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Abstract

Surface-emitting distributed feedback (SEDFB) semiconductor lasers have been 

studied for almost 3 decades due to their inherent reliability, scalability and packaging 

advantages over edge-emitting diode lasers. However, horizontal-cavity, surface-emitting 

(SE) devices, incorporating a 2nd-order distributed feedback grating, have been found 

both theoretically and experimentally to favor lasing in an antisymmetric mode (i.e. 

double-lobed farfield radiation pattern). Furthermore, such devices have a strongly 

nonuniform guided-field pattern, which inevitably makes them susceptible to multimode 

operation via spatial hole burning.

This dissertation presents a novel concept as well as its implementation for 

fundamentally obtaining symmetric-mode lasing as well as a excellent guided-field 

uniformity from distributed-reflector devices: the incorporation of a central phaseshift, 

of around 7t, in an active-DFB region surrounded by passive distributed Bragg (end) 

reflectors (DBRs). Theoretically, it is shown that one can fundamentally achieve a single

lobe, orthonormal surface-emitting beam with high external differential quantum 

efficiency and good uniformity of the guided-field profile. The investigation of these 

novel surface-emitting DFB devices involves the study of the threshold gains and field 

profiles for different values of the central phaseshift as well as for different duty-cycle 

values of the grating. The optimal design provides single-mode operation with a single 

lobed beam, with an external differential quantum efficiency in excess of 60%
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A fabrication technique for 2nd-order gratings with central 7C-phaseshift has been 

developed by using interferometric photolithography (holographic system). More 

specifically the technique involves obtaining a central n-phaseshift by using a single 

photoresist via the image reversal method (i.e. side-by-side negative and positive resist).

Surface-emitting, single-mode operation with a single-lobed beam from single

element (i.e. ridge-guide) 2nd-order DFB/DBR laser has been successfully demonstrated. 

Thus the experimental results confirm the theoretical predictions for single-lobe 

operation. The effectiveness of the central grating n-phaseshift is not limited to single

element devices. This concept can be extended to array structures (in the lateral direction) 

to provide high-power, single-mode operation from two-dimensional surface emitters.
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1

Preface

Surface-emitting devices are preferred over edge-emitting ones for generating high (>

O.SW) CW coherent powers primarily because complete passivation of the emitting area, for 

reliable operation is not needed, scalability at the wafer level becomes possible, and 

packaging is significantly simplified. Currently, the only practical surface-emitting diode 

lasers are of the vertical-cavity type (so called VCSELs). Conventional (index-guided) 

VCSELs are useful for many applications, but are fundamentally limited to low single-mode

powers (<  7mW), which prevents their use for many applications that require high coherent

powers emitted from the chip surface.

Horizontal-cavity, surface-emitting (SE) devices incorporating 2nd-order distributed- 

feedback (DFB) grating have been studied since the early 1970s, and invariably found both 

theoretically and experimentally to favor lasing in an antisymmetric mode (i.e. two-lobed 

beam pattern), since such a mode has the least radiation losses and subsequently it is the one 

favored to lase. Furthermore, such devices, due to strongly nonuniform guided-field profiles, 

readily becomes multimode with increasing drive above threshold via longitudinal gain spatial 

hole burning (GSHB).

In this dissertation a novel type of surface-emitting device is proposed. It is a 

composite DFB/DBRs (distributed Bragg reflectors) laser with central (grating) phaseshift of 

around n, which fundamentally favors lasing in a symmetric, orthonormal, single-lobe beam, 

over a wide range in central-phaseshift values, at no penalty in device efficiency. External
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2

differential quantum efficiencies in excess of 60% can be obtained, and the guided-field 

profile is substantially uniform, thus insuring single-mode operation to potentially high-power

levels: > 200mW CW from single-element (e.g. ridge-guide) devices, and > 2W CW from

parallel-coupled phase-locked arrays (in the lateral dimension).

The dissertation is organized as follows: Chapter 1 presents a brief history of 

horizontal-cavity surface emitters and the potential applications of surface-emitting lasers, 

which provide the motivation for pursuing surface-emitting (SE) distributed feedback devices. 

The goals of the research are presented and the achievements are described. Chapter 2 

describes the fundamentals of distributed-feedback and conventional surface-emitting DFB 

lasing. Chapter 3 discusses the theoretical approaches developed for device simulation of 

surface-emitting, 2nd-order DFB lasers. The theoretical models include the use of the 

coupled-mode theory and the transfer-matrix. Chapter 4 describes the simulation results 

obtained from the theoretical analysis of the proposed surface emitter. The simulation results 

ultimately show how the novel design proposed fundamentally provides single-mode 

operation in a single lobed beam pattern at no penalty in device efficiency. Due to the high 

intermodal discrimination as well as the uniformity of the guided-field profile, single-mode 

operation can be achieved to high power levels. Chapter S outlines the fabrication method to 

pattern 2nd-order gratings with central it-phaseshift. Chapter 6 discusses the fabrication of 

single-element (i.e. ridge-guide) 2nd-order DFB surface emitters and presents the experimental 

results. Finally, Chapter 7 presents concluding remarks and plans for future work. The 

appendices discuss in detail the fabrication steps to obtained central Jt-phaseshifted gratings.
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single-element (i.e. ridge guide) surface-emitting distributed feedback lasers, and 

MathCad code for device simulation.
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Chapter 1 

INTRODUCTION

This dissertation describes a theoretical study and the experimental demonstration of 

obtaining single-mode operation with single-lobed beam pattern from surface-emitting (SE) 

second-order distributed feedback, lasers. The work involves a novel feature: central 7i-phaseshift 

grating; for fundamentally obataining single-mode surface emission in an orthonormal beam, 

which is single-lobed at no penalty in the efficiency. This invention opens the way for the 

realization of two-dimensional surface-emitters with potential for providing output power greater 

than 2W CW in a stable, single-lobed beam.

1.1 Overview

Currently, the only practical surface-emitting diode lasers are of the vertical-cavity type 

(so called VCSELs). VCSELs are quite useful for many applications, but are fundamentally

limited to low single-mode powers (<  7mW) [1], which prevents their use for many new

exciting upcoming applications that require high coherent powers (> 500 mW) emitted from the 

chip surface.

The other major means for obtaining single-mode surface emission is a distributed 

feedback (DFB) laser with a 2nd-order grating. There is steadily increasing motivation to realize 

distributed feedback (DFB) lasers which emit light from their surface, for the following reasons; 

a) significantly improved reliability, since distributing the emitting power output over a large 

area reduces the power density at the emission aperture, as well as avoids emission from cleaved
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facets, which are known to limit the reliability of edge emitters; b) an increased 2-D emission 

area can give narrow beams in both dimensions, which will be useful for applications such as 

free-space optical communications; c) surface emitters can readily be arranged in two- 

dimensional arrays which could be useful for optical-data switching and processing: and d) 

scalability at the wafer level could provide ten of watts of coherent power.

1.2 Horizontal-Cavity, Surface-Emitting l^-O rder DFB lasers

The realization of coherent CW watt-range, stable, single-mode sources will, for the first 

time, enable exciting developments such as: room-temperature CW mid-IR (X = 3-5 f*m)

coherent-light generation (via frequency downconversion) for a vast array of noninvasive 

medical diagnostics (e.g. breath analysis and fluid analysis), and for IR countermeasures: the 

generation of hundreds of mWs of blue light via harmonic conversion for many applications in 

biotechnology (e.g. flow cytometry) and for laser-projection systems: high-power low-noise, 

high-fidelity RF optical links: and coherent, free-space optical communications.

Due to their potential for producing high coherent powers, surface-emitting, second-order 

DFB lasers have been studied for the last 3 decades. The first conventional DFB laser was 

proposed and analyzed by Kogelnik and Shank using the coupled-wave theory in 1972 [2]. The 

theory followed the first demonstrations of laser action from periodic structures [3,4]. The first 

demonstration of surface-emitting lasing from periodic structures was realized by Zory [5], 

followed shortly by theory predicting such behavior [6]. The first DFB semiconductor laser 

operating at room temperature in the continuous wave (CW) mode was built in 1975 [7], but not 

until the mid 1980’s were surface-emitting, distributed-feedback semiconductor lasers
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demonstrated [8-11]. However, conventional devices inherently prefer oscillation in an 

antisymmetric mode (i.e. two-lobe pattern and highly nonuniform guided-field pattern), which, 

in turn it is not only impractical, but also favors easy excitation of high-order modes via gain 

spatial hole burning (GSHB). Therefore, although SEDFB lasers have been studied for almost 3 

decades, conventional surface-emitting (SE) second-order distributed feedback devices have 

proven unusable.

1.3 Previous Work for Single-Lobed Operation

The lasing mode preferred in index-coupled surface-emitting (SE) DFB lasers is the 

antisymmetric mode (A). This mode has a nonuniform guided-field profile and its farfield pattern 

has a double-lobed beam pattern, which makes this device unreliable and impractical. Several 

methods for obtaining single-lobed farfield patterns from index-coupled SEDFB lasers have been 

proposed.

The first method utilized a 7t-phase-shifting film on one half of the aperture [12]. The 

phase profile became uniform along the grating and the farfield was then a single-lobed beam. 

However, this was not a monolithic device and did not solve the guided-field nonuniformity 

problem. The second method, which has been experimentally demonstrated, was to selectively 

pump the grating region [13]. The wavelength of the symmetric mode was made to coincide with 

the maximum reflectivity of the passive-DBR reflectors; thereby making it favored to lase. 

However, this device used a low coupling coefficient and its operation depended on the injected 

carriers, which made it potentially unreliable. Moreover, the low coupling coefficient gave a low
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efficiency. The third method involved chirping the grating, a technique that demonstrated good 

results, but produces an off-normal farfield profile [14].

Another method, that was proposed in UW-Madison, was to use absorption loss in the 

grating (i.e. complex-coupled 2nd-order DFB grating) [15]. The reason the antisymmetric mode is 

favored for index-coupled DFB lasers is that the amount of surface radiation of this mode is 

lower than for the symmetric mode (S). By periodically placing absorption loss in the grating, it 

has been shown that the antisymmetric mode can experience more loss than the symmetric mode

[15]. By designing the absorptive grating, so that the difference in absorption loss between 

modes A and S is larger than the difference in their radiation losses, the symmetric mode is 

fundamentally favored to lase. However the metal grating used in this approach absorbs a 

significant amount of light, which causes the device to have relatively low efficiencies (< 25%).

All the aforementioned approaches for obtaining the single-lobed farfield have thus 

proven either unreliable or impractical.

1.4 Research Goals and Achievements

An asymmetrically coated SEDFB laser with Au/air grating has been shown to produce a 

single DFB longitudinal mode as well as single-lobe operation [16]. However the resulting 

longitudinal guided-field pattern was still nonuniform. The output power and the efficiency were 

too small to measure. Furthermore the phaseshift at the both ends of grating cannot be controlled 

because of the random nature involved in the mirror-facet cleaving.

The purpose of this study has been to design, analyze, and implement a SEDFB laser 

using a novel technique for achieving single-mode surface emission in a beam, which is single-
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lobed and normal to the chip surface, with no penalty in the efficiency. The results achieved are 

summarized below:

• Designed and analyzed a surface-emitter with central phaseshift grating. Devices with 

central n-phaseshift grating in the active-DFB region, passive-DBR reflectors and AR 

coatings at the ends were found to provide a single-lobe farfield pattern with high 

differential external quantum efficiency (in excess of 60%), a uniform guided-field 

profile as well as relatively low gain threshold values (22 cm '1) [17-19].

•  Developed and fabricated a GaAs second-order grating with central Tt-phaseshift 

using interferometric lithography (holographic system) by employing the image 

reversal method. [19]

• Developed the new surface-emitting, single-lobe devices based on Au/GaAs grating 

with central rc-phaseshift. distributed end reflectors and a ridge guide for lateral mode 

control. The novel concept was successfully demonstrated. [20,21]

1.5 Proposed Structure

Fig. 1.1 schematically depicts the longitudinal cross section of the proposed 2nd-order 

grating surface-emitting device. Antireflection (AR) coatings are assumed at the ends of the 

passive (i.e. DBR) sections. The device has an Al-free structure, which allows for easy 

preferential etching and regrowth needed for structures with advanced means for lateral-mode 

control. The structure has a GaAs buffer layer, followed by an n-doped lfim-thick n-InGaP- 

cladding layer and a lOOnm-thick InGaAsP lower optical-confinement layer. Two 7nm-thick 

InGaAs quantum wells separated by a 20nm-thick InGaAsP(l.6eV) barrier layer form the active
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region. Next are: a lOOnm-thick InGaAsP upper optical-confinement layer, a 300nm-thick p-

phaseshift, A(>. SiO? is then deposited and etched to create the DBR regions. Such fabrication 

reduces any phase differences at the interfaces between the active (i.e. DFB) and the passive (i.e. 

DBR) regions. Au is then deposited by e-beam evaporation to form electrical contact to the DFB 

region. The GaAs/Au grating not only provides high coupling coefficient, k, but also insures that 

all first-order diffracted light is collected. Absorbing InGaAs regions can then be regrown (not 

shown) at the ends of the DBR regions, to insure virtually zero reflections. The light is emitted 

through a window in the n-side metallization of the GaAs substrate.

w
InGaP cladding layer, and a p+-GaAs grating layer of 3000A period and incorporating a central

SiO>

SiO p '-G a A s

p-lnGaP

SCH-DQW
n-lnGaP

n-GaAs substrate

Fig. 1.1 The cross view section of the surface-emitting 2nd-order DFB laser with 
central grating phaseshift.
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Chapter 2 

Fundamentals of Distributed Feedback (DFB) Lasing

12

Distributed feedback lasers have been the focus of interest in the research and practical 

applications due to their frequency-selection capability. This chapter outlines the background on 

the distributed feedback mechanisms and a technique to break degeneracy in edge-emitter DFB 

lasers. Then the fundamentals of surface emission from second-order distributed-feedback 

devices are discussed. For horizontal-cavity surface emitters, coherence is obtained along the 

longitudinal direction by using a 2nd-order grating with a DFB region for gain, partial feedback 

and outcoupling: and DBR regions for strong frequency-selective feedback (Fig.2.1).

Fig 2.1. Schematic representation of surface-emitting DFB/DBR device 
operating in a single, orthonormal beam due to a half-wave (i.e. n) 
central grating phaseshift (not shown).
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2.1 Distributed Feedback (DFB) mechanism.

A very high degree of wavelength selectivity can be achieved by incorporating a periodic 

structure into the semiconductor laser body. For index-coupled DFB lasers, the feedback 

necessary for laser operation is provided by reflections at periodic refractive-index variations 

along the laser cavity.

Fig 2.2 Periodic refractive-index variation along the laser cavity.

The refractive index depends on the position, in the longitudinal direction, as such:

n(z) = neff ± An cos(2/60 z) (2.1)

where (k> is the Bragg propagation constant given by

o , Mn _  _
Po ~ k0ntff ~ ntff ~ ^  (2.2)

where A is the period of the periodic structure, and M is the grating order. The value of M is 1 

for a l st-order grating.

For a lateral structure supporting only one spatial mode, selective feedback in one 

longitudinal mode can be provided by the periodic variation of the refractive index along the 

optical waveguide. The longitudinal field in this periodic structure consists of two counter 

propagating waves R(z) and S(z) as shown in Fig. 2.3. The two waves continuously feed
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energy into one another through Bragg scattering, and the field amplitudes of R(z) and S(z) are 

thus coupled to each other. Specifically these propagating waves, R(z) and S(z), are related by 

the following coupled-mode equations [1]: 

dR(z)
dz

dS(z)
dz

-  (ao -  jS)R(z)  = - jKS(z )  (2.3)

+ (aa - j S ) S ( z )  = jKR(z) (2.4)

S(z) R(z)

0  0.01 0.02 0.03 0.04 0.0S

Fig 2.3. The right- and left-going wave, R(z) and S(z).

where k is the coupling coefficient, which characterizes the coupling between the amplitude for 

the right propagating wave R(z) and the left propagating wave S(z). The term 8 is the deviation 

of the real part of the propagation constant from the Bragg condition, and 0Co is the gain for the 

optical field.

/5= /5o +(<5+ya0) (2.5)
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Equations (2.3) and (2.4) are a set of linear, coupled first-order differential equations. The most 

general solution is given by:

R(z)  = r{ exp(yz) + r, exp(-j-z) (2.6)

S(z) = s,exp( yz) + s2exp(-yz) (2.7)

Substituting Eqs. (2.6) and (2.7) back into Eqs. (2.3) and (2.4), one finds that in order to have 

nontrivial solutions, one must satisfy the condition:

Y2 = k2 + (cto-j8)2 (2.8)

Boundary conditions are needed in order to solve these coupled-mode equations (i.e. Eqs. (2.3) 

and (2.4)). In most cases it is assumed that antireflection coatings are placed at each end of the 

structure. So one takes a structure of length L, extending from z= -L/2 to z=L/2, with zero 

reflectivity at the ends. Since there are no fields propagating into the periodic structure one has: 

R(-L/2) = S(L/2) = 0 (2.9)

giving:

— = — = -ex p  iyL) (2.10)
r, s,

The resulting field must be either symmetric or antisymmetric, hence;

rx = ± s , , r2 -  ±5 , (2.11)

The field distribution is then given by:

!?(z) = sinhy(z + ^ )  (2.12)

S(z)  = ±sinh y(z -  f y )  (2.13)

The characteristic equation can be found by inserting Eqs. (2.12) and (2.13) into Eq. (2.3):
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+ >
K = ---- r-—  (2.14)

sinh()l,)

which can also be written, using Eq, (2.8).

~ j y )  = jcoth(yL) (2.15)

For a given length L and coupling coefficient k there exists a discrete set of eigenvalues y, which 

corresponds to longitudinal modes with the threshold (field) gain given by Oo and the wavelength 

determined by the value of 8.

The required gain for DFB laser action (gui = 2 cto) is equivalent to the mirror losses for 

Fabry-Perot lasers (gth = a^d), assuming that there is no internal loss. The solutions of Eqs. 

(2.14) and (2.15) can only be solved using numerical methods.

IK.Hk m

0
8

Fig 2.4. The eigenvalue solutions for IC-DFB lasers.

Fig. 2.4 shows that there is no solution at 6=0 for the IC-DFB lasers. Note that there is 

spacing between the two modes of lowest gain. The spacing region is called the stop band, and it 

has a width of 2kL for large values of kL. The appearance of two modes with the same lowest 

field gain means the existence of two degenerate modes; hence, single-mode operation is not
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possible. This characteristic is undesirable, but there are various approaches to break this 

degeneracy: complex-coupled DFB and quarter-wave shifted DFB lasers.

2.2 Complex-Coupled DFB (CC-DFB) Lasers

If both the index of refraction and the gain vary periodically in the longitudinal direction 

of a semiconductor laser cavity, the structures are known as complex-coupled distributed 

feedback (CC-DFB) lasers. They differ from standard (index-coupled) DFB lasers by their extra 

gain coupling, which is achieved either by introducing a loss or a gain grating. However, 

instabilities due to saturable absorption can occur for loss grating devices. [2] The coupling 

coefficient, k, for complex-coupled DFB can be written as:

*=*■ *»+./**», (2.16)

where Kj„dex and Kgun are real numbers describing the coupling strength of the index and gain 

grating, respectively. This is the case where both the index of refraction and the gain vary 

periodically in the longitudinal direction of the semiconductor laser cavity.

In complex-coupled DFB lasers, each mode experiences a different gain due to their 

difference in Held distribution. The side modes have a different field distribution than the lasing 

mode, and hence do not see the gain as effectively as the lasing mode. This effect results in a 

gain difference between modes, so the degeneracy is removed. A typical mode spectrum for 

gain-coupled DFBs is shown in Fig. 2.5.

In devices with mixed index and gain coupling, a significant improvement occurs in term 

of reduced spatial hole burning and increased threshold gain difference as compared to index- 

coupled DFB lasers [3,4]
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-15 0 15

Fig 2.5. The eigenvalue solutions for CC-DFB lasers.

2.3 Quarter-wave QJ4) Shifted DFB Laser

There is another way to obtain single-mode operation for a l st-order DFB laser. The 

solution is to insert an extra phaseshift in the center of the periodic structure. Figs. 2.6a and b 

show the grating with no phaseshift and with the phaseshift, respectively.

A
■ 4------------- ►

(a)

A<J> = A/2 =A^4neff

(b)

Fig. 2.6. First-order grating structure: (a) without phaseshift; (b) with quarter-wave 
phaseshift.
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If the length of the phaseshift is half of the grating period (4  = 4^-), corresponding to an extra

phaseshift of n/2, all the reflected waves will interfere constructively and the total round-trip 

phase will be multiple of 2n [5]. The solution from the eigenvalues (Fig. 2.7) now has a single 

dominating mode, of the lowest threshold gain, at 5=0.

OgL

-15 0 15
5

Fig 2.7. The eigenvalue solutions for the quarter-wave shifted DFB lasers.

However, the quarter-wave phaseshift devices have a highly longitudinally nonuniform field- 

intensity pattern, which limits their single-mode pwers to values below 10 mW.

2.4 Surface-Emitting DFB (SEDFB) Lasers

Figure 2.8 illustrates the conventional reflective diffraction of a plane wave from a 

periodic grating structure with elements spaced at a period A  [6]. A plane incoming wave is 

incident at an angle &„ and the Mth-order diffracted plane wave emerges at the angle Oj.
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Constructive interference between the diffracted waves emanating from adjacent elements of the 

grating requires the condition:

reflection grating

Fig 2.8 A reflective diffraction from a periodic grating. 6* is an angle of incidence; 6d is an angle of 
diffraction; and A is grating period.

A(sin(6,) -  sin(6d )) = pA (1.17)

The integers p = 0, ±1, ±2, ... define the order of the diffraction or the phase shift on 

wavelengths between the diffracted waves from adjacent grating elements, and X is the radiated 

wavelength. When the refractive indices are different for the two media, the media wavelengths 

are also different. Huygens’ construction for constructive interference from identical points but 

at different periods of the grating requires that the sum (or difference) of the total optical path in 

radians to be integer multiple of 2rc. In terms of distances and the wavelengths appropriate to 

different material as in the Fig. 2.9.
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Diffraction angle

4rtM
radians

wavefront

2nM 
radians

2A
Fig. 2.9. Diffraction from a periodic grating embedded in laser waveguide. 

The required constructive interference is then:

A sin 6, A sin 6.

fftl
(2.18)

On applying the results of Eq. (1.18) to a propagating optical mode in the DFB laser waveguide 

shows that the angle of incidence, 0, cannot be less than the critical angle for total internal 

reflection 0C, so that:

sin0, > sin0c =^=- = AiL
ni ^ml

Inserting Eq. (2.19) into Eq. (2.18)

(2.19)

sm 0d > (* z± £ -  l) = ( ^ f - l )
A M

(2.20)
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where the integer M  = A/(AJ2) defines the grating order. Given a physical periodicity A  of the 

grating, the optimum free-space wavelength Ab, which is most strongly reflected, is called the 

Bragg wavelength and satisfies the Bragg condition;

p(—*~) = 2A (2.21)
n*

where ntg  is the mean value of the refractive index in the guide and relates the free-space Bragg 

wavelength Ab with the corresponding guide wavelength Am = Ab/neg.

Table 2.1 summarizes the influence of the grating order M and diffracted order p on the 

feedback and radiation loss experienced by the propagating mode.

Table 2.1. Summary of feedback and radiation wave from the DFB structure [6].

Order of diffraction

oHCL p =  1 p = 2

First-order grating, M = 1 Feed-forward Feedback

Second-order grating, M = 2 Feed-forward Radiation Feedback

The second-order grating, where M = 2, has a diffracted wave which is emitted in a 

direction normal to the surface. This diffracted wave, which is first-order diffraction, can be used 

to outcouple the light from the laser out into a direction perpendicular to the junction, to form a 

surface-emitting laser. The period of the index and a gain variations equals the wavelength of

light in the active medium ( A = ), for a 2nd-order grating. The counter-propagating waves R(z)*1/

and S(z) are the results of the O^-and 2nd-order diffractions. Fig. 2.10 shows the diffraction-order 

waves for a 2nd-order DFB structure.
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♦  E„(z)

a n
S(z) R(z)

Fig 2.10. Feedback and radiation waves for 2nd -order DFB structure. En(z) is 
outcoupled radiation wave resulting form l“-order diffraction. S(z) and R(z) are 
counter-propagating waves resulting form 2nd-order diffraction.

2.5 Conventional Surface-Emitting 2nd-order DFB (SEDFB) Lasers

For index-coupled, surface-emitting DFB lasers, it has been found both theoretically and 

experimentally that the mode of least radiation loss (i.e. output) and thus the one favored to lase 

is invariably an antisymmetric mode having a nonuniform guided-field profile. The radiated 

near-field pattern of the antisymmetric mode has a null at the center and peaks at the ends of the 

structure as shown in Fig. 2.11. The guided-field intensity profile is depicted in Fig. 2.12. Such a 

device invites multimoding via gain spatial hole burning because of a nonuniform guided-field 

profile. The farfield of the antisymmetric mode is a double-lobed with each lobe being off 

normal with respect to the plane of the surface.
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1 mm
Longitudinal length

Fig. 2.11. The antisymmetric (A) mode near-field 
intensity profile.

004 006 008

Longitudinal length (cm)

Fig. 2.12. The guided-field intensity profile.

Fig. 2.13 depicts the near-field intensity profile of the desired mode; the symmetric (S) 

mode. The far-field pattern of the symmetric mode is single-lobed and normal to the surface.

3

2

0

Longitudinal length 

Fig. 2.13. The symmetric mode (S) near-field intensity profile.

1 mm
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Chapter 3 

Horizontal-Cavity Surface-Emitting Z^-order Distributed Feedback Lasers

Our previous work to obtain a single-lobed beam using a metal grating (Fig 3.1), while 

feasible, introduces too much of a penalty loss for mode, such that efficiencies are at best 20% 

and the gain threshold is quite high (~ 70 cm '1).!!]

InGaP p+- GaAs

n-InGaP

n-GaAs

Fig. 3.1 Asymmetrically facet-coated surface-emitting DFB laser structure with Au/Air grating

This dissertation explores a novel technique: incorporation of a central phasehift; which 

introduces no penalty in the efficiency to obtain single-mode operation with a single-lobed beam 

pattern, relatively low threshold gain, and high efficiencies.[2]

3.1 Modeling Methods

3.1.1 Coupled-mode theory

In order to design, optimize and analyze the 2nd-order DFB structure, a numerical 

method, which computes the complex coupling coefficient of conventional and gain-coupled
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DFBs, was adopted. This method solves for the two-dimensional electric field E(x,z) and was 

originally developed by Noll and Macomber [3]. Fig. 3.2 shows the SEDFB structure with its 

feedback and radiated waves. To find E(x,z) one must solve the wave equation:

V 1E(x,z)  + k 2£(x,z)E(x,z)  = 0  (3.1)

GaAs substrate I En(z)

S(z) 4  ■■ »  Rfzi

Au

Fig. 3.2. Waveguide-grating structure. The Z^-order grating provides both outcoupling light,
E„(z) and in-plane feedbacks, R(z) and S(z).

The parameter e(x,z) is the two-dimensional dielectric function and is varied along the z- 

direction due to the grating layer. The function E(x,z) can be expressed in a Fourier expansion:

O0
£{X,  Z )  = n 2{ x ) +  £ e m (3.2)

!»»=-•

where n2(x) is the O^-order term, which represents the index profile in the structure for which the 

grating layer is represented by the average dielectric constant. The propagation constant is:
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The field in a grating region without any phaseshift is approximated by a pure transverse- 

electric form:

Eg (jc, z) = E0(x)[R(z)e,K‘z + S(z)e~‘K-z) (3.4)

where E„(x) is the guided-mode field, R(z) is right-going guided-mode amplitude, and S(z) is left- 

going guided-mode amplitude. The coupled-wave equations are given by:

= [a(z) + iS  + i£)R(z)  + /xS(z)
az

(3.5)

= [a(z) + iS  + iC)S(z) + 1 kR (z)
dz

where a(z) is a complex-valued amplitude which represents the field gain. The term S  is the 

detuning factor, which represents how much the operating center wavelength deviates from the 

Bragg condition. £ is a correction parameter which is determined by metal and surface losses 

and Bragg offsets.

The detuning factor, which is the wavelength shift from the Bragg condition due to the 

(transparency) refractive index, Antff,o- the injected carriers, and the index difference due to 

structure design, A n ^ , is given by:

$  = —  Ktf.o + Am* + Aw*.) -  y  (3.6)
c  A

The term which is a real value, depends on the antiguiding factor, b, which is defined as 

the ratio of decrease in the real part of refractive index, Anr, to the increase in the imaginary part 

of refractive index, Anj; [4]

— A/i
* = — (3. 7)

Art;
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This change in nr is due to the carrier injection within the active region, which acts to depress the 

refractive index at the lasing wavelength thereby enhancing the longitudinal radiation losses. The 

imaginary refractive index is related to the gain g by;

where k0 = 2n/A0, with Ao the free space wavelength.

The correction parameter, £  and coupling coefficient, k, in Eq. 3.5 are complex-valued 

and are related to the surface diffraction loss coefficient, the resonant wavelengths in infinite 

length calculation, and the metal loss coefficient.[3] The term £  corrects the gain thresholds and 

Bragg offsets to account for surface radiation.

The parameters k  £  and asurf (surface loss) are then used in the transfer matrix method, 

from which the gain threshold, glh, the external differential quantum efficiency, i/D, the guided- 

field and near-field intensity profiles, and the farfield pattern of the DFB modes are calculated.

3.1.2 The transfer-matrix method

The transfer matrix technique has been a convenient approach for analyzing 

multi-section structures. The laser structure that is considered here contains a number of regions, 

namely antireflection regions, passive-DBR regions, and active-DFB region. For each section we 

look at the right-propagating field R(z) on the left-hand side and the left-propagating field S(z) 

on the right-hand side of the section.
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Rn

SN

Fig. 3.3. Multi-section structure

The fields on the left-hand side and on the right-hand side of section i are related by a transfer 

matrix Fj.

is-He X  HS
The transfer matrix for the complete structure is found by matrix multiplication:

(3.9)

F = Fn Fn_x F2FX

u - r  V v

(3.10)

(3.11)

For a laser for which there are no incoming fields (SN+I = R1 = 0), but there are outgoing fields 

(Rn+1 and S1 *  0). This gives the lasing condition:

F22 = 0 (3.12)

For the DFB structure we consider here, the end reflection matrix form can be written as:

1 _ ____

(3.13)F(r)  = 1 -  r I —r 
- r  1

l l - r  1 -  r

where r is the (amplitude) reflectivity. For a homogenous section of length L with a propagation 

constant P we have:
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F(L) =
, - i *

0
0

,iP- (3.14)

The transfer matrix for a conventional periodic structure of length L can be derived from the 

coupled- mode theory [5] to be:

F DFB =

cosh(jl) + a  - ^ sinhOl) 
Y

— sinh(j<L)

sinh(ji)
Y

c o s h ( j i ) —— sinh(}£)
(3.14)

The parameter 8 = P -  po.

The transfer matrix for the composite DFB/DBR structure with central phaseshift is:

F  = F (rr )F d b r  F d f b  F d b r  F(rt ) (3.15)

Once Eq. 3.15 is solved for the threshold gain, gth, and the detuning factor, S, for this 

multi-section structure, then the field inside the waveguide, the guided-field profile, is obtained 

from:

= (S U )|2 + |*U )|2) (3.16)

and the corresponding radiated near-field intensity profile is given by the square of the amplitude 

sum of the right- and left-going wave:

f a i z l f f  ^ S { z )  + R{z1if (3.17)

From here, the external differential quantum efficiency, T|d , can be calculated as:

*1d = n,

2 * &DBR f a z )  + 5(z)|2& + a DFBf L°n  |R(z) + S ( z f d z  

/g (z )[/f(z ) |2+ |5(z)|2J/2
(3.18)
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where the internal cavity loss, es, is included in the field gain, g(z). The terms (Xdfb and ccDbr are 

the surface-loss coefficients in the active region (i.e. DFB section) and passive regions (i.e. DBR 

sections), respectively, 77, is the internal efficiency. L d b r  is the length of one section of DBR and 

L d fb  is the length of DFB section.

3.2 Design Calculation

To analyze 2nd-order DFB lasers, Noll et. al.[3] has developed a method that includes the 

effect of the radiation field to the surface. However, there have been no reports on applying the 

transfer-matrix method for analyzing 2nd-order DFB lasers, that includes the effect of radiation 

and absorption loss, detuning due to current injection into the active region and the wavelength 

shift due to design structure. Hence, some parameters in the transfer-matrix method must be 

modified to accommodate the above factors.

In the composite DFB/DBR lasers, the difference in effective refractive index between 

the passive-DBR and active-DFB regions results in detuning of the Bragg offset. Current 

injection into the active-DFB region results in more deviation of the DFB Bragg condition from 

the DBR Bragg condition. The background absorption loss in the passive-DBR region needs to 

be considered as well. Moreover, the surface radiation loss must be included in the transfer- 

matrix method to effectively account for the effect of the complex coupling coefficient and the 

complex £  term. Eq. (3.14) has to be modified to account for the effect of current injection, 

outcoupled loss, the absorption loss, and the effective-index difference between active-DFB 

region and passive-DBR region. The modified transfer matrix for the composite DFB/DBR 

structure can be written as:
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grating

coshQl) + —— ^ -s in h ( j£ )

JK sinh(yL)

sinh(j£,)
Y

c o s h ( j l ) — ^-sinh(yL )
(3.19)

For the active-DFB region:

a 0 = -lm {C dlb) + a 0 

S = R e { C dfb) + S + Sdp

where 5dP is the detuning due to current injection.

For the passive-DBR region:

d a = -lm (C dbr) - a dbr 

S  = R e (^ r ) + <y + ̂ r

(3.20)

(3.21)

The parameter e w  is the background absorption loss in passive-DBR region and is the 

detuning due to effective refractive-index difference between the active-DFB region and the 

passive-DBR region.

The inclusion of the phaseshift, A0, in the grating structure modifies the transverse 

electric field on Eq. 3.4. The field now becomes:

Eg (x, z ) = + S (zV ',(*';+A#l:>> ] (3.22)

and the differential equations [6] for right-going, R(z), and left-going, S(z), fields are given by: 

dR(z) = [a(z) + iS  + i£]J?(z) + iK S(z)e^*U)
(3.23)

= [a(z) + iS  + T O  + iKR(z)e~2‘**U)

3z 

-35(z)
3z

The phaseshift at the center is written in degrees, so the transfer-matrix equation for the 

phaseshift is:
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The transfer matrix for the composite DFB/DBR structure with central phaseshift is:

F  = F(AK)F d b r  F d f b  F(Afl)F d f b  F d b r  F(AR) (3.25)
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Chapter 4 

Device Simulation of Surface-Emitting l^-O rder Distributed Feedback Laser 

with Central Phaseshift Grating

The device-composite structure is simulated by dividing the longitudinal region into 

several finite sections, i.e. the antireflection regions, a phaseshift region, and the grating regions. 

The grating regions consist of a single finite-DFB section and two finite-DBR sections. The 

coupled-mode theory (CMT) for the 2nd-order DFB surface emitter is then used to calculate the 

coupling coefficient, k, the correction parameter, £, and the surface loss in the finite-grating 

regions. Later, the transfer-matrix method is utilized to obtain the grating field loss and 

frequency shift for the whole structure, in which detuning due to the index differences in the 

DFB and DBR regions and the index depression due to current injection are included in the 

calculation. By combining both the coupled-mode theory for a finite grating and the transfer- 

matrix method for a multi-section structure, this scheme not only efficiently solves the composite 

DFB/DBR structure without the need for complex numerical techniques, but also allows for 

independent optimization (for efficient surface emission) of each grating section.

4.1 Device Parameters

Fig. 4.1 shows the composite DFB/DBR structure under study. The structure has an n- 

doped lpm-thick n-InGaP-cladding layer and a lOOnm-thick InGaAsP (1.6 eV) lower optical- 

confinement layer. Two 7nm-thick InGaAs quantum wells separated by a 20nm-thick 

InGaAsP(1.6eV) barrier layer form the active region. Next are a lOOnm-thick InGaAsP upper
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optical-confinement layer, a 300nm-thick p-InGaP cladding layer, and a p+-GaAs grating layer of 

3000A period and incorporating a central phaseshift, A<>. SiOi is then deposited and etched to

create DBR regions. Au is then deposited on the top of GaAs-cap to form electrical contact to the 

DFB region. The GaAs/Au grating provides both high coupling coefficient, k, as well as insures 

that all first-order diffracted light is collected. Absorbing InGaAs regions are then regrown (not 

shown) at the ends of the DBR regions, to insure virtually zero reflections. The light is emitted 

through a window in the n-side metallization of the GaAs substrate.

AR

GaAs
Fig. 4.1 Surface-emitting DFB structure.

The parameters for the devices used in the analysis are listed in Table I. The grating, 

which consists of Au/GaAs, provides the high coupling coefficient values needed to obtain high 

differential quantum efficiency. Both ends of passive-DBR sections are set to have zero 

reflectivity (AR). Moreover the background absorption loss coefficient in the passive-DBR 

region is set to 15 cm '1 [1], and the index difference (An) between DFB-DBR regions is 3x10“*.

GaAs substrate E«(z)

n-InGaP

AR SCH - DOW
p-InGaP R (z )
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TABLE 4.1

PARAMETERS OF THE COMPOSITE DFB/DBR LASER

Lasing wavelength, A 0.98 pm

Confinement factor, r 10%

Thickness of grating, g 0.1 pm

Transverse effective index, neij 3.27

DFB coupling coefficient, Kdfb -5.47 + i49.42

DFB correction parameter, £dfb 36.43 + i50.28

DBR Coupling coefficient, Kdbr 2.75 + i30.46

DBR correction parameter, £dbr -37.98+ i31.19

Absorption loss in DBR, (Xdbr = PG 15 cm '1 [1]

Index difference of DFB-DBR, An 3 x H)-4

Detuning factor, b 2

The get the optimum design iterations of the length study and the phaseshift study are 

done several times. Our initial goal is to achieve single-mode operation with a single-lobed 

farfield beam at certain lengths of the DFB- and DBR- sections and over a certain range of 

phaseshift. Later, for high power operation, it is also required to optimize the design for large 

discrimination against other longitudinal modes, high quantum efficiency, and high degree of 

uniformity of the guided field as well as a relatively low threshold gain.

4.2 Length Study

The device design performance is explored by evaluating many different distributed- 

feedback (DFB) lengths as well as distributed-reflector (DBR) lengths. The central phaseshift is 

set to be 180° during this study.
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Surface-emitting 2nd-order DFB lasers are equivalent to complex-coupled l s,-order DFB 

lasers. For a surface-emitting 2nd-order grating the imaginary part of the coupling coefficient, k„ 

is a function of the surface (radiation) loss and the metal loss. Complex-coupled DFB lasers have 

several characteristics, which are superior to those of index-coupled DFBs [2], not the least of 

which is the removal of modal degeneracy. The lifting of the mode degeneracy is due to a 

phenomenon called the standing wave factor. [3] The two counter-propagating waves R(z) and 

S(z) in a DFB produce a standing wave pattern. This standing wave overlaps the gain profile in 

such a manner as to alter the overall losses and hence the threshold gain for a particular mode. 

The better the overlap, the better the gain enhancement. The amount of overlap is quantified by a 

parameter called the standing wave factor, f st. The standing wave overlap, tc, /„ , can reduce the 

threshold gain. In this numerical analysis, the threshold gain, g,h, is defined as the sum of the 

effective grating loss (arad), the edge loss, Otdge, both are function of coupling coefficient, and 

the internal cavity loss, oj.

gu, (kL) = a rad (kL ) + Otdg' (KL)+cti (4.1)

where the a rad is the sum of the i st-order diffraction loss, asurf, the metal loss, ctm, grating mirror 

loss, Og, and the standing wave overlap, -Kifst.. The radiation loss, arad, is proportional to the 

integral of the near-field intensity profile |R(z)+S(z)|2 over the cavity length.

We also define a guided-field aspect ratio, R, which is the peak-to-valley ratio of the 

guided-field intensity profile within the DFB region. Thus R characterizes the degree of 

uniformity of the longitudinal guided-field profile, a relevant factor at high drive levels above 

threshold.
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valley

4.2.1 DFB-Length Study

The DBR-region length on each side of DFB region is set to be 500 |4m. The length is 

determined to make sure that the fields at the DBR ends are close to zero, and assuming perfect 

AR coatings, no Helds are reflected back into the device. The analysis becomes much more 

complicated in the case if there is reflection from the DBR-ends because the device performance 

is very sensitive to the unavoidable random phase introduced as a result of the uncontrollable 

nature of the cleave or etch location to the phase of the submicron-period DFB grating.

Figs. 4.2 and 4.3 show how the threshold gain, gth, the intermodal discrimination, Ag,h, 

the external quantum efficiency, rjo, and the guided-fleld uniformity (i.e. aspect ratio), R, vary 

with DFB-region length.

400 500 600 700 800
DFB Length (^m)

Fig. 4.2 The curves show how (a) threshold gain, intermodal discrimination, and quantum 
external efficiency vary with DFB-length with DBR-length is set to 500 urn.
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DFB Length (^m)

Fig. 4.3 The curve shows how the aspect ratio varies with DFB-region length when the 
DBR-region length is set to 500 pm.

It is clear from the curves that increasing the DFB length increases r)o while reducing g,h- 

However, these improvements come at two costs: L) reduction of the modal discrimination 

between the symmetric and the antisymmetric modes, and 2) increase aspect ratio.

Figures 4.4 and 4.5 show the guided-field profiles at DFB-length of 300 pm and 800 pm, 

respectively and their far-field patterns.

2.5

as

0.6 0 0.68 005 0 0 1300

Longitudinal length (pm) Angle (degrees)
Fig 4.4 The guided-field profile and its farfield for the device with DFB length of 300 pm 
and DBR length of 500 pm.
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1300 1800500

Longitudinal length (Jim)
0.6 0.60

Angle (degrees)

Fig 4.5 The guided-field profile and its farfield for the device with DFB length of 800 pm and 
DBR length of 500 pm.

As the DFB-region length increases, hence kL increases, it is appearent that the field inside the 

waveguide has higher aspect ratio. The device operation can then become susceptible to 

longitudinal gain spatial hole burning for increasing kL. If the coupling becomes too large, light 

is trapped within the cavity. In this case, the guided-field uniformity is worsen.

Moreover when the centrai-lobe energy content is taken into account, the effective 

quantum efficiency, rjp.eff, which is the product of the external quantum efficiency and the power 

content in the main lobe, can be calculated. Fig. 4.6 shows how the centrai-lobe energy content 

and the effective quantum efficiency vary as the DFB-region length changes. In contrast to the 

trend in the external quantum efficiency, the effective quantum efficiency, r jo .e f f  decreases as the 

DFB-region length increases.
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80

o m  40.8a>

400 500 600

DFB length (pm)

700 800

Fig 4.6 The plot of centrai-lobe energy content (FFmain) and effective quantum efficiency as 
DFB length varied.

4.2.2 DBR-Length Study

Fig. 4.7 shows how the threshold gain, g,h, the intermodal discrimination, Agth, the 

external quantum efficiency, rjD, and the guided-field uniformity (i.e. aspect ratio), R, vary with 

the DBR length when the DFB-region length is set to be 500 pm. It is clear from the curves in 

Fig. 4.6 that increasing the DBR length does not change much of device performances (e.g. g,h, 

Agth, Wd and R). However, as the DBR length increases, it increases the total length of the 

composite DFB/DBR, which makes the total number of devices per wafer decreases.
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300 400 500
DFB Length (pm)

600 700

(a)

500
DBR Length ^ m )

(b)
Fig. 4.7 The curves show (a) how threshold gain, intermodal discrimination, quantum external 
efficiency; (b) and aspect ratio vary with DBR-length with DFB-length is set to be 500 pm.

Decreases the DBR length below 300 p.m makes discrimination decreases, Agth, and the 

edge loss, cctdgt, increases, hence the threshold gain, g,h, increases as well (Eqn. 4.1). Fig 4.8 

shows the guided-field profile, which has -10% of the field at the edge of DBR ends, for 200 pm
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DBR length. High portions of field at the edges will increase the edge loss and at the same time 

can disrupt the DFB performance due to reflections at the edges from imperfect AR coatings.

1

0 .5

O 700200 700

L ongitud inal length  (|xm )

Fig 4.8. A guided-field profile for DBR length of 200 pm. which shows considerable amount 
(-10%) of the field at the edge.

4.3 Central Grating Phaseshift Study

The device characterization is now explored by changing the central grating phaseshift 

while keeping the length of DFB and DBR constant. The lengths of each passive-DBR and the 

active-DFB regions are 500 pm each.

Fig. 4.9 shows how the threshold gains for symmetric modes (S) and antisymmetric 

modes (A) vary as the central grating phaseshift is varied [4]. As seen in Fig. 4.9, a symmetric- 

like mode (S) is favored to lase over the antisymmetric one (A) when the phaseshift, A0, ranges 

from 100° to 280°, with maximum discrimination occurring when Aij) = 180°; i.e., a half-wave 

(X/2) central phaseshift. Large discrimination (>100 cm '1) is still maintained over phaseshift 

values of 150° to 210°. The largest discrimination occurs at A<(>= 180° : a value of 130 cm '1.
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Fig. 4.9. Threshold gain as a function of the grating central phaseshift. A0. value for modes 
of symmetric (S) and antisymmetric (A) radiated near-field amplitude profile.

The 180° phaseshift does not affect the in-plane propagating (guided) light, as the field roundtrip 

through the phaseshifter is 360° (i.e., the guided fteld remains antisymmetric). That is evidenced 

from the device spectra with and without 180° phaseshift (Figs. 4.10a and b, respectively). For 

both cases lasing occurs virtually at the Bragg wavelength. [The slight deviation from Xanigg is 

caused by the mixture of a complex-coupled grating from the DFB and the DBRs].

E
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♦
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-25 -12.5 0
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Fig. 4.10 (a) The DFB/DBR mode spectrum at A0 = 0°; and (b) at Acp = 180°, 5 is deviation from 
Bragg frequency (i.e. 0 -  0O, where 0O is Bragg wavevector corresponding to the Bragg frequency), A 
and S are modes of antisymmetric and symmetric (radiated) near-field profiles, respectively.
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For the grating-outcoupled light the it central-phaseshift region defines two surface-emitting 

regions whose outcoupled fields are out-of-phase with each other (Fig. 4.11).

Farfield pattern

2nd-order grating with 
rt phaseshift1 I t  1I I

Guided-field amplitude profile

Fig. 4.11 The guided-field of antisymmetric amplitude profile is outcoupled in out-of-phase 
beams due to the it phaseshift at the grating center, thus resulting in a single-lobed, orthonormal 
farfield beam pattern.

Thus the outcoupling of the guided antisymmetric field provides in-phase (i.e. symmetric) 

radiated near-field and far-field patterns (Figs. 4.11 and 4.12b). The situation is quite similar to 

the use of it phase-shifter films on the facets of out-of-phase operating phase-locked arrays [5,6], 

in order to obtain in-phase beam patterns.

06
O
3
>%4)
13
>

CL

DBR DFB DBR
2

I

500um SOOum SOOum
(a)

0.04'

—  0.6 —  0.3  0  0.3

_  Angle (degrees)
( b )

0.6

Fig. 4.12 DFB/DBR device with =180°: (a) Near-field (solid curve) and guided-field (dashed 
curve) intensity profiles. The left margin gives the guided-field peak-to-valley ratio, R, values in the 
DFB region; (b) Far-field beam pattern.
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As seen in Fig. 4.12a, the guided-field peak-to-valley ratio, R, in the active (i.e., DFB) region is 

only 2, which insures single-mode operation to high powers since the intermodal discrimination 

is high (~ 100 c m 1; Fig. 4.8.) The far-field consists of an orthonormal beam with 88% of the 

light in the central lobe.

The variation of the external quantum efficiency around the n-phaseshift is shown in Fig. 

4.12. The differential quantum efficiency, rjo, is 51%, which reduces to 45% (i.e., effective t) d ) 

when taking into account the centrai-lobe energy content [7]. Over a wide range in A<J>: 150° to 

210°; the effective T|d is relatively high (> 42%) (Fig. 4.13). We also find that the degree of 

guided-field uniformity is low (R<2) over the same range in A<1> (Fig. 4.14). These high degrees 

of uniformity as well as high effective quantum efficiencies over a wide range in phaseshift 

variation provide for large tolerances in device fabrication. Therefore a practical solution has 

been found for single (orthonormal)-lobe, efficient surface emission from 2nd-order DFB lasers.

10
-5

a'

|  10
0  -i----------------------- 1------------------------1------------------------i----------------------- 1—

120 150 180 210 240
4 0
270

Fig. 4.13 Differential quantum efficiency, r)Dt and effective qD for DFB/DBR devices as 
a function of A0.
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120 1 50 180 210 240 270

Central phaseshift, A<|>

Fig. 4.14 Peak-to-valley ratio, R, of guided-field profile in the active (i.e. DFB) region 
for DFB/DBR devices as a function of A<f>.

Moreover, for devices optimized for maximum t) d , we studied [8] the variation of the 

threshold gain and t)d as a  function for the grating duty cycle, a, defined as the ratio of Au as 

part of the grating period (Fig. 4.15a and b). [8] The intermodal discrimination, Aa, reaches a 

maximum of 113 cm '1 for a  = 0.5, while the S-mode threshold gain is only 22 cm '1 for a  = 0.4, 

with a respectable Aa value: 52 cm '1. For a device with 550 iim-long DBR region and 600 |4m- 

long DBR regions, T)d reaches values as high as 62% for o  = 0.4 and has values above 50% over 

the o  range: 0.35-0.50 (Fig. 4.15b). The effective T)d varies like T|d: reaches a maximum of 

55% for a  = 0.4 and stays above 44% for o  in the 0.35-0.5 range. Therefore the device can 

tolerate some variation in grating duty cycle at a relatively small penalty in slope efficiency.
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Fig. 4.15 (a) Threshold gains for symmetric (S) and antisymmetric (A) modes; and (b) the 
external differential quantum efficiency. qD , for the S mode, as a function of the grating duty 
cycle.
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Chapter 5 

Fabrication of l^-Order DFB Incorporating Central 7t-Phaseshift Grating

The previous chapter concluded with the simulation results from single-element (i.e. 

ridge-guide) surface emitter incorporated with central 7i-phaseshift grating. The next step is to 

fabricate such devices and to show that single-lobed operation can be achieved using this design. 

This chapter discusses a fabrication method of patterning 2nd-order DFB with central n- 

phaseshift on a photoresist using holographic exposure system and a grating transfer process 

from the photoresist to GaAs layer via dry- and wet-etching. Sec. 5.1 describes the fabrication 

procedure of patterning 2nd-order grating via the image reversal method to produce central 7t- 

phaseshift. Sec.5.2. addresses the resulting patterns in the photoresist from the image reversal 

method. Next step is to transfer the grating pattern in the photoresist into the GaAs-cap layer. 

Sec. 5.3 discusses the dry- and wet-etching process, which has been developed, for transferring 

the grating pattern into the GaAs layer. The unique challenges imposed to make single-element 

device, which is surface-emitting through the n-side window will follow in the next chapter.

5.1 Fabrication Procedure of Patterning 2“d-Order Grating with Central 7t-Phaseshift

E-beam lithography has been widely used for fabrication of grating on the edge-emitting 

semiconductor lasers. This technique has advantages of being able to control precisely not only 

the grating period but also grating duty cycle. However, the cost and the maintenance of such a 

system can be very high, and more importantly exposure over large area samples introduces 

stitching errors. Other method of patterning the grating is by using interferometric lithography
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(holographic exposure) system. The holographic system uses expanding beams that are folded 

back to produce a grating interference pattern at the sample location.

The holographic system is preferred over e-beam lithography to expose large area 

because of no stitching errors. The exposure source of the holographic system is an argon-ion 

laser operating single-frequency at 351.1 nm. Grating with a spatial wavelength. A, around 3000 

A (second order grating for >,=0.965 pm) are exposed in diluted AZ5206 (1 part AZ5206 

photoresist : 1 part AZ1500 thinner). The nominal resist thickness is 80 nm. Samples are 

prebaked on the hot plate at 120° C for I minute. Typical exposure times are 120 seconds for 

laser power of 130 -  150 mW. For positive image, the samples are spin-developed for 

approximately 10 seconds using MF-327 developer. For negative image, after the holographic 

exposure, the samples are post-exposure baked (PEB) on the hot plate at 120° C for 2 minutes, 

flood exposed using new aligner (MJB-3) for 3 seconds, and spin-developed for approximately 6 

seconds using MF-327 developer. No postbake cycle is performed to eliminate the possibility of 

pattern degradation because of resist flow.

A uniform grating, either positive or negative image, without a phaseshift can be easily 

patterned using holographic-exposure technique of a laser beam with appropriate wavelength to 

expose standard photoresist. However fabrication of a central phaseshifted grating is more 

challenging. Some methods, which have been demonstrated to obtain the phaseshifted grating 

based on a holographic-exposure technique, utilize either the use of a patterned retardation plate 

[1] or simultaneous use of two photoresists, [2] positive and negative photoresists.The grating 

fabrication incorporating central Tt-phaseshift with two photoresists requires the patterning of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



54

positive resist and negative resist side-by-side. This could results in the photoresist mixing and 

the alignment is very difficult.

The method, which I have used to pattern 2nd-order grating with central 7t-phaseshift is 

using only one photoresist (the image reversal method). [3] This method utilizes a property of the 

photoresist which can be made to behave as either positive resist or a negative resist by 

appropriate chemical treatment [4]. The challenge with this method, when only a single 

photoresist (i.e. AZ5206) is used, is the processing of the positive-image patterns must not 

disturb the photoresist property for the negative-image patterns and vice versa. In order to that, 

germanium, which is deposited on the top grating-exposed photoresist, is used for two reasons: 

as a hardmask to protect the exposed photoresist underneath it and as light blocker to reflect UV 

light during flood exposure.

The right thickness of germanium is critical to the success of patterning the grating with 

central 7i-phaseshift. If the germanium thickness is too thin, it can not block the light during 

flood exposure. On the other hand, when germanium is too thick, a photoresist on the top of Ge 

could peel off, thus creating broader transition regions, which are the interface areas between the 

positive-image patterns and negative-image patterns. A good range of the germanium thicknesses 

is between 40 nm to 60 nm. The other critical step in patterning the grating with 71-phaseshift is 

the means of the germanium is deposited. It is very important that the holographic-exposed 

photoresist is not disturbed during germanium deposition. It is found that e-beam (metal) 

evaporator is not suitable for depositing germanium because of the high-energy germaniums, 

which react with the grating-exposed photoresist and form a compound that hard to etch on later 

processing. The best way to deposit germanium is using thermal evaporation. By slowly
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increasing the drive current, a uniform germanium layer could be deposited without forming the 

compound layer. However, due to a heating on a tungsten boat, which could exposes the 

photoresist, the ability to control the drive current to heat up the tungsten boat is very important. 

The recipe to deposit germanium by thermal evaporation is given in the Appendix A.

The next two figures describe how the grating with central n-phaseshift is fabricated. 

Figure 5.1a shows the grating-exposed photoresist using the holographic system on the top of 

GaAs-cap layer. The period of the grating, A. is around 2985 A with the photoresist thickness of

800 A. Later germanium is deposited to form a 50 nm-thick layer using thermal evaporation

(Fig5.lb). The right thickness of the Ge film can be examined visually by looking at a color of 

the Ge film. The Ge-film color should look metallic gray looking at normal of the surface and 

transparent gold looking at 45° from the normal of the surface. Pure AZ5206 photoresist is then 

spinned at speed of 4000rpm for 30 seconds on top of Ge film to get about 0.6pm thickness (Fig. 

5.1c). Using mask 1 (phaseshift mask) and new aligner (MJB-3), the photoresist is patterned. 

Half of the region, which the photoresist has been exposed and developed and the Ge film has 

been wet etched, is patterned to get positive-image grating (Fig 5. Id). The other half of the 

region is then patterned to get negative-grating image.

A = 0.3 |4 m
Double-tone photoresists

Germanium film

GaAs- cap

InGaP-clad

(a)
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.  Photoresist Pattem ha,f of the re§ion
*  /  ________—

(c) (d)

Fig. 5 .1. The processing steps to divide a region o f  the grating-exposed photoresist. O ne half 
o f  the region will be patterned to get positive-im age gratings and the other half will be 
negative image-gratings.

Fig 5.2 shows the fabrication steps for patterning the negative-image grating. The 

photoresist on top of the Ge film is stripped, in the same time, as the positive-image resist is 

developed (Fig. 5.2a). The next step is to deactivate the positive-image resist so it does not react 

with the later processing for obtaining the negative-image resist. The first step to deactivate the 

positive-image resist is by flood expose for 3 seconds with MJB-3. Then the sample is immersed 

in the chlorobenzene for 15 minutes. The purpose of the cholorobenzene immersion is to make 

the surface of the photoresist becomes harder (Fig 5.2b). The chlorobenzene immersion is 

commonly used for metal lift-off. Later the remaining of the Ge film is etched away. To 

complete the deactivation of positive-image resist, the sample is baked on the hot plate at 120°C 

for 2 minutes (Fig. 5.2c). The whole sample area is flood exposed one more time to pattem the 

negative-image resist. Fig 5.2d shows the positive-image resist on one half of the region and 

ready-to-develop resist on the other half of the region to become negative-image resist.
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Develop positive-tone resist Rood exposed and chlorobenzene immersion

1 ■ ■ ■ ■

(a) (b)

Hot plate to deactivate the resist 
■ ■ ■ ■ ■ ■ ■

Rood expose to get negative-tone resist

(C) (d )

Fig 5.2. The continuing process from Fig. 5.1 to pattern negative-image gratings on the other 
half of the region.

After a spinned develop for 7 seconds with MF327 developer, the negative-image grating is 

patterned on the other half of the region (Fig 5.3). The sample now has 2nd-order grating with 

central phaseshift. The phaseshift is half of the grating period which corresponds to the it- 

phaseshift for 2nd-order grating.
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A4>=0.15|im

Fig 5.3. A finished grating fabrication, which shows I^-order grating with a central rt- 
phaseshift.

5.2 Photoresist Images Patterned by The Image Reversal Method

After several iterations were done to calibrate all the fabrication steps, photoresist images 

with a large pattern are fabricated using the procedure described in the previous section. Figure

5.4 shows the image of the positive- and negative-tone resists, which have a pattern of 4 p.m-core 

width and 15 pm-side widths. It is clearly seen that one half of the region (positive-tone resist) 

has an opposite tone compared to the other half of the region (negative-tone resist). The interface 

of the two images shows a sharp change which indicates a very small transition region. This step 

is used to calibrate the processing parameters. Consequently the n-phaseshifted grating could be 

done with the same procedure with some adjustments and calibrations.
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Fig. 5.4 The photoresist image of large patterns showing positive-tone resist on one half of 
the region and negative-tone resist on the other half of the region.

The next step is to actually pattern the 2nd-order DFB with central ^-phaseshift grating. 

Fig. 5.5 shows that 7t-phaseshifted gratings have been successfully patterned using the image 

reversal method. The dark lines, which are the peaks of the gratings, on one half of the region 

meet the white lines, which are valleys of the grating, on the other half of the region. The 

transition region is very small, which indicate abrupt change in the photoresist tone. This 

calibrated fabrication technique has smaller, hence better, transition regions than the previous 

technique [3]. Fig 5.6 shows the enlarged image of Fig 5.5. From Fig 5.6, the transition region 

can be measured to be less than 0.15 pm. The transition-region lines of Fig. 5.6 are perpendicular 

to the grating lines. This scheme is not going to be the final grating pattern on the real devices. 

For the 2nd-order DFB surface emitter with a central n-phaseshift, the transition-region lines are 

parallel to the grating lines.
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Fig. 5.5 The SEM image showing the grating pattern by the image reversal method. The dark 
and the white lines are the peaks and the valleys of the grating, respectively. The dark lines on 
the left image meet the white lines on the right image indicating reversed tones.

GRATING LINES

76.00 K X

Fig. 5.6 The SEM picture of the enlarge image from Fig. 5.5. The transition regions 
is less than 0.15 pm. The grating lines are perpendicular to the transition-region lines 
in the grating pattern.
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5.3 Second-Order GaAs Grating Incorporating Central 71-Phaseshift Grating.

The previous section shows the photoresist images, which have the grating lines 

perpendicular to transition-region lines, patterned by the image reversal image method. This 

section will show the final grating patterns, in which the grating lines are parallel to the 

transition-region lines, used for the real devices. Once the (grating) photoresists have been 

developed, the grating is transferred into GaAs layer. To improve the adhesion of the photoresist 

into the GaAs layer, hence better grating uniformity, transition layer (i.e. SijNa) is deposited 

between photoresist and the GaAs layer. Therefore the grating pattern is first transferred into the 

SisNj by dry etching, then into the GaAs layer by wet-etching.

The most common method for grating pattern transfer into SijN4 is by dry etching, either 

reactive ion etching (RIE) or chemically-assisted ion beam etching (CAIBE). However, a 

challenge is imposed in this grating pattern transfer since the holographic-exposed photoresist is 

very thin (80 nm). A good-quality grating-transfer pattern is commonly required a much thicker 

photoresist (lOx) compared to the Si3N4 thickness (40 nm used in this research). An etching rate 

of Si3N4 is slower than the stripping of the photoresist by NF3 plasma for certain duty cycle of a 

grating. This could result in a bad, or even failed, grating transfer. It becomes more complicated 

when the grating profiles of positive-tone resist is different from the negative-tone resist, which 

results in a difference of the etching rate of Si3N4 for positive- and negative-tone resists. In the 

early work, some grating-transfer patterns can only be successfully transferred either from 

positive- or negative-tone resist, but not from both of them. A lot efforts have been done to
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obtain the same grating profile in the photoresist from both the positive- and negative-tone 

resists.

The grating patterns transferred by wet etching techniques impose other fabrication 

challenges regarding photoresist exposure: (1) because the adhesion of the photoresist to the 

substrate must be sufficient to withstand the agitation and surface tension effects associated with 

the development and etching steps. These issues do not necessary apply when the transition layer 

(i.e. S 1 3 N 4 )  is deposited between the photoresist and the substrate to reduce the adhesion 

problem; (2) the substrate surface must be free of imperfections that could inhibit uniform 

photoresist application and disrupt the holographic interference pattern; (3) the gratings need to 

be uniform on all across the surface of the substrate. This could be the biggest challenge since it 

could be very difficult to have the uniform grating on the positive- and negative-tone 

photoresists.

The potential problems associated with nonuniform (photoresist) gratings across samples 

were my greatest concern. Submicron lines of photoresist across samples as large as one inch 

diameter, which undergo different processes for patterning positive- and negative-tone resists, 

seemed hard to be precisely controlled. Different regions of photoresist are experiencing 

different chemical and environment exposures. The detail fabrication processes to obtain the 

positive- and negative-tone resists are given in Appendix A. To ensure a good grating uniformity 

across the wafer on positive and negative-tone resists, calibrations of processing parameters on 

the test samples are always performed before processing the real wafers.

Fig 5.7 shows an SEM photograph of the fabricated GaAs grating with it phaseshift by using 

positive- and negative-tone resists. [5] The uniformity across the sample on the positive- and
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negative-GaAs images is pretty good. The phaseshift, which is measured from peak to peak at 

the center region, is a half of the period, hence 7i-phaseshift. A transition regions from other 

samples are observed, but its width is not that relevant as long as the two grating regions are out- 

of-phase with each other. That is. the grating phaseshift does not necessarily have to be n ; it can 

be an odd number of n, since the in-plane propagating (guided) light is unaffected by it.

Fig 5.7. Scanning electron micrograph and its intensity profile showing a Ji phase-shifted 
GaAs grating fabricated by using the image-reversal method on one photoresist [5]. The 
period of the grating is 0.3 pm.
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Chapter 6 

Single-Lobe Operation from Surface-Emitting, Z^-Order Distributed 

Feedback Lasers with Central rc-Phaseshift Grating

Once, the grating with n  phaseshift in the GaAs-cap layer is patterned, the single-element 

(i.e. ridge-guide) surface-emitter is fabricated.

6.1 Single-Element (i.e. Ridge-Guide) Device.

Before discussing the fabrication of single-element surface emitter, it is useful to 

understand the basic properties of the single-element waveguide. In the single-element (positive) 

guide, the effective core index, n0, is higher than the lateral cladding index, nt. Using the 

effective index approximation, the fundamental lateral mode is shown is Fig 6.1. Higher order 

modes can be supported by this structure depending on AnCff and the core width. Laterally- 

confined modes exist for propagation constants ft and reflected angles 0 j COrc within the range:

'cir

Fig. 6.1. Index profile for single-element guide. The field intensity curve and its effective index for 
the fundamental mode are shown.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66

njk > po > fii> . . .  Pn > n/k [6.1]

0  <  0„core <  Q,cor‘ < . . .  <0NCore <  0ccore [6.2]

where the V* mode is the highest-order confined mode and 0 /ore is the angle at which a mode 

reaches cutoff and radiates energy into the low-index lateral cladding regions.

Within the range specified by Eqn. 6 .1 ,$  can assumed only discrete values satisfying the

following eigenvalue equation, obtained by requiring that the fields obey the appropriate 

boundary conditions at the lateral interfaces:

tan Kid = 2 kM kc -  <5f) [6.3]

where d  is the core width. The parameters k  and $  are defined as:

K = (n02kr -  = n„ksin0re [6.4]

St = ( n f k r - f i 2),/2 [6.5]

In Fig 6.2, the propagation constant K is shown from a ray-optics perspective. For the t h 

confined mode the propagation constant can be expressed as:

Pi — nokcos0iOre

i. core

n„k

f t

Fig. 6.2 Ray-optics indicating total internal reflection.

n.
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For each P  satisfying Eqn. 6.1, the ray suffers total internal reflection at an angle Pcore at 

both lateral cladding interfaces so that the no power can be transmitted into the surrounding 

media. In this case, the optical field is evanescent in the lateral cladding regions and 4  is 

imaginary. As Antg  decreases, each P  (# '"") correspondingly decreases (increases). Eventually, 

0 i ° re reaches the cutoff value Gc  when the ray is no longer totally reflected at the interfaces. The 

field in the cladding layers then becoming sinusoidal and energy radiates away from the cote, 

leaving N -l confined modes.

In our ridge-guide design, the effective index difference (Aneff) is 6x l0 '3. To achieve 

single-spatial mode operation, the device must be designed such that all modes other than the 

fundamental mode are pushed beyond cutoff. This can be achieved by setting the core width to 

be 2.5 tun.

6.2 Fabrication o f Single-Element Surface Emitter

The structure has a GaAs buffer layer, followed by a lpm-thick n-doped (5x l017 cm'3) 

Alo.54Gao.46As-cladding layer, a 1 lOnm-thick AIo.42Gao.ssAs lower optical-confinement layer and 

a lOnm-thick GaAs-transition layer. Two 7nm-thick InGaAs quantum wells separated by a 

20nm-thick GaAs barrier layer form the active region. Next are lOnm-thick GaAs-transition 

layer, a UOnm-thick Alo.42Gao.ssAs upper optical-confinement layer, a 200nm-thick p-doped 

(5xl017 cm'3) Alo.s4Gao.46As and a 200nm-thick p-doped (5x l017 cm'3) InGaP cladding layer, 

and a lOOnm-thick p+(2x!019 cm‘3)-GaAs cap layer patterned with 3000A grating period 

incorporating a central n-phaseshift grating.
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The requirement of unannealed metal on p-side for the single-element surface emitter 

determines the processing sequence as follow: first, patterning the ridge-guide on the p-side; 

lapping and polishing on the n-side, followed by n-side metal and an antireflective (AR) coating; 

finally opening the window for the contact and depositing p-metal.

Fig 5.7 Shows the GaAs grating incorporating a central n-phaseshift. The ridge-guide 

surface emitter is going to have a grating region composed of a positive GaAs grating on one 

half of region and the negative GaAs grating on the other half, which provides a n-phaseshift in 

the center of the longitudinal direction (Fig 6.3). The transition region, where the n-phaseshift is, 

is the area between the positive and a negative GaAs-grating regions. The alignment of the ridge 

mask on the GaAs grating is done by precisely placing one of the transition region on the edge of 

the wafer.

A<j> = A/2

Transition region

Fig. 6.3 A cross-section o f the device showing the positive GaAs grating on half the region and negative 
GaAs grating on the other half.

Before patterning the ridge-guide on the wafer, S i02 with the thickness of 1000 A is 

deposited on the top of the GaAs grating. The purpose of this S i02 is two-fold: as a hardmask 

when etching the ridge guide and as a protection layer for GaAs grating for later processing. As
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soon as the GaAs grating is covered by SiOi, photoresist (PR1827) is spinned on the wafer and 

then patterned to get 2.5-pm ridge waveguides. Later the SiC>2 and the semiconductor layers 

(0.1pm GaAs-cap and 0.2 pm InGaP-cladding layers) are wet-etched using the recipe given in 

the Appendix B (Fig 6.4a). Without postbake and stripping the photoresist, the wafer is placed in 

a PECVD chamber to deposit SiC>2 with a thickness of 2000 A. A thicker Si02 is used here to 

eliminate the problem of driving the current outside of stripe width due to the misalignment. 

Later, the thick Si02 on top of photoresist is lifted-off using acetone and PR stripper (Fig 6.4b)

Thin-SiO, 

p-InGaP .
p'-GaAs

p-AlGaAs

n-AlGaAs

n-GaAs Substrate

Thick-SiO

(a)
Fig 6.4 A cross-section of the ridge guide after (a) etching the semiconductor layers; (b) Si02 
lift-off.

The wafer is then lapped to a thickness of ISO pm and polished in order to obtain flat and 

shiny surfaces. The photoresist (PR1827) is then spinned and patterned. The n-metal, which 

consists of 200A-Ge/1000A-AuGe/300A-Ni/3000A-Au is deposited using e-beam evaporation. 

A metal lift-off is then performed to make windows for light emission. For the lift-off, the wafer 

needs to be immersed overnight in PR stripper to get good patterns. The wafer is now ready for 

annealing. The annealing temperature is 37S°C for 30 seconds.
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Next step is coating the window on the n-side with AR coating. The n-side of the wafer is 

spinned again with PR 1827 and patterned. After overnight pumping in the dielectric (e-beam) 

evaporator, an antireflective coating, which consists of 180A-Al203/270A-Si/1500A-Al203, is 

deposited on the n-side. AR-coating lift-off is then performed using warm PR-stripper. This step 

concludes the processing step on the n-side. The wafer now has contact metal and a light- 

emitting window with AR coating on the n-side and a GaAs-grating on the p-side. Figure 6.5 

shows a 3-D picture of the wafer up to this step.

GaAs grating with central
Phaseshift. \

Antireflective (AR) 
coating N

metal

Fig 6.5 A  3-D draw ing o f  the surface-em iner at the end o f  n-side processing: (a) on the p-side; 
(b) on the n-side
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Since Au on the p-side is intended to reflect all the light, the p-side metal is not annealed. 

Therefore the Au on the p-side is “shiny”. The primary problem when only Au is used for metal 

contact is a poor electrical contact due to the poor adhesion of Au to the SiOi. On the other hand, 

depositing conventional p-side metals (250A-Ti/500A-Pt/2000A-Au) will introduce a large metal 

loss, which would result in large threshold gains and very low efficiency. A compromise 

approach is to use only thin Ti (20A) and Pt (20A) layers before Au, but the adhesion to SiOi is 

still a problem. The best approach to get a good contact and low metal loss is by using a little bit 

thicker Ti (40A) and Au but without Pt. Appendix B describes the fabrication steps in detail. 

Figure 6.6 shows a single-element surface emitter after the p-side metallization.

Au-metal

Fig. 6.6. Single-elem ent surface em itter after p-side m etallization.
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The wafer is then cut into bars for facet coating. The length of the bars is 1500pm, which 

consist of a 500pm-long DFB region, and 500pm-long DBR regions. Antireflective coatings are 

deposited on both sides of the edges using a dielectric (e-beam) evaporator. This coating has a 

reflectivity of less than 1% at 965nm. Finally, the bars is cut into devices, which are ready for 

testing.

6.3. Experimental Results

After several iterations were done to calibrate all the fabrication steps, a device was fabricated 

and tested. Broad-area (BA) devices ( lOOpm-wide stripes) from the same wafer were fabricated 

to obtain the lasing wavelength, which is necessary to determine the grating period. The period is 

patterned to have a Bragg wavelength of 965 nm, which is 15 nm away from lasing wavelength. 

The threshold current was 350 mA, and the efficiency was 110 mW/A (from each facet) for this 

lOOOpm-long BA edge-emitter devices. The next step was to fabricate single-element (ridge- 

guide) edge emitters to calibrate the p-side metal. As mentioned in the previous section, a good 

p-side metal contact is required and, in the same time, not producing a high metal loss. This 

ridge-guide edge emitters were fabricated by the same procedures as the surface emitters but 

without a window on the n-side. A good IV (current-voltage) curves together with good 

threshold current of 25 mA from this ridge-guide edge emitters indicate good metal contact. The 

next step is to make single-element surface emitters. Appendix B contains the detailed recipe for 

making single-element (i.e. ridge-guide) surface emitters.

After applying AR coatings on both cleaved sides for surface emitters, the chips (1500 

pm long) were tested. The first testing was the IV curve. The test setup used is shown in Fig. 6.7.
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The testing results would indicate whether the chips have good metal contacts. A typical IV 

curve for good-metal devices is shown in Fig. 6.8. The tum-on voltage for this single-element 

surface-emitter is about 1.4 V.

HP 34401 A Multimeter

Gateway computer

HP 6632B System DC 
power supply SEDFB device

Fig. 6.7 Current-voltage (IV) test setup.

C:Vuser>\gu n ne  rW-1. v i
L ast m o d ifie d  o n  2 /2 1 /0 1  at 3 :2 7  PM
P r im e d  o n  4 /2 / 0 2  a t 2 :1 2  PM

Fig. 6.8 A typical IV curve for good-metal devices.
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The MOCVD-grown InGaAs/AlGaAs DQW structure has a 2nd-order GaAs grating, with a 

central it phaseshift (not shown), which also acts as contact layer (see inset) in the DFB region 

(500|im long) and extends longitudinally 500pm on both sides (i.e., DBR mirrors). Fig 6.9 shows a 

bird’s eye of the finished device with AR coating on both ends of DBR regions. The radiation is 

outcoupled through a window in the n-side metal contact.

metal

Si0 2  and 
metal

Fig 6.9 The surface-emitting l^-order DFB/DBR laser. Inset: longitudinal cross-section: 
500pm-long DFB and two 500pm-Iong DBRs
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The far-field beam patterns were measured to find out whether the device operates in the 

symmetric, antisymmetric or both modes. Fig. 6.10 depicts the setup used to measure the far- 

field.

HP 54602 Oscilloscope

0  0  

0  0  

0 0 
0 0

SEDFB device

Fig. 6.10. Setup for measuring far-field o f surface-emitting DFB laser.

Fig. 6.11 shows the far-field patterns measured in the setup of Fig. 6.10. The figure shows a 

single-lobe, orthonormal far-field intensity profile. This result proves the concept described in 

earlier chapters. This is for the first time that single-lobed, orthonormal far-field beam was 

obtained from a high-coupling (tcL), monolithic surface emitter, without introducing any loss 

mechanism to suppress the antisymmetric mode. This device, with further optimization, can 

produce high single-mode power levels with high efficiency. Moreover, the far-field beam is 

diffraction-limited. Theoretically, the FWHM of the far-field is 0.043°. The difference in FWHM

SPIRICON Linear array detector

AR-coating on the 
n-side

0-

0

0

Q 0 0 0 0
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compared the experimental results (0.048°) is contributed from the error in measuring the data 

from plot.

Jfih
CB

GO
S
4)

0 .0 5 ‘

V
1 .5  0

Angle (degrees)
1.5

Fig. 6.11 Measured far-field of surface-emitting DFB laser with central grating 7t- 
phaseshift

The spectrum is measured from light emitted out of the window on the n-side using a 

Hewlett-Packard (HP) Optical Spectrum Analyzer (OSA). The test setup used is shown in Fig. 

6.12. A pulse generator injects pulse current into the laser (2 kHz repetition rate and 5 pm pulse 

width), and a multimode fiber connected to an XYZ stage collect the light for input into OSA.

Fig. 6.12 is a printout from OSA showing the spectrum of a surface-emitting 2nd-order 

distributed feedback laser. Clearly, the device lases in a single DFB longitudinal mode. The 

lasing wavelength is 964 nm, as expected from the grating design.
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I
SEDFB device

AR-coating on the 
n-side^x

HP 7095 i B Optical spectrum Analyzer

0 0 
0 0 
0 0 
0 0

9

Fig. 6.12 OSA spectrum measurement setup

Fig. 6.13 Spectrum of surface-emitting DFB laser with central grating it-phaseshift and AR- 
coatings for both facets using HP OSA.
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The wavelength shifts at rate of 0.3A/°C, which clearly indicates the DFB action, as 

opposed to 3A/°C from the Fabry-Perot modes. A higher resolution spectrometer shows the 

linewidth to be ~ 0.8A. Fig. 6.14 shows the shift of wavelength as temperature change from 20°C 

to 50°C.

9648 A

9645 A 

9642 A

(Ae
Bc

= 40* C

= 30* C

964

Wavelength (nm)

Fig. 6.14 Single-frequency spectrums from surface-emitting I^-order DFB/DBR laser 
with 500pm-long DFB and two 500pm-long DBR regions. The 0.3 AJ°C temperature 
coefficient confirms DFB action
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Chapter 7 

Conclusion and Future Work

7.1 Conclusion

The main objective of this dissertation has been to demonstrate single-lobe, orthonormal 

surface emission from 20d-order distributed feedback device, at no penalty in efficiency, using a 

central grating 7t-phaseshift. This work was organized into smaller tasks, each representing a 

milestone in the overall project plan.

Device simulation and optimization has been developed using two-dimensional coupled 

mode theory and the transfer-matrix method. [1] Devices of high degree of guided-field 

uniformity and large intermodal discrimination, which ensure single-mode operation to high 

drive levels, have been designed. Differential quantum efficiency (D.Q.E.) values as high as 62% 

can be achieved for a grating duty cycle of 40%. [2]

Second-order DFB grating fabrication incorporating a central 7t-phaseshift was realized 

via interferometric lithography (holographic) systems with image reversal method. [2] 

Reproducible holographic grating exposure of the substrate was successfully demonstrated using 

a combination of dry- and wet-etching transfer process. Complete in-house surface-emitting DFB 

laser fabrication was thus realized.

This work culminated in the successful demonstration of the first surface-emitting, 

single-mode operation with a single-lobed far-field beam from single-element (i.e. ridge-guide) 

2nd-order DFB device incorporating central grating Tt-phaseshift. [3] The experimental results
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confirm the theoretical predictions of fundamental lasing in a single-lobe, orthonormal surface 

emission beam pattern from monolithic 2nd-order DFB devices without built-in loss mechanisms.

7.2 Future Work

The significance of this dissertation lies not necessary in the device results themselves, 

but in the proof of concept that a central grating 7t-phaseshift in a 2nd-order DFB/DBR device 

will result in lasing in a single-lobe, orthonormal beam pattern. It is important to note that the 

effectiveness of central grating p-phaseshift is not limited to single-element (i.e. ridge-guide 

type) devices. This concept can be applied to array structures (in the lateral direction) to produce 

two-dimensional surface emitters. Fig. 7.1 shows the 2-D surface emitter incorporating a 40- 

element (i.e. 200 pm-wide) resonant optical waveguide (ROW) array structure in the lateral 

direction and a 20d-order DFB/DBR grating with central grating 7i-phaseshift in the longitudinal 

direction (1200pm-long DFB/DBR regions).

hv
A. = 0.98 pm

Optical Mode
ICH-2QWC’

Etch- stop layer

n-GaAs substrate
21--order grating

metal
SIO

p-InGaP

Fig. 7.1 3-D view of antiguided array combined with central-phaseshift DFB/DBR 
grating structure
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The beam aspect ratio is only 6 , which allows for easy beam circularization with 

commercially available anamorphic prism pairs [4]. This 2-D single-mode, single-lobe surface 

emitters (of horizontal resonant cavity) are ideal high-power (> 2W) coherent sources due to the 

low-aspect-ratio beams as well as the potential for scaling the power via resonant coherent 

coupling of the sources at the wafer level [5].

Clearly there is work to be done in improving the discrimination and the differential 

quantum efficiency for these devices. The low discrimination could results from the combination 

of both the reflection from both facets, which induces the excitation of Fabry-Perot modes, and 

metal loss due to Ti deposition in the grating region. To completely suppress reflections from the 

cleaved chip ends, absorbing material (InGaAs) should be introduced (via etch and regrowth 

process) at the DBR-reflector ends. This measure prevents disturbing lasing in the DFB (active) 

region due to back reflections with random phase from the DBR-reflector ends. [Even though 

the guided Held is relatively small at the DBR ends, random-phase reflections can propagate 

through the mostly bleached DBR reflectors (i.e. the backgorund absorption coefficient is only 

-15 cm ' 1 when considering a bulk absorption coefficient of 200 cm ' 1 [6 ]) and affect lasing in the 

DFB region.]

In addition to optimizing 2-D surface emitter for high-power operation, a significant 

effort should be undertaken to reduce the metal loss due the inclusion of Ti and/or Pt in the p- 

side metalization. To eliminate the adhesion problem on the SiOi but still having a good ohmic 

contact, when only Au is being used, on the p-side metal for the pump (DFB) region, two-step p- 

metal deposition is the best alternative. This method is achieved by depositing conventional 

(200-Ti/200-Pt/2000-Au) on the whole region and followed by metal lift-off on the pumped (i.e.
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DFB) region. Fig 7.2 shows the cross section of 2-D surface emitter after the metal lift-off and 

just before the Au deposition (in the longitudinal direction). Then Au deposition is performed on 

the active (DFB) region.

Ti/Pt/Au

SiO SiO

p-InGaP
-SCH-PQW

n-InGaP

n-GaAs substrate

Fig. 7.2 the cross section of 2-D surface emitter just before the Au deposition on the 
p-side

The relatively easy of fabrication associated with these devices, together with their potential for 

high-output powers, opens a wide variety of exciting possibilities for many applications.
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Appendix A 

Procedure of Patterning Grating with Central n-Phaseshift

This appendix describes the fabrication of the rt-phaseshift 2nd-order DFB surface emitter.

8

1) The laser base grown for this device has a p -GaAs-cap layer with the thickness of 1000 A .

2) The first step is to deposit the Si3N.t on the top of the laser base at the thickness around 300 

8
A. The recipe for the PECVD deposition is given below:

N: = 21%

SiH* under N2 = 50%

NH3 (5%) = 80%

Pressure = 850 mTorr 

RF power is 20 W (4%).

Time = 1.5 minutes.

o
The deposition rate is around 150 - 180 A.

3) The base is then spin-coated with HMDS at the speed of:

Starts from 2000rpm and increased by lOOOrpm every 10 seconds until it reaches 5000 rpm. 

Then at that highest speed, leave it for 30 seconds in order to get about 1 atomic monolayer 

of HMDS on the top of S i ^ .

4) Next step is to spin the HMDS-coated laser base with dilute at a speed of 4000 rpm for 30 

seconds. It is recommended that the whole laser base be used at this stage. The dilute 

AZ5206 is a mixture of 1 part pure AZ5206 and 1 part of AZ1500 thinner.
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o
5) The approximate thickness of this photoresist is around 850-1000 A. Prebake the base with

the hot plate for I minute at 127°C.

6 ) The sample now is ready to be exposed by holographies system. First the period of the 

grating need to be determined. Optics adjustment need to be performed to get the desired 

period.

7) To get V-groove grating shape, the sample need to be aligned such away that the grating 

lines are perpendicular to cigar/crystal direction (Fig. lb).

grating lines

cigar/crystal direction

8 ) The base at this point is cut into 4 quarter-wafers. The reason for cutting the wafer so that the 

base can be aligned perpendicular to crystal orientation (cigar direction) before the 

holographic exposure.The holographic system is then used to expose the PR-coated base to 

pattern the grating. The power of laser is around 130mW to get about 0.20 -  0.24 mW across 

the surface of the laser base. The exposure time is 120 seconds.
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9) As soon as the bases being exposed, they are needed to be placed in the thermal evaporator 

for about 3 to 4 hours to reach base pressure around 2.10'6 Torr. The amount of the 

Germanium ball placed on the tungsten filament is no more than 0.3 gr. It is a requirement 

that all the exposed bases do not get exposed to any luminescence (room light or sun rays 

form window) during and after this stage until the bases are ready to develop.

10) Once the vacuum reaches base pressure, the power on the evaporator is turned on and then is 

increased slowly to heat up the tungsten filament. The desired Ge-deposition thickness is

around 45 -  60 nm. This thickness can be obtained by carefully adjust the current and the

duration time. Below is one of the recipe to get that particular thickness:

Current. mA Time, s

1 2 0 30

130 30

140 2 0

150 2 0

160 30

170 15

1 2 0 30

11) At the end of the last 30-sec, the shutter is closed and the current is decreased slowly. Wait 

until 15 minutes before the bases are taken out from the chamber.

12) The color of the Ge-coated base is metallic silver looking normal the base and goldish 

yellow looking with 45° angle.
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13) Spin the Ge-coating based with AZ-5206 at the spinner speed of 4000 rpm for 30 seconds.

14) Prebake the bases on the hot plate with PR-coated side down for I minute at 100°C.

15) With a new aligner (MJB-3) and Mask I (phaseshift mask), exposed the samples for 8 

seconds.

16) Develop the sample with MF327 for 1 minute and rinse it with DI water. Check with 

microscope to make sure that the photoresist is developed well. Postbake is might not needed 

at this point.

17) Flood exposure the base with a new aligner for 16 seconds.

18) Etch the Ge with FFCbiHiO = 2:1 for around 2 minutes (The developed time is varied with 

the Ge thickness, it is important that the change of color on photoresist is observed during 

this process to make sure that it does not underdevelop or overdeveloped) and then rinse it 

with Dl water for I minute.

19) Spray developed the holographic-exposed PR at a pressure of 7.5 psi and a speed of 500 rpm 

for about 15 seconds (the exact time depends on the exposure time and grating-exposure 

power level) . The time is very critical here and it determines the successful of grating 

transfer to GaAs later.

20) At this point, the base now has grating on the half of the region and Ge coating on the other 

half. The Ge coating has to be clean from any remaining photoresist.

21) Deactivate the grating photoresist by flood exposed the base for 3 seconds with the new 

aligner.

22) To harden even more the grating photoresist, the base is then immersed in the Chlorobenzene 

for 15 minutes and then air dry for 5 minutes.
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23) Strip the remaining Ge coating with HjOirHiO = 2:1 for around 2 minutes.

24) Complete deactivation of the positive PR by post bake the base on the hot plate at 127°C for 

2  minutes.

25) Flood exposure the base for 4 seconds with new aligner to pattern the negative photoresist.

26) Spray developed the negative-grating PR at pressure 7.5 psi and speed 500 rpm for about 9 

seconds.

27) At this point the (photoresist) grating has fully developed on the surface of the laser base 

with positive grating on the half o f the region and negative grating on the half Qf the region. 

The dark blue color on part of the grating (if any) indicates a thinner PR thickness on that 

region. This color will be used as a reference to determine the time needed to etch Si:,N4

28) Reactive ion etching (RIE) PECVD is used to transfer the grating from the photoresist to 

SisN*. The recipe is given below.

CF4 : O2 = 20 seem : 2 seem.

RIE mode

Time: 2 minutes (approximate)

Power: 150 W (incident) and 3 W (reflected).

The reflected power need to keep below 5 W during plasma etch. The color of the 

discharging gas is cloudy purple. It is very critical to observe the color of the grating after 

this plasma etch. Be cautious that during this process the photoresist is also being etched off, 

consequently Si3N4 will be striped away if careful observation is not performed. Half way of 

the etch time (1  minute), the sample need to be rotated 180° to get uniform etch.

Other way to etch SiN is using new PECVD. The recipe is:
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NF3 = 10  seem (5%)

Pressure = 30 mTorr 

RF1 power = 100 W (20%)

Etching time: 1 minute.

Etching rate is about 670A/minute.

Discharging gas color is pink.

The same as using old PECVD, the sample need to be rotated 180o half way into the etching 

time

29) The remaining PR is cleaned by PR stripper (AZ4110 stripper). It is not recommended that 

acetone be used to strip the PR because acetone will not be able to fully clean the surface.

30) At this point, the grating should look uniform all across the surface, which indicates that the 

grating is successfully being transferred to Si3N4, otherwise all steps which have been must 

be repeated again.

31) Lastly, transfer the grating to the GaAs-cap using NRjOH : H2O2 : H2O = 3 : 1 : 50 for about 

25 seconds.
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APPENDIX B 

Procedure of Fabricating Single-Element (Ridge-guide) SEDFB Lasers

This appendix describes the fabrication of the single-element (ridge-guide) surface emitter.

1) The laser base, which is going to be used for this device, has been patterned with Jt- 

phaseshifted 2nd-order DFB (see appendix A).

2) The first step is to deposit SiC>2 for 1000 A with new PECVD on the top of GaAs-grating 

to protect the surface of the grating for later processing. The recipe is given below: 

Circulator temperature = 60°C

Chamber temperature = 250°C 

N20 =  40.5%

SiH» under N2 = 44%

Pressure = 900 mTorr 

RF power is 30 W (6 %).

Time = 1 minute and 41 seconds

3) This laser base is then spinned first with HMDS at speed of:

Starts at 2000 rpm and increased to 1000 rpm every 10 seconds until it reaches 5000 rpm. 

Then at that highest speed, leave it for 30 seconds in order to get about 1 atomic 

monolayer of HMDS at the top of S1O2

4) On the top of HMDS, PR1827 is spinned at the speed of 4000 rpm for 30 seconds.

5) Prebake the base in the oven for 30 minutes at 90°C.
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6 ) Using the new aligner (MJB-3) and Mask 2 (ridge), exposed the photoresist for 2 minutes 

and 30 seconds and developed for 3 minutes.

7) Etch S i0 2 with BOE (20 : 1 = Ammonium Fluoride: HF (49%)) for 75 seconds.

8 ) Next steps are etching the semiconductor layers to form the ridge waveguide. First, etch

the GaAs-cap (1000 A) with NH»OH : H20 2 : H20  = 3 : I : 50 at room temperature (RT) 

for 18 seconds. The etching rate is about 5000 A/minute.

9) Etch the InGaP (2000 A) cladding layer with pure HC1 at RT for 18 seconds. The

o

etching rate is about 150 A /second. Now the ridge structure after this step is shown 

below:

Thin-SiO,
p'-GaAs

p-lnGaP

p-AlGaAs

n-AIGaAs

n-GaAs Substrate

10) Without stripping the photoresist, deposit S i0 2 with new PECVD with the same recipe 

as step 2) but double the deposition time (3 minutes 22 seconds) to get 2000 A -thickness 

of S i02.
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PR 1827 Photoresist
Thick-SiO,

11) Next step is SiOi lift-off using ultrasonic bath for 1 minute. The base is immersed in the 

acetone during this process. Later the SiO? is gently wiped with acetone-wet Q-tip. The 

base is inspected with microscope to make sure that all metals are being lifted-off 

completely.

Thick-SiO,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



94

12) Thin the substrate using lapping machine to get about 160 -  180mm. Use 9pm- and then 

3pm-abrasive for the last 30pm.

13) Clean the sample thoroughly for any remaining powder. The lapping JIG, the base and 

the rotating arm have to be cleaned as well. Any powder left on the samples and/or on the 

lapping machine will scratch the surface during polishing process.

14) Replace the lapping disc with polishing disc (diamond-impregnated carbon plate) and 

prepare the polishing solution.

15) Polish the substrate to get smooth surface by using polishing machine with polished 

powder. Observe with microscope to check the flatness of the surface every 3 minutes. It 

takes about 2 x 5  minutes to get fairly uniform surface.

16) Clean the samples from any residue from the polishing step using acetone, methanol and 

DI water. Air dry the samples after that. Make sure the polished surface is clean and 

smooth.

17) Stick the thinned (~ ISO pm) wafer on the thicker base (370 pm) for later processing. 

Wax need to be put thin enough so it will not spill on the base surface of the thin wafer 

but strong enough to make the bonding.

18) This laser base is then spinned with PR1827 at the speed of 4000 rpm for 30 seconds.

19) Prebake the base in the oven for 30 minutes at 90°C.

20) Using the new aligner (MJB-3) and Mask 3 (n-side opening), exposed the photoresist for 

2 minutes and 30 seconds and developed for 5 minutes.

21) Check with a microscope to make sure that the developing time is complete and the area 

without PR is cleaned.
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22) Without postbake, put the base in the e-beam evaporator chamber to deposit n-metal. The 

metal used are: Ge :: AuGe :: Ni :: Au = 200 A :: 1 0 0 0  A :: 300 A :: 2500 A.

23) As soon as the samples have been taken out from the e-beam evaporator, put them in the 

PR stripper ( 1165 stripper) until the PR on the lift-off area has been moved up. Then 

placed the beaker with the samples in it inside the ultrasonic bath for 1 minute. Leave the 

samples in the 1165 for overnight to get good lift-off.

24) Detach the thin samples with the thick base by heated up the base and clean the samples 

from wax and any residue with acetone, methanol and DI water for 5 minutes each.

25) Anneal the sample for 100°C (for I minutes) and continue to 375°C (for 30 seconds). 

Make sure that the base was placed flat on the top of the hot plate in the annealing 

chamber so the thin wafer will get heated up uniformly.

26) Spin the thin wafer with photoresist (PR 1827) at speed of 4000 rpm for 30 seconds.

27) Prebake for 30 minutes at 90°C in the chamber.

28) Using Mask 4 (AR mask), expose the thin wafer for 2 minutes and 30 seconds using new 

aligner.

29) Develop the photoresist with MF321 for 5 minute.

30) Check with a microscope to make sure that the developing time is complete and the area 

without PR is cleaned.

31) Without postbake, put the base in the dielectric e-beam evaporator chamber to deposit 

AR-coating on the n-side. Pump the chamber down to get base pressure less than 2 x 10*6 

Torr.
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32) Once the base pressure is reached, heat up the samples to 200° C. The dielectrics used are 

AI2O3 :: Si :: AI2O3 = 180 A :: 270 A :: 1500 A. Leave them cool down before the

samples are taken out from the chamber.

33) As soon as the samples have been taken out from the dielectric e-beam evaporator, put 

them in the warm PR stripper (1165 stripper) until the PR on the lift-off area has been 

moved up. Then placed the beaker with the samples in it inside the ultrasonic bath for 1 

minute.

34) Spin the thin wafer with photoresist (AZ5206) at speed of 4000 rpm for 30 seconds.

35) Prebake for I minutes on the hot plate at 105°C.

36) Using Mask 5 (contact opening), expose the thin wafer for 8  seconds using new aligner.

37) Develop the photoresist with MF327 for 45 seconds.

38) Check with a microscope to make sure that the developing time is complete and the 

opening are is cleaned.

39) Postbake the samples on the hot plate for 1 minutes at 105° C.

40) Etch Si0 2  with BOE for 75 seconds.

41) Clean the GaAs-cap with H2O : H2O2 : NH4OH = 485m l: 3 .5m l: 8.5ml for 2 seconds.

42) Put back the thin wafer to the e-beam chamber for p-metal deposition. The gold will 

stick well to the GaAs and alloyed p-metal but not on the SiC>2. The metal used are: T i ::

Au :: T i :: P t :: Au = 40 A :: 1 0 0 0  A :: 2 0 0  A :: 2 0 0  A :: 2500 A.

43) Now samples are ready to be cut into bars. By using the scribber, cut the samples at the 

end of DBR.
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44) Both facets are now ready to be coated. Use procedure 33) and 34) for each facets. 

Precaution need to be done during device mounting on the clipper so the sample facet is 

positioned correctly. The heater is needed to be checked that it works fine before the 

pump down continue.
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Appendix C

Modeling Program of Distributed Feedback Reflector with Central Phaseshift

FINAL VERSION developed by Gunawan Witjaksono, which corrects all the errors from 
previous version and includes index depression and detuning into the consideration.

INPUT PARAMETERS: 

Wave length

Grating Period

a = 980 10 -7

A : = ™ _ . , 0 - 7
3.27

Grating order m

DFB length on the left side 

DFB length on the right side 

DBR length on the left side 

DFB length on the right side

COEFFICIENTS

Imaginary number

wave vector

Ll = 833 A 

L2 := 835 A

11 = 1669 A

12 = II

LI = 0.02502 

L2 = 0.02502 

II = 005002

ko := 2 ----
A

Propagation constant 

DEVICE PARAMETERS

DFB region: Coupling coefficient

Correction factor

Bo = m —
A

K . = -5  47 ♦ 49 42 I

36.43 * 50.28 i

Kj:= K i

Index depression due to current injection: Odp -  36

DFB region: Coupling coefficient * ,  := 2.75 * 30.46 i

Correction factor y  := - 37.98 + 31.19 i

Detuning due to index depression: a d := -15

Detuning due background loss: ab = 20

K*:= I t ;

Facet Reflection Coefficients: Leftside rAR = 0 Right side rm  ;= rAR

R AR =  r * *  "  R a R =  0

Phase Shifts Between Regions: Left phaseshift « ar =

r hr ~  rHR '

Ox
180

R h r  =  0

Right phaseshift = - iL i.
180

EQUATIONS:

Y(x

Center phaseshift e  =

/ 1
. a o . 5 ) .=  y  x  *  +  ( 0 0  -  i 5 ) "

x 180 
180
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MATRIX EQUATIONS: 

Reflection

Ffl r) :=
I -  r  I -  r 

-r 1 
I -  r 1 -  r

F i a r  = f K  tar)  F rUR =  f K  thr)

Phase shift

Fpd>) :=
- i< >

0 e
f Pa r  = f p («>a r ) f P h r  = f p ( 0 h r )

Traveling waves:

FdftfK.oo.S.L) :=

coshy(ic,ao,5)L)
ao -  i-6 

yftc.an.S)
sinhfyfx ,a o ,5 )D

YfK.ao.S)
-sinhfyOc ,ao .5)L )

y(K.ao,S)
^ inh fyoc  , o d ,8 ) L )

ao -  iS  _
c o s h f y f t c  ,od .8)L ) ■sinh(y(ic.ao.6)L)

Y f K . a o . S )

TRANSFER MATRIX FORMULATION:

F(a0» ~ PuR̂ dfb̂ * ’ trn(£r f ,/i)f</b(^3' Irn(£),&u, Re(£ )+<5 ddp,L ,). 

~ ImC),oro,R e (0 + S -S lip,L,)Fdfb(Kz ,-\m(gd)+ad,Re<£,)+S+Sb,ll)FpARFrAK

LENGTH

DFB length L :=  LI -t- L2 L = 0.05 

Total DBR length i:=  11+12 1 = 0.1

Total grating length
LI := L + I U  = 0 .15

CALCULATING AND PLOTING DFB M ODES:

Define the  plot region

8
nmax := 100 pmax := 100 n -

n := 0.. nmax p := 0 .. pmax

cmL, -  f n ■ 10 1 - 0  S - p ^ p  80 - J O
amax J  pmax

Solve for th e  m odes:

amax

-I
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8.75

3.75

•40 •30 •30 •10 0 10 30 30 40

Mode solution

oscmogtao.S) := |F (a o ,5 )^  oscptuuefao.S) := arg^F(ao.5)j ^J

m := 0

Guesses:

Given

o  :=
LI

oscm ag(ao.6 ) »  0 oscphasetao.S) » m-2rt

Carrier absoprtion loss 

Edge loss

a f c -  3 

ae :=  0

Reid Loss ao  L = 0.74

Mode Deviation 5 L1= 1.045

Threshold gain: gt ;=  2 -cto +■ afc-t crc

gt = 32.59 

Intensity Loss adft>:= 2 « o

ao  = 14.795 

5 = 6.962

Wavelength
Deviation

ad fb =  29.59 

P := Po + 5 P = 1097 x 105

Pneff:= ■

Adtb:=

ko 

neff-2 it

P

neff= 3.27

:= F in d (ao .8)

L = 0.05

tc I -L = -0.274 + 1473i

Xdfb = 9.8 x 10

neff-2 -rt neff-2 it , - 9
AX  -----     AX = -3.254 x 10

-5 P P°

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fabry-Peroi Mirror Loss

-Oto-L r = 0.477 r* = 0.277

-U
L  f r \R  rHK 

RADIATION LO SSES:

DFB region: asurf := 97.69

DBR region: asurd := 59.57

Longitudinal R e id  Profile

g l := R e l l o o -  t-^) 51 := (-5  -  lm(i 0 ) —I
P aram ete rs

a o  = 14.795 

gl = 65.075

5 = 6.962 

51 = 43.392

CALCULATING THE NEAR-FIELD PROFILE:

Boundary Conditions gar:= t + i I So :=  S a r e '* AR

Rar:= rAR Sar - > « AR
Ro := R ar«

fid := ( -5  -  Inrui-Qd)> —1 

gd := Ret a o  -  i4Jl)

aoo := a d  -  Imt^d)

SO := 5 + fib -t- R e t^d )!

Solutions to C oupled-M ode Equations on  the  grating region: 

DBR region 1:

y4 := y(k 4,ooo.SD)

DFB region 1

DFB region 2

180
180

(  aoo — i-SD ^ - iK j
R l(z) := coshty4z) + ------------------ sm hty4z) Rar-t-— — smh(y4 z) Sar

V 1* j  -T*

-1X 4 f  aoo -  i-50
Sl(z) :=  sinhty4z) Rar-t- I cosht y4-z) -  - ■

y4
-smhty4z) Sar

Rdo := R l(II)  a o  := a o  -  lmt£)

S d o :-S I (U )  yl := y ( iC |,a o ,5 )  a o  = -35.485

Y4

5 := 5 +■ -5dp -  0  + Ret Q  T

(  a o  — i -6 ^ —t x  t
Rdtz) := coshty lz) +■ ■ -sinhtyl z) Rdo +Yl -yi -sinhtyl z) Sdo

-i x  1 (  ao  -  i -5 ^
Sdtz) :=  sinhtyl z)-Rdo + coshtyl z) -sinhtyl z) Sdo

yi t, yi )

Rm := R d(Ll)-e-10

Sm := S d (L l)< i 0 -i0 10
Rmp := RKL1 +■ II) -e 

0I
Smp := S l tL l  + II)-e
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102

DBR region 2:

y3 := y (k ;,.o o .S ) 

S2U) := q

R2(z>:=

(  a o  — i -6  ̂ -i-K$ 1
cosfaySz) + sinh(Y3 -2) Sro u + ■ — sin h (Y 3 z)R m a\ x  - V  J  Y3 J

-i K3 (  ao  -  i -6 ^
 stnh(Y3 z) Sm + 1-cosIky3 z) +  sm h(Y 3z)l RmL ^ 3  ^  y3 J J

Rdm := R2(L2) 

Sdm := S2(L2)
Y30:=  y (k 2 ,aoo .

,, (zoo -  i-dD i -i -ici
Rd2(z) := u i I cosh(Y30'Z) + -sinh(y30 z) R(lm + ---------- sinh(y30 z) Sdm

1' ~y30 j  y30

f - i - K i  (
Sd2(z) := u |  sinh(Y30 z) Rdm + iL "Y3o 1

aoo -  i 2D .
cosh(Y30z) stnh(Y30-2) Sdm

v 3̂0

Verify th e  v a lu es (u sed  to correct any  problem s

Y4= 35.184 -  I2.084i 

yl = 0.131 -  34.755i

y3 => 0.231 -  34.755i 

Y30 = 35.184 -  12.084i

Define th e  ca lcu lated  region 

180 Aze- e-
X 360 Z0= 1.498 x  to - 5

R l(L l)  = -0.993 -  0.695i 

S l(L l)  = 3.327 + 1.898i

Rm = 9.426 + 2.72i 

Sm = -9.426 -  2.72i

Smm = (

do = -11.018

z0
z02:= —

Perform  th e  calculation of the  n e a r  field and  gu ided  field: 

Left-going field of th e  guided field:

S g (z ):

L:= LI + L2 + II + 12+ z0 

Lz:= LI + L2 + II + Z0

SI(z) if z < l l

S d (z -  II) if II < z < ( L l  + 11)

Smp if (L I + 11) < z < ( L l  + II + z02)

Smp if (LI + 11+ z02) < z < ( L I  + II + zO)

S 2 [z -  (LI + 11 + z0)] if (L I + II + zfl) < z < [ L l  + (II + zfl) + L2] 

Sd2((L l + L2 + II) -  zl otherwise
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Right-going field of the guided field:

Rg(z) := R1U) if Z<I1

R d U -  11) if 11 < z < (L I  + II)

Rmp if (LI + 11) < z < ( L l  +■ 11 + z02)

Rmp if (LI + 11 + z62) < z < ( L I  + 11 + z0)

R 2 [z -  (L I + 11 + Z0)! if (L I + II + Z0) < z < [ L l  +■ (II + Z0) + L2] 

Rd2[(LI + L2 + 11) + -z | otherwise

Left-going field of the near field:

SlUZ) := (/a su rd -S K z ))  if z < 11

( / a s u r f  Sd(z -  II))  if 11 S z < (LI +• II)

[ y a s u r f S 2 [ z -  (LI + l l ) | ]  if LI + II < z<. LI + (11) + L2 

[ V a surd Sd2((LI + L2 +• ID -  z |]  otherwise

Right-going field of the near field:

Rn( z) := (V asurd’R I(z)) if z < l l

(^ a s u r f  Rdfz — 11)) if 11 < z S (LI + I t )

[V a su rf  R 2 [z -  (LI -t- I I ) | ]  if LI + II < z <  LI + II + L2 

[|V asurdR d2[(L ! + L2 + II) + - z | ]  otherwise

PLOTING THE NEAR-FIELO PROFILES: 

Electric Reid Equation

ar= 0 b r= L
EKz) := R l( z ) e * '^ ° ’1 + S lu i - e 1^ 0-1

z:= a .a  + .0 0 1 .. b

(|R»< «!)*—■

( | Sg( l ) | ) “ —
10

[ (  | r» i e | ) " + ( | S n  o | -10
arg (Rg( z) )-0 

arg 1 Sg( z) > -0

( arg ( Rg( a  )♦ arg l Sgl z) 11 0

20

15

10

5

0
0.08 0.10 0.02 o.ot 0.06 0.12 0.14
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4
.3.583.

3.33

1.33

0.67

00 0.017 0.033 0.05 0.067 0.083 0.1 0.12 0.13 0.15

Calculating the uniformity of the near field:

11=0.05
Point of the interest ntn ;= o.075 nm  = 0.075

nn:=ll + Ll nn = 0.075

c:= II c = 0.05

Near-field Uniformity [(iR anm ) + Sndinp|)2]  (|R*nm> + Sn(nni)|)~ = 0 .014
rn:= ■■ ■

( | R K c )  + S « C )|)2

rh=5.64lxl0T8 —  =l.773xl07
rh

(| Rn(c) + Sn(c)| )2 = 2.485 x 105

Quided-field Uniformity [(|Rg(nn)|)2 + (|Sg(nn)|)2]  (|RgCnn)|)2 + (|Sg[nn)|)2 = 192.487
mg:=-----------   —

(|Rg(ll)|) +(|Sg(ll)|) (| Rg[ 11) | )2 + (| Sg(U)|)2 = 98.507

—  = 0.512 rhg= 1.954
rhg

CALCULATE THE EFFICIENCY 

Define the region:

L ~  LI + L2 LL.-=II + L D:= 10

LLL:= LL+12
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internal Elficiency: ni := 1 ENeax z) := Rg( z) + Sgi z)

For different coefficients be tw een  OFB an d  DBR

2 -ni* I £  asurd ( | ENeax z) | ) ' ]  dz 
J 0

+ ni- j £ a su rf( | ENeax z)| dz 
•Ml

j it
r  ( |s g t z ) |) " d z (gl)

• = 0.507

CALCULATING THE FAR FIELD:

C alculate dan  plot th e  far-field pattern:

'V(9) := cos(0 ) exp(-i-ko-D)

7  1 -  sin(0 )"
X D

V

ENeaxz) < x p ( ik o z sm (8 )) dz

0  := -0 .0 ! . - 0.01 +  0 .0001 .. 0.01

3 Iff
,2.135x10'

2.4 10’

1.8 10*

1.2 Iff

6 10

.0.495. 0.
0.01 0.005 0.005 0.01

- 0 .0  L e
.10x10

-3
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CALCULATE THE REFLECTIVITY BANDWIDTH:

a b l := -0  

a b 2 = -lm (5d)

r f) :=0 12:= 12 a b := a d  -  I Im(QJ) 6 := 6  + 0

J - i  k i  + ( a b -  i^ )  ro ] sinh(y(iC2 . a b . 6 ) l2) + y(iC2 . a b . 5 )iOcosh(Y(iC2 ,a b .S )  12J] 

y (K ;,a b .5 )  co sh (y (K ;.ab .6 ) l2 ) -  j j a b  -  i 6 ) -  i K; iO]-sinh(y(K2 , a b , 5 ) l2 )

rb = 0.343 -  0.105i

| rb | = 0.358 ( |  rb | ) 2 = 0.128

Get the plot of reflectivity bandwidth: 

ab  = -46.19

y( k2, oo.5) = 22.722 + I5.231i

5 = 7.392 
a b =  -46.19

( ,  id ab  -  t j 2 it —
1 0.98 104 A

■iO L in n  ifi K ^.ab.Z R — —— —  j 12 | + y| * ; .a b .  2rt 
J  1 I 0.98-IQ4 I I 1 0.98 IQ4 A

rO-coslJ f j K ; .a b .2 i t  ■ ■
1 I 0.98 I04 A

y K : .a b .2 i t - ui

0.98 10 A
K '.a b .2  it - ab -  i j  2 it — — j -  i-kv-iO «nh| y[  K ;.ab.2 it — ■ ■■ 1-12

1  1 0.98 I04 A J J  I  { 0.98 -IO4 A J

gd = 43 985 51 = 43.392 (I = 65 075

m(Ad) := 2-Jt1
Ad

0.98-IOT4 A

0.15

0.14

0.12

0.11

0.09

(WAd) !^ 075

0.06

0.045

0.03

0.015

Ad
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wavelength shift as a  function of detuning:

Ad(&> := A j 0.98-10

detuning a s  a  function of w avelength  shift:

&J( Wi := 2n
A 0.98 104

ao o  = -46.19 Rar = 0 S a r = l  + i ffl = -11.018 m(2) = 4.279 x 109
A := 1.0

Rla(z) := ( i  t tanh(Y4z))

Rdo Xd:= - 7 . -7  (- 0.1.. 7
fidp = 36 Sdo

&f(Xd) := 2 -It —-------
6 = 7 -392 r = -0.353 -0 .0 5 8 , ^ . o g  lO4

200

150

100

&(Xa) 0

“ 50 

-100 

-1 5 0

-200
- 4

J k f t l o o -  i -5)“ = 0.231 -  34.755i

Yl = 0.231 -  34.755i

Sd(L l) = 9.426 + 2.72i 

Sm = -9.426 -  2.72,

Sd2(12)
r := -------— -  r  = -0.356 -  0.067i

Rd2( 12)
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