the 

beaker and sprayed with acetone, which caused the excess metal to become free of the 

sample, leaving the desired metalized pattern. The alignment and reference marks and a 

portion of the contact mesa following liftoff are shown in Figure 8. 
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Figure 8. Metalization defined by liftoff process. 

It should be noted that the edges of the metal and the definition is much sharper than that 

achieved by the direct reactive ion etch of the metal as shown in Figure 6. Therefore, 

despite the additional processing steps required, it was decided that liftoff metalization 

was the best procedure. 

Upon completion of the metalization, the thickness was measured with either a Tencor 

AlphaStep 500 or a Wyko NT-2000 Optical Profiler. The AlphaStep generates a plot of 

the surface profile along a line by running a stylus the length of the measurement, while 

the Wyko NT-2000 uses interferometry to provide non-contact 3D surface metrology. 
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3.1.2 Mesa Etch 

Etching of the p-contact mesas and alignment marks requires both a reactive ion etch and 

a wet acid etch. The electron-cyclotron resonance reactive ion etch (ECR-RIE) provides 

a highly anisotropic etch which results in vertical sidewalls and minimal undercutting. 

The wet hydrofluoric acid (HF) based etch enables a high selectivity of AlxGai-xAs over 

GaAs for high AlAs mole fractions, but it etches in all directions and therefore leads to 

undercutting of the etch walls.^^ The nominal required etch depth was 1.3 |im, of which 

the initial 80-90% was done by ECR-RIE while the remaining AlGaAs, up to the GaAs 

etch stop, was removed with a wet etch. This combination produced sharp sidewalls and 

terminated the etch at the etch stop. It was not possible to use strictly the RIE, since the 

etch rates of GaAs and AlGaAs were very similar and could result in etching through the 

etch stop. A chlorine-methane mixture was used for the reactive ion etching.''" Typical 

etch times were 3 minutes with an rf power of 100 W and a microwave power of 500 W. 

Prior to reactive ion etching, it was necessary to create a protective layer of photoresist on 

the mesas and alignment marks in order to prevent etching of the metal. The etch 

selectivity between the gold contacts and the semiconductor was about 1 to 6. Although, 

as previously discussed, the metal etch rate was too slow to enable direct etching to 

define the contacts, it was significant enough to negatively unpact future processes such 

as wirebonding. In addition to preventing etching of the contacts, the photoresist also 

served to prevent damage to the surface of the contacts. Upon completion of the etch, the 

photoresist was stripped and the sample was again measured using the Wyko NT-2000. 
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Given the measured depth, the metal thickness, and the position of the etch stop layer, it 

was possible to determine the remaining distance to the etch stop. From this information, 

it was possible to obtain the estimated wet etch time. 

Diluted hydrofluoric acid was initially used for the wet etch; however, reproducible 

etches were not obtained. It was found that the HF degraded with time and that solutions 

over 9 months old were no longer effective. As an alternative. Buffered Oxide Etchant 

(BOE) was used. BOE 6:1 consists of HF diluted in 6 parts water with ammonium 

fluoride which serves as a buffer. In order to achieve adequate etch rates, it was 

necessary to use a 5:1 mixture of hot BOE:HF. The addition of HF to the BOE increased 

the etch species while still maintaining the pH control characteristic of a buffer solution. 

The BOE was heated to 100 °C before the HF was added. The increased temperature 

resulted in faster rates of reaction and improved the solubility of ammonium fluoride. 

The ammonium fluoride crystals began to precipitate at around 40 ®C in the BOE:HF 

solution. This mixture produced an AlGaAs etch rate of approximately 0.1 ^m per 10 

seconds. When the sample had been etched down to the GaAs layer, it appeared shiny 

and the (iF no longer wetted the surface. It is of critical importance not to overetch the 

sample since this wet etch is isotropic and therefore produces undercutting of the 

structures. Inrniediately following the etch, the sample was rinsed in flowing deionized 

water for several minutes. As a final check of the etch depth, a Wyko NT-2000 

measurement was taken. 
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3.2 Grating Fabrication 

High quality, uniform, patterns are required for both the feedback and outcoupling 

gratings in order to ensure a good device. For this reason, grating fabrication is one of the 

most important processing steps. It is also one of the most time consuming. 

3.2.1 Electron Beam Lithography 

In addition to producing sub 100 nm linewidths, electron beam lithography (EBL) also 

offers considerable freedom in pattern design. EBL is a direct write process, meaning 

that no masks are required. Instead, patterns are generated within a commercial 

computer-aided design program (DesignCAD) and read by NPGS (see section 3.2.2 for 

an overview of NPGS). Our EBL system is a modified JEOL 6400 scanning electron 

microscope capable of polar coordinate based writing. The ability to work in polar 

coordinates, as opposed to rectilinear ones, is critical in the definition of circular gratings. 

The system is also equipped with an automated stage which allows for the creation of 

anays of devices on a sample. 

3.2.2 Overview of NPGS 

Nanometer Pattern Generation System (NPGS) is an extremely flexible electron beam 

writing package developed by J. C. Nabity Lithography Systems.'*' Patterns are created 

in DesignCAD. DesignCAD has its own programming language, BasicCAD, that makes 
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it well suited to the development of gratings. By utilizing loop structures, it is possible to 

create linear, circular and variable period gratings. The BasicCAD program used to 

create circular gratings can be found in Appendix A. Once a pattern is created, a run file 

containing the exposure parameters is defined using the MRF (Make Run File) program. 

Important variables include magnification, beam current, dose, center-to-center spacing 

and line spacing. In addition to specifying pattern files, it is possible to define alignment 

files which are used to accurately position the patterns on the sample. Pattern writing is 

accomplished by simultaneously controlling the x-y scan coils and beam blanking unit on 

the JEOL 6400. Run files can be configured so that multiple patterns can be written in 

one session. 

3.2.3 Electron Beam Resists 

Two different electron beam sensitive resists were examined: PMMA and ZEP-520. The 

primary criteria used when evaluating these two resists were pattern resolution, reactive 

ion etch resistance, and writing time. 

3.2.3.1 Characteristics of PMMA 

Polymethyl methacrylate (PMMA) is a positive tone electron beam sensitive resist. It is 

available in several different molecular weights and concentrations, which influence its 

sensitivity. Either chlorobenzene or anisole is used as a casting solvent When subjected 

to electron irradiation, the bonds in the polymer are broken (chain scission). The 
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resulting fragments are soluble in a solvent developer thereby creating a pattern in the 

resist. However, excessive doses can cause the PMMA to crosslink and exhibit 

properties of a negative tone resist.'*^ 

Microlithography Chemical Corporation's 495 PMMA C4 was used as the resist when 

defining our circular gratings. When spun at 5000 RPM it produced a 0.25 jim thick 

film. After spinning, the samples were baked at 165°C for 1 hour in order to evaporate 

the residual solvent and to prevent the formation of pinholes in the resist. After electron 

beam lithography, the samples were developed in a 1:3 solution of methyl isobutyl 

ketone(MIBK):2-propanol (IPA). Samples were developed for 1 minute and 

subsequently rinsed in IPA for 30 seconds. 

In our application, it is desirable to have sharp transitions between the exposed and 

unexposed areas since the resist profile influences the achievable etch sidewalls in the 

subsequent grating etch process. Sharp transitions are characterized by a high contrast. 

Contrast, y, is a measure of the developer's performance in response to varying doses and 

is defined by the following equation. 

1 7 = ( 1 9 )  
log(D,/D^) 

Where D, denotes the maximum dose for which the resist thickness is unchanged while 

Df represents the minimum dose required to completely dissolve the resist. 

In order to determine the contrast for PMMA 495 C4, the following experiment was 

performed. PMMA was prepared on a 1 cm^ sample of GaAs, following the usual 

procedure. After baking the sample was cleaved into 4 pieces. A series of test patterns 
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were written at varying exposure levels. The sample was developed and the depth of the 

patterns were measured using the Tencor AlphaStep 500 Profiler. The measured depths 

were subtracted from the PMMA thickness, yielding the residual PMMA thickness. 

These values were normalized by the overall PMMA thickness and plotted versus the 

logarithm of the exposure. This experiment was repeated several times and the compiled 

data is shown graphically in Figure 9. A least sqiiares fit linear regression was performed 

on data points with normalized thickness lying between 0.10 and 0.85 in order to 

determine the contrast (magnitude of the slope). The contrast was determined to be 

5.6 ±0.3 

PMMA Contrast 

0) 
(0 
« 

Regression Line 

y = 5.6 +/- 0.3 

2.00 2.06 2.10 2.15 2.20 2.25 

Log(Dose) 
2.30 2.35 2.40 

Figure 9. Contrast for PMMA 495 C4. 
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It must be acknowledged that contrast is dependent on temperature, and that the 

temperature was not a completely controlled variable. Mixing of IP A and MIBK is an 

endothemic reaction; therefore, the temperature of the solution decreases. It was not 

viable to use a water bath to accurately regulate the temperature for each development. 

Instead the development beaker was held for approximately I minute to slightly raise the 

temperature. It is estimated that the development solution was at a temperature of 20 °C 

±2 °C. However, the manifestation of this effect is included in the reported error bounds 

on the contrast. For tuture work, I recommend preparing a container of pre-mixed 

developer solution so that the temperature fluctuations associated with mixing can be 

eliminated. 

It has been reported by Bernstein and colleagues that the addition of small amounts of 

methyl ethyl ketone (MEK) to the standard MIBKrIPA development solution 

significantly increases the contrast.**^ They report that 1% of MEK increases contrast 

nearly 30% (from 7.0 to 9.0). This approach was tried and resulted in a slight increase in 

contrast (y = 6). However, in our case, the only reason to increase contrast was to 

produce sharp first order gratings. In this regard, there was no distinguishable difference 

between gratings developed with MEK and those developed without. Figure 10 

illustrates this result. 
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Figure 10. First order circular gratings developed without (left) and with MEK (right). 

3.2.3.2 Characteristics of ZEP-520 

ZEP-520 is a high resolution electron beam resist produced by Nippon Zeon Corporation. 

In comparison to PMMA,it has very good reactive ion etch resistance and a lower dose 

requirement which yields faster writing times. 

As a result of the better etch resistance, the ZEP-520 was diluted with 2 parts of 

chlorobenzene to produce a spun film thickness of about 100 nm. The writing and 

etching of fine features is improved with thinner films. After spinning, samples were 

baked on a hotplate for 5 minutes at 170 °C. Following electron beam lithography, using 

a procedure similar to the PMMA contrast experiment, the samples were developed in 

xylene for 60 seconds and rinsed in IP A. A comparison was made between development 

in a-xylene and p-xylene. It was found that the p-xylene gave a higher contrast value 

than a-xylene, which is consistent with the literature.44 For all subsequent development 

and the results reported in this section, p-xylene was used. Contrast data for ZEP-520 is 
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shown in Figure 11. The resulting contrast value was 6.0 ± 0.3, which is slightly better 

than the 5.6 value obtained for PMMA, but less than the number reported in the data 

sheets (y = 8.6). However, it is important to notice that the minimum dose required to 

completely expose the resist, Df, is significantly less for ZEP-S20. The logarithmic value 

for PMMA is 2.26 while for ZEP-520 it is 1.56, which corresponds to Df values of 182 

and 36 ^C/cm" respectively. As a resuh of this lower dose requirement, a significant 

time savings was gained when writing the circular grating patterns. It typically took half 

to a third as long to write patterns in ZEP-520 as compared to PMMA. 

Given the advantages of ZEP-520, it was the resist of choice for most of our electron 

beam lithography processes. 
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Figure 11. Contrast for ZEP-520. 
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3.2.4 Pattern Writing 

As discussed in chapter 2, two different annular grating regions are required for most 

CGSELs, Feedback is provided by a first order aimular region 50 jim in extent with a 

nominal period of O.IS ^m, while outcoupling is achieved with a detuned second order 

grating typically 100 |am in length and 0.3 jim period. 

Several factors govern the minimum achievable linewidth and they may be classified as 

environmental, resist issues, NPGS parameters and scanning electron microscope 

limitations. 

The environmental factors include electromagnetic fields and vibrations. To mitigate 

these factors a survey of the stray electromagnetic fields was conducted prior to the 

installation of the SEM, the SEM is floated on air shocks, and finally, motion should be 

kept to a minimum in order to prevent vibrations and changes in the EM fields. Figure 12 

illustrates the effect of stray electromagnetic fields on a linear grating pattern. The 

waviness superimposed on the pattern is a result of EM interference during pattern 

writing and not an artifact created during inspection with the SEM. 
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Figure 12. Influence of a stray electromagnetic field on a linear grating. 

By knowing the beam writing time per line and observing that there are 12 periods in the 

vertical direction, it is possible to calculate the frequency of this disturbance. This 

pattern is a result of a 60Hz field, most likely associated with AC electricity. For this 

reason, computer monitors and all other unessential electrical equipment were turned off 

during the writing process. 

Resist age, thickness and pre-bake conditions all influence resolution. The resist should 

be exposed within several days of spinning since it can absorb both gases and moisture 

which alter its exposure properties. Thinner resists enable finer linewidths; however, the 

resist must also serve as a mask during the reactive ion etch. Resist thicknesses on the 

order of 0.25 ).!ill for PMMA and 0.1 ).!ill for ZEP-520 were typically used. The pre-bake 

temperature must be sufficiently above the glass transition temperature of 105 °C in order 

to reflow the resist and suppress pinholes. It must not be too high so to thermally damage 
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the resist or the sample. Pre-bake temperatures of 160 to 200 ®C are used for both 

PMMA and ZEP-520. Bake times from 30 minutes to over 4 hours have been reported 

for PMMA"*^, while typical ZEP-520 bake times range from 2 to 10 minutes. 

Critical NPGS parameters include Line Spacing, Center-to-Center Spacing and Exposure. 

The Line Spacing and Center-to-Center Spacing values determine the number of beam 

passes required in order to write the defined line and the number of points per line. 

Typically the Line Spacing and Center-to-Center Spacing are both set equal to 

approximately one third the designed linewidth. Note that because of line broadening, 

the designed linewidth is not necessarily equal to the final linewidth observed in the 

resist. The Exposure parameter is intimately associated with the contrast. It is desirable 

to choose an exposure that will result in complete development. However, overexposure 

results in additional backscatter and decreased resolution. NPGS allows the exposure to 

be specified as a Point (fC), Line (nC/cm) or Area (^C/cm^). Most literature reports 

exposures as area doses, but I chose to specify the dose in terms of a line dose since most 

patterns consisted of lines rather than areas. The area dose is found by dividing the line 

dose by the Line Spacing. 

SEM parameters influencing resolution include accelerating voltage, filament stability, 

spot size and focus. Higher accelerating voltages yield finer resolution; however, higher 

voltages also increase the amount of electron backscatter. Our patterns were written at 

40 kV accelerating voltage since our JEOL 6400 SEM was fitted with an electron gun 

which was stable at those voltages. A tungsten filament is used as an electron source in 

our SEM. The filament is housed in a Wehnelt unit. When a new filament is installed, it 
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is imperative that the Wehnelt be properly cleaned since any contamination will result in 

an unstable filament and poor resolution. Aiter installing a new filament it is necessary 

for the Wehnelt and filament to outgas for several hours before proceeding. Even the 

existing filament must be allowed to stabilize at the desired accelerating voltage and 

current prior to conunencing writing. The spot size is a function of several parameters 

including working distance, beam current, and objective lens aperture. A minimum 

working distance is desirable and our patterns were written at the minimum functional 

distance of 8 nmi. Reducing the beam current reduces the spot size and therefore 

increases resolution. However, reducing the cunent also increases the amount of time 

necessary to write a pattern. The l" order gratings were written with a beam current of 

10 pA while the order gratings were written with 50 pA when using ZEP-520. 

However, given the higher exposure requirements of PMMA, 50 pA and 200 pA were 

used. Highest resolution is achieved at the minimum objective lens aperture setting. The 

ability to focus at high magnification is of paramount importance in achieving minimum 

linewidth. To assist in focusing a gold standard, shown in Figure 13, is used. 



Figure 13. Gold standard used to achieve optimal focus. 

The gold standard consists of colloidal carbon coated with a thin layer of gold. At the 

maximum magnification of 300 OOOx, a resolution of several nanometers is achievable. 
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In conjunction with optimizing focus, it is necessary to minimize astigmatism. This is 

done by using the Wobbler button in order to center the aperture and by tuning the X and 

Y stigma dials. Astigmatism results from different focal points for the X and Y planes. 

When a circular pattern is written with an astigmated beam, there is an angular 

dependence in the resist exposure and correspondingly an angular dependence in the 

linewidth. Figure 14 shows the bow-tie pattern characteristic of a pattern written with an 

astigmated beam. The exposure along the line oriented at 45° is greater than the exposure 

in the perpendicular direction, hence we observe variations in the developed pattern. 
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Figure 14. Circular grating written with an astigmated beam. 

Although optimal focus is achieved on the gold standard, it is still necessary to have 

optimal focus on the sample where the pattern is to be written. To facilitate this goal, 

round-tipped metal tweezers were used to gently tear the resist near the writing location 

without scratching the semiconductor material. It was then possible to use the fine Z 

stage height position and the focus dial in order to achieve best focus on the tear. Since 

this focusing location was much closer to the ultimate writing area, the effect of stage tilt 

was minimized. 

Alternatively, a least squares analysis was used in order to fit the focus setting to the X 

and Y stage position. The following equation was used. 

FOCUS= AX +BY +C ( 20) 



62 

However, this approach did not work as well as the previous method primarily because it 

was not necessary to characterize the tilt across the entire sample but merely minimize its 

effect in a local area. Furthermore, the first approach was much simpler. 

Prior to writing the patterns, it was necessary to accurately position the sample. The 

alignment marks were used to accomplish this task. Coarse alignment was achieved by 

restricting the beam scan to a small box in the lower left comer of the monitor and then 

using the automated stage control to position the corresponding alignment mark within 

the confines of the box. The JEOL 6400 was then switched fi:om SEM mode to NPGS 

mode. Fine alignment was obtained by using the semi-automatic alignment capability of 

NPGS. Overlay windows consisting of the inner two of the four arms of the alignment 

crosses were scanned for each of the four comers. Using the arrow keys on the NPGS 

keyboard, the overlays were positioned so that they coincided with the actual alignment 

marks on the sample. The alignment pattems were re-scanned and the process was 

repeated until satisfactory alignment was achieved. The corresponding position 

corrections were saved and then used by the software to accurately reference the origin in 

the subsequent patteming writing. Each of the four overlays could be moved individually 

or they could be moved in unison. Generally it was necessary to move each overlay 

when writing the furst pattem of the session; however, for subsequent pattems they could 

be moved together since the correction matrix from the previous alignment run was saved 

to a system file. Since the inner and outer gratings were written with different beam 

currents, it was necessary to repeat this procedure prior to each writing. 

Typically twenty to thirty devices were written on a sample. 
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3.2.5 Grating Etch 

The circular grating pattern was transferred into the wafer using a reactive ion etch. A 

process similar to the one used to define the mesas was used. The grating structures 

defmed using the exact mesa-etch recipe were plagued by carbon deposition which 

increased scatter, changed the effective index of refraction and decreased the quantum 

efficiencies of the devices. In order to rectify this problem, the methane composition of 

the gas mixture was significantly decreased while a substantial fi'action of argon was 

added to the mixture. The resulting chlorine;argon:methane mixture produced structures 

with good sidewalls, minimal roughness and dramatically improved device performance. 

The gratings were etched to a depth between 0.10 fim and 0.15 ^m to provide optimal 

coupling as described in section 2.2. Figure 15 shows an etched device depicting both 

second order gratings on the left of the figures (nominal period 0.30 |im) and first order 

gratings on the right (0.15 ^im period). Note that the etch depth between the first and 

second order sections is very similar, which is desirable. It must also be pointed out that 

a portion of the first order grating was damaged during cleaving. 



Figure 15. Ch:Ar:C~ ECR-RIE grating etch. Top profile (left), cross-section (right). 

3.3 n-contact Metalization and Annealing 

3.3.1 Lapping 
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Prior to metalization, approximately 100 ~m was removed from the back side of the 

sample using a South Bay Technology Model 920 Lapping and Polishing Machine. This 

process served to both clean up the wafer surface and improve the heat sinking capability 

of the sample. However, since injection currents were typically less than 300 rnA and a 

pulsed mode operation was used, heating was not a severe limitation. As a consequence, 

it was not necessary to remove more than 1 00 ~m of material which resulted in a less 

fragile sample. The samples were lapped in a single run using 600 grit paper that 

provided a sufficiently smooth surface on which to deposit the n-contact metals while 

still removing the material in just several minutes. 
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3.3.2 Back Contact Metalization 

Alloys of Ni/Ge/Au have been used to create metal contacts to n-doped GaAs for over 30 

years.''^ For our devices, 25 nm of nickel followed by 55 nm of germanium and then 80 

nm of gold were deposited using the Edwards electron beam evaporator. The initial layer 

of nickel serves to improve adhesion between the contact metals and the semiconductor 

and improves the uniformity of the contact resistance. Alloying occurs between the 

various contact components, creating NiOe, NiAs and AuGa phases. Annealing is very 

important in the creation of these phases; however, over-annealing can lead to grain 

growth and an increase in contact resistance. 

3.3.3 Rapid Thermal Annealing 

In order to create ohmic contacts, the samples were annealed by a rapid thermal 

annealing process. A Heatpulse System 610 Rapid Thermal Annealer was used. It has 

been reported that the contact resistance of Ni/Ge/Au to n-type GaAs significantly 

improves after annealing above the eutectic temperature of the Au-Ge alloy (360 "C), but 

degrades again as annealing temperatures approach 600 Annealing is generally not 

required for Ti/Pt/Au-p^ contacts and in fact contact resistance increases for annealing 

temperatures in excess of475 °C. In addition to degrading contact resistance, subjecting 

the samples to extended periods of time at elevated temperatures can result in diffusion 

within the quantum well region of the semiconductor and reduced quantum confinement. 
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Given these tradeoffs, the samples were armealed at 415 °C for 20 seconds. A mixture of 

3.01% Hi in N2 was used as the forming gas. If the devices were to include Indium Tin 

Oxide, then annealing was delayed until after the ITO patterning. 

3.4 Indium tin oxide (ITO) 

3.4.1 Deposition 

Deposition of a low loss, low resistance transparent electrode was critical in the ability 

for beam steering, wavelength tuning and variable focus properties of our CG-DBR 

lasers. Indium Tin Oxide was chosen for the transparent electrode since the thin films 

group at the Optical Sciences Center have considerable experience depositing high 

quality ITO films. A transparent oxide with thickness of 0.1 - 0.2 nm was sputtered 

using a Perkin Elmer 2400 RF Sputtering System. The chamber was evacuated to the 

10"® -10"' Torr range and then backfilled with 70% Argon and 30% Oxygen. The 

sputtering was done at room temperature; however, the substrate was water-cooled. A 

target comprising of 90% In203 and 10% Sn02 was used. 

3.4.2 Patterning 

Samples were coated with Shipley 1813 photoresist and patterned using optical 

lithography. The mask used for this process allowed for several different annular rings to 

be defined. The smaller devices, 60 ^m diameter contact mesas, had first order feedback 
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gratings that extended a radial length of SO The outcoupling grating was 100 in 

length and therefore extended from radial values of 80 to 180 ^m. The 

corresponding masked area had an inner radius of 80 |im and an outer radius of 20S ^m. 

The larger devices had a contact mesa diameter of 100 ^m but similar grating lengths of 

SO ^m and 100 ^m respectively. For these devices, the masked region extended from 

100 ^m to 205 nm. Alignment marks were used in order to properly position the masked 

region on the devices. Following exposure and development, the samples were baked at 

lOO^C for 2 minutes to harden the resist prior to etching. 

3.4.3 Etching 

In order to avoid damaging the underlying device, a wet chemical etch"*^ was used rather 

than a reactive ion etch. A 12M solution of HCl was used to etch the patterned ITO. An 

etch time of SO seconds, followed by a several minute rinse in flowing deionized water, 

removed the approximately 100 - 200 nm of ITO. The sample was subsequently soaked 

in room temperature acetone in order to remove the photoresist. Figure 16 shows a 

device following this procedure and a magnified view of the ITO boundary. 
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Figure 16. ITO patterned device (left) and magnified view of ITO boundary (right). 

The ITO annular region extends slightly beyond the grating to allow for an electrical 

contact to be established without compromising the outcoupling. The slight roughness 

that is observed at the ITO boundary should not degrade the device performance. 

Similarly, the fact that the ITO extends several microns onto the first order grating should 

not severely impact the feedback properties. 

3.4.4 Annealing 

Annealing significantly improves the electrical properties of the ITO without severely 

impacting the optical transmission. Two methods of annealing were examined: 

conventional annealing and rapid thermal annealing. 
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3.4.4.1 Conventional Annealing 

The devices were annealed at 225°C for 2 hours and 30 minutes in an evacuated chamber. 

A ramp-up time of approximately 45 minutes was included in the processing time. The 

sample was allowed to cool for 4 hours, still under vacuum, prior to venting the chamber 

with argon. This procedure was developed by Dr. Sergio Mendes and has been 

extensively characterized by him. However, the considerable time required to perform 

this process must be considered a serious drawback. 

3.4.4.2 Rapid Themfial Annealing 

An alternative option is to use a rapid thermal process. As shown in the graph of Figure 

17, contact resistance shows a dramatic decrease for annealing temperatures near 400 °C. 

Process times ranging from 15 to 60 seconds were tested, with little variation in 

resistance for times between 20 to 40 seconds. The resistance of the semiconductor and 

ITO combination for ITO that was deposited on top of a patterned/etched surface (With 

Gratings curve) is slightly higher than on unprocessed areas. This may be attributed to 

the formation of a native oxide layer on the AlGaAs of the etched surface. This effect 

can be minimized by performing an oxide removal etch in HCl prior to ITO deposition. 

Fortuitously, the ITO annealing parameters are very similar to the recipe used to anneal 

the contacts; therefore, both the contacts and the ITO were annealed in just one step. The 
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415 oc temperature described previously for the annealing of the contacts is very close to 

the minima of the ITO resistance curves. 
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Figure 17. Device resistance as a function of annealing time (left) SEM micrograph of 
grating cross-section with ITO (right). 

3.4.5 Physical Properties of ITO 

The electrical (resistivity) and optical (transmissivity) properties of the Indium Tin Oxide 

were evaluated using test pieces. Sheet resistivity measurements were made using a four 

point probe while ITO contact resistance was measured using a curve tracer. The 

transmission from 500 nm to 1500 nm was measured using a Varian Cary5 

Spectrophotometer. Microscope slides were used to test ITO properties for the 

conventional annealing process. However, given the higher temperatures produced in 

rapid thermal processing, microscope slides were not used. The sheet resistivity of test 
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samples prior to amiealing was determined to be 3.6 x 10"' Q-cm. After conventional 

annealing the samples, the resistivity improved to 4.4 x 10*^ Q-cm. 

These ITO films exhibited good optical properties: a plot of the transmissivity, after 

annealing at 225°C, is given in Figure 18. A thin film of ITO deposited on a microscope 

slide was compared to a reference slide in order to obtain transmission values. The 

transmission is around 90% at our wavelength of interest (980 nm). 
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Figure 18. Optical transmission of Indium Tin Oxide. 

A measure of the ITO absorption was obtained by comparing the output power of the 

same device both before and after ITO deposition. As evidenced by the L-I plots in 

Figure 19, there is a 30% reduction in output power after ITO processing. However, this 

loss can not entirely be attributed to the ITO since the sample was subjected to several 

more fabrication steps and the contacts were aimealed (RTA) twice. The ITO also affects 
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the cavity loss which in turn influences the device performance. Nevertheless, this does 

provide an upper bound on the ITO absorption. 
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Figure 19. L-I plots for CGSEL before and after ITO deposition. 

3.5 Packaging 

To facilitate testing and to prevent damage, the devices were mounted and wirebonded 

prior to complete testing. Before beginning the packaging process, the lasers were 
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examined with the scanning electron microscope and were probe tested. A contact probe 

was used to inject current into the p mesa in order to determine if the test device was 

lasing. If these tests proved successful, the devices were packaged. The processed 

samples, which typically measured slightly over 1 cm^ were cleaved to a size of 5 mm by 

1 cm to match the mount. 

3.5.1 Mounting 

A 14 pin mount from Hirai Seimitsu Corporation was used to hold the sample. In order 

to provide low resistance, the mount consists of electroplated gold on top of a layer of 

electroplated nickel. Prior to mounting the sample, it is imperative that both the backside 

of the sample and the mount be clean, since contamination on either surface contributes 

to the subsequent failure of the sample-mount bond. The cleaning procedure included an 

ultrasonic clean and plasma ash for the mount, while the device cleaning was 

accomplished with a solvent clean followed by a plasma ash of shorter duration. 

Two bonding methods were examined: one consisted of a silver epoxy while the second 

used indium. The primary criteria used when comparing these two alternatives were 

minimal contact resistance and sufficient adhesion. In order to compare these two 

methods, small scraps firom completely processed samples (mesas without gratings) were 

bonded to smaller mounting blocks. The Tektronics 576 Curve Tracer was then used to 

determine the overall contact resistance. 

Master Bond Polymer Adhesive is a two component, silver filled, electrically conductive 

adhesive for high performance bonding which is formulated to cure at room 
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temperature.'" This epoxy is prepared m a one-to-one mix ratio and has a working life of 

several minutes. The cure time is 24 hours at room temperature, but can be accelerated to 

approximately 3 hours at temperatures ranging from 65 to 95 °C. For the bond test, the 

epoxy was prepared and applied to the test mount. The semiconductor sample was then 

placed on the mount and a 290 gram weight was applied for 30 minutes. The epoxy was 

left to cure overnight. A number of the final processing batches were mounted using 

Master Bond Polymer Adhesive Supreme lOHT/S, which is a one component conductive 

epoxy. This epoxy was cured at 160 °C for 45 minutes with a slight compressive force 

applied to the bond area. This epoxy exhibited similar characteristics as the two-part 

epoxy, but was easier to use and provided better adhesion. 

Indium, in the form of 6 gram pellets with a purity of 99.99 %, was obtained from 

Johnson Matthey. When mounting samples, small flakes of indium were removed from 

the pellet and placed on the mount. The mount was heated to approximately 200 °C in 

order to melt the indium, which has a melting point of 156.6 °C. Indium has a high 

surface tension and does not flow when melted; therefore, it had to be evenly spread over 

the bonding area. The sample was then placed on the mount and a weight was applied. 

The temperature remained elevated for 15 minutes and then was allowed to cool to room 

temperature before the weight was removed. 

In order to determine the overall contact resistance, the mesas on the test devices were 

probed and connected to the curve tracer. The I-V plots were characteristic of a diode, 

which was to be expected given the p-n jimction within the semiconductor. A 

comparison for the contact resistance could be obtained from the inverse slope in the 



linear region of the curve beyond the tum-on voltage. Testing of both the epoxied and 

indium mounted samples revealed resistances of 3.6 ± 0.2 Q for the indium mounts and 

4.7 ± 0.2 Q for the epoxied mounts. Adhesion tests revealed adequate bonding for both 

samples; however, the indium mounts were prone to failure if proper cleaning protocol 

was not observed. 

3.5.2 Wire-bonding 

To reduce the risk of damaging the contact and the gratings which can result from 

repeated probing, the devices were wirebonded. Figure 20 shows both a mesa that has 

been damaged by the contact probe and a wire bonded sample. The bond diameter is 

65 J.lm while the mesa diameter is 100 J.lm. This device was tested with a contact probe 

prior to wire bonding, so some damage to the contact surface is present. 

Figure 20. Mesa damaged by contact probe (left) and wirebonded device (right). 

75 
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Wirebonding was performed using a Kulicke and Soffa model 4124 manual Ball Bonder 

with 25 micron diameter gold wire. The first bond, applied to the p-contact mesa, is a 

ball bond, while the second bond, which terminates the gold wire on the mount post, is 

classified as a wedge bond. Bond variables include temperature, bond force, bond time 

and ultrasonic power. Bonds of these type are classified as thermosonic since they rely 

on a combination of thermocompression bonding and ultrasonic bonding.^" 

A number of parameters influence bond quality. The presence of organic contamination 

on the bond site can negatively impact the quality of the bond. For that reason, a 20 

second plasma clean was performed on the mounted sample prior to bonding. A series of 

tests were performed in order to determine the optimal bonding schedule. The primary 

criteria in accessing bond quality were adhesion, strength, and bond deformation 

diameter. With this wire bonding setup, it was not possible to bond the 60 |jm diameter 

devices. Even bonding the 100 ^m diameter mesas required pushing the equipment to its 

resolution limit. Wire diameter obviously influences the achievable bond diameter. 

However, this was not a variable parameter as we were limited to standard 25 ^m 

diameter wire. It should be noted that gains in reduced bond diameter are quickly 

negated by the loss of wire strength. Another fixed parameter was capillary tip size. Our 

machine has a 100 ^m diameter tip. A guideline suggested by capillary manufacturers is 

that minimum achievable bond diameters are approximately 75% of the capillary tip 

diameter.^' 

Another critical parameter in achieving a minimum bond diameter is the firee air ball 

size.^^ Prior to begiiming the first bond, the end of the wire must be shaped into a ball; 



77 

hence, the terminology, ball bond, when referring to the first bond. The ball is created by 

a negative electronic flameoff spark (negative EFO). In the mid 1980's, industry 

switched from a positive charged EFO to a negative one. With a negative EFO, smaller, 

more uniform balls are achieved. In order to minimize the bond diameter, the free air ball 

size must also be minimized. Figure 21 illustrates a typical free air ball diameter which is 

3 times the wire diameter compared to a free air ball which is only slightly larger than the 

wire itself. Note that the magnifications have been changed. 

Figure 21. Free air ball size 3.0 (left) and 1.0 (right). 

With a ball size setting of 1.0, a minimum bond diameter of 65 J.lm was obtained. 

Having minimized bond diameter, it was necessary to optimize the other bonding 

parameters. A temperature of 150 oc was used. Typically temperatures ranging from 

150 oc to 250 oc are used in microelectronic circuit production lines. A bonding force of 

20 grams and a bond time of20 ms were chosen so to minimize the bond deformation 

and possible damage to the sample while still providing sufficient bond strength. 
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3.6 Conclusions 

Figure 22 provides a view of a completed sample. A number of items are worth 

observing in the picture. The sample was mounted using epoxy, which can be seen along 

the edge of the wafer. Only four of the devices were wire bonded since extensive 

characterization was already performed on the unmounted sample. Regions with and 

without ITO are discernible, as are regions with and without gratings. A typical process 

run consists of 20- 30 devices and incorporates a variety of different lasers designed to 

satisfy various performance requirements. 

Figure 22. Completely processed batch. 

After completion of the numerous fabrication steps, the devices are tested. The 

characterization procedures and results are given in the next chapter. 
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4. CHARACTERIZATION AND TESTING 

Devices underwent an extensive series of tests at the Integrated Optics and Photonics 

Laboratory (room 574) in the Meinel Building. The majority of the characterization 

equipment was setup by Hui Luo and Robert Bedford, to whom I extend my thanks. 

A description of the experimental setup and the relevant theory is given first, followed by 

results firom specific samples. 

4.1 Output Power vs. Injection Current (L-l Plots) 

4.1.1 Characterization setup 

An L-I measurement could be performed on either an unmounted or wirebonded device 

using essentially the same setup. A thermo-electrically cooled copper block served as a 

heatsink, while the temperature was regulated using an ILX LDC-3742B laser driver. An 

ILX LDP3840 current source was used for testing pulsed operation. The pulse shape was 

monitored on an oscilloscope and conditioned to have a fast risetime, minimal overshoot 

and little ringing by using an RC circuit. Typically, devices were tested with a duty cycle 

of 0.5% and a pulse width of 5.0 ^s. Quasi-CW operation was tested by increasing the 

pulse duty cycle to 10% and continuous wave (CW) performance was examined using the 

CW current driver on the ILX LDC-3742B. The emitted power was collected using a 

Labsphere Integrating Sphere and controller. The data acquisition process was automated 
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as both the current source and the integrating sphere were controlled using Labview." 

Initial, final and incremental current values in addition to duty cycle, pulse width and 

output file were specified fi-om the Labview Virtual Instrument (VI) window. 

Background power was zeroed out prior to each nm. Most measurements were taken at 

20 °C; however, thermal effects were examined for a number of devices. 

4.1.2 Analysis of the L-l data 

One of the most fundamental measurements when characterizing a laser diode is the 

output power versus injection current. A plot this data is referred to as both an L-I 

(Light-Current) plot and a P-I (Power-Current) plot. In this dissertation the former 

nomenclature will be used. Output data was analyzed using Microsoft Excel, yielding 

insight into such performance specifications as slope efficiency, external quantum 

efficiency, maximum power and threshold current. One of the most important device 

performance parameters is the threshold current, I,h. 

Four basic methods can be used to determine Ith based on the L-I plot.^'* In addition, a 

plot of I*dV/dI versus / can be used to calculate threshold. The simplest approach is the 

Straight-Line Fit method, by which the linear portion of the plot above threshold is 

extrapolated back towards the axes. The point where this line intersects the x-axis 

(cunent) is denoted as the threshold current. This method tends to under-estimate the 

threshold for devices that have poor slope efficiencies. The Two-Segment Fit attempts to 

mitigate the problem associated with the previous method by defining the threshold 



81 

cunent as the point of intersection between the above threshold line and a line fitted to 

the below threshold data. Consequently, ///, defined by this method is slightly higher than 

for the Straight-Line Fit method. The First-Derivative Method involves taking the 

derivative of the L-I plot: dL/dl. Threshold is defined as the half-maximum point on this 

curve. In addition to involving greater computation, this method is also sensitive to 

noise. For an ideal device, the Second-Derivative Method is the only correct way of 

determining threshold. Threshold is defined as the maximum of the second derivative 

plot. In reality, this method involves even more computation and is extremely sensitive 

to noise. From the voltage-current characteristics, the kink in the I*dV/dl versus / plot 

can be used to signify I,h. 

Our calculated ///, values were obtained using the Straight-Line Fit method as a 

consequence of its simplicity. The most accurate means of determining the threshold 

cunent is to observe the spectral emission using an optical spectrum analyzer. The 

linewidth narrows as stimulated emission begins to dominate the spontaneous emission 

component of the spectrum. For most devices, I,h was verified using this procedure. 

In addition to the threshold current, the slope efficiency provides an important measure of 

the laser performance. The slope efficiency, dP/dl, is just the slope of the above 

threshold portion of the L-I curve and it measures how efficiently electrical cunent is 

being converted into usable optical power. In our devices, a portion of the light is 

directed towards the substrate and therefore is not included in the measured output power. 

It should be noted that for edge emitting lasers, reported slope efiRciencies often include 

the output power from both facets. Therefore, caution must be exercised when 
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comparing slope efficiencies between differing devices. In edge emitting lasers, the 

power emitted from each facet can be adjusted by using high-reflection and anti-

reflection coatings. Similarly, in CGSELs the surface and substrate emission can be 

modified by adjusting the aspect ratio of the grating as well as the position and length. 

From the slope efficiency, one can measure how effectively electrons are being converted 

into photons; the external differential quantum efficiency, tjd. To do so, the output power 

must be quantified in terms of the number of photons per second and the current must be 

measured as the number of electrons per second. A number of fundamental constants are 

involved, but the relationship between rjd and the slope efficiency reduces to the 

simplified expression given below, when X is measured in nm. 

photons/sec dP qk dP X . n j = —  = — —  =  ( 2 1 )  
electrons! sec, dl he dl 1242 

Since rjd depends on wavelength spectral characterization must be performed in addition 

to the L-I measurement. 

4.1.3 Evolution of Device Performance 

As expected, the device performance improved with each subsequent processing 

generation. These improvements included increased slope efficiency which corresponded 

to higher output powers, lower threshold current densities, and device functionality. 

The L-I plot for the first circular grating surface emitting laser fabricated at the Optical 

Sciences Center is shown in Figure 23. The typical slope efficiency for these pure second 
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devices was 0.088 mW/mA. The lasing wavelength was 965 nm, which resuhed in an 

external differential quantum efficiency of 6.8 %. (The spectrum for this device is given 

in Figure 30 in the Spectral Characterization section of this dissertation.) The poor 

efficiency can be mainly attributed to non-optimal fabrication steps such as non-

uniformities in the electron beam writing, poor etch profiles and non-optimal grating 

depth. The threshold current was 15 mA. 

Light vs. Injection Current 

4.50 

4.00 
dP/dI=0.088 mW/mA 

3.00 . 

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 

Injection Current (mA) 

Figure 23. L-I performance of a first generation CG laser. 

Using the knowledge gained from the first batch of devices, it was possible to 

significantly improve the performance of the second generation of lasers. A 
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representative L-I plot is given in Figure 24. The slope efficiency more than doubled to 

0.198 mW/mA as a result of better process control and optimization of the grating period 

which correspondingly selects the lasing wavelength. The emission wavelength of 

985.9 nm resulted in a quantum efficiency of 15.7 %. In order to minimize loss within the 

passive section of the waveguide, it is desirable to red-shift the emission wavelength 5 to 

10 nm fi-om the gain peak. The threshold current was 34 mA; however, the diameter of 

the active region for these devices was 100 fim compared to the 60 ^m diameter used 

with the first batch. As a result, the threshold current density, J,i„ for these devices was 

433 A/cm" compared to 531 A/cm^ for the first lasers. A maximum output power of 

134 mW was achieved with a pulsed injection current of 750 mA. 

The waviness observed in the L-I plot can be attributed to mode-hopping. As the 

injection current is increased additional modes begin to lase and other become less 

dominant. As a result, incremental fluctuations in the output power are seen in the L-I 

plot. 
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Figure 24. L-I plot for a second generation device. 

Fortuitously, the final process batch showed the best performance of all. A slope 

efficiency of 0.43 mW/mA was achieved. Given the lasing wavelength of 983 nm (see 

Figure 29), the external quantum efficiency was 34 %. A portion of the increased 

efficiency can be attributed to better grating etching. Optimal grating depth and the 

avoidance of carbon deposition during the RIE process can both be associated with this 

batch of devices. The threshold current was 30 mA which corresponds to a threshold 

current density of 382 A/cm^. An output power of 225 mW was achieved for an injection 

current of600 mA. In order to protect these lasers from catastrophic failure, it was 
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decided to restrict the current to values well below the upper limit. With improved 

heatsinking, it is believed that these devices should be able to withstand currents up to 

1 A, which should result in output powers on the order of400 mW. 
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Figure 25. L-I plot for final generation device. 

This final generation device was covered with ITO which was used to provide dynamic 

functionality for other lasers in the processing batch. As discussed in section 3.4.5 on the 

physical properties of ITO, a drop in output power is observed for devices with ITO. In 

addition to the transmission losses through the ITO, the ITO also alters the gain/loss 

balance within the resonator. Consequently, parameters such as threshold current and 

slope efficiency are effected. 

dP/dl = 0.43 mW/mA 
Lu = 30 mA 
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4.1.4 Injection Current Duty Cycle 

The pulse shape and duty cycle directly impact the performance of the laser. The 

majority of our testing was done using pulsed injection currents with pulse widths 

ranging from 5 to 10 microseconds and duty cycles typically 0.5% to 2%. Continuous 

wave (CW) and quasi-cw (10% duty cycle) operation were also investigated for a number 

of devices. As the duty cycle is increased, and especially for cw operation, thermal 

considerations become paramount. If the heatsinking ability of the device cannot 

adequately dissipate the heat then the ef^ciency suffers as illustrated in Figure 26. 

Testing was performed at 20 °C and the temperature was maintained with a thermo-

elecUic cooler. The sample on which these duty cycle tests were made was lapped prior 

to back contact metalization. As a result, the heat-sinking ability of this sample is better 

than that of an unlapped device. This sample was not covered with ITO. 
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Figure 26. Device performance as a flmction of injection current duty cycle. 

From the plot, it is apparent that there is very little difference between a 0.5% and a 2% 

duty cycle, indicating adequate thermal regulation. At 10% the efBciency and power 

output begins to degrade. As the injection current is increased, even more heat must be 

dissipated. If the temperature control is lost, the efficiency and power output start to fall 

off. This is extremely noticeable for the cw plot. In order to combat this problem, 

samples are typically lapped prior to performing n-contact metalization. By removing the 

excess GaAs substrate material, the quantum well is positioned closer to the heatsink 

which results in better thermal regulation. Similarly, semiconductor laser manufacturers 
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often mount their devices p-side down. Additional thermal considerations are discussed 

in the next sub-section. 

4.1.5 Characteristic Temperature 

The characteristic temperature. To, is a measure of the thermal sensitivity of the laser. A 

high To value suggests that the threshold current and the external quantum efficiency are 

less sensitive to changes in temperature. Low To values, or poor thermal stability, means 

that Ith significantly increases with increasing temperature. Correspondingly, the 

quantum efficiency decreases. The relationship between threshold current, I,h (or 

equivalently threshold current density), is given by the following relationship:^'* 

=  ( 2 2 )  

The cunrent constant, /<,, and the characteristic temperature. To,, are found by best fitting 

the L-I plots taken at a variety of temperatures. Analysis was performed for both Fabry-

Perot lasers and CGSELs; however, because the CGSELs are grating stabilized 

(distributed Bragg reflector configuration), characteristic temperature is not as significant 

as compared to faceted devices. Figure 27 shows L-I data for five temperatures. Notice 

that performance decreases as the temperature increases. 
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Figure 27. L-I plots for CGSEL for temperatures 15 - 35 "C 

Linear regression was used to calculate the threshold currents for each of the five 

temperatures. Microsoft Solver was then used to perform a least squares fit of the data to 

equation 22. The results for both broad area lasers from the Epitaxial Products 

International wafer and CGSELs from the NRC1640 wafer are given in Table 2. 
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Broad Area Lasers from EPI wafer 
To 220.33 

'o 42.56 
T(C) 15 20 25 30 35 
T(K) 288.15 293.15 298.15 303.15 308.15 
Ith (calc) 157.1 161.0 165.4 168.6 171.9 

1 157.4 161.0 164.7 168.5 172.3 
A|2 0.1079 0.0006 0.5411 0.0126 0.1746 0.8367 

CGSELs from NRC1640 wafer 
To 159.67 

'o 26.32 
T(C) 15 20 25 30 35 
T(K) 288.15 293.15 298.15 303.15 308.15 
Ith (calc) 159.9 165.3 170.3 175.7 181.4 

1 160.0 165.1 170.3 175.8 181.3 
A|2 0.0139 0.0542 0.0015 0.0092 0.0013 0.0801 

Table 2. Least squares calculation of Characteristic Temperature. 

The value obtained for the broad area laser, To = 220 K, is in very good agreement with 

other results for strained-layer InGaAs quantum wells as stated the literature/^ Similarly, 

a To value of 160 K is reasonable for a circular grating coupled device since the 

characteristic temperature is slightly dependent on geometry which influences the current 

confinement. 
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4.1.6 Power-Current-Voltage Characteristics 

By including bias voltage on the standard L-I plot, as shown in Figure 28, one gains 

additional information on device power consumption, series resistance and an alternate 

means of determining the threshold current. The electrical power consumption is found 

by taking the product of the injection current and the voltage. The laser voltage-current 

relation is described by the Shockley equation. 

- \ )  (23 )  

As the laser diode voltage, Vj, is increased, the exponential nature of the relationship 

becomes apparent and the first term dominates the second. For a temperature of 300 K, 

the constants q/ksT in the exponent equals 38.6 V"'. Additionally, an ideality factor, 7, is 

used. For our devices, 7 typically ranged from 5 to 10. Above threshold, the V-I curve 

appears linear. The slope of this portion of the graph yields the dynamic series resistance 

of the device. For our final generation of lasers, resistance values of 3 Q were commonly 

obtained. 
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Figure 28. L-I-V plot for CGSEL. 

Another device performance parameter that can be gained from the L-I-V plot is the wall-

plug efficiency. The wall-plug efficiency is the ratio of the optical output power to the 

electrical input power. From the plot given above for pulsed operation, an output power 

of 2.91 mW was recorded at 100 mA with a corresponding voltage of 1.95 V. Hence, the 

wall-plug efficiency for this device is 1.5 %. I-V tests were not typically part of our 
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characterization process. It is strongly believed that the wall-plug efficiency for some of 

the best devices (see for example Figure 25) is in the area of 10 -15 %. For the laser 

characterized in Figure 25, 50 mW of output power was observed for an injection current 

of 200 mA. If one assumes a similar I-V performance, the resulting wall-plug efficiency 

is 11 %. 

4.2 Spectral Characterization 

4.2.1 Characterization Setup 

The emitted light was coupled via a multimode fiber into a Hewlett Packard 71450B 

Optical Spectrum Analyzer (OSA). For non-focusing devices, it was necessary to use 

lens coupling in order to capture all of the modes. Since the core diameter of the 

multimode fiber was 62.5 |am and typical emission diameters of the CGSELs were 

300 - 400 nm, demagnification was required. Both the lens and the fiber were mounted 

on translation stages. An IR viewer and an IR card were used in order to facilitate the 

alignment. 

The resolution of the OSA is 0.08 nm and the wavelength range is 600 to 1700 nm. 

Spectra can be stored in a variety of file formats for analysis and display in other 

applications. 
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4.2.2 Spectrum 

In addition to determining the lasing wavelength, the OSA enables us to determine 

whether the laser is single mode or has a multitude of modes. Although the linear 

amplitude scale on the OSA is useful when aligning the input fiber, it can be deceptive 

when determining the spectral content. Figure 29 shows the typical spectrum for a high 

power CGSEL at an injection current of 600 mA. From the linear scale, it appears that a 

single mode is dominating; however, on a logarithmic plot it is apparent that multiple 

modes are present. The fact that this laser is multi-mode is to be expected given that over 

200 mW of output power was achieved. The L-I plot corresponding to the spectra shown 

below was presented in Figure 25. 
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Figure 29. Spectrum of a high power laser; linear scale (left) dB scale: SdB/div (right). 
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An important figure of merit when measuring spectral content of a laser is the side mode 

suppression. For the above spectrum, the side mode suppression is 10 dB. Figure 30 

gives spectra for two differing current levels recorded on a logarithmic scale. At the 

lower current, an 18 dB (Pi/Pi = 63) side mode suppression is observed and single mode 

operation can be claimed. However, as the current is increased from 140 mA to 175 mA 

multiple modes appear. The distinction between single mode and multi-mode operation 

is rather ambiguous, but a criterion established by early researchers in the area of mode 

spectra is a ratio Pi/P2=20 or equivalently a 13 dB side mode suppression.^^ 
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Figure 30. Spectral evolution with increasing current: 140 mA (left) 175 mA (right). 

The equivalent longitudinal mode spacing, estimated from the multi-mode trace, is 

slightly less than 1 nm. Given the resolution limit of the OSA, it is not possible to 

determine the linewidth from the trace data. Instead, coherence length measurements can 

be made using interferometric techniques." A Fabry-Perot interferometer setup was used 
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to estimate the coherence length, Al, of our CGSELs. When the optical path difference 

exceeds the coherence length of the light source, interference fringes are no longer 

visible. The linewidth of the laser, AXfwhm, can be obtained from the coherence length 

using the following relation. 

Coherence lengths of approximately 10 cm were measured under CW operation, which 

correspond to linewidths of 0.01 nm. Shorter coherence lengths, typically 1 - 2 cm, were 

observed for pulsed current injection. Linewidth broadening in semiconductor lasers can 

be attributed to the spontaneous emission component of the output power, so the 

linewidths in semiconductor lasers are orders of magnitude larger than for typical gas 

lasers such as a HeNe. Therefore, in a semiconductor laser as the injection current is 

increased and the stimulated emission contribution to the output power increases, the 

linewidth narrows. 

4.3 Irradiance Distribution 

4.3.1 Characterization Setup 

Near and far field images were obtained using a Cohu 4915 2100 High Performance CCD 

camera in conjunction with Beam VI software. A filter was placed on the camera to 

remove the visible component of the spectrum. In addition neutral density filters were 

used to avoid saturating the camera. Images could be observed on a Sony monitor and 

A/ = cdd « — 
FWHM 

(24 )  
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the computer screen. Grabbed images were saved as uncompressed TIF files and 

therefore the data could be later analyzed using IDL. 

When imaging the near field, an £^1 lens was used to collimate the beam. This lens was 

positioned on a translation stage so that for focusing devices "through focus" 

characterization could be done by using the graduated micrometer on the stage. Far field 

images were obtained without the use of a lens at distances of 10 to 20 centimeters from 

the sample. 

4.3.2 Near and Far-field Patterns 

The near and far-field irradiance distributions for devices firom the final processing batch 

are shown in Figure 31, The far-field distribution in the lower left portion of the figure 

shows no central null which is characteristic of the m = / azimuthal mode number. 

However, a central null is apparent in the irradiance distribution in the lower right 

picture. This suggests that an even azimuthal mode number is present. The device on the 

left was wirebonded, while a contact probe was used to inject current into the laser on the 

right. As seen in the figure, the contact probe obscures a significant portion of the near 

field. Consequently, the probe creates diffraction effects in the far-field which can be 

observed towards the edge of the image. 
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Figure 31. Near and far-fields for odd mode (left) and even mode (right) CGSELs. 

4.3.3 Divergence 

The full cone beam divergence was obtained by measuring the full width at half 

maximum of the far field image at a known distance. Because of the larger emission area 

as compared to VCSELs, CGSELs have a much smaller divergence, we obtained values 
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less than 1°, instead of the < 20° typical of VCSELs'*. The circular emission area gives 

CGSELs much more circular beam ellipticity compared to edge emitting lasers. 

Divergence angles of 9.5° parallel to the junction and 27° perpendicular to the junction 

are common for edge emitting lasers.^^ For a full width at half maximum value of d, 

measured at a distance z trom the laser, the half angle divergence dm is 

)  ( 2 5 )  
z 

The full cone divergence is simply found by doubling Om. It is informative to compare 

the measured divergence with the diffraction limit. The diffraction-limited divergence 

can be approximated by assuming a circular aperture and the corresponding Airy 

diffraction pattern. The diffraction-limited divergence angle depends only on the lasing 

wavelength, A, and the radial extent of the light-emitting area of the device, w. The half 

angle, based on the first null of the Airy function, is 

e,„=tan-'(—) (2«) 
w 

For our devices, a typical value of w was 200 |im. This corresponds to a diffraction-

limited divergence of approximately one third of a degree. Therefore, we typically 

achieved divergence values 2 to 3 times the diffraction limit. 
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4.4 Focusing 

As a proof of the focusing concept, lasers with differing focal points were fabricated, but 

the focal lengths were made long enough to maintain the validity of the paraxial ray 

optics theory (see section 2.4). Inspection of the focal point (minimum spot size) for 

these devices revealed excellent agreement between the designed focal length and the 

measured focal length. Following confirmation of the ability to design lasers with 

varying focal lengths, the design focal length was set at 2.5 nun. The corresponding 

chirp factor for a 2.5 mm focal point was AA = -3.5 ran over the radial extent of the 

outcoupling grating (from r = 100 nm to r = 200 |im). In addition to providing a 

reasonable numerical aperature of 0.08, this focal length worked well with the 

characterization setup in the lab. The translational stage used when imaging the far field 

was calibrated in English units (1000 mil = 1 inch = 2.54 cm). Hence, the designed focal 

length of 2.5 mm was approximately 100 mil or four revolutions of the micrometer (25 

mil per revolution). The through focus irradiance is shown in Figure 32. As seen in the 

figure, the lobes collapse towards the center and then diverge as one moves beyond the 

focal point. 
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Figure 32. Through focus irradiance distribution. 
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The failure to achieve a nicely defined focal spot is a result of the incomplete 

illumination of the annulus in the near field. The arc-shaped pairs seen in the far field 
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represent the diffraction pattern of the horizontal and vertical lobes seen in the near field. 

Furthermore, upon closer inspection of the image a cosinusoidal variation in the 

irradiance, representative of the Fourier transform of two point sources, could be seen. 
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4.5 Beam Steering 

Beam steering was accomplished for several fabrication runs. The results from the first 

batch and the final batch are shown in Figure 33. The figure on the left illustrates the 

angular shift observed in the far field for an ITO injection current of 35 rnA compared to 

the spot for liTo = 0 rnA. The plot on the right is a collection of such data points for 

variety of currents and biases. 
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Figure 33. Beam steering: Initial result (left) Final result (right). 

A far-field spot rather than a ring was observed and is depicted in the above figure. This 

non-uniform distribution is a consequence of the m = 1 mode. The typical near field 

distribution has a cos28 dependence which can be seen in Figure 32 and Figure 39. 

Rather than observing a uniform ring, one sees a bow-tie like distribution. Therefore, the 

far- field image shown above is just one lobe. The imaging magnification was adjusted 
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such that both lobes were present, the two lobes were observed to move simultaneously 

inwards and outwards under biasing of the ITO. 

In order to quantify the beam shifting, TIF files, which were captured using a CCD 

camera, were imported and analyzed using IDL.®° Cross-sections of the irradiance at the 

spot centers were obtained and curve-fitted to Gaussians as illustrated in Figure 34. From 

this data, it was possible to determine the pixel shift of the spot center associated with a 

given ITO injection current. Knowing the dimensions of the CCD pixels and the distance 

from the laser to the camera, it was possible to determine the corresponding angular shift. 
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Figure 34. Spot cross-sections indicating beam shifting. 
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The best results were achieved when the ITO injection current was reversed biased. A 

spot shift of 0.5 ° was achieved with and ITO injection current of 35 mA for the first 

device. The performance was subsequently improved to over I This improvement can 

be attributed to better overall process control and a slightly thicker ITO layer. Given that 

both forward and reverse IITO resuU in positive (outward) angular shifts, it can be inferred 

that the primary refractive index changing mechanism is localized thermal effects. 

However, because the angular shift for a given ITO injection cunent differs between 

forward and reverse bias, it can be concluded that carrier injection effects also contribute. 

The L-I performance of a device from the final processing run is given in Figure 35. The 

threshold current was 43 mA, which is greater than the 30 mA observed for the best high-

power pure second order devices. However, given the increased complexity of these 

beam-steerable devices the increased threshold cunent is not unexpected. The external 

differential quantum efficiency was 5.1 %, which was typical of devices that had a 

combination of both first and second order gratings. 
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Figure 35. L-I plot for CGSEL with Beam Steering ftmctionality. 

I believe that it will be possible to increase the amount of beam steering to over 2 ° by 

increasing the ITO thickness and improving the device heatsinking. These samples were 

not lapped prior to n-contact metalization in order minimize possible breakage during 

fabrication following the ITO deposition. Furthermore, improved ITO deposition and 

optimization of the first order grating coupling should result in better device 

performance. 
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4.6 Wavelength Tuning 

A continuous tuning range of O.S nm was achieved by injecting current into the ITO 

annulus covering a pure second order CGSEL. If one includes mode hopping, an overall 

wavelength shift of 1 nm was observed for an ITO injection current of 30 mA. A picture 

of the wavelength shift for a device from the first processing batch is shown in Figure 36. 
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Figure 36. Spectrum of initial and shifted wavelength. 

For this device, an overall wavelength shift of 0.S2 nm was realized for a reversed biased 

ITO injection current of 40 mA. The results fi-om subsequent samples show improved 
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performance and are illustrated in Figure 37. This improved performance can be 

primarily attributed to better ITO coverage, thickness and annealing. 
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Figure 37. Wavelength Tuning versus ITO injection current. 

As mentioned previously, a 1 nm tuning range was accomplished. The reverse bias plot 

is broken to indicate the mode hopping which occurred as the ITO injection current was 

increased from 15 mA to 20 mA. The trend lines for the two portions of the reverse bias 

plot clearly suggest that the peak emission wavelength has jumped to another mode. This 

trend is not nearly as evident for the forward biased case and therefore all the data points 

are connected. The fact that both forward and reverse biasing results in a red shift in the 



wavelength (positive Ak) suggests that localized thermal effects dominate. However, 

carrier injection does contribute to the change in refractive index, and therefore lasing 

wavelength, as evidenced by the difference in the amount of wavelength tuning for a 

given current under forward or reverse biased conditions. By lapping the samples prior 

to n-contact metalization better heatsinking of the devices will be obtained. As a result, 

carrier effects should have a greater contribution to the wavelength tuning process. The 

wavelength shift resulting from non-localized thermal effects is shown in Figure 38. 
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Figure 38. Thermal shift in wavelength. 
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Multiple modes (wavelengths) were observed from this laser, so when tracking the shift 

associated with changes m temperature it was desirable to track the same mode. Hence, 

the fiber from the optical spectrum analyzer was aligned to maximize the signal at a 

temperature of 35 °C, which is not necessarily the strongest mode at 20 °C. It is for that 

reason that the relative intensity of the spectra is shown to increases as the temperature 

increases, which is counterintuitive. From the figure it is possible to calculate the thermal 

stability of the entire device which is 0.08 nm/°C. Therefore, if one were to assume that 

the 1 nm shift that was observed resulted entirely from thermal effects it would require a 

12.5 °C increase in temperature above the ambient conditions. This, I believe, adds 

credence to the statement that carrier effects are also contributing to the observed shift in 

wavelength. 

4.7 Beam Shaping/Mode Selection 

As discussed in section 2.7, it is possible to select various modes based on the design of 

the grating regions and the incorporation of higher loss arcs. This mode selection scheme 

was successfully implemented and an illustration of the mode evolution for several 

devices is shown in Figure 39. 
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Figure 39. Mode selection and evolution with increasing current. 
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As seen in the SEM micrograph included in the figure, a variety of notch positions were 

investigated. The near field images for devices 27,29 and 30 nicely illustrate the 

principle of mode selection. Firstly, it must be noted that there is an inversion associated 

with the CCD images. As a result, the notch that is located on the right side of device 29 

(as seen in the SEM micrograph), appears on the left in the CCD image. Near field 

images taken at below threshold current are useful in showing both the position of the 

contact probe and any notches written into the device. 

Device 30 does not contain any mode-selecting notches and hence illustrates the normal 

mode evolution. The irradiance distribution shows that the m = 1 mode is selected. The 

threshold current is approximately 80 mA and the lasing occurs in the up-down direction 

with reference to the orientation of the pictures on the page. A second mode appears 

around 200 mA. For device 29, the mode evolution is the same as for device 30; 

however, the threshold is higher and there is no emission from the notch and the "virtual 

notch" on the opposite side of the cavity. This result is expected since neither feedback 

nor outcoupling are provided by the notch. Since modes require interaction firom the 

entire resonator, a notch on one side of the device precludes emission from the other side. 

In order to completely suppress the second mode, one could increase the angular extent 

of the arc. In device 27 the notch is positioned such that it completely inhibits the 

evolution of the up-down mode which developed in the un-notched device. Instead, the 

initial mode has a side to side orientation and a much higher threshold current of 120 mA. 

As a consequence of the increased losses, the up-down mode fails to evolve. Arcs 

positioned at 45" were also investigated; however, the lasing mode did not develop 
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perpendicular to the notch. Crystalographic orientation in the semiconductor wafer also 

plays a role in determining mode evolution. However, the ability to coarsely select the 

lasing orientation and to prevent other modes, such as the fundamental m = 0 mode, &om 

developing is useful in and of itself. 

4.8 Reliability 

In order to gauge the reliability and degradation in performance of these devices a series 

of L-I measurements were taken immediately after completion and as the device aged. 

Complete device reliability testing involves accelerated lifetime tests in which a batch of 

devices are run at elevated temperatures (typically exceeded 100 °C) while the output 

power is monitored until failure.^' Device failure is usually defmed as a 2 to 3 dB drop in 

output power relative to the initial power value. Prior to conducting an accelerated 

lifetime test, the lasers are subjected to a "bum in" period which typically consists of 20 

hours at 100 ®C. This serves to eliminate the initial device mortality associated with 

manufacturing related problems. Lifetime values are obtained for a number of devices 

and a mean time to failure (MTTF) is calculated. The plot of the MTTF versus 

temperature follows a lognormal distribution from which the lifetime at the normal 

ambient operating temperature can be extrapolated. 

Unfortimately, we had neither the facilities nor the time to conduct an accelerated lifetime 

test. In a manufacturing setting, accelerated lifetime tests can last several years. As an 

alternative, we monitored L-I performance upon completion of fabrication, after 25 days 
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and after 60 days. The devices were held at 20 °C and were tested with a 5.0 jas pulse 

width and 0.5% duty cycle. The results for one device are given in Figure 40. 
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Figure 40. Device reliability: L-I performance. 

As illustrated in the figure, there is significant degradation which occurs in the first few 

weeks following fabrication. The peak output power dropped from 133 mW initially to 

73 mW after 25 days to 68 mW after 60 days. Likewise, the slope efficiency fell from 

0.295 mW/mA, to 0.159 mW/mA, to 0.150 mW/mA. The primary factor responsible for 

this degradation in performance is oxidation of the aluminum within the AlGaAs region. 

Therefore, aluminum passivation is an important device packaging consideration. 

Impurities within the AlGaAs cladding layers and the propagation of crystalographic 

T=Odays 

T=25days 

T=60days 
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defects are also sources of device failure. Defects also serve as recombination sites, 

thereby reducing the quantum efficiency of the device. Defects can be especially 

significant in strained material, but are minimized in high quality material like the wafers 

which we used throughout our processing. 

The device reliability and performance are closely related to environmental aspects such 

as temperature and humidity. Similarly, testing conditions will impact performance. 

Repeated contact probing, thermal cycling, and large injection currents all contribute to a 

degradation in performance. Encapsulation was not included as part of our fabrication 

process. By encapsulating the gratings immediately after the grating etch with either an 

oxide, sol-gel or epoxy, one can protect the exposed AlGaAs in the valleys of gratings. 

The encapsulating material also serves to better confme the injection current which 

results in improved device performance. 
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5. CONCLUSIONS 

Numerous potential applications exist for Circular Grating Surface Emitting DBR Lasers 

(CGSELs) that incorporate the ftmctionality which has been described within this 

dissertation: focusing, wavelength tuning, beam steering and beam shaping. These 

applications cover a diverse range including switching, optical data storage and free-

space optical communications. In addition, these devices can be incorporated into 

photonic integrated circuits or implemented in a two dimensional array yielding even 

more possibilities. 

A summary of the prominent results presented in this dissertation includes over 225 mW 

of output power for a injection current of 600 mA. This corresponds to a slope efficiency 

of 0.43 mW/mA and an external differential quantum efficiency of 34%. Over 1° of 

beam steering was achieved for an ITO injection current of 35 mA. Similarly, over 1 nm 

of tuning, or 0.5 nm of continuous tuning, was accomplished. Coarse mode selection was 

also realized in which the /n = 0 mode was suppressed. 

However, despite these results, the opportunity to improve these devices still exists. 

Increased external quantum efficiencies can be realized by incorporating a quarter wave 

stack into the substrate during the epitaxial growth. By accurately positioning this 

reflector so to create the coherent addition of the reflected wave with the wave emitted 

towards the top surface, it is possible to reflect the power radiated into the substrate and 

turn it into surface emission. Higher quantum efficiencies for devices incorporating 

functionality can be gained by improving the coupling efficiency of the first order 
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gratings through better grating profiles and optimization of the grating length. Greater 

beam steering and wavelength tuning can be achieved by improving the ITO deposition. 

Incorporating these proposed improvements is an area for future work. 

Theoretical and experimental investigation into mode selection schemes continues to be 

an area of heightened interest. Future fabrication work includes incorporating devices 

with functionality into 2 dimensional arrays and extending the circular grating coupling 

technology to other wavelengths. 
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APPENDIX A 

BasicCAD program used to create circular gratings 

As discussed in section 3.2.2, a BasicCAD program was used to create the patterns 

necessary for the DesignCAD files. BasicCAD, the DesignCAD programming language, 

allows the programmer to create loops hence it is well suited to defining repetitive 

structures such as gratings. The program asks for input from the pattem designer and 

then creates the desired layout. For focusing devices, the paraxial ray optics approach 

discussed in section 2.4 is implemented. 

The source code for the program Chirp.bsc is included below: 

' CHIRP.BSC Created by Scott Permer on March 21, 1997 
' This program generates circular gratings, either standard, double 
' period or chirped. 
' The user is prompted for: 
' the inner radius 
' the maximum radius 
' grating period 
' line width 
' center point of the grating (if ONE point is not specified 
' prior to running CIR_GRAT.BSC ) 
' For chirped gratings, the effective index, wavelength and focal 
' length are required. The pointer is moved to the upper right comer: 
' a distance SQRT(2) from the center of the circle. This serves as a 
' dump point. 

INPUT "Enter 'C for chirped gratings or any other key for standard 
grating:",C$ 

IP ((SYS(l) > 1) OR (SYS(l) = 0)) THEN ' Define center of grating 
SYSd) = 0 

SETPOINT "Define center of circular grating." 1 
ENDIP 

DO WHILE SYS(l) = 0 ' Error-trapping, one point must be defined 
SETPOINT "Define center of circular grating." 1 

LOOP 
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POINTVAL XCENT YCENT 1 ' Get center of grating 
LWDTH = SYS(6) ' Get initial linewidth. 

IF ((C$="c") OR (C$="C")) THEN GOTO CHIRP 

INPUT "Enter the initial radius {in microns): 
INPUT "Enter the maximum radius (in microns): 
INPUT "Enter the grating period: " , PERIOD 
INPUT "Enter the linewidth: " ,LINESIZE 

DO WHILE LINESIZE > PERIOD 
INPUT "Linewidth exceeds period. Re-enter linewidth: LINESIZE 

LOOP 

STARTRAD 
MAXRAD 

SYS(6) = LINESIZE 
X = XCENT + STARTRAD + PERIOD 

DO WHILE SYSd) > 0 
generating 

>UNDO 
LOOP 

DO WHILE (X - XCENT) <= MAXRAD 
>POINTXY [XCENT,YCENT] 
>POINTXY [X,YCENT] 

>CIRCLE 
X = X + PERIOD 

LOOP 
GOTO FINISH 

' Reassign line width 

' Clear all points prior to 

' circular array 

' Draws concentric circles 
' Center of circle 
' 2nd point 

CHIRP: 
INPUT "Enter lasing wavelength (in nm): LAMBDA 

INPUT "Enter effective index: N 
INPUT "Enter focal length (mm): F 
INPUT "Enter the initial radius (in microns): STARTRAD 
INPUT "Enter the maximum radius (in microns): MAXRAD 

PERIOD = (LAMBDA/1000)/ (N - SIN(ATAN(-MAXRAD/(1000*F)))) 
WINDOW 5,40 
PRINT "Approximate Period = ".PERIOD 
INPUT " Enter the linewidth: " ,LINESIZE 

SYS (6) LINESIZE ' Reassign line width 

X = XCENT + STARTRAD 

DO WHILE SYS(l) > 0 ' Clear all points prior to 

generating 
>UNDO ' circular array 

LOOP 
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DO WHILE (X - XCENT) <= MAXRAD ' Draws concentric circles 
>POINTXY [XCENT,YCENT] ' Center of circle 
>POINTXY [X,YCENT] ' 2nd point 

>CIRCLE 
X = X + (LAMBDA/1000)/(N - SIN(ATAN(-X/(1000*F) ) ) ) 

LOOP 

FINISH: 
SYS (6) = LWDTH ' Return linewidth to original value 
>POINTXY [XCENT+MAXRAD, YCENT+MAXRAD] 'Position pointer at "dump point" 
END 
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