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Summary
W a v e le n g th  t u n a b l e  s ing le -m ode  s e m i c o n d u c t o r  lasers play an essen t ia l  role in m o d e r n  

opt ical  c o m m u n ic a t i o n  sys t ems .  They  a r e  al so rapidly rep lac ing  f ix ed -w aveleng th  light 

s o u rc e s  in d e n s e  wavelength-d iv is ion-mul t ip lex ing  (DWDM) sys tems ,  which will significantly 

r e d u c e  t h e  s ys te m  size and  cost .  The opt ical  c o m m u n i c a t i o n  indus t ry  d e m a n d s  light s o u rc e s  

wi th  relat ively small  vo lum e,  low inven tory  cos t  a n d  high m a n u fa c tu r in g  yield process .  

The re fo re ,  l aser  d io d e s  a long  wi th  high p ow er ,  s t ab le  o p e r a t i o n  a n d  n a r r o w  l inewidth 

sh ou ld  have  s imple fabr ica t ion  p ro cess  a n d  high yield.

Up to  n o w  c onven t io na l  d i s t r ibu ted  f e e d b a c k  (DFB) a n d  d is t r i bu te d  Bragg re f lec tor  (DBR) 

lasers  ach i ev ed  g r e a t  success  in t e r m s  of s t ab l e  o p e r a t i o n ,  high p o w e r  a n d  w id e  tu n i ng  

range .  However ,  t h e s e  lasers r equi r e  co m p le x  fabr ica t ion  s te p s  a n d  high re so lu t ion  

process ing  by using e - b e a m  l i thography  which  is t im e  c o n s u m i n g  a n d  an  ex pens iv e  process .  

Previously it w a s  d e m o n s t r a t e d  t h a t  s in g le -m o d e  o p e r a t i o n  can be  ach ieve d  in Fabry-Pero t  

lasers  by in t roduc ing  reflect ive d e fe c ts  (slots) a t  par t icu la r  loca t ions a long  t h e  cavity. But in 

t h e s e  lasers it is e x t r e m e ly  hard  t o  i n te g ra te  t h e m  wi th  o t h e r  ph o to n ic  c o m p o n e n t s  in o n e  

chip d u e  to  c l eavage  of  b o th  face ts .  This w or k  p r e s e n t s  cos t  e f fect ive a n d  in tegra b le  a n e w  

s in g le -m od e  laser  design.  T h ese  lasers b a s e d  on  e t c h e d  high o r d e r  gra t ings  (slots) on  o n e  

s ide  of  t h e  laser  cavity t o  provide  e n o u g h  ref lect ion for  lasing t o  occur .  The re fo re ,  no 

re g r o w t h  is n e e d e d .  This w ork  d esc r ib es  t h e  s lo t te d  s ing le -m ode  laser  p la t fo rm  f ro m  des ign  

t o  fabr ica t ion  to  e x p e r im e n ta l  charac te r iza t ion .

The  thes i s  is o rgani zed  as fol lows:

First, a br ief  e xp la na t io n  of  WDM a n d  c o h e r e n t  c o m m u n i c a t i o n s  is i n t r od uc ed .  Here it is 

exp la ined  w h a t  r e q u i r e m e n t s  laser  d i o d e s  sh o u ld  m e e t  in t h e s e  c o m m u n i c a t i o n  sys tem s .  

Th e  theo re t ic a l  pa r t  cons is ts  of  t h e  basics of  l aser  charac te r iza t i on ,  t h e  t h e o r y  of  t h e  laser  

l inewidth a n d  d i f fe ren t  t y p e s  of  w a v e le n g th  tu n in g  m e c h a n is m s .  To real ize s in g l e -m ode  

laser  a g ra t ing  s t r u c t u r e  is n e e d e d .  To u n d e r s t a n d  t h e  t h e o r y  of  t h e  gra t ings a brief  

i l lust rat ion of  t h e  s ca t te r in g  mat r ix  m e t h o d  (SMM) a n d  t h e  t r ansm is s i on  mat rix  m e t h o d  

(TMM) is de sc r ibed .  Also t h e  work ing  principle of  DBR laser  a nd  DFB laser  is p r e s e n t e d ,  a nd  

h o w  s in g le -m od e  o p e r a t i o n  is ach i ev ed  in t h o s e  lasers.

Theoret ical  a n d  e x p e r im e n ta l  cha rac te r iz a t io ns  of  a FP laser  w e r e  car r ied  o u t  by 

ampl if ied s p o n t a n e o u s  emis s ion  (ASE) using Four ie r  se r ie s  ex p an s i o n  (FSE) m e t h o d .  From



this m ethod different parameters are extracted to characterize the basic FP laser including a 

waveguide loss.

Further, the concept of slotted single-mode laser is developed. It is dem onstrated that 

the single-mode operation can be achieved by etching high order surface gratings on top of 

the ridge of the laser w ithout any regrowth of additional material. These gratings or slots 

can be can be done by standard photolithography. The integration of these lasers with an 

semiconductor am plifier (SOA) and an electro-absorption (EA) m odulator is also presented. 

Fabricated devices exhibit a threshold current of around 30 mA and slope efficiency of 

around 0.12 m W /m A . The laser perform ance is improved by applying high reflection and 

antireflection coatings so the threshold current decreased to 19 mA and the slope efficiency 

increased to 0.17 m W /m A . The spectral characteristics show stable single-mode operation 

with side-mode suppression ratio (SMSR) around 50 dB. The linewidth is measured using the  

delayed self-heterodyne (DS-H) method. The laser linewidth is measured to be around 2-4  

MHz for short cavity lasers and the linewidth follows the theoretical 1/P trend. It is also 

dem onstrated that longer lasers exhibit a narrower linewidth and for a laser w ith an 

effective cavity length of 450 nm the minim um intrinsic linewidth is estimated to be 720  

kHz.

The concept of the slotted single-mode laser is developed further by making wavelength  

tunable slotted single-mode laser array. First, a 10-channel slotted laser array is presented 

with channel spacing of 400 GHz. All lasers in the array have a threshold current between 19 

and 21 mA. The wavelength tuning of 31 nm is achieved with SMSR more than 35 dB for all 

channels. To extend the tuning range and improve the SMSR, a 12-channel slotted laser 

array with non-periodically spaced slots is developed. The tuning range extended to 37 nm 

which covers the full C-band. The SMSR for all channels increased up to 50 dB. The typical 

linewidth for all lasers in the array is estim ated to be around 2-4 M Hz as for single-mode 

lasers. The linewidth is improved by making the cavity length longer. For 1 mm laser, the 

linewidth for all channels is less than 500 kHz. Finally, the therm al properties of slotted 

lasers are presented. The therm al crosstalk effect is investigated along with the therm al 

impedance of slotted lasers. This laser platform has strong potential for applications in 

optical communications systems in the future.
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Chapter 1 -  Introduction

The research and developm ent in optical fiber communication systems started in 1970s 

after the groundbreaking discovery in fiber-optics by Charles Kao [1] who is known as the  

"father of fiber optic communications". Before this breakthrough, glass fiber were not 

considered as a good transm itter for light due to large signal loss from  the light scattering at 

defects in the glass. Kao realized that, by carefully purifying the glass, it is possible to  

transm it the information over long distances with low loss via fibers. Accidentally, light was 

used in communications in earlier days. In ancient times, reflected sunlight was used as a 

part of communication network in the era of Darius the Great in 500 BC. In the 19^  ̂ and 

early 20'^ century, an optical telegraph or a heliograph was invented w here visual signal 

transmission was used. In 1880 Alexander Bell invented the photophone which allowed  

transm itting speech via a beam of light. Interest in optical communications has rapidly 

increased after the invention of the laser in 1960s. Now optical fiber communications is the  

main technology in transm itting the data, voice and video inform ation in short-distance and 

long-haul communications. The demand in the transmission capacity is growing strongly 

year by year.

The introduction of wavelength-division multiplexing (W D M ) systems in 1990s has 

significantly increased the inform ation capacity, in which multiple signals (channels) are 

transm itted through the same fiber. In W D M  systems light sources of different wavelengths  

are used, and the signal is m odulated by an intensity modulator. The overall system is 

shown in Fig. 1.1. The modulated signals are mixed into the optical fiber and sent to an 

optical m ultiplexer (OMUX). Then the received signal is dem ultiplexed (ODM UX) and 

separated into d ifferent wavelengths. The separated wavelengths are then directed to 

corresponding detectors.

Converter
0/E

Converter

Optical fiber

Fig. 1,1 W DM  schematic. 
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The W D M  systems are divided into tw o categories: Coarse W D M  and Dense W D M . 

Coarse W D M  (CDW M ) systems use only a few  channels w ith widely spaced wavelengths. 

The typical wavelength spacing is about 20 nm and more. CW DM  is usually used in cable 

television networks and in m etropolitan networks. Dense W D M  (D W D M ) systems in 

contrast, use a large num ber of channels with closely spaced wavelengths. The wavelength  

spacing is around 1.6 nm and below, which corresponds to 200 GHz channel spacing. 

M odern DW DM  systems have a much closer spacing of 50 GHz which makes them  high level 

communication systems, therefore, they are used as the basis of the Internet.

Early DW D M  systems used fixed-wavelength laser diodes, which created lots of 

transceivers in the system. This wasn't reliable in terms of size and inventory cost. W ith  the  

introduction of tunable lasers, it has been possible to reduce the inventory cost and reduce 

the size of the systems. The main requirem ents for tunable lasers are stable operation and 

exact wavelength emission recom m ended by ITU-T standards [2]. These standardized 

wavelengths are shown in Table. 1.1.

Frequency
(THz)

Center
wavelength

(nm)

Frequency
(THz)

Center
wavelength

(nm)

Frequency
(THz)

Center
wavelength

(nm)
195.9 1530.33 194.5 1541.35 193.1 1552.52
195.8 1531.12 194.4 1542.14 193.0 1553.33
195.7 1531.90 194.3 1542.94 192.9 1554.13
195.6 1532.68 194.2 1543.73 192.8 1554.94
195.5 1533.47 194.1 1544.53 192.7 1555.75
195.4 1534.25 194.0 1545.32 192.6 1556.55
195.3 1535.04 193.9 1546.12 192.5 1557.36
195.2 1535.82 193.8 1546.92 192.4 1558.17
195.1 1536.61 193.7 1547.72 192.3 1558.98
195.0 1537.40 193.6 1548.51 192.2 1559.79
194.9 1538.19 193.5 1549.32 192.1 1560.61
194.8 1538.98 193.4 1550.12 192.0 1561.42
194.7 1539.77 193.3 1550.92 192.9 1562.23
194.6 1540.56 193.2 1551.72 192.8 1563.05

Table 1.1 DWDM wavelengths according to ITU-T standards [2].

The fastest data rate per channel in modern communication systems is 40 Gbit/s and the  

next generation will be 100 Gbit/s. Current deployed optical communication systems use 

on-off keying (OOK) detection or direct detection techniques. The future detection  

techniques are expected to be advanced modulation techniques, where phase and
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frequency modulations are used instead of intensity modulation. Thereby, these 

communication systems are called coherent communication systems.

The main advantages of coherent communications is the high signal sensitivity, in other 

words signals with very low intensities can be detected. In theory, only a few  photons are 

required to detect a one bit signal. This can be done by using heterodyne detection as 

shown in Fig. 1.2. The transm itted signal is mixed with a coherent reference signal (local 

oscillator) using an optical directional coupler. Then the mixed signal is detected by a 

photodetector and it will contain inform ation about the am plitude and the phase of the  

signal. The main requirements for light sources are single-mode operation and low phase 

noise fluctuations.

Local
oscillator

Fig. 1.2 Schematic diagram of optical heterodyne detection [3].

In coherent communications, the signal is m odulated by am plitude, phase and frequency  

changes. The most widely used technique is phase modulation or phase shift keying (PSK) 

m odulation where the phase of the light is used as inform ation. Therefore, the phase noise 

of a light source is critical which means that the spectral linewidth of a light source should 

be narrow. Table 1.2 shows the laser linewidth requirem ents for various types of 

m odulation techniques for 40 G bit/s link [4]. The linewidth should be below 500 kHz for 

coherent communications.
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Modulation format Linewidth per laser at 40Gbit/s

QPSK lOMHz

8PSK 1.6MHz

16PSK 240kHz

Star 16QAM 1.6MHz

Square 16QAM 120kHz

Square 64QAM 1.2kHz

Table 1.2 Linewidth requirem ents for d ifferent m odulation form ats for 40  Gbit/s link [4].

By taking into account the specifications and requirem ents described above, the basic 

requirem ents for a laser source in W D M  and coherent communications can be summarized 

as follows:

■ High output power, so the signal can be detected.

■ M odulation speed should be high.

■ Narrow linewidth to prevent chromatic dispersion in the fibers and to minimize 

phase noise.

■ Stable operation w ithout mode hopping.

■ Feasibility, simple fabrication and low cost.

The last requirem ents always have been im portant ones. Telecommunication companies 

and system makers seek a tunable laser than can work in any desirable wavelength range 

and with low inventory cost.

Table 1.3 shows the chronological developm ent of tunable laser diodes over the past 20 

years. Here, the most widely used lasers such as distributed Bragg reflector (DBR) and 

distributed feedback (DFB) lasers are considered. Also, the so-called slotted lasers 

developed in our group are included in the list.

The first wavelength tunable DBR laser was dem onstrated by Tohmori and Suematsu, et 

al, [5] in 1983. They dem onstrated a monolithic integration of the laser part with a phase 

tuning section using Butt-joint coupling. The continuous tuning of 0 .4  nm was achieved. 10 

years later Tohmori and Yoshikuni, et al. have modified the grating structure and 

dem onstrated a super-structure grating (SSG) DBR laser [6], where the structure is based on 

linearly chirped gratings. Such gratings provide high reflection and a wide tuning range
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which is over 100 nm including m ultim ode regions [6], Quasi-continuous tuning of the SSG- 

DBR laser was dem onstrated by Ishii et al, w ith the tuning range of 34 nm [7].

In the same year with the first dem onstration of the SSG-DBR laser, Jayaraman et al. from  

Coldren's group first proposed the sampled grating DBR (SG-DBR) laser where conventional 

gratings are divided into several interrupted grating sections [8]. A tuning range of 57 nm 

with SMSR more than 30 dB was achieved in these lasers. Later on, the tuning range and the  

m ode stability were improved exhibiting high SMSR more than 45 dB and the linewidth  

below 5 MHz [9]. Typical linewidth of the SSG-DBR and SG-DBR lasers is more than 10 MHz. 

However, the group from Agilent Communications has dem onstrated an SG-DBR laser 

integrated with EA m odulator with a narrow spectral linewidth of 2 MHz over the tuning 

range of 40 nm and modulation speed of 2.5 Gbit/s [10]. Recently, the group from  

University of California, Santa Barbara (UCSB) showed a linewidth reduction in the tunable  

SG-DBR laser using a frequency lock technique [11]. The linewidth of the laser was improved 

by a factor of 27.

The wavelength tunability of DFB lasers were developed at the same tim e with DBR 

lasers. A continuous tuning of 2 nm was obtained in 1986 [12]. In 1995, a 6-channel DFB 

laser array was dem onstrated in [13]. Later the group from  NEC [14], presented an 8- 

channel DFB laser array combined with m ulti-m ode interference (M M I) coupler. They 

successfully dem onstrated the wavelength coverage over the  entire S, C and L bands. Similar 

work was carried out by researchers from  NTT [15], [16], [17] and Furukawa [18], These 

groups dem onstrated 12-channel DFB laser arrays with a tuning range of more than 40 nm 

and ultra-narrow  linewidth below 200 kHz for all channels [19], [20].

The lasers presented above are based on low order gratings (w ith grating pitch of 

ab o u t~ 2 00  nm), which means that high-resolution techniques are needed to  define them  

such as electron beam lithography which is an expensive and slow process. Also, lasers such 

as phase-shifted DFB lasers need an additional tw o or more epitaxial growth steps. These 

requirem ents will lead to high manufacturing cost. To overcome this problem , it has been 

proposed to etch high order gratings (slots) on top of the laser ridge so no re-growth is 

needed. It has been shown that by carefully positioning these slots along the ridge, it is 

possible to obtain a tunable laser [21], [22]. These types of lasers w ere developed in our 

group [21], [23]. Recently, we have dem onstrated a slotted tunable laser with a wide tuning  

range of 55 nm with SMSR more than 30 dB [23].
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Author Year ^ tu n e i
(nm)

P .

(mW)
SMSR,

(dB)
Av,

(M Hz)
Type of laser Institution

Tohmori [6] 1993 50-100 - >35 - SSG-DBR NTT

Jayaraman [8] 1993 57 >35 - SG-DBR UCSB

Young [13] 1995 - 3 >30 -
6 channel DFB laser 

array
AT&T 

Bell Labs

Ishii [7] 1996 34 >10 >35 >10 SSG-DBR NTT

Mason [24] 2000 >50 2-6 >35 >10 SG-DBR Agility Com.

Kudo [25] 2000 15.3 >6.9 >40 -
8 channel DFB laser 

array
NEC

Oohashi [26] 2001 46.9 >20 >40 -
16 channel DFB laser 

array
NTT

Hatakeyama
[14]

2003 >15 >20 >42 -
8 channel DFB laser 

array
NEC

Coldren [9] 2004 >50 >20 >45 - 5 SG-DBR UCSB

Ishii [15] 2005 >27nm >30 >45 -
8 channel DFB laser 

array
NTT

Ishii [16] 2007 38 40 >45 <6
12 channel DFB laser 

array
NTT

Ishii [17] 2009 -4 0 -4 0 >50 0.58
12 channel DFB laser 

array
NTT

Horikawa [18] 2009 -3 5 -4 0 >40 2-4
12 channel DFB laser 

array
Furukaw/a

Byrne [21] 2009 >30 >30 >35 >10 Slotted tunable laser
Trinity College 

Dublin

Ishii [19] 2010 >40 -4 0 >50 <0.16
12 channel DFB laser 

array
NTT

Yu [22] 2012 -3 8 >10 >40 - Slotted tunable laser
Zhejiang

University

Kimoto [20] 2013 -3 5 -4 0 >40 <0.21
12 channel DFB laser 

array
Furukawa

Nawrocka [23] 2014 -5 5 - >30 >10 Slotted tunable laser
Trinity College 

Dublin

Guo [27] 2013 -2 7 >37 >50 2-4
9 channel slotted 

laser array
Trinity College 

Dublin

Lu, Abdullaev 
[28]

2014 -3 1 >35 >40 2-4
10 channel slotted 

laser array
Trinity College 

Dublin

Abdullaev 2014 -3 6 >35 >50 -0 .4
12 channel slotted 

laser array
Trinity College 

Dublin

Table 1.3 Chronological developm ent of d ifferent types w/avelength tunable laser diodes.
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In the  past four years the  concept o f slotted single-mode laser has been developed and  

experim enta lly  dem onstra ted  [29], [30] in our group. The main idea is to develop the  lasers 

w ith  similar specifications as com m ercial devices, but w ith  a simpler fabrication process and 

high yield. By taking into account these requirem ents, it was proposed to  fo rm  a tunable  

laser array based on slotted single-mode lasers suitable fo r  W D M  and coherent  

communications systems. The last th ree  works in Table 1.3 are considered to  be one of the  

main results of this thesis.
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Chapter 2 -  Semiconductor lasers

The first effort  in the  deve lo pm en t  of lasers was achieved by Albert Einstein in 1917 [1] 

when he int roduced th e  concept  of s t imulated emission.  However,  it took ab o u t  40 years 

before st imulated  emission has been d em o n s t r a t e d  at  microwave f requencies.  In 1958, 

Schawlow and Townes p re sen ted  the  concept  of an optical mas er  [2]. A few years  later, the  

first laser, the  ruby laser, was d em o n s t r a t e d  by Maiman [3] in 1960. The first sem iconductor  

laser was  realized s imultaneously and separate ly by Hall [4], Quist [5], and Nathan [6]. These 

lasers we re  homo-junct ion sys tems based on GaAs material.  In th e  s am e  year,  Holonyak [7] 

d em o n s t r a ted  th e  first visible laser d iode on a GaP substrate.  In 1960s, the  laser was 

considered as a "solution looking for a problem". But today,  lasers have found a variety of 

applications in many fields including medicine,  optical fiber communications ,  da ta  storage,  

printers,  sensors,  metrology,  atomic clocks, optical informat ion processing and many others.  

The significance of lasers have been increasing since their  invention and they  keep opening 

up new areas  of applications [8]. In 2010, the  50**̂  anniversary of the  laser was ce lebra ted  

and th e  laser was  acknowledged as a mi lestone invention of th e  mid-20‘  ̂ century in the  

sam e group as the  t rans istor and the  computer .
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2.1. Fundamentals of laser diodes

S e m i c o n d u c t o r  lasers have  u n iq u e  p r o p e r t i e s  such  as c o m p a c t  size, high efficiency,  high 

s p e e d  d i rec t  m odu la t io n ,  long l ifet ime,  low p o w e r  c o n s u m p t i o n  a n d  low loss. Th erefore ,  

t h e s e  devices  a r e  t h e  key c o m p o n e n t s  in pho tonic s ,  par ticula rly in opt ical  co m m u n ic a t io n s .  

In this c h a p t e r  w e  will give t h e  basic c o n c e p t s  of  s e m i c o n d u c t o r  laser  o p e r a t i o n .  W e will 

in t r oduc e  optical  gain in se m ic o n d u c to r s ,  h e t e r o s t r u c t u r e s ,  spec t ra l  charac te ri s t ics ,  t h e  

l inewidth a n d  tunabil i ty.

2.1.1. Spontaneous and stimulated emissions

Fig. 2.1 s h o w s  t h e  basic t y p e s  of  radia tive  t rans i t ion .  The  solid circles a r e  t h e  e le c t r o n s  

a n d  t h e  o p e n  circles a r e  t h e  holes.  The  first t rans i t io n  is a s p o n t a n e o u s  r e c o m b in a t i o n  

w h e r e  an e l ec t r o n -h o le  pa ir  r e c o m b i n e s  s p o n t a n e o u s l y  t o  e m i t  a p h o t o n .  The  e m i t t e d  

p h o t o n  has  a r a n d o m  p h a s e  a nd  di rec t ion .  If t h e  n u m b e r  of  such  em is s i ons  will be  large, 

t h e n  it will resu l t  in i n c o h e r e n t  emiss ion .  An e x a m p l e  of  a device  work ing  o n  s p o n t a n e o u s  

emiss ion  is t h e  light em i t t in g  d io d e  (LED) w h e r e  p h o t o n  f e e d b a c k  is n o t  p rovided .  The  

se c o n d  t rans i t ion  is t h e  s t im u la t e d  car r ie r  g e n e r a t i o n .  In thi s t rans i t ion  t h e  e l e c t r o n  is 

initially in t h e  lower  e n e rg y  level a n d  t h e  p h o t o n  a b s o r p t i o n  will exc i te  t h e  e l e c t ro n  t o  t h e  

h igher  level in t h e  co nd u c t io n  b a n d  (Ec)  while leaving t h e  ho le  in t h e  va le nce  b a n d  (Ev) .  The 

th i rd  t rans i t io n  is t h e  s t i m u la te d  emiss ion.  Here an  inc ident  p h o t o n  exc ites  t h e  sy s te m  to  

p r o d u c e  e le c t r on -h o le  r e c o m b i n a t i o n  a n d  a t  t h e  s a m e  t im e  a n e w  p h o t o n  is g e n e r a t e d .  The  

g e n e r a t e d  p h o t o n  has  t h e  s a m e  ph ase ,  f r e q u e n c y  a n d  d i rec t ion  as  t h e  inc iden t  p h o to n .  

T he re for e ,  a large n u m b e r  of  such  p ro c e s s e s  will resu l t  in c o h e r e n t  emiss ion .  This process  

under l ies  t h e  o p e r a t i o n  of  laser  d i o d e s  a nd  laser  ampl if iers .
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Fig. 2.1 Electronic transition betw een the conduction and valence bands. Solid circles correspond to  filled

states (electrons). Open circles correspond to  unfilled states (holes), (left) Spontaneous recombination, 

(center) Stimulated carrier generation, (right) Stimulated recom bination.

The processes described above relate to radiative transitions where the energy is 

released as a photon. There is another type of transition, non-radiative process. In non- 

radiative processes, the electron-hole pair recombines w ithout em itting a photon. Instead 

of this, the energy can be dissipated as heat and generate phonons or it can be given to 

electron or hole in the form  of kinetic energy. The latter process is called Auger 

recombination. Non-radiative recombination may also occur due to imperfections and 

defects in the active region of the laser.

2.1.2. Optical gain

Several conditions should be satisfied to realize laser diode [9]:

■ an optical gain to provide amplification

■ an optical waveguide to confine the photons

■ an optical resonator to provide a feedback

The optical gain in semiconductor lasers can be achieved when the stim ulated emission 

in a strongly pumped region is larger than the optical losses. In semiconductor lasers, the 

active region acts as a gain medium w here the optical field propagates. If we consider a 

plane wave, we can characterize the propagation of this wave in the medium through the 

complex propagation constant

where /cg is the free-space propagation, n ' and n "  are the real and imaginary parts of the  

complex refractive index. From [10], the intensity of the plane wave varies exponentially

P =  koU =  ko(n' +  jn " ) , (2.1)
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/ =  — n 'l^oP  exp(2/con"z), (2 .2 )

where E q is the am plitude o f the  e lectric fie ld. The corresponding gain is a negative value of 

the  loss and can be defined as

The im portan t property o f laser diodes is th a t the gain is very large, which is order of 

magnitude larger than any o the r types o f lasers [11]. Therefore, diode lasers can be very 

small but have high power. Additiona l feature o f laser diodes is tha t the  gain curve is w ide 

(~10 nm), which is due to  optical transition  between a pair o f energy bands, rather than 

w ell-defined atom -like states. Another feature is th a t the re lationship between the gain and 

the carrier density can be approxim ated as a linear function  [12]

where a is a d iffe rentia l gain and N q is a transparency value of the  carrier density. The linear 

approxim ation in (2.4) is invalid fo r quantum  well lasers. The description o f quantum  well 

lasers w ill be given in the fo llow ing  sections.

2.1.3. Heterostructures

The basic structure o f the sem iconductor lasers include an active region (undoped) 

sandwiched between tw o  w ide-bandgap materials, one n-doped and second p-doped 

form ing  p-n junction. Such type o f structure is known as a doub le -heterostructure . The 

concept o f the doub le -heterostructure  laser was introduced by A lfe rov [13] and Kroemer 

[14] in 1963. The firs t continuous-wave (CW) operation o f these lasers was dem onstrated in 

1970 [15], [16]. A band diagram o f a forward-biased doub le -heterostructure  is shown in Fig. 

2.2. Under fo rw ard  bias condition , e lectrons from  the n-doped region and holes from  the p- 

doped region are injected in to  the active region. Due to  the  high-bandgap energy from  the 

both sides o f the active region, the  injected electrons and holes cannot escape the active 

region. Therefore, the carriers are confined in th is region and forced to  recom bine to 

generate photons. M oreover, the  active region also confines the photons because the

(2.3)

g  =  a { N  -  N o ) , (2.4)
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refractive index of the active region is higher than the refractive indices of the carrier 

confinement layers. Thus, the active layer will serve as an optical waveguide. For efficient 

recombination, direct bandgap semiconductor materials should be used. Typically, these are 

compound materials and well known II I -V  materials, including GaAs, InP, InGaAs and 

InGaAsP materials.

n-type j undoped [ p-type

© —  : ------------------------------------- leee

Fig. 2.2 Simplified band diagram of double-heterostructure under forward-bias condition. The bottom  plot 

shows the guided waveguide mode.

The thickness d of the active region of typical bulk material is around 100 nm. With the 

development of advanced epitaxial growth techniques, such as molecular beam epitaxy 

(MBE) and metal-organic vapor-phase epitaxy (MOVPE) it is possible to make the thickness 

of the active region only a few nanometers (d ~ 10  nm). This value is smaller than the de 

Broglie wavelength of the carriers, which is around 15 nm. In these dimensions, a 

quantization effects of the confined carriers occur and the density of states of the quantum  

well lasers take a steplike behavior as shown in Fig. 2.3. Due to the small sizes of the active 

region, quantum wells exhibit a low threshold current and large material gain.
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Fig. 2 .3  D ensity o f states  o f q u a n tu m  w ell (solid line) and bulk s e m ic o n d u c to r (dashed curve).

Although, the carrier confinem ent is very strong in quantum  wells, the optical 

confinem ent is weak due to  the small thickness of the active region. To increase the optical 

confinem ent, an additional optical waveguide around the quantum  well is needed. Such 

structures are called separate confinem ent heterostructure quantum  well (SCH-QW) 

structures. If the waveguide consists of a graded composition, then the corresponding 

structure will be a graded refractive index SCH-QW structure (GRINSCH-QW structure). 

M ore details about quantum  well structures and physics can be found in [17], [18]. Due to 

their unique optical and electronic properties, quantum  well structures are used in almost 

all modern laser diodes.

2.1.4. Optical resonator

As was mentioned above, to get the laser to work optical feedback is required. The 

feedback is generated by placing an active medium in an optical resonator, w here the light 

is reflected between tw o mirrors. Usually in laser diodes, the feedback is provided by simply 

cleaving the facets forming tw o parallel mirrors. In the previous section, we described 

double-heterostructures where the active region acts as a dielectric waveguide due to 

higher refractive index than the confinem ent layers. The dielectric waveguide consists of 

one or more guided transverse modes, which are polarized either transverse electric (TE) or 

transverse magnetic (TM ). Since the active layer acts as a dielectric waveguide, these modes 

can spread into the cladding layers. The strength of the mode confinem ent in the active
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layer is defined by the confinement factor F , which is the fraction of the mode power 

confined in the active layer. If we will consider a symmetric dielectric waveguide with 

thickness d, and refractive index as shown in Fig. 2.4, then we can define F as follows:

(2.5)

where \Ey\ is the amplitude of electric field (with assumption that TE mode is dominant). 

The F  factor is dependent on refractive index difference and the active layer thickness. The 

wavelength dependent modal gain, is given by this F  factor and the active layer gain and 

written as

Fig. 2 .4  S c h e m a tic  c ro s s -s e c tio n  o f  a d ie le c tr ic  w a v e g u id e  w ith  th ic k n e s s  d .  r i i  is th e  r e fra c t iv e  in d e x  o f  a c tiv e  

la y e r , a n d  U q  is r e fr a c t iv e  in d e x  o f  c o n f in e m e n t  la y e rs  [1 0 ] .

The simplest type of a laser is a Fabry-Perot laser which typically consists of two cleaved 

facets with mirror reflectivity and /?2 as depicted in Fig. 2.5. The backward-going and 

forward-going waves are defined by a propagation constant p  as in (2.1)

d e f f  ~  ^ 9 a - ( 2 .6 )

X

no
d/2

0 d ni

-d/2
no

(2.7)

9 n e t  ~  d e f f (2 .8 )

where 'S the net modal gain and is the optical losses.

16



P2

R2

Gain medium

P i

Fig. 2 .5  S c h e m a tic  v ie w  o f  F a b ry -P e ro t  la s e r  w ith  le n g th  L a n d  m ir ro r  re f le c t iv i t ie s  R j  a n d  /?2 '

To satisfy a steady-state oscillation condition, the round-trip gain of the cavity must be 

equal to 1 and can be expressed as

r^V2e = 1, (2.9)

w here r j and r2 are the am plitude reflectivities. The imaginary and real parts of equation  

(2.9) give two different conditions, one is for the am plitude and the other is for the phase 

condition. From the phase condition, the round-trip phase is equal to an integer multiple of 

2n. This will lead to the resonance condition of the cavity and a standing wave occurs 

between two mirrors. This will form  a set of longitudinal modes with wavelength

X  =
2rigfj^L

m
(2.10)

and mode spacing

AApp — X r X.m + l (2 .11)

where n^ ,e // is the group refractive index.

The spectrum of a Fabry-Perot laser is m ulti-m ode as it is shown in Fig. 2.6. The m ulti- 

mode spectrum has negative consequences in long-haul fiber-optic communications due to 

the dispersion in the fibers which can limit the achievable data transmission rate. For this 

purpose, a single-mode laser is required. The ways to achieve a single-mode operation will 

be discussed in the following sections.
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Fig. 2.6 Optical spectrum of a Fabry-Perot laser w ith  emission peak at 1550 nm. The individual lines are the  

longitudinal modes of the laser.

2.2. Laser diode characteristics

2.2.1. The rate equations

The simplest way to describe the behavior of laser diodes is to use the rate equations. 

These equations express the balance of carriers and photons in the system. The rate 

equations for the carrier density N and the average photon density Np^ in the active region 

can be written as [10], [19]

where Vg is the group velocity, R(N )  is the spontaneous recombination rate, is the cavity 

gain and R^p is the spontaneous emission into the lasing mode.

For a steady-state case, carrier and photon densities do not change

dyv /
d t  ~  qVa ^adeffNph R(N). (2 .11 )

(2 .12 )
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diV

dF = ' ’ ’

dt

Fig. 2.7 shows a schematic view of the output power as a function of current and carrier 

density as a function of current. The point where the output power increases linearly is 

called the threshold current which can be obtained from the rate equation (2.11), assuming 

that the photon density is zero

Itn =  qVaR(Ntn),  (2.14)

where the carrier density remains constant above threshold N =  and this behavior is 

called gain-clamping.

Pout N

stim ulated  emission

AP

Spontaneous emission

/

Fig, 2.7 Schematic view of (left) output pow er vs. current, and (right) carrier density vs. current. Below laser 

threshold there is no photon em itted except spontaneously em itted  photons therefore, the laser operates in 

spontaneous emission mode. Above threshold, the laser output pow er increases linearly w ith  the  current. The 

carrier density has a constant value above threshold and this effect is called gain-clamping.

The photon density above threshold will be written as

I -  Itn N h = ---------------- (2.15)

where Uf-gf is the total cavity loss which is the sum of mirrors loss (a^j^) and internal loss 

(Ui) .  By taking into account the photon density given in (2.15), we define the optical power 

from each facet as
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(2.16)

Above the  threshold  current ,  the  laser out pu t  pov\/er increases linearly with t h e  injection 

current .  The differential efficiency r j a  is defined as

w here  d P / d / i s  the  slope efficiency which shows th e  efficiency of a laser d iode and 

measu red in a units of mW/mA.

The left hand side of Fig. 2.7 is usually referred as a l ight-current curve o r  L  — I  curve. 

From this curve it is possible to  det ermine the  basic characterist ics such as threshold 

current ,/ fft ,  and slope efficiency, d P / d / .  Moreover,  from th e  L — / curve internal laser 

par am et er s  can be calculated,  including the  internal optical losses and the  quan tum  

efficiency of a laser.

The L — I curve is strongly af fec ted by the  t em p e r a tu r e  and the  threshold  current  

changes  exponentially with th e  change of t em p e r a tu r e

w here  T q is th e  characterist ic t e m p e r a tu r e  which defines the  t e m p e r a t u r e  stability of the  

device. Further explanat ion abo ut  the  characterist ic t em p e r a tu r e  and th e  m eas u re m e n t  

results will be given in Chapter  5.

2.2.2. The spectral characteristics

There are tw o  basic types  of lasers, which are t e rm e d  single-mode and mul ti -mode.  We 

have al ready d em o n s t r a t e d  a Fabry-Perot laser opera t ing with a mul ti -mode spectrum.  It 

was  men t ion ed  th a t  it has a negative influence on data  t ransmiss ion therefore ,  th e  spectral  

purity of laser d iodes  is crucial. In this section we  will in t roduce s ingle-mode operat ion.

A laser can be def ined as a single-mode,  if the  ratio of the  po wer  in the  s t ronges t  mode 

to the  pow er  in the  next  weakes t  m o d e  exceeds  a given nu m b er  [11]. The p a r am e te r  tha t

(2.18)

20



determ ines the single-mode operation is called a side-mode suppression ratio (SMSR). The 

SMSR can be calculated using rate equations [20] for steady-state condition

=  0 =  R,p(A^) +

=  0 =  RspiK^,) + (2 .20)

w here m  and m  - I -1 are the dom inant and the second strongest modes, respectively. The 

SMSR will be the ratio of these modes

SMSR =  (2.21)
^PUm+i

From the experimental measurements, the SMSR can be calculated as the difference in 

the optical power of the main mode and the next strongest mode. An example of this single­

mode operation is dem onstrated in Fig. 2.8. The optical power of the main mode is -10 dBm 

and the optical power of the next strongest mode is around -56 dBm. Hence, the SMSR of 

the given single-mode laser is around 46 dB. It should be noted that the SMSR unit is given 

in dB and not in dBm. The reason is that dB is used to evaluate the ratio betw een two

optical powers (intensities), while dBm is used to quantify an absolute value of the power.
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Fig. 2.8 M easured optical spectrum of a single-mode laser.

There are several ways of achieving single-mode operation such as making a laser cavity 

short so the mode spacing between adjacent modes exceeds the width of the gain curve,
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t h u s  only o n e  m o d e  will exist  n e a r  t h e  gain peak .  O p e ra t i o n  on a s in g l e -m o d e  can  b e  also 

ach ieved  by using mul t ip le -mir ror  r e s o n a t o r s  [21]. Examples  of  ach ieving s in g le -m ode  

op e r a t i o n  a r e  p r e s e n t e d  in [11]. However ,  t h e  m o s t  widely u sed  m e t h o d  is t o  use  per iodic 

s t r u c tu re s  or  g ra t ings  for  m o d e  selectivity.  It shou ld  be  m e n t i o n e d  t h a t  t h e  lasers  in this 

thes i s  a re  b a s e d  on  h i gh- o rde r  grat ings.  The  de ta i led  descr ip t ion  of  g rat ing t h e o r y  a n d  th e  

e x a m p le s  of  l asers exploi t ing gra t ings in t he i r  s t r u c tu r e s  will be  given in C h a p te r  3.

2.2.3. The laser linewidth

Sc haw lo w -T ow nes  l inewidth

The spec t ra l  l inewid th  of  a l aser  d io de  is an  i m p o r t a n t  p a r a m e t e r  in c o h e r e n t  

c o m m u n i c a t i o n  s y s t e m s  a n d  in t h e  s y s te m s  wi th  high o r d e r  op tical  m o d u la t i o n  f o r m a t s  

[differential  p h a s e  shif t ing keying (DPSK) a n d  d if fe rent ia l  q u a d r a t u r e  p h a s e  shift  keying 

(DQPSK)]. For t h e s e  high s p e e d  m o d u la t i o n  fo rm a ts ,  t h e  p h a s e  noise  of  t h e  light m u s t  be  

low. T he re fo re ,  t h e  main  r e q u i r e m e n t  is a n a r r o w  laser  l inewidth [22], [23] which  is typically 

b e lo w  500  kHz.

Al though,  t h e  spec t ra l  wi d th  of  a s in g l e -m od e  laser  is very nar ro w,  t h e  l inewidth  will be 

still fini te d u e  t o  no ise  c a u s e d  by s p o n t a n e o u s  emiss ion .  S p o n t a n e o u s  emiss ion  is i n h e re n t  

for  all l asers  d u e  t o  g e n e r a t i o n  of i n c o h e r e n t  p h o t o n s  s p o n t a n e o u s l y  which will a d d  t o  th e  

lasing m o d e .  T h ese  p h o t o n s  will have  a r a n d o m  ph a se .  The  s c h e m a t i c  of  t h e  s i tu a t i on  w h e n  

a p h o t o n  wi th  a r a n d o m  p h a s e  is a d d e d  to  t h e  field is s h o w n  in Fig. 2.9.  The  light g e n e r a t e d  

t h r o u g h  t h e  s t im u la te d  emis s io n  wi th  p h a s e  0 ,  c r e a t e s  an  opt ical  field. The  light g e n e r a t e d  

t h r o u g h  t h e  s p o n t a n e o u s  emiss ion  has  a r a n d o m  p h a s e  of  0,-, a n d  it a l te rs  t h e  opt ical  field 

changing  its a m p l i t u d e  a n d  phase .
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Fig. 2.9 Phaser model of the field showing the phase change of the optical field due to  spontaneous emission. 

From Fig. 2.9 the phase change A(pi is found as

A 0i =  ^ s i n ( 0 , ) ,  (2.22)

where yv' is the number of photons and 0, is the random phase caused by spontaneous 

emission. This is called phasor theory and it is used when a laser is operated above its 

threshold.

A laser linewidth can be expressed by the well-known Schawlow-Townes formula [2] 

which states, that the linewidth is inversely proportional to the photon density or output 

power and can be represented as

2

. _ 2̂ 23)
8nP

where hv is the photon energy, Vg is the group velocity, P is the optical power.

However, the Schawlow-Tones linewidth is valid for below threshold operation, while 

above threshold, linewidth broadening will be due to carrier density fluctuations. A change 

in the carrier density will lead to a change of the refractive index, therefore, the phase will 

change. This will broaden the linewidth by factor of (1 +  a^) [24], where a  is the termed 

linewidth enhancement factor. This (1 +  a^) correction factor was introduced by Henry to 

the Schawlow-Townes linewidth (2.23). For the nonlinear, above threshold, regime the 

expression will be modified and is written as

23



A v s t h  —
(2.24)

which is referred to as the Schawlow-Townes-Henry linewidth.

2.3. Wavelength tuning

2.3.1. Tuning mechanisms

The wavelength tunability of a laser diode is an im portant property in most applications 

where it is used. In this section, the main wavelength tuning mechanisms will be described. 

In the following, the material about tuning mechanisms is summarized from  [10].

There are three d ifferent types of electronically tuning schemes: continuous, 

discontinuous and quasi-continuous tunings as shown in Fig. 2.10.

Fig. 2 .10 Schematic diagram of (left) continuous, (center) discontinuous and (right) quasi-continuous tuning  

scheme.

Continuous wavelength tuning is the ideal tuning scheme in optical-fiber 

communications [20], [25]. In continuous tuning the laser wavelength is tuned smoothly in 

small steps w ithout mode changes, so that light in the same cavity mode will be em itted  

throughout the entire tuning range. This means that the laser param eters will be 

maintained and the laser exhibit stable single-mode operation with reasonably high SMSR 

during continuous tuning. The accuracy of wavelength tuning is adjustable down to about 

the spectral linewidth. However, a typical wavelength tuning range is relatively narrow (~ 3 -

Continuous Discontinuous Quasi-continuous

In je c tio n  c u rre n t
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4 nm). The maximum tuning range of only 15 nm is achievable [26], An example of a laser 

using continuous tuning is a distributed feedback (DFB) laser.

To achieve larger tuning ranges, discontinuous tuning can be used where discrete 

wavelength jumps occur. In discontinuous tuning, the tuning range is determ ined by cavity 

gain which leads to longitudinal mode jumps. This means that a larger tuning range is 

possible. The tuning range is now between 50-100 nm [27].

The last tuning method is quasi-continuous tuning which is achieved by adding together 

overlapped intervals of each continuously tunable regimes. The tuning range is between SO­

SO nm. The examples of quasi-continuous tuning can be observed in super-structure-grating  

DBR (SSG-DBR) lasers [28] and wavelength tunable DFB laser arrays [29].

The electronic wavelength control requires the integration of additional wavelength  

control or the filter into the cavity to tune the cavity roundtrip gain. In the case of tunable  

DFB or DBR laser, the filter is the Bragg reflector as shown in Fig. 2.11. From the Bragg 

condition Ag =  2UgffA,  the wavelength is dependent on grating pitch and the effective  

refractive index of grating section. So the tuning of the cavity gain can be achieved by 

electronic control of the refractive index Ugff,  which can be done either by applying current 

or voltage.

Mode intensity

neffl t ,Ut

L

Fig. 2.11 The schematic o f the tunable Bragg reflector.

For a single-mode DFB laser, the change in the effective refractive index of the grating 

section, will lead to a wavelength variation and this can be expressed as

(2.25)

where is the group effective index and Aq is the Bragg wavelength. Equation (2.25) is 

valid for continuous tuning. However, the continuous wavelength tuning in (2.25) is limited
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by the maximum amount of achievable effective index change. Practically, the maximum 

index change is around 1%, therefore, the tuning range is limited to about 0.5-1% of the 

wavelength which is the maximum 10-15 nm of wavelength tuning. Significantly larger 

tuning range can be achieved in discontinuous tuning, where the tuning is achieved by mode 

hops from one longitudinal mode to another, so therefore the lim itation (2.25) is no longer 

valid.

To sum up, the electronic wavelength control of a laser diode is dependent on the ability 

to control the refractive index of the laser. The practically applicable physical effects for the 

electronic refractive index control are: 1) free-carrier plasma effect [30], [31], [32], 2) the 

quantum confined Stark effect (QCSE) [33], [34], and 3) temperature tuning [35], [36].

2.3.2. Physical effects for electronic wavelength tuning

In the free-carrier plasma effect the change in the refractive index is caused by the 

injected electron-hole plasma into a semiconductor [10]. Two physical mechanisms will 

cause the change in the refractive index. First is the polarization of the free carriers which 

will reduce the refractive index proportionally to the carrier density. Second is the spectral 

shift of the absorption edge o f the semiconductor to the higher energies which will also 

reduce the refractive index [37].The maximum refractive index change is -0.04 [37]. The 

negative aspect of this effect is that, the carrier injection and recombination w ill cause heat 

generation in the device which will lead to so-called parasitic thermal tuning which will 

reduce the refractive index change. Despite the heating, the carrier injection is the most 

widely used technique to achieve electronic wavelength control. The wavelength tuning of 

DBR lasers rely on this effect.

In the quantum confined Stark effect the applied electric field will change the refractive 

index. The principle is that a quantum well structure is placed in a reverse biased pn- 

junction. The applied electric filed will reduce the bandgap energy making the band edges 

inclined to each other. Thereby, the refractive index will be modified. The main advantage 

of the QCSE over the free-carrier plasma is the operation in reverse bias. This w ill not 

increase the temperature of the device. However, the refractive index changes are typically 

of the order 10“  ̂ to 10“  ̂ [34], which is a relatively small effect. Therefore, QCSE is often 

used fo r electro-absorption modulations where an electric field applied to the quantum well
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structure w ill cause a red-shifted optical absorption, so th a t the optical transm ission in the 

waveguide can be m odulated [38]. The dem onstration o f th is e ffect w ill be discussed in 

Chapter 5.

The last e ffect which changes the refractive index and thereby the  wavelength, is the 

thermal tuning effect. The gain peak o f wavelength o f the active m edium  is dependent on 

tem perature and can be therm a lly  tuned. This is due to  tem pera tu re  dependence o f the 

bandgap energy and the Fermi d istribu tion . Typical gain peak tun ing is about 0.5 nm /K fo r a 

Fabry-Perot (FP) laser which is because the gain peak o f FP laser consists o f several 

longitudinal modes and each o f these modes are dependent on the refractive index as 

shown in equation (2.10). Therefore, the  tem perature  dependence in FP lasesr is higher 

than in single-mode lasers. For single-mode lasers, the  change in the tem pera tu re  w ill 

change the refractive index and hence shift the wavelength. So fo r single-m ode DFB and 

DBR lasers, the tuning rate is around 0.1 nm /K [39]. For example, a single-mode DFB laser 

w ith  tuning rate o f 0.1 nm /K can obta in  6 nm of wavelength tun ing over the tem pera tu re  

change between 20 to  80°C. It is possible to  achieve larger tun ing by increasing the 

tem perature, however, the  heat generation w ill increase the  threshold current as shown in 

eq. (2.18), decrease optical power, reduce the SMSR and broaden the linew id th  at high 

tem peratures.

The comparison o f above-described physical mechanisms fo r laser tun ing is shown in 

Table 2.1 from  [10].

Parameter Plasma effect QCSE
Temperature

tuning

An -0.04 -0.01 0.01

r 0.5 0.2 1

^^ tu ne -8nm -Inm +5nm

Av lOOMHz >10MHz <lMHz

Heat generation large negligible very large

Technology moderate demanding simple

Table 2.1 Comparison of tuning mechanisms for sem iconductor laser diodes in term s of d ifferent parameters, 

where An is the refractive index change, T  is the optical confinem ent factor, AAtune is the output wavelength  

change, Av is the linewidth.
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There is another type of tuning related to  the refractive index change, it is so-called 

Vernier tuning [40], where relatively small refractive index changes will provide relatively  

large wavelength changes. The principal of Vernier tuning is, the  device structure consists of 

two mirrors with comb-like reflection spectra, but exhibits different comb pitches, 

therefore, the Vernier effect can be used to expand the tuning range. The com b-like 

reflection spectra can be achieved by spatially m odulated Bragg gratings such as sampled 

gratings [40] or super-structure gratings [41]. Lasers such as Sample Grating Distributed 

Bragg Reflector (SG-DBR) lasers exploit the Vernier tuning which provides a much wider 

tuning range in comparison with, for instance, two section DBR lasers. A tuning range of 60 

nm was dem onstrated in [42], [43]. W avelength tunability can also be achieved by 

mechanical tuning in the case of external cavity laser diodes [44] w ith a widely tunable filter 

(grating) in the free space part. The tuning can be obtained by simply rotating the grating.
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Chapter 3 -  The gratings in laser diodes

3.1. Introduction

As w e  d iscu ssed  in t h e  prev ious  ch ap te r ,  laser  d i o d e s  use d i f fe ren t  t y p e s  of  cavity 

s t r u c t u r e s  such as  gra t ings  or  s imp le  mir rors  t o  ach ie ve  opt ical  f eed back .  In s imple  Fabry- 

Pe ro t  lasers,  t h e  f e e d b a c k  is ach i ev ed  t h r o u g h  c lea ve d  facets .  DFB a n d  DBR lasers  use  

w a v e le n g th  se lec t ive  filters o r  g ra t ings t o  ach ieve  f e e d b a c k  a n d  s in g le -m od e  o p e r a t i o n .  

T he re fo re ,  w h e n  dea l ing  with such  cavity s t r u c tu r e s  it is i m p o r t a n t  t o  u n d e r s t a n d  t h e  

t rans miss io n  a n d  ref lec t ion  f ro m  t h e s e  s t ruc ture s .

General ly,  t h e  gra t ing  s t r u c tu r e s  a r e  c o m p o s e d  of m a n y  layers a n d  t h e  p r o b l e m  is t o  

m a t c h  t h e  b o u n d a r y  condi t ion s  ac ross  t h e  in te r faces  of  t h e s e  layers.  Because  of  t h e  large 

n u m b e r  of  layers,  it is hard  t o  solve all layers  s imul ta neous ly .  In s t ead  of this,  it is m o r e  

ef ficient  t o  solve a b o u n d a r y  cond i t ion  of o n e  layer  a t  a t im e .  For thi s  t h e  t r a n s f e r  mat r ix  

(TMM) a nd  t h e  sc a t te r i ng  mat r ix  (SMM) a lgor i th ms  a re  used .  In t h e  t r a n s f e r  mat r ix  m e t h o d  

t o  def ine  t h e  t r a n sm is s i o n  a n d  ref lect ion coeff ic ients ,  all t r a n s f e r  ma t r ic e s  a r e  s imply 

mult ipl ied.  However ,  it is a s t r a ig h t f o rw ard  m e t h o d  a n d  it is numer ica l ly  u n s t a b le  w h e n  t h e  

layer  s t r u c t u r e  is large [1]. T he re fo re ,  it d o e s  n o t  inc lude  t h e  sc a t te r in g  losses.  On t h e  o t h e r  

hand ,  t h e  s ca t t e r in g  mat rix  m e t h o d  is a s t ab le  a n d  ef ficient  a lgo r i t hm which  d o e s  no t  h a v e  

numer i ca l  instabil i t ies [2].

This c h a p t e r  o rga niz ed  as fol lows.  First a br ief  descr ip t ion  of  sc a t te r ing  a n d  t r a n sm is s i o n  

mat rix  m e t h o d s  will be  given.  Then  w e  will discuss  w a v e  p ro p a g a t i o n  in s imple  layer 

s t r u c tu r e s  a n d  ca lcu la te  t h e  ref lect ion a n d  t r a n sm is s i o n  coeff icients .  Finally, w e  will 

in t ro d u c e  t h e  grat ings ,  par ticular ly d i s t r ib u t ed  Bragg gra t ings  a n d  d iscuss  a b o u t  DBR a n d  

DFB lasers.
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3.2. Scattering matrix and transmission matrix 
theory

To analyze the reflection and transmission properties scattering theory can be used [3], 

[4], The detailed explanation of the scattering matrix method is given in Coldren and 

Corzines' book [5]. In the following we will work with normalized amplitudes, Uj, because it 

is convenient for complex cavity structures. The magnitude of Uj is equal to the square root 

of the power flow. For more convenience we choose to reference the phase to the electric 

field, which is given as

E ( x , y , z , t )  =  eEgU(x,y')e^^‘̂ ‘̂  (3.1)

where e is the unit vector. Eg is the field magnitude, U { x ,y )  is the normalized electric field 

profile, 0) is the angular frequency, /S is a propagation constant. The normalized amplitude 

can be expressed as

where rjj is the mode impedance which is the ratio of the transverse electric to transverse 

magnetic field magnitudes of the mode. \f j \ U \ ^ d x d y  =  1, then the power flow will be as 

Pj^ =  UjUj, and the power flow will be in the z-direction with positive sign. If we will 

consider a waveguide system, there will be two propagating modes. One propagates in the 

positive z-direction and is referred as incident waves. The second propagates in the 

opposite direction and is referred to as reflected waves. The net power flowing with 

incident and reflected powers into the port j  is defined as

Pj =  a ja ]  -  bjbJ. (3.3)

where aj is the normalized amplitude of the incident (input) waves and bj is the normalized 

amplitude of reflected (output) waves. The scattering matrix couples these input waves Uj 

and output waves bj and can be expressed as
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b i  —  ^ '  S i j U j ,

j

(3.4)

where 5iy are the scattering coefficients. From (3.4) to  determ ine a particu lar 5iy, all inputs 

except a, must be set to  zero which is,

bi
S - =  —

"  a;
(3.5)

ai (=0,k* j

The more general v iew  o f (3.5) can be w ritte n  as

b =  Sa, (3.6)

where b and a  are colum n vectors and 5 is a m atrix. For example, fo r  a tw o -p o rt junc tion  as 

shown in Fig. 3.1, the  5 m atrix w ill w ork w ith  tw o  sets o f inputs to  generate tw o  sets o f 

outputs. In th is case the scattering m atrix w ill be w ritte n  as in (3.7)

Fig. 3.1 Single tw o -po rt junction (scattering matrix).

b i

b2. -■̂ 21
■̂ 12
^22 ]E1- (3.7)

The scattering coeffic ients from  (3.7) have physical meanings. For example, the  diagonal 

coeffic ients and S2 2  are the reflection coeffic ients o f port 1 and 2, respectively and can 

be w ritte n  a s r i a n d r 2 . The power reflection coeffic ients are just and |522p, 

respectively. The off-d iagonal coefficients are the complex (am plitude and phase) ou tpu ts  at 

one port due to  the inpu t at another. The m agnitude squared o f any o f these scattering

I |2coefficients, |S[y| , w ill be the fraction  o f power at the po rt i due to  the  power entering port 

j .  Scattering matrices have unique properties, such as fo r a linear reciprocal tw o -p o rt 

system, the  scattering m atrix is sym m etric 5^2 =  521. Fo'' a lossless tw o -p o rt system, 

|S ii |  =  1̂ 221 and | 5 n l '  +  |S2iP  =  l .

The transmission m atrix is another m atrix which relates to  the  normalized am plitudes. 

The transm ission m atrix is used to  cascade networks toge the r and m u ltip ly  them  using
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simple matrix multiplication. In Fig. 3.2 the dem onstration of a tw o-port transmission matrix  

is shown and it is defined as (3.8)

B2

Fig. 3 .2  Single tw o -p o r t  n e tw o rk  (transm ission m atrix ).

M il r l l 7’l2l A2

[b , \ [7’21 2̂2. [B2\

w here Ai is the forward-going (right) waves and S; is the backward-going (left) waves. From 

Fig. 3.2 the relationship between T-m atrix and S-matrix amplitudes is as follows: i4j =  Oi, 

A 2 =  b2 , B 2 =  U2 - The relationship betw een the T-m atrix and the S-matrix 

elements can be w ritten as

_  1 _  ^22
^ 1 1  — 7  < —  e  '

•̂ 21 ■̂ 21
(3.9)

r r  _  r r  _  ‘̂ H '^2 2  ~  ‘̂ 12‘5̂ 21
'21  —  7: < '22  —  c  •

•̂ 21 •̂ 21

Both the transmission and the scattering matrix methods are used to analyze d ifferent 

waveguide structures and they can be both used for the structures in this thesis. However, a 

detailed comparison of these tw o methods is given in [2]. In this work we chose to work  

with the scattering matrix m ethod due to its stable and efficient algorithm [4], In addition, 

with T M M  m ethod it is not possible to determ ine the scattering loss [6] which is crucial for 

high order gratings.

3.2.1. The dielectric interface

First we will start with a simple structure such as dielectric interface shown in Fig. 3.3. 

The system consists of tw o different dielectrics w ith refraction indices and 7X2 , 

respectively.

35



n̂ n i

Oi

b̂ ■

h

02

rz

Fig. 3.3 Interface betw een tw o  dielectric interfaces.

In the case shown above two reference planes are selected at the physical interface 

between two dielectrics with different refractive indices. Therefore, there is no scattering 

junction between them. We can find the scattering coefficients for this systenn using 

equation (3.5)

r i i  — ri2

1 02=0

^ 2 2 =  —  
^2

r i i  +  712

ai=0

(3.10)

(3.11)

(3.12)

where and t are the reflection and transmission coefficients of incoming right (left) waves 

in terms of refractive indices. The system described above is considered to be a lossless 

system because there is no scattering junction between two dielectrics. Thereby, as it was 

mentioned before for a lossless two-port system, the power conservation is fulfilled and the 

scattering coefficients will be equal 5^2 =  S2 1  as shown in equation (3.12).

After defining the scattering coefficients, we can write the scattering matrix for dielectric 

interface in simple form as

- r i
t  r^J’ (3.13)

For the normal incident plane waves the transmission coefficient in terms of refractive 

indices can be written as follows

t  =
2ynin2
rii +  TI2'

(3.14)
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3.2.2. Transmission line with no discontinuities

Fig. 3.4 shows a network with a distance L with two reference planes and no 

discontinuities between them. Therefore, such a system has no scattering junctions in this 

transmission line.

In this case the normalized amplitudes are expressed as a function of distance as shown 

in Fig. 3.4. Since it is a waveguide with no scattering junctions in it, there is no coupling 

between forward-going and backward-going waves. Therefore, 5 ^  =  S 2 2  =  0 .  Using 

equation (3.2) we can write the normalized amplitudes for forward-going and backward- 

going waves as follows

Oi(0) b2(L)=b2

bi(0) ----- a2(L)=Q2

0

Fig. 3 .4  Transm ission line section o f length L.

02  =  b^(L) = (3.16)

(3.15)

Using equations (3.5), (3.15) and (3.16) we will find the scattering coefficients as

0-2 b^eJ^^
(3.17)

(3.18)
ai ai

The resulting scattering matrix will be

0

0
(3.19)

37



From the result above propagation delay is the same for the forward and backward 

waves. This means that mode propagation at distance L will result in a phase shift o f - /? L  

and a gain (loss) rate in any direction, assuming that p = + jPi, where p is the real

part of complex propagation constant and /?( is the imaginary part.

3.2.3. Dielectric segment and the Fabry-Perot etalon

Another structure is dielectric segm ent which is the combination of both structures 

together described above with another dielectric. Such a dielectric block is known as a 

Fabry-Perot etalon which is shown in Fig. 3.5 where a dielectric slab with refractive index n 2 

separates the semi-infinite media with refractive indices and 1 1 3 . The left-hand side has 

the refractive index of rii, the right-hand side region h a s 7 1 3 . The middle section is the  

dielectric block with refractive index n2 -

Hi
Cfl

Fig. 3 .5  F ab ry -P ero t e ta lo n .

From the figure w e can divide the structure into three scattering junctions, such as two  

dielectric interfaces and one transmission line. First, assuming that 0 2  =  0, w e can define 

the outputs bj as following

bi = —â r-i + a t̂i, 
b[ = o iti + a^ri, (3.20)

Also w e can express

—  <̂2 ^ 2> 

b'2 = a'2r2.

a[ = b'2e-iP\ 

a'2 = b[e~j~̂ .̂

(3.21)

(3.22)
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Then we can solve the scattering coefficients

-2JPL

S i ,  =  - r , + - ^ ------------------------------------------------------ (3.23)
1 —  r^r2e

k t i e  
2̂1  ------------

-JPL
(3.24)

1 — r^r2e

Similarly, when =  0, the scattering coefficients will be

S2 2  =  -^2  +   ----------------------------------------------------------------(3.25)
1 — r^T2e

S1 2  =  S2 1 . (3.26)

The common factor of 1 — r i r 2 e “ -̂'^  ̂gives rise to the Fabry-Perot resonances. The

absolute square of scattering coefficients |5 n P  and 1 ^ 2 1  P give the amount of power

reflected through the Fabry-Perot etalon. Using equations above we will find

15111
+ ARsin^pL ^7)

(1 -  R Y  +  AR sin^pL  ’

,3.28)
' { 1 - R Y +  ARsi r i^pL

where R =  and P =  P +  jP i -  If we will consider a symmetric (r^ =  T2 ) and lossless

{Pi  =  0) Fabry-Perot cavity, then (3.27) and (3.28) will be written as

ARsin^BL  

^  (1 -  R y  +  ARs in^PL ’

=  ( I  -  R)2 +  ^f^sin^pL'

For a lossless case, by power conservation the power flow into the region ri2 is equal to

the power flow out of this region and expressed as |Sn|^ -I- |S2 i|^  =  1.
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3.3. Gratings

M a n y  m odern  laser diodes use gratings or d istribu ted  Bragg reflectors (DBR) fo r one or 

both cavity m irrors. In -p lane lasers use th e  gratings fo r  m ode selectivity and th e re fo re  fo r  

single-m ode o pera tio n . V ertica l cavity lasers (VCSEL) also use gratings to  achieve high 

reflection . Gratings consist o f a periodic s tructure  w h e re  m any small reflections will add up 

in phase a t th e  Bragg w avelength  and th e  reflection  coeffic ien t will be high. If th e y  do not 

add in phase th en  th e  reflection  w ill be low . This is th e  m ain principle o f th e  DBR laser. 

There are d iffe re n t types o f gratings, such as rectangular, tr iangu lar and o th e r shapes. The 

analysis o f several grating  shapes can be found  in [7]. Here w e w ill discuss only rectangu lar  

shaped gratings w ith  equal space (A ) and m ark (Am) as show n in Fig. 3 .6 . Such gratings are  

called firs t-o rd er gratings. The schem atic structure  o f rectangu lar gratings or DBR m irro r  

w ith  th e  length Lg fo r an in -p lane laser is show n in Fig. 3 .6 . The net re flec tion  fro m  the  

gratings is r g ~ 2 m r ,  w h e re  m  is the grating period and 2 r  is th e  reflection  per grating  step. 

The fac to r 2 is added because th e re  are tw o  discontinuities per grating period. In th e  figure  

th e re  is a varia tion  in th e  refractive  index in periodic s tructure  and n 2 , respectively . In 

this case w e  need to  take  into  account an e ffective  re flectiv ity  at each d iscontinuity. 

T h ere fo re , th e  e ffec tive  re flectiv ity  from  w avegu ide region 2 to  region 1 w ill be 

ap prox im ate ly

n, — n - i
(3 .31 )

ri2 + n i

w h e re  n j  and n 2  are th e  effective  indices in w avegu ide region 1 and 2, respectively.
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Fig. 3 .6  S chem atic  o f a DBR m irro r  fo r  in -p la n e  laser w ith  len gth  Lg.

W hen we are dealing with DBR structure we need to define an effective cavity length 

which is a distance shown in Fig. 3.7. From equations (3.14) and (3.15) in section 3.2.2, the  

propagating forward-going and backward-going waves result in a phase shift o i —pLgff.  

Hence, if the reflection phase at the Bragg wavelength is zero, then the net reflection from  

the grating, Vg, can be expressed as

(3.32)

■pT-JTJTjTJTJTJ-U -

:si
rg I- Leff

Effective mirror

Fig. 3 .7  S chem atic  d iagram  o f an e ffe c tiv e  cavity  length o f DBR re fle c to r.

By expanding the DBR reflection phase in a Taylor series: jcp ~ }4>o +  j i P  ~  

Po)(d<p/dl]) +  ■■■, and equating the linear (^  — ^q) coefficient with the exponent in 

equation (3.32), we define the effective cavity length as in (3.33)

130 
~ ~ 2 d p -

(3.33)
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where P is the propagation constant. From equation (3.33) the effective cavity length of 

DBR is defined by the phase delay of reflected light normalized by the deviation of the 

propagation constant. From [5] and [8], for the special case when the structure is loss-less 

and 13 =  /?o, where /?q is Bragg propagation constant, the effective cavity length can be 

expressed as following

Leff =  ^ t a n h (K L ^ ) ,  (3.34)

where k  is the coupling constant which is given by

m A n  Ln rAfi
K i g

m A n  Lg / A n \  _
=  2 m r  =  - ^  =  ^ —  , (3.35)

n A \  n  /

where A is the grating period, An =  |n 2  — n^l and n  =  |n 2  +  n i | / 2  are the effective indices 

of waveguide region 1 and 2, respectively. From equation (3.34), for small values of 

KLg «  1 the effective cavity length will be

Le„ = (3.36)

and for high values of KLg »  1 which are referred as strongly reflected gratings

(3.37,

From equation (3.37), when KLg »  1 the effective cavity length does not depend on the 

length of the grating section but depends on the coupling coefficient k . This means that the 

effective cavity length depends on the reflectivity at the interface of the high refractive 

index and low refractive index regions of the waveguide as given in equation (3.35).

3.3.1. DBR and DFB lasers

in the previous section we discussed the gratings in particularly DBR mirrors. In this 

section we will give examples of laser diodes using periodic gratings in their structure. We 

will consider only in-plane lasers such as distributed Bragg reflector (DBR) laser and
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distributed feedback (DFB) laser. These lasers use gratings for spectral selectivity to form  

single-mode lasers.

3.3.1. a. DBR laser

A distributed Bragg reflector (DBR) laser is form ed by using a grating instead of cleaved 

facets at one or both ends of the laser structure. The schematic of DBR laser w ith a grating 

at one end is shown in Fig. 3.8. An antireflection (AR) coating is applied to suppress any 

reflection from the end of the grating.

AR coating

Active region Gratings

Leff

L dbr

Fig. 3.8 Schematic diagram of DBR laser [8].

The structure has an active section and a passive section which is form ed from  the  

grating reflectors. The active section provides gain and the gratings provide wavelength  

selectivity. Because the gratings are form ed along the passive waveguide section, it is 

im portant to have a good coupling of the light from  the active part of the laser to the  

grating section. If there is a mismatch during the transition it will cause a coupling loss and 

undesirable reflections can occur which will interfere with the reflection from  the gratings. 

There are several types of coupling between the active and passive sections such as the  

bundle integrated guide (BIG) [9] structure, the integrated tw in guide structure [10] and the  

butt-joint (BJ) structure [11], [12]. Among them  the butt-jo int structure gives the best laser 

performance.

If the coupling is perfect and w ithout loss, then the gain condition will be
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R\Rg Gxp(2_9^gfL(j) 1, (3.38)

w h ere  R i  is th e  p ow er reflection  fro m  th e  end o f th e  active region, Rg  is th e  p o w er  

reflection  from  th e  grating section, is th e  length o f th e  active region. From (3 .38 ) th e  net 

m odal gain in th e  active region is

w h ere  T  is th e  product o f la tera l and transverse co n fin em en t factors, a [„  is in terna l loss. In 

general, th e  d istribu ted  m irrors are lossy and th e re fo re , th e  m irro r loss is defined  as

w h e re  |r^| is th e  am p litu d e  reflection  o f grating section and is fo r th e  m irro r section. 

Equation (3 .4 1 ) is fo r th e  e ffec tive  m irro r case and th e  cavity length is chosen to  be L q b ^  as 

show n in Fig. 3 .8 . Since th e  m irrors are lossy w e have to  define th e  frac tio n  o f pow er, F , 

fro m  each end o f th e  laser. Using th e  scattering p aram eters  w e  w ill find th e  fraction  of 

p ow er fo r a single Bragg m irro r a t end 2 and a discrete m irro r a t end 1 as fo llow ing

(3 .39 )

The threshold  gain, can be found  from

^ d th  ^in  ^ m > (3 .4 0 )

(3 .4 1 )

o
(3 .42 )

w h e re  \ t g \ ^  p o w er transm ission through th e  effective  m irro r. The o u tp u t p ow er from  th e  

end 1 is
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where is a differential quantum  efficiency which can be calculated by

3.3.1. b. DFB laser

A distributed feedback (DFB) laser also uses grating mirrors, but gain is included in the  

gratings. In DBR lasers the active section and the gratings are separated longitudinally. In a 

DFB laser the gratings are form ed along the entire cavity so the reflection occurs at each 

slope of the gratings. Therefore the optical feedback is distributed over the entire gain 

medium. A schematic structure of DFB laser is shown in Fig. 3.9.

AR coating

Standard DFB

Active region

Fig. 3 .9  S chem atic  d iagram  o f s tand ard  DFB laser.

Fig. 3.9 shows the so-called standard DFB laser with no shift in the gratings and all 

periods of the gratings are the same. The active length of such structure is a quarter- 

wavelength long, La =  A /4 , since we have chosen mirror reference planes as In Fig. 3.9, this 

will yield a zero grating reflection phase at the Bragg wavelength. Therefore, this type of 

DFB is anti-resonant at the Bragg wavelength. If we consider that the cavity is half a 

wavelength long [13], [14], =  A / 2  (grating pitch period ~ 2 3 5  nm), the device becomes

resonant at the Bragg wavelength where the reflection phase is zero. Half-wavelength  

mirror spacing corresponds to a quarter-w avelength shift between the gratings. This type of



structure referred to as a quarter-w avelength or phase-shifted DFB laser which is shown in 

Fig. 3.10.

rgi AR coating

Phase shifted DFB

Active region

Fig. 3.10 Schematic diagram of quarter-w avelength shifted DFB laser.

The theoretical analysis of DFB laser is carried out using a transfer matrix m ethod which 

is described in [8] and [15]. The transfer matrix of forward-going and backward-going waves 

of the grating section is given by [8]

F  =

^cosh(YL) — ^sinh(yL)j

V

V
IK
—  sinh(yL)
y

I K  \
 sinh(yL)

y

^cosh(yL) +^—̂ s in h (Y L )^ j

From (3.45) the oscillation condition can be presented as

cosh(yL) + -̂ —— ^^^^sinh(yL) =  0,

(3.45)

(3.46)

w here param eter y  is given by

y2 =  ^2 _  + j g o y .

Equation (3.46) can be w ritten  as

y L c o th (y L ) =  - ; (A /? L  + j g o L ) .

(3.47)

(3.48)

The solution of (3.48) gives the wavelength in terms of Aj? and the required gain in terms 

of^o - [5] and [8] there are shown numerical solutions of equation (3.48). From the
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results, th e re  is no propagation exactly at the  Bragg w avelength  A/?L =  0. A t this exact 

Bragg w avelength  A/?L =  0, (3 .47 ) w ill be w ritte n  as

Y ^ = K ^ + g l (3 .49 )

In addition , fo r a standard DFB laser as shown in Fig. 3 .9 , th e  results show th a t m odes are 

placed sym m etrically  around A ^ L  =  0, which m eans th a t th e re  are tw o  m odes a t th e  sam e  

distance from  the  Bragg w avelength . T here fo re , such type  of DFB laser cannot w ork  as a 

single-m ode laser. To achieve a good sing le-m ode opera tio n  phase-shifted DFB lasers can be 

used as show n in Fig. 3 .10 . A fte r using th e  transm ission m atrix  m etho d  (3 .4 5 ), th e  oscillation  

condition  fo r phase-shifted DFB laser is as fo llow ing

The results from  [5] and [8] show  th a t th e re  is a m ode exactly at th e  Bragg w avelength  

w hich is dom inant. T here fo re , such type  o f DFB operates as a s ing le-m ode laser.

There  is an o ther m ethod  o f achieving sing le-m ode opera tio n  by leaving one or both  

facets as cleaved, ra ther than  using AR-coatings [16]. This will destroy th e  unw an ted  

degeneracy if the gratings are not to o  strong { i c L g  <  1 ) . H ow ever, th e re  is a yield issue due  

to  th e  clevage. In practice, it is not possible to  contro l th e  exact face t position re la tive  to  th e  

grating . Thus, the  reflection  from  th e  cleaved face t w ill have a random  re la tive  phase and  

th e  yield value will be depend  on th e  required  end loss d ifference  [17].

The scattering m atrix  m etho d  described in this ch ap ter w ill be used fo r o ur high o rd er  

gratings (slots) to  calculate th e  transm ission and reflection  am plitudes. The sim ulated  

results w ill be given in th e  fo llo w ing  chapter. Since our structures have d istribu ted  m irrors, 

th e  e ffec tive  m irror m odel will also be applied  to  o ur structures. The w ay to  d e te rm in e  th e  

e ffec tive  cavity length in s lo tted  lasers will be given in the  fo llow ing  chapters.

(3 .5 0 )

3.4. Conclusion

47



References

[1] L. Li, "Multilayer modal method for diffraction gratings of arbitrary profile, depth, and 

permittivity," JOS/\ A  vol. 10, no. 12, pp. 2581-2591, 1993.

[2] L. Li, "Formulation and comparison of tw/o recursive matrix algorithms for modeling layered 

diffraction gratings," JOS/A A  vol. 13, no. 5, pp. 1024-1035,1996.

[3] K. Kurokaw/a, "Power waves and the scattering matrix," Microwave Theory and Techniques, IEEE 

Transactions on, vol. 13, no. 2, pp. 194-202, 1965.

[4] E. Silberstein, P. Lalanne, J. P. Hugonin and Q. Cao, "Use of grating theories in integreated 

optics," JOSA A, vol. 18, no. 11, pp. 2865-2875, 2001.

[5] L. A. Coldren and S. W. Corzine, "Mirrors and resonators for diode lasers," in Diode lasers and 

photonic integrated circuits, New York, John Wiley & Sons, 1995, pp. 65-77.

[6] S. O'Brien and E. P. O'Reilly, "Theory of improved spectral purity in index patterned Fabry-Perot 

lasers," Applied Physics Letters, vol. 86, no. 20, p. 201101, 2005.

[7] W. Streifer, D. R. Sclfres and R. D. Burnham, "Coupling coefficients for distributed feedback 

single- and double-heterostructure diode lasers," IEEE Journal o f Quantum Electronics, vol. 11, 

no. 11, pp. 867-873 ,1975 .

[8] M . C. Amann and J. Buus, Tunable laser diodes, Norwood: Artech House, inc., 1998.

[9] Y. Tohmori, X. Jiang, S. Arai, F. Koyama and Y. Suematsu, "Novel structure GalnAsP/lnP 1.5- 

1.6pm bundle integrated guide (BIG) distributed Bragg reflector laser," Japanese Journal of 

Applied Physics, vol. 24, no. 6A, pp. L399-L401, 1985.

[10] K. Utaka, K. Kobayashi and Y. Suematsu, "Lasing characteristics of 1.5-1.6 GalnAsP/lnP 

integrated twin-guide lasers with first order distributed Bragg reflectors," IEEE Journal of 

Quantum Electronics, vol. 17, no. 5, pp. 651-658, 1981.

[11] Y. Tohmori and M . Oishi, "1.5 butt-jointed distributed Bragg reflector lasers grown entirely by 

low-pressure MOWPE," Japanese Journal o f Applied Physics, vol. 27, no. 4.A, pp. L693-L695, 1988.

[12] J. Wallin, G. Landgren, K. Streubel, S. Nilsson and M. Oberg, "Selective area regrowth of butt- 

joint coupled waveguides in multi-section DBR lasers," Journal o f Crystal Growth, vol. 124, no. 1, 

pp. 741-746, 1992.

[13] H. Haus and C. V. Shank, "Antisymmetric taper of distributed feedback lasers," IEEE Journal of 

Quantum Electronics, vol. 12, no. 9, pp. 532-539, 1976.

[14] K. Utaka, S. Akiba, K. Sakai and Y. Matsushima, "Analysis of quarter-wave-shifted DFB laser,"

48



Electronics letters, vol. 20, no. 8, pp. 326-327, 1984.

[15] N. Tessler, R. Nagar, G. Eisenstein, J. Salzman, U. Koren, G. Raybon and C. A. Burns Jr., 

"D istributed Bragg reflector active optical filte rs," IEEE Journal o f Quantum Electronics, vol. 27, 

no. 8, pp. 2016-2024, 1991.

[16] S. Chinn, "Effects of m irror reflectivity in a d istributed feedback laser," IEEE Journal o f Quantum  

Electronics, vol. 9, pp. 574-580, 1973.

[17] J. Buus, "Dynamic single-mode operation o f DFB lasers w ith  phase shifted gratings and reflecting 

mirrors," lEE Proceedings J(Optoelectronics), vol. 133, no. 2, pp. 163-163, 1986.

49



Chapter 4 -  Fabry-Perot laser waveguide 
measurements

4.1. Fabry-Perot laser introduction

Fabry-Pero t  l asers a r e  t h e  s imples t  ty p e  of  s e m i c o n d u c t o r  lasers a n d  can be  fa br ic a ted  

easi ly n o w  days.  T he se  lasers  consis t  of  t w o  ref lect ing mir rors  w i t h o u t  m o d e  select ivi ty a n d  

h e n c e  t h o s e  lasers  s u p p o r t  mul t iple  longi tudina l m o d e s .  Th e re fo re ,  t h e y  ac t  as  m u l t i - m o d e  

lasers.  This p r o p e r t y  is n o t  su i tab le  for  long haul  opt ical  c o m m u n i c a t i o n  s y s t e m s  b e c a u s e  of 

t h e  f iber  d i spers ion  a n d  m o d e  stabil i ty wi th in  t h e  laser  itself. How ever ,  t h e  FP lasers a re  

ideal devices  t o  invest igate  t h e  mater ia l  a n d  device in fo rm at io n  such  as in te rna l  loss, n e t  

m oda l  gain,  l inewidth e n h a n c e m e n t  fac tor ,  inject ion eff iciency a n d  e tc.  Th e re  a r e  d i f fe ren t  

m e t h o d s  t o  find o u t  t h e s e  p a r a m e t e r s ,  fo r  ins tance  typically t h e  c u tb a c k  m e t h o d  [1], which  

use s  t h e  re la t ionsh ip  b e t w e e n  t h e  cavity length  a n d  t h e  s lope  eff iciency t o  m e a s u r e  t h e  

in te rna l  loss a n d  inject ion efficiency is e m p l o y e d .  The  cha ra c te r iz a t io n  of  t h e  Fabry-Pero t  

l asers  can  be  d o n e  using t h e  amplif ied s p o n t a n e o u s  emiss ion  (ASE) s p e c t r u m  w h e n  t h e  laser  

is d r iven b e l o w  t h e  t h r e s h o l d  cu r r en t .  By m e a s u r in g  t h e  gain s p e c t r a  it is poss ib le  to  

c ha rac t e r iz e  t h e  s e m i c o n d u c t o r  lasers,  s e m i c o n d u c t o r  opt ical  ampl if iers a n d  w a v e g u id e  

devices .  Th e re  have  b e e n  several  m e t h o d s  t o  m e a s u r e  t h e  n e t  m oda l  gain f ro m  t h e  ASE 

s p e c t r u m  such as t h e  Hakki-Paoli m e t h o d  [2], t h e  m e t h o d  by Cassady  [3], Four ie r  t r a n s f o r m  

m e t h o d  [4], [5], [6] a n d  Four ie r  ser ies  ex p an s io n  m e t h o d  [7]. The  Hakki-Paoli m e t h o d  use s  

t h e  rat io  of  a d j a c e n t  pe aks  a n d  valleys of  individual Fabry-Pero t  r e s o n a n c e s  t o  ca lcu la te  t h e  

gain.  However ,  t h e  re so lu t ion  of  t h e  m e a s u r e m e n t  s y s t e m  m ay  u n d e r e s t i m a t e  t h e  gain if it 

is n o t  high e n o u g h  [8] a n d  it will a ffect  t h e  m e a s u r e m e n t  accuracy.  To solve thi s  l imitat ion,  

Cassidy p r o p o s e d  t h e  m e t h o d  which  us es  t h e  rat io  of  t h e  a v e r a g e  m o d e  in tensi ty  t o  t h e  

m i n i m u m  in tensi ty  in s t ead  of  t h e  rat io of  pe a k s  a n d  valleys.  T h e r e f o r e  it is less sensi t ive  to  

t h e  m e a s u r e m e n t  resolu t ion .  How ever ,  Cassidy's  m e t h o d  is sens i t ive  t o  t h e  no ise  of  

emiss ion  s p e c t r a  [9]. This will c a u s e  a p r o b l e m  in ca lcula ting t h e  gain.  A n o t h e r  m e t h o d  to  

e v a lu a te  t h e  gain is by t h e  Four ie r t r a n s f o r m  m e t h o d .  In thi s m e t h o d ,  t h e  w h o le  ASE 

s p e c t r u m  is t r a n s f o r m e d  f ro m  t h e  w a v e  n u m b e r  d o m a i n  t o  t h e  length  d o m a i n  which  gives a
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ser ies  of reflect ion peaks.  T hen  by taking t h e  inverse  Four ier  t r a n s f o r m  of t w o  such 

reflect ion peaks  and  by dividing t h e m ,  t h e  gain s p e c t r u m  can be  o b ta in e d .  The  a d v a n t a g e  of  

this m e t h o d  is t h a t  a cor r ec t ion  can be included  if t h e  gain s p e c t r u m  is in f luenced  by t h e  

reso lut ion  ba n d w id th  of  t h e  m e a s u r e d  sy s t em  [4], However ,  t h e  m e a s u r e d  gain sp ec t r a  

have  t h e  f luc tua t ions  a t  t h e  e d g e s  of  t h e  gain s p e c t r u m  d u e  t o  a w in d o w  ef fec t  [6]. To 

o v e r c o m e  this p rob lem,  t h e  Four ie r se r ies  ex p an s io n  (FSE) m e t h o d  can be  used .  It also 

al lows an i n s t r u m e n t  r e s p o n s e  func t ion  t o  be  included  if t h e  r e s p o n s e  func t ion  can be  

m e a s u r e d  as in Fourier  t r a n s fo rm .  FSE is m o r e  a c c u r a te  a t  t h e  e d g e s  f ro m  b o th  s ides  of  t h e  

w a v e le ng th  range.  The  a d v a n t a g e  of  this  m e t h o d  is t h a t  it can w ork  o n  individual 

longitudinal  m o d e s  of  t h e  ASE sp e c t r u m .  This m e t h o d  w a s  d e v e l o p e d  in o u r  g ro u p  a n d  it has 

b e e n  s h o w n  t h a t  by using this m e t h o d  it is possib le  t o  ex t r ac t  d i f f e ren t  im p o r t a n t  

p a r a m e t e r s  [10], [11]. In this c h a p te r ,  w e  will use  this  Four ie r se r ies  ex pan s io n  m e t h o d  to  

charac te r ize  o u r  FP lasers.  W e  will basically r e p e a t  t h e  m e a s u r e m e n t s  d e sc r i bed  in [11]. 

Using this m e t h o d  w e  will ex t r ac t  t h e  fol lowing p a r a m e t e r s :  t h e  n e t  m o d a l  gain,  in terna l  

loss, quasi-Fermi level se p a ra t i o n ,  s p o n t a n e o u s  em iss io n  fa c t or  a n d  t h e  l inewidth 

e n h a n c e m e n t  factor .

The  c h a p t e r  is o rg anized  as fol lows.  First, t h e  th eo re t i ca l  de scr ip t ion  of  t h e  ASE will be  

given and  t h e  FSE m e t h o d  will b e  expla ined.  From this  m e t h o d  w e  will de f ine  t h e  ro un d- t r ip  

gain a n d  ne t  m oda l  gain.  Next f rom  t h e  e x t r a c t e d  n e t  m o d a l  gain w e  will ca lcu la te  t h e  

interna l  loss and  s p o n t a n e o u s  emiss ion  fac tor .  The  last pa r t  will b e  calculat ing t h e  l inewidth 

e n h a n c e m e n t  fa c to r  using t h e  e x t r a c te d  ro u n d  t rip gain.
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4.2. Fourier series expansion method

4.2.1. Theoretical description of the ASE spectrum

In Chapter  2, we discussed tha t  spon taneous  emission is an incoherent  emission w he re  

photon s  gen e ra ted  due to  spon taneous  recombinat ion of elec t rons and holes as shown in 

Fig. 4.1. It is inherent  process for all laser diodes  because  it is th e  natura l  way of generat ing 

th e  photons.  Spontaneous  emission affects th e  linewidth as was  discussed in Section 2.2.3, 

and it also influences the  n u m b er  of longitudinal m odes  and th e  modulat ion response  of a 

laser [12]. Therefore,  it is an impor tant  process in characterizing th e  laser diodes.

Before During After

- • —  -------------
AAT
Photon hv

Fig, 4.1  Spontan eou s emission schematic.

From [7] and [13], t h e  amplified spo n tan eo u s  emission (ASE) spec t rum of a Fabry-Perot 

laser can be expressed by

I sp i l  -  +  b)
1 = ------- — ---------—-------- -̂-----  (4.1)

1 +  — 2b cos {2r igf fkL) ’

w he re  b =  e x p ( ^ L )  R is the  round-tr ip gain, g  is the  net  modal  gain; L is the  cavity length; 

R is th e  pow er  reflectivity from the  end  facet;  k =  I n / X  is the  wave nu m b er  in vacuum.

(4.2)

is th e  single pass of ASE and S  is the  spo n tan eo u s  emission coupled into t h e  waveguide  

m o d e  and  can be expressed as
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he
(4.3)

where h is Plank constant, c is the speed of light, A is the cross-sectional area of the 

quantum well region, Pg is the geometrical spontaneous emission factor, and r̂ p is the total 

spontaneous emission rate. In practice, the ASE spectrum can be measured using an optical 

spectrum analyzer (OSA). The measured ASE spectrum will be the convolution of the 

response function of the O S A /(A  — A') with the intrinsic ASE spectra Z(A') of the FP laser 

which is described by (4.4).

The response function of the OSA can be found by measuring the spectrum of the 

external laser with the bandwidth much narrower than the resolution bandwidth of the 

OSA. In this case, the measured spectrum by the OSA will be

where P i5(A ' — Aq) is the spectral line of the external laser and is the total power of the 

spectral line. From (4.5) the response function of the OSA will be

If we will consider one longitudinal mode as shown in Fig. 4.2, the round-trip phase 

0 =  IkU g f fL  varies from —t t  to n, where the mode peak has a phase of 0.

(4.4)

P i W  =  I  PiS(A '  -  A o ) f ( A  -  A ' )dA '  =  P J ( A  -  Ao), (4.5)
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<t>
Fig. 4 .2  S chem atic  d iagram  o f on e lo ng itud ina l m ode.

By applying the FSE method to this longitudinal mode we will get the Fourier series 

coefficient as

1
K 0 )  e x p ( - im 0 )  dcp, (4.7)

2nJ_^

where is the m-th coefficient. The single pass of the ASE / ( 0 )  and the round-trip gain are 

the slowly varying functions of the wavelength which means that they can be approximated 

as constants over the longitudinal mode range. Hence (4.7) can be calculated as follows

S ( l - R i ) ( l  +  R r e x p i g L ) X e x p ( g L ) - l )  1 

= -------------------------------g-------------------------------

L  =  H . 9 )

where m is an integer. Equations (4.8) and (4.9) are the zeroth and the first harmonics,

respectively. For a single longitudinal mode the wavelength range is very small and the

phase can be expressed as

A  —  A i  /  /■ 1

0  =  —2 n ——— , (4.10)
AA

where AA is a mode spacing. Taking wave number as the argument (4.7) can be written as

1 (  2mn{A — A ,) \

=   Za----- )"■
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It was mentioned above that the measured ASE spectra is the convolution of the 

response function of the OSA and the intrinsic ASE spectra. Using the convolution theorem 

in [14], the FSE coefficients from the convoluted ASE spectra will be

/m = U m . (4.12)
where

/m =  J  /  W  exp [ i i m n  dx . (4.13)

From (4.12) and (4.13) we will get the round-trip gain of the convoluted ASE spectra from

b =  (4.14)
/ '  f‘ m  J m + 1

Using the calculated round-trip gain and by knowing the facet reflectivity and the laser 

cavity length, we define the net modal gain as follows

9 =
l0g(/j) -  log (415)

4.2.2. Internal loss and Quasi-Fermi level separation

To obtain these parameters we assume that the FP laser has no coatings and the 

reflection from both facets are identical, /? =  /?; =  /?̂ . The power reflectivity is 0.3. The ASE 

spectrum of the FP laser is given by (4.1). For the zeroth harmonics and by taking its inverse 

Fourier transform (FT) we can obtain the spectrum as

/.
_ I s J l - R )
l { z )  exp(ikz) =  —  ■ (4.16)

UeffL i  «

By substituting the single pass ASE with (4.2), we will get the spontaneous emission 

coupled into the waveguide mode as

Iog ( l  -  b)
 ̂ (4.17)

(1 -  R)(exp{gL) -  1)'
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The relationship between the spontaneous emission and the material gain is given in [15] 

and can be described as follows

~  87Tcn2
f h c / A  -  AF 

k , T
(4.18)

where is the material gain, AF is the quasi-Fermi level separation, is the Boltzmann 

constant, T is the carrier temperature, n is the refractive index of the active region and r^p is 

the spontaneous emission factor. The material gain is related to the net modal gain through

9 =  T g m -  ain> (4-19)

where F is the optical confinement factor and is the internal loss. By combining 

equations (4.18) and (4.19) we will get

■,(A) =  C  I S ■ • ^1 -  j j -  ,4.20)

=  C'q(A,AF) -  Uin,

where

^ ^  QnhAPgC^n^C'

From equation (4.20) we see that the net modal gain is a linear function of q(A ,x )  as 

X =  A F . Therefore the quasi-Fermi level separation AF can be extracted as follows. 

Scanning x  within a range the AF is estimated. Then for each value of x  we fit the 

g(A) — q(A)  curve with a line y  =  ax +  d, where g(A') is treated as y  and q{A) is treated as 

X. Next we will be determining AF. The standard deviation D between the vector y  and the 

vector from the linear fitting y ' is calculated for each variation of AF as



The value corresponding to the minimum D gives the quasi-Fermi level separation AF. A fter 

determ ining AF, we can find from the same linear fit the internal loss a[„.

4.2.3. Geometrical spontaneous emission factor calculation

The geometrical spontaneous emission factor Pg is defined as the probability that a 

spontaneously em itted photon is captured by the mode of interest [12], The geometrical 

spontaneous emission factor is a unit less factor. From equation (4.21) in the previous 

section, we can define the geometrical spontaneous emission factor as

where F  is optical confinem ent factor, A is the cross sectional area of quantum  well region, 

C is the coupling coefficient and C' is the coefficient which is extracted from  the linear 

fitting in (4.20). To calculate Pg from  (4.23) we need to know w hat are the optical 

confinem ent factor and the coupling coefficient. The first one can be calculated through 

simulations. The form er can be determ ined using tw o experiments. First, we need to  

measure the total output power of the FP laser using a large area detector. Second, we 

again need to measure the output power of the laser but this tim e by a lensed fiber which 

needs to be coupled to one facet of the FP laser. The ratio of the coupled power to the total 

output power when the laser is driven at high currents above threshold will give the  

coupling coefficient.

4.2.4. Linewidth enhancement factor

The linewidth enhancem ent factor is the ratio between the real index change and the  

imaginary index change when they are affected by the carrier density. From [1] and [16] the  

relationship between the gain and the imaginary index expressed as

r
(4.23)

SnhAC'^c^n^C'

AnUi
g =  ZkoUi =  — p . (4.24)
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It is well known that the gain changes with the change of the injected carrier density due 

to the change of the refractive index at the peak energy. Because the lasing occurs around 

the gain peak, these changes will produce ultra-fast frequency changes of the laser emission 

during relaxation processes. This will increase the spectral linewidth of the laser modes and 

the parameter which describes this enhancement is referred as the linewidth enhancement 

factor a. Using (4.24) the linewidth enhancement factor can be described as follows

where q is used to define the differential gain.

To calculate the a  factor we use the method described in [17] by measuring the ASE 

spectrum at two slightly different currents. From the measured ASE spectra we extract the 

round-trip gain at two different current levels and then calculate the linewidth 

enhancement factor. The round-trip gain of FP laser is calculated using FSE method 

described above and is given as

w h e r e i s  the m-th order Fourier coefficient. Since the round trip gain is obtained, the 

linewidth enhancement factor can be calculated by [17]

where 2 are the longitudinal modes at different currents, bi 2 si's the round-trip gain at 

these different currents, and AA is the mode spacing. X2  — gives the real index change 

and the imaginary index change can be obtained from the net modal gain change which can 

be extracted from the round-trip gain log(b 2 ) — log (b i) .

d n / d N  4 n d n / d N  4n  dn
(4.25)a  =  —

d r i i /d N  A d g / d N  Aq dN'

(4.26)

A2  — 2n
(4.27)a  =  -

log(b 2 ) -  lo g (b i) A/l’
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4.3. Experimental measurements

For the measurements we used a FP laser w ith a typical 2-^m wide ridge waveguide. The 

laser cavity is 590 |im. The microscope image of the FP laser is shown in Fig. 4.3. The active 

region consists of five compressively strained AIGalnAs quantum wells w ith the gain peak 

around 1550 nm. The laser has as-cleaved facets w ithout any reflection coatings, therefore 

the power reflectivity is assumed to be around 30%.

Fig. 4.3 Top view of the Fabry-Perot laser w ith cavity length of 590  nm.

The laser temperature was controlled through a thermoelectric cooler (TEC) and the 

temperature was set at 20°C. First, the laser total output power was measured using a large 

Ge detector. The measured L — I  curve is shown in Fig. 4.4. The threshold current is around 

19 mA with slope efficiency of 0.16 mW/mA. Then an antireflection coated lensed fiber was 

used to measure the output power. This was done to measure the coupling coefficient 

which is around 30 % in this case.
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Fig. 4 .4  Light-current curve (L  — / )  of the total em itted  power and fiber coupled output pow er of the FP laser.

W e measured the ASE spectrum below threshold using the AR coated lensed fiber and an 

Agilent optical spectrum analyzer which has the highest resolution of 0 .06  nm. First, we  

measured the ASE spectrum at an injection current of 18 mA for different OSA resolutions, 

e.g. 0 .06  and 0.1 nm. In Fig. 4.5 the measured ASE spectrum for d ifferent OSA resolution is 

shown. It is clearly seen that when the resolution is decreased from  0.06 nm to 0.1 nm, the  

longitudinal mode peak pow er increased by about 2 dB and the valleys increased up to 2 dB. 

The spacing between the adjacent modes is around 0.85 nm.

-45
 O.OSnm
 O.inm
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Fig. 4.5 M easured ASE spectrum for d ifferent OSA resolution as 0 .06  and 0.1 nm.

The response function of the OSA is found by measuring the spectrum of an external 

tunable laser, in our case we used a HP laser with a spectral linewidth of around 150 kHz. 

This linewidth is much lower than the resolution bandwidth of the OSA which is around 7.5 

GHz at the highest 0 .06 nm resolution. The measured response function is shown in Fig. 4.6.
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Fig. 4 .6 Response functions of the OSA for d ifferent resolution settings of 0.06 and 0.1 nm.

In order to calculate the round-trip gain we need to measure the ASE spectrum of the FP 

laser. W e measured the ASE spectrum for different currents from 16.5 to 19 mA with a step 

of 0.5 mA. A step of 0.5 mA was chosen so that the wavelength shift due to current injection 

will be lower than the mode spacing. The OSA resolution was set to 0.1 nm. In Fig. 4.7 the  

ASE spectrum at 18 mA is shown. The gain peak is around 1550 nm as shown in the figure.

From the measured ASE spectra we calculated the round-trip gain using the FSE m ethod  

described above. In this m ethod we included the response function of the OSA to achieve 

accurate results. In Fig. 4.8 the round-trip gain for different injected current values, e.g. 

from  16.5 to 19 mA is plotted.
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Fig. 4.7 Measured ASE spectrum of FP laser operating at 1550 nm with the OSA resolution bandwidth of 0.1 

nm.
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Fig, 4.8 Extracted round-trip gain with the OSA response function included fo r different injected current 

values.
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Using the extracted round-trip gain and the mirror reflectivity we can then calculate the  

net modal gain by (4.15). Considering that the FP laser has identical mirrors on both sides, 

(4.15) can be w ritten  as

^ ^ l o g W - l o g ( R )  , ^ 28)

The net modal gain and the roundtrip gain are plotted in the same figure as shown in Fig. 

4.9 for different current values.
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Fig. 4.9 Calculated roundtrip gain (top) and net modal gain (below) using the FSE m ethod w ith  the OSA 

response function included at d ifferent injection current values.

As we calculated the round-trip gain and the net modal gain, the next step was to 

calculate the spontaneous emission coupled into the waveguide which is described by 

(4.17). The results are shown in Fig. 4.10. From this figure it is seen that the long wavelength  

side of the spontaneous emission is obtained.
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Fig. 4.10 Calculated spontaneous emission coupled into the waveguide for currents from 16.5 to 19 mA.

Equation (4.20) shows the relationship betw een the gain and the spontaneous emission. 

Based on the calculated spontaneous emission spectrum S, the spectrum o fq (A , A F )a t  

different values of A F can be calculated and then the g (A )  — q(A)  curve is fitted  with a line 

as provided by equation (4.20). The fitting effect is evaluated by standard deviation as 

calculated from  (4.22). Fig. 4.11 shows the standard deviation versus different values of AF  

for the current of 16.5 mA. The energy which corresponds to the m inim um  value of the  

standard deviation gives the estimated quasi-Fermi level separation at a specific current 

injection. For 16.5 mA the quasi-Fermi level separation is 0.816 eV.
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Fig, 4.11 Standard deviation from the linear fit and the original g — q curve versus different values of AF.

At this value of AF,  the g — q curve and the linear fit are shown in Fig. 4.12. A very good 

linear fit has been achieved with the original data as shown in the figure. As m entioned
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above from the intercept of the fitting we can determine the internal loss. The intercept 

from the linear fit gives the internal loss of 17.62 cm '\

Original data 
Linear fit
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-70
-0.00005 0.00000 0.00005

q(>.,AF)

Fig. 4.12 g  -  q curve and the linear fit when AF equals the estim ated quasi-Fermi level separation.

We repeated the measurements above to determine the quasi-Fermi level separation 

and the internal loss for different injection currents. For each injection current we scanned 

the ASE spectrum. The quasi-Fermi level separation and the internal loss for different 

injection currents are shown in Fig. 4.13. The quasi-Fermi level separation increases 

gradually with the injection current up to 19 mA. The internal loss varies around 18 cm‘  ̂for 

all different injected currents.
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Fig,4.13 Extracted quasi-Fermi level separations and internal losses for d ifferent injected current values.

From the linear fitting we extracted the coefficient C which is close to 600 mW^ |am’\  By 

using this coefficient, the geometrical spontaneous emission factor can be calculated 

through equation (4.23). The optical confinement factor F is calculated to be around 5%, so
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each quantum  well containing 1%. The cross-sectional area of the quantum well region is 

2.5 X  0 .00 6  X  5 =  0 .075^m ^. The resulted geometrical spontaneous emission factor is 

shown in Fig. 4.14. The geometrical spontaneous emission factor is dimensionless and it is 

around 0 .000174  for d ifferent injected currents. This value is typical of experim ental values 

for most in-plane lasers [1].
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Fig. 4.14 The geom etrical spontaneous emission factor versus injected current.

The last param eter to extract is the linewidth enhancem ent factor. As we  discussed in 

section 4 .1 .4  we extract the LWEF from  the round-trip gain for tw o slightly different 

injection currents. The linewidth enhancem ent factor is calculated from  the ASE spectra 

recorded at 16.5 and 17 mA using equation (4.27). Fig. 4.15 shows calculated results for two  

different injection currents. The dashed line is the averaged result. For the AIGalnAs 

quantum well system, the LWEF is around 3 at the gain peak.
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Fig. 4 .15 Calculated the linewidth enhancem ent factor for injection currents of 16.5 and 17 mA.
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4.4. Conclusion

In th is  c h a p te r  w e  c h a ra c te riz e d  th e  F a b ry -P e ro t laser w ith  a ca v ity  len g th  o f 5 9 0  jam. For 

c h a ra c te riz a tio n  th e  annplified  s p o n ta n e o u s  em iss io n  s p e c tru m  w as  used w h e n  th e  FP laser  

w as b iased  b e lo w  th re s h o ld  c u rre n t. T h e  F o u rie r series e x p a n s io n  m e th o d  w as  used to  

o b ta in  th e  p a ra m e te rs  such as n e t m o d a l g ain , g e o m e tr ic a l s p o n ta n e o u s  em iss io n  fa c to r , 

q u a s i-F e rm i leve l s e p a ra tio n  an d  lin e w id th  e n h a n c e m e n t fa c to r . T h e  FSE m e th o d  g ives high  

accu racy  m e a s u re m e n ts  o f  th e  in te rn a l loss an d  th e  q u a s i-F e rm i level s e p a ra tio n . This w as  

d o n e  by using d e c o n v o lu tio n  p rocess fro m  th e  re sp o n s e  fu n c tio n  o f th e  m e a s u re m e n t  

system  w h ich  ca lcu la tes  th e  n e t m o d a l gain  w ith  high accu racy  e v e n  if th e  re s o lu tio n  

b a n d w id th  o f th e  m e a s u re m e n t system  is lo w . F ro m  th e  e x p e r im e n ts  w e  c a lc u la te d  th e  

in te rn a l loss o f  th e  FP laser to  be a ro u n d  18  c m ‘\  A n o th e r  im p o r ta n t  p a ra m e te r  w h ic h  is 

e x tra c te d  by th e  FSE m e th o d  is th e  lin e w id th  e n h a n c e m e n t fa c to r  w h ic h  is im p o r ta n t  in 

c h a ra c te riz in g  single m o d e  and  tu n a b le  lasers. T h e  lin e w id th  e n h a n c e m e n t fa c to r  o f th e  FP 

laser in th is  w o rk  is a ro u n d  3 a t 1 5 5 0  n m . T h e  ASE s p e c tru m  is an  im p o r ta n t  to o l in 

e v a lu a tin g  a laser p e rfo rm a n c e . This m e th o d  d es c rib e d  h e re  w ill be u sefu l in 

c h a ra c te r iz a tio n  o f s lo tte d  s ingle m o d e  lasers an d  laser a rra ys  w h ic h  w ill be discussed in th e  

fo llo w in g  ch ap te rs .
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Chapter 5 -  Slotted single-mode lasers

5.1. Introduction to slotted single mode lasers

Single m o d e  s e m i c o n d u c t o r  lasers  a re  key c o m p o n e n t s  in wave length-d iv is ion-  

mul tiplexing (WDM) sys te m s  us ed  in local a r e a  n e t w o r k  (LAN) a n d  in c o h e r e n t  

c o m m u n i c a t i o n  sy s t e m s  b e c a u s e  of  th e i r  s t ab le  single m o d e  o p e r a t i o n  o v e r  a wide 

t e m p e r a t u r e  range.  Dist r ibu ted  f e e d b a c k  (DFB) a n d  d is t r i bu te d  Bragg re flec tor  (DBR) lasers 

ach ie ved  g r e a t  success  in t e r m s  of  g o o d  p e r f o r m a n c e  a n d  reliability. However ,  genera l ly  t h e  

fabrica t ion  of DFB a n d  DBR lasers  re qu i re s  r e g ro w th  of  addi t iona l  mate r ia l  on  t o p  of  t h e  

gra t ings  [1], [2]. This leads  t o  special  r e q u i r e m e n t s  in o r d e r  t o  p re s e rv e  t h e  gra t ing  dur ing  

t h e  re g ro w th  which will c a u s e  co m p le x  fabr ica t ion  a n d  lo we r  yield. Recen t  a d v a n c e s  in dry 

e t ch ing  t e chno lo gy  have  simplified t h e  fabr ica t ion  of  DFB a n d  DBR laser  s t ruc tu re s .  For 

exa mp le ,  lateral ly c o up le d  DFB lasers  [3], [ 4 ]w here  lateral  g ra t ings  a r e  e t c h e d  on  t h e  s ur face  

of  t h e  r idge e n a b le  a r e g ro w th  f r e e  process .  Sur f ace-gra t ing  d i s t r ibu ted  Bragg re f lec tor  (SG- 

DBR) lasers  also n e e d  a single g r o w t h  s t e p  [5]. However ,  t h e s e  t y p e s  of  lasers usual ly n e e d  

e le c t r on  b e a m  (e -bea m )  l i thography  t o  p a t t e r n  t h e  grat ings.  It is well kn o w n  t h a t  e - b e a m  

l i thography  is t i m e  c o n s u m in g  a n d  qu i te  an expens iv e  p ro ces s  in c o m p a r i s o n  fo r  ins tanc e  

wi th  s t a n d a r d  pho to l i t hogr aphy .  So it is des i rab le  to  ha ve  s imple  fabr ica t ion  a n d  high yield.

The re  is a n o t h e r  way  t o  ach ie ve  a single m o d e  laser  w i t h o u t  us ing a r e g r o w t h  process .  

Single m o d e  o p e r a t i o n  can b e  o b t a i n e d  by pos i t ion ing  ref lect ive de fe c ts  ( f ea tures )  or  s lots 

into a con ve nt io na l  Fabry-Pero t  (FP) laser  cavity [6]. T he se  d e f e c ts  m a n i p u l a t e  t h e  FP cavity 

mir ror  loss s p e c t r u m  by e n h a n c i n g  o n e  FP m o d e  a n d  s u pp res s i ng  t h e  o t h e r s  a n d  t h e r e f o r e  

single m o d e  emiss ion  can be  ach i ev ed  [7]. The  a u t h o r s  call t h e m  d isc re te  m o d e  (DM) lasers.  

The  s c h e m a t i c  of  such  a laser  is s h o w n  in Fig. 5.1. The  r e s e a r c h e r s  a ch ie ved  g o o d  single 

m o d e  o p e r a t i o n  wi th  high side m o d e  s u p p r e s s io n  rat io (SMSR) m o r e  t h a n  40  dB a n d  n a r r o w  

l inewidth [8], [9]. But t h e s e  t y p e s  of  lasers  c a n n o t  be  monol i thica l ly i n te g r a te d  wi th o t h e r  

ph o to n ic  c o m p o n e n t s  b e c a u s e  of  t h e  n e e d  to  c leave  b o th  fa ce ts  t o  fo rm  t h e  mir rors  for  t h e  

f u n d a m e n t a l  FP cavity. Th e re fo re ,  t o  be  i n d e p e n d e n t  o f  c leavage  of  b o t h  f ace ts  it is possible  

t o  e tc h  mul t iple  d i s t r i bu ted  slots into t h e  ridge t o  ob ta in  suf ficient  ref lec t ion fo r  lasing.
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These are what we call slotted single mode lasers. The slots act as a distributed m irror and 

produce modulation of the reflection and transmission spectra which will be dependent on 

slot parameters such as slot w idth, depth, spacing and number. For this, the slot parameters  

should be optim ized which will be discussed in section 5.2.1. In this case there is no need to 

cleave both facets, hence such a laser can be monolithically integrated with other photonic 

components. This will be dem onstrated in section 5.3.3. In this chapter, we will discuss the  

design and fabrication of slotted single mode lasers. Afterwards, the basic characterization  

of laser diodes and detailed linewidth characterization will be presented.

Cleaved facet

Cleaved facet

Multiple quantum  
w/ell structure

Fig. 5 .1  S chem atic  v ie w  o f d iscrete  m o d e (D M ) laser. D M  lasers have m any  slots in th e ir  s tru c tu re . The  

schem atic  is a s im plified  version.
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5.2. Design and fabrication

5.2.1. Numerical simulations

The sc hem a t ic  s t ru c tu re  of  s lo t te d  single m o d e  laser  is s h o w n  in Fig. 5.2.  The  laser  has  a 2 

| im wide  ridge. The act ive  layer  consis t s  of  five AIGalnAs q u a n t u m  wells with a 

p h o t o l u m i n e s c e n c e  (PL) p e a k  n e a r  1530  nm.  O n e  s ide of  t h e  laser  has  un i formly  d i s t r ibu ted  

mul t iple slots which ac t  as  a Bragg re f lec tor  of  t h e  laser. The  o t h e r  s ide consis t s  o f  a s t ra ight  

w a v e g u id e  and  t o  have  e n o u g h  ref lect ion,  t h e  back s ide of  t h e  laser  m u s t  be  c leaved.  The 

f ron t  s ide of t h e  laser  is curved  t o  7 d e g r e e s  f rom  t h e  n or m a l  of  t h e  c leaved  face t ,  which  

re d u c e s  any  ref lect ion back f ro m  t h e  face t ,  h e n c e  it r e m o v e s  t h e  in f luence  of  t h e  FP cavity 

a n d  as w e  will s ee  la te r  m a k e s  t h e  laser  in te gra b le  wi th  o t h e r  p h o to n ic  devices .  To minimize  

t h e  th r e s h o ld  c u r r e n t  a n d  inc rease  o u t p u t  p o w e r  an ti - re f lec t ion  (AR) a n d  h igh- re flec t ion  

(HR) c oa t ings  should  be  appl ied  t o  th e  f ron t  a n d  back  face ts ,  respect ive ly .

T

Slots

The ridge

.IGalnAsQWs

InPBack face t

Ridge he ig h t dp

Reflection
InP S u b s tra te

Transnnission

Fig. 5.2 Top: 3-D sc h e m a t ic  s t r u c tu r e  of single m o d e  s lo t te d  laser. B o t tom : Simplified 2-D w a v eg u id e  s t ru c tu re ,  

w h e r e  d j  is t h e  slot w id th ,  is t h e  s lo t spac ing  a n d  dp is t h e  s lo t per iod .
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The laser reflection is d e p e n d e n t  on slot reflectivity, so the  slot par am et er s  such as slot 

width,  depth ,  period and n um ber  which are  depicted in the  bo t tom  of Fig. 5.2 should be 

optimized.  To achieve this we used the  2D scattering matrix met hod  (SMM) [10] described 

in Chapter  3. For generali ty,  a multiple slot s t ructure  was chosen and the  s t ructure was 

broken down into N uniform sections.  Then 2D SMM m e th o d  was  used to  calculate 

reflection and t ransmission of a group of slots. Initially 20 slots we re  taken with uniform 

period to  analyze how th e  slot width and spacing will affect  the  reflection and transmission.  

Three slot dep ths  of 1.0 ^m,  1.35 nm and 1.6 | im from shallow to  deep  w e re  considered.  In 

t h e  simulation th e  slot width and slot spacing are  def ined as

< B . l )An.

_  {2q +  l ) A s  

“  “  4 n .  ' * ’* 'W

w here  p  and q are  integers,  Ag is Bragg wavelength ,  Ug and are  effective index of slot 

region and waveguide  region. The Bragg wavelength was  se t  to  1550 nm. We defined the  

slot width to  be around 1 | im which makes it suitable for s t andard  photol i thography for 

pat terning th e  slots. By defining slot width and slot dep th  we  calculated ampl i tude 

reflection which is given in Fig. 5.3. The red color shows high reflection peaks and the  blue 

color shows low reflection peaks. The idea is to find high reflection peaks as a function of 

slot width and spacing for different slot depths .  The con tour  plot shows that  slot width and 

spacing have a s trong effect  on the  reflection. It is seen th a t  when  slot width is around 1.1 

Jim th e re  are  high reflection peaks  for all th r e e  di fferent  depths .  The d ee p e r  slots need a 

larger spacing to maximize th e  reflection and for example  for a slot dep th  1.35 nm with slot 

width 1.1 | im the  slot spacing will be around  7.87 pm which makes  t h e  slot section act  as a 

very high o rder  surface grating (37^^ order).  The grating orde r  m  was calculated by:

i - e f f
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where dp is the slot period which is depicted in Fig. 5.2 and it is set to be 8 .95 nm in our 

design, r ig f f  is the average effective refractive index in the waveguide structure which is 3.2.

0.5

0.4

0.3

0.2

0.1 

6

slots w ith the slot

The next step was to  determ ine the slot number. It is obvious that by increasing the slot 

num ber a high reflection can be achieved but the transmission will decrease due to the  

losses from each slot. Because we are dealing w ith high-order gratings (37*'  ̂ order), a 

radiation loss occurs. W hen a guided wave propagates through the grating structure, there  

will exist a coupling betw een propagating guided wave and an exact the same 

contradirectional wave. If the mark and period of the gratings are equal, then the coupling 

between these tw o waves will be strong. However, if the mark and period of the gratings 

will be unequal (high-order gratings), the propagating guided waves will interact with  

nonguided waves, which som ewhat radiate away. It will lead to a radiation loss of the  

guided waves. So there will be a tradeoff between getting enough reflection and having a 

good transmission. In Fig. 5.4 the calculated am plitude reflection and transmission of the 

group of slots versus the slot num ber is shown. The reflection for deep slots saturates with  

slot number increase because of the large scattering loss. So for slot depth 1.6 nm the  

reflection saturates when the slot num ber is 10 but the transmission continuous to drop 

while slot num ber increases. For shallow slots, i.e the slot depth of 1.0 pim, the reflection is 

weak hence a large num ber of slots is needed to provide enough reflection for lasing. This 

will lead to a long laser cavity which results in high threshold. For the slot depth of 1.35 |im.

10

o 8
o
E

56

0.08

.6 1.1 1.6 
d (micron)

(b) (c)

Fig. 5.3 Contour plot of simulated am plitude reflection versus slot w idth  and spacing for 20 

depth of (a) 1.0, (b) 1.35, (c) 1.6 um.
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24 slots give an am plitude reflection of around 0.43 and a transnnission of 0 .4  as shown in 

Fig. 5.4.

0.45
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0.5

0.40.00

Slot Number

Fig. 5.4 Calculated amplitude reflection and transmission as a function of slot number for slot depth of 1.35 

|im.

To achieve good single m ode operation with high SMSR it is also required to have 

relatively narrow reflection spectrum. In Fig. 5.5 the 3-dB bandwidth of the reflection 

spectrum as a function of slot num ber for different slot depths is shown. It is clearly seen 

that for a slot depth of 1.6 nm the reflection spectrum is broad and is around 4 nm. This will 

lead to a poor SMSR. For a slot depth of 1.35 |im  and when the slot num ber is betw een 20 

and 30, the reflection bandwidth is below 3 nm which will cover tw o to three longitudinal 

modes of a standard FP laser w ith cavity length around 300 |im.

T3

3

50 70 9010 30
Slot number

Fig. 5.5 Calculated bandwidth of reflection peaks from a group of slots with the slot depth 1.0, 1.35 and 1.6 nm 

versus the slot number.
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By tak in g  in to  ac c o u n t  th e  analysis a b o ve ,  th e  slots a re  o p t im iz e d  w/ith slot n u m b e r  o f  2 4  

an d  slot d e p th  o f  1 .3 5  p m .  This o p t im iz a t io n  gives high en o u g h  re f le c t io n  an d  n a r r o w  

re f le c t io n  b a n d w id th  w h i le  also resu lt ing  in a sh o rt  cav ity  length  w h ich  leads to  a lo w e r  laser  

th res h o ld .

5.2.2. Fabrication process

T h e  ep itax ia l  s t ru c tu re  o f  th e  laser is based  o n  a s ta n d ard  1 5 5 0  n m  LD design. W e  used  

s ta n d a rd  c o m m e rc ia l  w a f e r  (IQE Ltd, UK). T h e  ac t ive  reg ion  o f  th e  laser consists o f  f ive  

AIG alnA s q u a n tu m  w el ls  w i th  p h o to lu m in e s c e n c e  p e a k  (PL) c e n te re d  a t  1 5 3 0  n m .  A b o v e  it 

a re  a 1 .6  n m - th ic k  p -d o p e d  InP layer, a 5 0  n m - th ic k  p -d o p e d  InGaAsP layer, an d  a 2 0 0  n m -  

th ick  InGaAs c o n tac t  layer. T h e  fu ll  w a f e r  stack lay er  o f  th e  m a te r ia l  is g iven  in T a b le  5 .1 .

Laytr Material Group Repeat Mole Fraction |x)|Mole Fraction (y| Strain (ppmj PL (nm) ThIckneu (|im) Dopant Type CV Level (cm-’)
16 Galn(x)As 0530 0 02000 Zmc P >150E19
15 Cjaln(«»Ayy|P 0710 0 620 0 1300 *;50 00500 Zinc P >300E18
H InP 1 01000 Zinc P >150EI8
13 InP ! 1 5000 Zinc P = 100E18
12 Galn(x)As<ylP 0850 0 330 0 1I00+/-2O 0 0200 Zinc P = 100E18
11 InP 00500 Zinc P = 700E17
10 |Al(*)Ga]ln(y>te 0900 0 530 0 00600 Zmc P :400E17
9 |Ai(x)Gailn(y)As 0 720to0900 0 530 0 00600 Undoped U®
8 IAI(x)Galln(y>te 0440 0490 3000 1100 ♦/■20 00100 Undoped U(0
7 lAI(x)GaIln(y>\s 1 5 0 240 0 710 12000 1530 00060 Undcped U/D
6 |AI(x)Ga?n(y)As 1 5 0440 0490 3000 1I00+/20 00100 Undoped U/D
5 |Al(x)Ga)ln<y^ 0 9001O0720 0 530 0 00600 Undoped U/0
4 |AI(x)Ga»n(y)As 09C0 0 530 0 00600 Sdlcon N = 100E18
3 |AI(x)Ga]ln(y^ 0 86C1O0900 0530 0 00100 Silicon N :100E18
2 InP 05000 Silicon N = 100E18
1 InP 03000 Slicon N :300E18

SUBSTRATE

Table 5.1 The w afer structure specifications of a standard 1550 nm LD design.

For th e  f i rs t  fa b r ic a t io n  run  e - b e a m  l i th o g ra p h y  w as  used  to  p a t te rn  th e  slots. T h e n  t w o  

steps o f  in d u ct ive ly  c o u p le d  p lasm a (ICP) b ased  d ry  e tc h in g  w ith  CI2/ N 2 gas c o m b in a t io n  

w e r e  used t o  fo r m  th e  r idge and  th e  slots as sh o w n  in Fig. 5 .6 .
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Slot patterning 
(e-beam lithography)

Fig. 5.6 Schematic of fabrication process.

First a silicon nitride (SiN) layer was deposited using a plasma enhanced chemical vapor 

deposition process (PECVD). Then slots and the alignment marks were defined using e-beam  

lithography. A fter the SiN layer was etched using hard dry etch process, a silicon dioxide 

(SiOa) was deposited to protect the slot area during the dry etching process. The next step 

was an ICP dry etching process. First the target etch depth was 0.5 nm (+ /-30  nm) to form  

the ridge and the slots. Then the SiOi layer was selectively removed to start the second dry 

etching process to etch the ridge. The ridge was etched to a depth of 1.85 jam (+ /-3 0  nm). 

The slot was about 0.5 nm shallower than the ridge as was determ ined by this tw o  step dry 

etching process. A fter completing the dry etching process, the ridge was passivated by 

depositing an Si02 contact layer by PECVD. Then, the ridge was p-m etal deposited and the  

metal was lift off. Finally, the laser bars were cleaved and m ounted on carriers. The 

microscope images of the slotted lasers are shown in Fig. 5.7. The image on left hand side of 

Fig. 5.7 is a laser bar with 7 lasers in it. The last laser is a Fabry-Perot laser. The lasers are 

m ounted on a Si carrier. The image on right hand side of Fig. 5.7 represents a single laser.
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Slotted single m ode lasers 

Fig. 5 .7  Left: Th e  im age o f a laser bar. Right: Th e im age  o f a single laser.

In Fig. 5 .8  (le ft) and (right) are depicted  SEM im ages o f fab ricated  devices w ith  the  ridge 

and single slot, respectively. There  are som e issues w ith  fabrication  as show n in these  

im ages. There  is som e residue le ft on InP walls beside th e  slots w hich m ight a ffec t to  th e  

loss fro m  the slots. H ow ever, the  fo u r corners o f etched  slot are quite  sharp as show n in Fig. 

5 .8  (right).

Fig. 5 .8  SEM im age o f (le ft) ridge and group o f slots; (r ig h t) a single slot.

W e  designed lasers w ith  d iffe re n t cavity length, i.e. 5 50 , 6 5 0  and 750  nm  fo r deta iled  

characteriza tion . So fo r th e  6 5 0  |im  laser, th e  laser consists o f a long section w ith o u t slots 

w hich is 235  pim, th e  215 |im  slotted section and th e  2 0 0  |im  long curved and angled fro n t 

section. The p enetra tion  length o f th e  laser is defined  through:

L p e n  =  ( N -  l ) d p / 2 ,  (5 .4 )
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is a slot n u m b er  which is 24, dp is a slot period which is in our case 8.96 |jm. From this we 

defined a pene tra t ion  length to  be 103 |im. The pene tra t ion  length is n e e d e d  to  find out 

w hat is th e  effective cavity length of our laser. The effective cavity length is th e  length 

w ithout slots plus pene tra t ion  length and this is show n in Fig. 5.9. From th e  above 

calculations, th e  effective length, Lgf f  is around  340 nm  for a laser with to tal cavity length 

of 650 |im. Therefore th e  bandw idth  of th e  reflection peak covers 3 longitudinal m odes  of 

th e  laser to  obtain single m ode  operation.

u
Reflection

L tff

InP Substrate

Fig. 5.9  2D schem atic  of the  w aveguide  with slots.

5.3. Basic characterization

5.3.1. Power-current and current-voltage characteristics

The fabricated lasers w ere  te s ted  under  continuous wave (CW) opera t ion  a t room 

tem p e ra tu re .  The m easu rem en t  se tup  to  m easu re  pow er-cu rren t  (L — / )  and  voltage- 

curren t (V — / )  curves is shown in Fig. 5.10.
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Fig. 5.10 Experimental setup for laser characterization.

The slotted laser is placed on a copper heat sink and the temperature of the chip was 

controlled by a thermoelectric cooling (TEC) controller. The temperature was set to 25°C. 

The slotted laser was driven by a Keithley 2400-C current source meter. Then the light was 

coupled to an antireflection coated lensed fiber. The lensed fiber has a focal spot which has 

a Gaussian profile and has a diameter (1/e^) of 5 |jm. Afterwards, the light was split into two 

paths by a beam splitter. 90% goes to an optical spectrum analyzer (OSA) to analyze the 

spectrum of the laser. The OSA resolution was set at 0.06 nm with sensitivity of -80 dBm. 

10% of the light goes to a photodetector to monitor the coupling power. Finally, the data 

was collected by Lab View software.

The most common characteristics of the laser diode is the (L — I )  curve to determine the 

laser total output power and threshold current. To measure the total output power we used 

a calibrated large area (5 mm x  5 mm) Ge detector. First as-cleaved lasers or in other words 

lasers without coating were measured. The total cavity length is 650 |im and the slot width 

is 0.9 |im in the first laser. The measured L — I  and V — I  curves are shown in Fig. 5.11. The 

laser exhibits a threshold current (Ith) of about 32 mA corresponding to threshold current 

density (Jth) of 2.5 kA/cm^. The output power of the laser was 8 mW at 100 mA 

corresponding to slope efficiency of around 0.12 mW/mA. The voltage drop is around 1.5 V 

at 100 mA.
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Fig. 5.11 Measured light-current (L — I )  and current-voltage {V — I )  curves at 25°C under CW condition.

To achieve better performance in terms of threshold current and output power, high 

reflection (HR) and antireflection (AR) coated films were applied to the back and front 

facets, respectively. In Fig. 5.12 the L — I  curve for the laser with coatings is depicted. As 

seen in the graph, the threshold current decreased to 19 mA and output power at 100 mA 

increased up to almost 15 mW. The slope efficiency is around 0.17 mW/mA. It is clear that 

reflection coatings improve the performance. However, for comparison the L — I  curve of 

Fabry-Perot laser (dots), which was fabricated on the same chip is plotted in the same 

figure. The threshold current of FP laser is around 22 mA. The slope efficiency of the slotted 

laser is reduced to around half of the FP laser. This was due to the loss caused by the etched 

slots. By measuring the amplified spontaneous emission (ASE) of the FP laser we calculated 

the net modal gain spectrum by the Fourier series expansion (FSE) method [11] which is 

given in Chapter 4. From the calculations we found the internal loss to be 22 c m '\ Also 

some fabrication issues mentioned in section 5.2.2 caused the reduction in slope efficiency.
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Current (mA)

Fig. 5.12 M easured L — I curves for HR and AR coated slotted laser (solid line) and FP laser fabricated on the  

same chip (dotted line).

The L — I  curve of laser diodes is usually linear, however, there can occur some 

nonlinearities or kinks due to the parasitic series resistance, current leakage or overheating 

of the material gain. To find this, derivatives of L — /  and V — I  curves can be used. Fig. 5.13 

(left) shows L — I  curve and its derivative cLL/dl  curve as a function of injection current for 

a slotted laser with AR and HR coatings. From the figure we don't see any major kinks and 

d L / d l  curve remains stable above threshold regime. However, there is a slight decrease at 

high currents but it is because of excessive heat generation. In Fig. 5.14 (right) the V — I 

curve and I d V / d l  curve as a function of injection current is shown. This derivative 

determines the series resistance of a laser diode. In other words, it shows the quality of a 

metal contact of a laser diode. In our case the resistance is around 9.5 Ohms. Also, from 

I d V / d l  curve we can define a threshold current. In the Fig. 5.13 (right) we see a kink at 

injection current of 19 mA. This kink shows the threshold current of the slotted laser.
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Fig. 5 .13 (left) M easured L — I  curve and d L / d l  curve vs. injection current, for HR and AR coated slotted laser, 

(right) M easured V — I  curve and I d V  j d l  curve vs. injection current for the same laser.

5.3.2. Spectral characteristics

To measure the output spectrum of the laser we used an Agilent 86140B optical 

spectrum analyzer with resolution of 0.06 nm and sensitivity of -80 dBm. Fig. 5.14 shows 

lasing wavelength for the slotted laser w ith HR and AR coatings. The peak is around 1550 
nm at 38 mA which is tw ice of threshold current (lth~19 mA). The side mode suppression 

ratio (SMSR) is around 51 dB at this current value.

Laser current at 38mA
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Fig. 5.14 M easured output spectrum of slotted laser w ith  HR and AR coatings at 38 mA.
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From the measured spectrum we can define what the effective cavity length of the laser. 

The effective cavity length can be expressed through equation:

=  2^ '

w here AA is mode spacing, Ag is PL peak, Ug is a group refractive index of an active 

waveguide. Fig. 5.15 shows mode spacing of the laser which is around 1.2 nm. The laser 

peak is 1549.24 nm. By applying these numbers to the equation above, we found the  

effective cavity length, to be around 315 ^m.
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Fig. 5.15 M ode spacing of slotted laser at 38 mA.

One of the im portant laser characteristics is the tunability of the laser. There are tw o  

parameters which cause the center wavelength of the laser to  shift. They are the drive 

current and tem perature change. The form er one is often used for wavelength tuning of 

single mode lasers. Changes in tem perature affect the bandgap of the semiconductor laser 

hence the peak wavelength of the gain will be affected as well. To check the tunability of 

our laser we changed the tem perature of the chip using the TEC. Fig 5.16 (left) shows the  

laser output spectrum over a tem perature range from  10 to 50°C. The laser current was set 

at 130 mA to increase the SMSR. From the figure it is seen tha t the laser can work over a 

wide tem perature range w ithout mode hopping and stable single mode operation with  

SMSR more than 50 dB. The laser wavelength can be tuned over 4 nm in a 40°C tem perature
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variation as shown in Fig. 5.16 (right). Also in the figure we see linear behavior with tuning 

range of around 0.1 nm /°C which is typical for telecom lasers.
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Fig. 5.16 (left) Measured output spectrum of slotted laser at 130 mA over a temperature range from 10 to 

50°C. (right) Wavelength tuning versus temperature change of the laser.

5.3.3. Slot width characterization

The fabrication tolerances of the slot param eters are simulated in [12]. From the 

simulations it was found that slot depth has a large influence on reflection and hence on 

threshold current and output pow er of the laser. To overcome this problem a proper 

etching stop layer should be included during the fabrication to control the slot depth. The 

proper etching stop layer includes a combination of dry etching and w et etching processes. 

This is not present in the IQE standard material that we use. Another slot param eter which 

can be caused by fabrication inaccuracy is slot w idth. For the simulations d ifferent slot w idth  

were considered with variation of ± 0 .1  |am. From the simulations a variation of slot width  

(± 0 .1  |im ) doesn't affect to the threshold current as shown in Fig. 5 .17.
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Fig. 5.17 Simulated threshold current versus slot w idth.

To check this, the lasers with different slot w/idth were fabricated, e.g. 0.9, 1.0, 1.1, 1.2 

and 1.3 urn. The lasers have the sanne effective cavity length, Lg^f of around 350 urn. Other 

slot parameters such as slot depth, period and number are the same as well. As predicted 

from the simulations, the slot width doesn't affect the laser threshold current as shown in 

Fig. 5.18. The threshold current for all lasers remains around 32 mA. However, the slope 

efficiency changes a lot. This is because the reflection changes with the slot width as it was 

demonstrated from the simulations in Fig. 5.3 which affects the power. Therefore, it will 

lead to a big change in the slope efficiency even though, the threshold doesn't change 

much.
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Fig. 5 .18 (left) Measured L-l curves for lasers w ith  d ifferent slot w idth from  0.9 to  1.3 |im . (right) Threshold  

current as a function of slot w idth.

From the experiments it was found that the slot width doesn't affect to the spectrum of 

the laser either. The lasers were driven at 100 mA at room temperature. The results are 

shown in Fig. 5.19. The figure shows laser peak and the SMSR as function of slot width. It is
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clearly seen that the laser wavelength peak doesn't change at all and remains around 1546  

nm. The SMSR also doesn't change and for all lasers the SMSR is around 50 dB at 100 mA. 

This means that lasers exhibit stable single mode operation.
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Fig. 5.19 W avelength peak and SMSR as function of slot w idth.

The characterization presented above shows that these lasers can be fabricated by a 

standard photolithography process to pattern the slots. This will be advantageous in term s  

of tim e, ease of fabrication and cost.

5.3.4. Monolithically integration of slotted laser with SOA and 
EA modulator

T h e  ability to integrate semiconductor lasers with other photonics components in one 

chip is a crucial advantage in terms of size, packaging and cost. In addition, integration of 

semiconductor lasers and other photonic components on the same chip reduces high fiber- 

to-fiber coupling losses which occur in discrete components. In the slotted lasers one facet 

is not cleaved and hence it is possible to integrate it w ith amplifiers and modulators. W e  

dem onstrated that by monolithically integrating the slotted laser w ith a semiconductor 

optical am plifier (SOA). It was done also to  boost the output power due to the losses from  

the slots discussed above. In Fig. 5.20 the schematic structure of the laser integrated with  

the SOA is shown. The laser structure is the same as in section 5.2.1. The SOA is angled to 7° 

from  the normal of the facet to  elim inate any back reflection. The length of the SOA section
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is around 190 jam. An isolation slot is added to electrically isolate the SOA section from  the  

laser section to reduce the threshold current while increasing output power. Finally, an AR 

coated film was applied to the front section.

Fig. 5 .20 The schematic structure of the laser integrated w ith  an SOA on the same chip.

To measure the total output power from  the laser we kept the laser current at a constant 

value of 130 mA and changed the SOA current as dem onstrated in Fig. 5 .21. The output 

power was more than 45 m W  at an SOA current injection of 70 mA which means the total 

current injection into the system is 200 mA in this case.
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Fig. 5 ,21 The laser output power as a function of SOA current.
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The SOA didn't influence the spectrum of the laser. As it was designed the SOA should 

only increase the output power and not affect to the lasing wavelength. This is achieved due 

to  applied AR coating in the end of the SOA which suppresses the cavity resonances. 

Essentially, an SOA is a laser diode with a Fabry-Perot type cavity where amplification is 

achieved by electrically pumping the active region. However, to get only the amplification  

the FP resonances must be suppressed to remove the laser effect and usually it is done by 

applying AR coating to  the end of the facet.

In Fig. 5 .22, the laser spectra for the SOA unbiased and biased at 50 mA current is shown. 

It is seen that the SOA doesn't affect to the laser wavelength but only changes the  

am plitude of the spectrum. There is a small change in the wavelength (~ 0 .1 5  nm) which is 

caused due to tem perature rise when SOA is turned on. W e also see no clear FP resonance 

ripples in the laser spectrum when SOA is biased which proves that the angled output with  

the AR coating is efficient to reduce the reflection from  the facet.
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Fig. 5.22 M easured output spectrum of the slotted laser w ith  SOA unbiased and biased at 50 mA. The laser 

current was set at 130 mA.

The tem perature tuning of the laser with SOA turned on was also recorded as shown in 

Fig. 5 .23. The laser current was set as previous at 130 mA, the SOA was set at 50 mA and the  

tem perature  of the chip was changed from  to 10 to 50°C. Again the laser shows stable single 

mode operation w ithout mode hops with a slight wavelength shift of 0.15 nm due to the  

tem perature  rise when SOA is biased.

88



10 

0

^ -10 CQ 
■ O  

| - 2 0

1 -3 0

O.-40

°  -50

-60
1545 1550 1555 1560

Wavelength (nm)

Fig. 5.23 M easured output spectrum of the slotted laser over a tem peratu re  range from  10 to  50°C w ith  SOA 

biased at 50 mA.

The electro-absorption (EA) m odulator is a semiconductor device to control the laser 

intensity by applying an electric voltage. The main advantages of EA m odulator are low  

voltage operation, high bandwidth, less wavelength chirp and easy integration with CW  

lasers. A lot of work in different types of integration schemes such as Butt-joint etching [13], 

selective area growth (SAG) [14] and nonplanar epitaxy [15] have been published, however 

such methods need complicated growth process and fabrication. In term s of simple 

fabrication and low cost, the identical active layer (lAL) [16], [17] m ethod can be used to 

monolithically integrate a CW laser with an EA m odulator. Its principle is based on the  

quantum confined Stark effect (QCSE) which was given in Section 2.3.2. In QCSE the  

quantum well is placed between a reverse biased pn-junction, so that the applied electric 

field influences the refractive index [16]. In this m ethod the laser and m odulator will have 

the same quantum  well active region.

The schematic structure of the slotted single mode laser integrated with an EA m odulator 

is shown in Fig. 5.24. The epitaxial structure of the laser is the same as was m entioned  

above in section 5.2.1. The slotted laser and EA have the same quantum well layer which 

consists of AIGalnAs m ultiple quantum  wells. The laser length is around 600 pm and EA 

length is around 200 pm. An angled (10°) deep etched slot was introduced between the  

laser and m odulator for the electrical isolation. The typical isolation resistance was 

measured to  be around 100 kQ. The microscope image of the real device is shown in Fig. 

5.25.
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Fig. 5 .2 4  Th e  schem atic  im age o f s lo tted  laser m o n o lith ica lly  in te g ra te d  w ith  EA m o d u la to r.

Fig. 5.25 Microscope image of slotted laser integrated w ith  electro absorption (EA) m odulator.

For integration with the EA m odulator, the laser wavelength needs to be red shifted from  

the gain peak. To obtain this the slot param eters should be optimized. For a group of slots 

with uniform slot period of 9 pim, the calculated free spectral range is about 37 nm which 

means there are three reflection peaks in the wavelength range betw een 1500 and 1600 nm  

as shown in Fig. 5.26. W e need to suppress the side peaks to shift the laser wavelength to  

the longer wavelength. To obtain this we introduced three d ifferent slot periods (8.5, 9.9, 

11.4 nm) as shown in Fig. 5 .26 (left), where nearly no overlap between the side peaks exists. 

Fig. 5 .26 (right) shows the calculated reflection spectrum from  such a group of slots, where  

the central reflection peak dominates and side modes are suppressed.
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Fig. 5.26 (left) Calculated reflection spectrum from  group of 24 slots w ith  the  slot periods of 8.5, 9.9 and 11.4 

|im . (right) w ith three above slot periods.

Fig. 5.27 shows the calculated reflection spectrum with the gain under a current density 

of 2300 A/cm^. It is seen that at longer wavelength, the gain is lower which results in low 

reflection hence in a higher threshold. For the trade-off between low threshold and high 

extinction ratio of the EA modulator, the laser wavelength is designed to be around 1570 

nm.
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Fig. 5.27 Calculated red shift reflection spectrum.

First, the output spectrum from the EA modulator facet was measured which is shown in 

Fig. 5.28. The laser current was set at 100 mA and the modulation voltage was set to 0 V. 

From the figure it is seen that stable single mode emission with a lasing wavelength at 1569
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nm which is around 20 nm of a red shift from  the gain peal<. The SMSR is over 50 dB at 100 

mA of injection current.
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Fig, 5.28 M easured output spectrum from  the EA facet at 0 V.

Fig. 5.29 shows the spectrum from  EA facet for various EA m odulator reverse bias 

voltage. There is no peak change for different reverse bias voltages which is good. The SMSR 

remains over 50 dB at 200 mA of laser injection current.
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Fig, 5,29 M easured output spectrum for d ifferent EA reverse bias voltage. Laser diode set at 200 mA,

The normalized output power versus reverse bias of EA m odulator is shown in Fig. 5.30. 

An extinction ratio of around 10 dB was obtained when the m odulator bias was -2.2 V. A 20 

dB extinction would be required from  a commercial device, so there is still more work to be 

done on the integrated laser-EA modulator.
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Fig. 5 .30  The normalized output power versus the reverse bias of EA modulator.

5.4. Linewidth measurements

5.4.1. Free space setup

There are d ifferent methods to measure laser linewidth such as homodyne, heterodyne  

and delayed self-heterodyne methods. For the linewidth characterization of the slotted 

lasers the delayed self-heterodyne (DS-H) m ethod was used [18]. The advantage of this 

technique is there is no need to use a reference laser (local oscillator) in comparison with  

heterodyne methods. Instead of this a large optical delay is needed. The experim ental setup 

of the DS-H m ethod is depicted in Fig. 5.31.
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Fig. 5 .31 Delayed self-heterodyne technique for linewidth characterization.

The concept of this technique is that light from  the laser is split into tw o paths. One part 

goes through a 12 km long optical fiber which corresponds to 60 ^s optical delay. Another 

part passes through a phase m odulator to shift the signal to 2 GHz to see the whole 

spectrum. Polarization controllers maintain the beam polarization. Then the tw o combined 

beams are sent to a fast photodetector and the linewidth spectrum is recorded by an 

electrical spectrum analyzer (ESA). The optical delay serves as a local oscillator in 

heterodyne detection, making the tw o combined beams appear as they were from  two  

separate sources. The fast photodetector detects the mixed optical signal and converts it to 

an electrical signal which is recorded by the ESA. If the optical delay tim e is larger than the  

coherence tim e of the  laser, then the spectrum detected by the ESA will be the spectrum of 

the laser, but at low er frequencies. Therefore, we use a phase m odulator to shift the signal 

to higher frequencies to increase the  m easurem ent accuracy. Because we are dealing with  

unpackaged devices it is very im portant to  have sufficiently high isolation to avoid any back 

reflections to  the laser cavity. For this we added to the DS-H setup tw o antireflection coated 

collimation lenses and a 60 dB optical isolator to minimize any back reflection.
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5.4.2. Linewidth characterization

For the linewidth characterization a laser with cavity length of 750 urn was used. The 

effective cavity length of this laser is around 450 jam. From Fig. 5.31 the threshold current is 

around 31 mA and the side mode suppression ratio is around 50 dB at 64 mA which is twice 

the threshold current.
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Fig. 5.32 (left) L — /  — F curve for slotted w ith  effective cavity length of 450 nm. (right) O utput spectrum of 

slotted laser at 64 mA.

Fig. 5.33 shows the electrical spectrum of slotted laser at 130 mA recorded by electrical 

spectrum analyzer (ESA). The resolution bandwidth of the ESA was set at 30 kHz. Blue dots 

represent original data and red line is Voigt fitting which is a convolution of Lorentz and 

Gaussian profiles [20]. The spectrum is well fitted with a Voigt function. The Lorentzian or 

intrinsic linewidth of the laser is found to be around 840 kHz at 130 mA.
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The basic linewidth characterization is the linewidth dependence on output pow/er. The 

well known Schawlow-Townes formula modified by Henry [19], expresses the linewidth as 

being inversely proportional to output power. In Fig. 5 .34 this behavior was verified; the 

linewidth of slotted laser was measured between 60 to 180 mA using an ultra low noise 

current source at room tem perature. It is clearly seen that a dramatic decrease of linewidth  

occurs by increasing the num ber of carriers injected into the system. The blue dots 

represent the intrinsic linewidth of the laser and red dots correspond to the full w idth at 

half maximum (FW H M ). The lowest intrinsic linewidth of the laser is around 720 kHz at 170 

mA. As found in [20], a Gaussian profile comes from  the technical noise and as seen in the  

figure at high currents the Gaussian contribution is greater than the intrinsic Lorentzian 

linewidth, hence the total linewidth or FW HM  gets larger again at high currents.
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Fig. 5 .3 4  Lorentzian  lin ew id th  and F W H M  as a fu n c tio n  o f in jec tion  cu rren t.
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Fig. 5.35 shows conventional linewidth dependence on inverse output power which was 

obtained by converting input current to output power using Fig. 5.32 (left) shown above.
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Fig. 5.35 Linewidth dependence on inverse output power.

The linewidth dependence on temperature was also measured. The laser was set at 130 

mA and the laser chip temperature was changed using TEC. The TEC temperature was 

changed from 10 to 70°C. Fig. 5.36 shows the Lorentzian linewidth as a function of 

temperature. Results show that temperature has a negligible influence on linewidth within 

temperature range from 10 to 60°C and remains around 1 MHz. However, at higher 

temperatures, the laser power drops and affects the laser linewidth. So for 70°C the laser 

linewidth broadens up to 2 MHz. Moreover, because the measurements were done with 

unpackaged devices at high temperature this leads to poor heat dissipation which in turn 

gives rise to increased spontaneous emission and to broadening of the linewidth.
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Fig. 5.36 Linewidth dependence on laser tem peratu re  from  10 to  70°C.
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The next step of the linewidth characterization was to check how slot param eters will 

affect to laser linewidth. For this, lasers w ith d ifferent slot w idth were chosen, i.e 0.9, 1.0, 

1.1, 1.2 and 1.3 |im . For these lasers the effective cavity length, L g // were about 350 jam. 

These variations in slots were done due to the likely fabrication inaccuracy if standard 

photolithography were used. From the simulations in [12] and from  the experim ental results 

shown in section 5.3.2, a variation of slot w idth (± 0 .1  |im) doesn't influence the threshold 

current as shown in Fig. 5.37.

40

0.9

Slot width (i^m)

Fig. 5.37 M easured threshold current versus slot w idth.

From the experiments we see that the slot w idth does not affect the linewidth strongly as 

shown in Fig. 5.38 which is the linewidth dependence on injection current for lasers with 

different slot w idth. From the figure the overall trend is the same as the current increased, 

the linewidth for d ifferent lasers varies betw een 1.5 to 3 MHz at highest current. Also, we 

can clearly see the connection between the variations in linewidth and the variations in 

slope efficiencies observed earlier in Fig. 5.18 (left). It was mentioned that the slot width 

variation will change the reflection (see Fig. 5.3), therefore, the power will be affected. 

However, we need to have a large set of lasers with different slot widths and depth to 

obtain a clear picture of the effects of slot param eters on the linewidth.
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Fig. 5.38 Linewidth as a function of injection current for lasers witfi d ifferent slot w idth from  0.9 to  1.3 ^m.

It is well known that the spectral linewidth is inversely proportional to laser cavity length. 

W hen the cavity length increases, the threshold carrier density decreases as shown in 

equation (2.11). This will reduce the spontaneous emission rate R̂ p and the linewidth 

enhancem ent factor a. Hence, the linewidth will decrease as described in equation (2.24). 

Therefore, by making the laser longer it is possible to achieve narrow er linewidth [21], [22], 

[23]. To check this initially we took three different lasers with different effective cavity 

lengths, i.e 250, 350 and 450 nm. The slot width for all of these lasers is 1.0 nm. The lasers 

w ere set at a room tem perature of 20°C. The linewidth dependence on injection current for 

different cavity length is shown in Fig. 5.39. As was predicted the longer the cavity length 

the narrower is the linewidth. The lowest linewidth was 720 kHz at 170 mA for the laser 

w ith the effective cavity length of 450 nm.
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Fig. 5.39 The linewidth versus injection current for d ifferent effective cavity length lasers.
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Considering the results above we can predict what the effective cavity length should be 

to achieve a laser linewidth below 0.5 M Hz which is the nnain requirennent in coherent 

communications. Fig. 5.40 shows the spectral linewidth at 150 mA of injection current for 

lasers with different cavity length. The extrapolation in Fig. 5 .40 indicates that a laser with 

effective cavity length of only 550 |im  is required to reach the point below 0.5 MHz.
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Fig. 5 .40  The Lorentzian linewidth dependence on effective cavity length of the slotted laser.

5.5. Conclusion

in this chapter the design and performance of slotted single mode lasers are presented. 

The presented devices use high order gratings or slots etched on top of the ridge waveguide 

structure to achieve optical feedback. Through etching the slots as deep as possible but not 

through the active region it is possible to remove the fundam ental FP cavity and make lasers 

totally dependent on slots. In this way lasers are based on single epitaxial growth steps or in 

other words re-growth free fabrication steps and can be integrated with other photonic 

components.

The fabricated lasers exhibit a threshold current of 32 mA with slope efficiency of 0.11  

m W /m A . To improve the laser performance in term s of the threshold current and output 

power, an anti-reflection and high-reflection coatings w ere applied to the front and back 

facets, respectively. The threshold current decreased to  19 mA and slope efficiency 

increased to 0.17 m W /m A . The SMSR more than 50 dB was achieved when the laser is
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biased at tw ice  the  th resho ld  curren t and it rem ains stable during th e  te m p e ra tu re  tuning  

over the  range from  10 to  5 0 “C. The fabrication  to lerances o f th e  slot w id th  are also 

investigated. It was found th a t th e  slot w id th  does not a ffec t m uch at SMSR and the  

threshold  current.

Because th e  lasers to ta lly  d ep en d en t on slots and d o n 't need to  cleave th e  both facets, 

these lasers can be in tegrated  w ith  o th e r photonic com ponents  in one chip. W e  have  

d em o nstra ted  th a t these lasers can be m onolith ically  in tegrated  w ith  an SOA and an EA 

m odulato r. The in tegrated  devices have o u tp u t p o w er m ore than  45 m W  and DC extinction  

ratio  around 10 dB.

The spectral linew idth  has been characterized  in detail and it was found  th a t fo r short 

cavity length lasers it varies b e tw een  1 and 2 M H z. H ow ever, fo r long cavity lasers a 

linew idth  o f below  1 M H z has been achieved. It is also p red icted  th a t by increasing the  

effective  cavity length, w e  can reach th e  industry standard  o f 5 0 0  kHz lin ew id th  fo r  

co herent com m unications.

Overall, th e  key advantage  of these lasers is th e  sim ple fabrication  technology w ith  

stra ightfo rw ard  m ethod . The laser structure  needs only a single w a fe r g ro w th  during the  

en tire  fabrication  process and can be fab ricated  by standard  pho to lith o g rap hy which is 

beneficial in te rm s o f cost and tim e . In addition , th e  ab ility  to  in teg ra te  these lasers w ith  

SOA, EA m odulators  and passive optical circuits like beam  sp litters /com biners  m ake such a 

laser p la tfo rm  to  have a strong poten tia l to  becom e a light source in W D M  and coherent 

com m unication  systems.
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Chapter 6 -  Wavelength tunable laser 
array based on slotted single-mode lasers

6.1. Introduction to laser array

Widely w a v e le n g th  t u n a b l e  lasers a r e  t h e  m a jo r  c o m p o n e n t s  in t h e  wave lengt h-d iv i s io n  

mul t iplex ing  (WDM) s y s t e m s  a n d  t h e  main  light so u r c e  in opt ical  a d d - d r o p  mul t iplex ing 

(OADM) no de s .  So far, d i f fe re n t  t y p e s  of  w a v e le n g th  t u n a b l e  light so ur ces ,  including 

sa m p l e d  gra t ing  DBR (SGDBR) lasers  [1], g ra t in g-coupl ed  s a m p l e d  re f lec tor  (GCSR) laser  [2], 

ex te rna l  cavity lasers (ECL) [3] [4], t u n a b l e  vert ical -cavi ty su r f ace-emi t t i ng  (VCSEL) lasers  [5] 

a n d  d is t r i bu te d  f e e d b a c k  laser  (DFB) laser  a r rays  have  b e e n  d e v e l o p e d  [6] [7] [8]. The  m o s t  

successful  lasers  in t e r m s  of  tu n in g  ra ng e  and  n a r r o w  l inewidth  f rom this  list a re  ex te rna l  

cavity lasers,  DBR lasers  a n d  DFB laser  a rrays.  All of  t h e s e  laser  s t r u c t u r e s  provide  

w a v e le n g th  tu n in g  of  m o r e  t h a n  35 n m  a n d  low l inewidth which is r e q u i r e d  in WDM 

sys tems .

The  ECL can  ach ieve  a w id e  tu n in g  rang e  using a wide ly  t u n a b l e  fi l ter in a f r e e  sp a c e  par t  

o f  t h e  laser  cavity. General ly,  t h e  cavity length  of  an ECL is long a n d  mi gh t  be  severa l  

mi l l imeters  which in tu rn  m a k e s  t h e  laser  l inewid th very n a r r o w  [4]. How ever ,  t h e  ECLs 

n e e d  hybrid in tegr a t i on  a n d  cons is t  o f  m a n y  opt ical  p a r t s  which  m a k e  t h e  laser  c o m p le x  in 

fabr ica t ion  a n d  in op e ra t io n .

Monol i thic  wide ly t u n a b l e  DBR lasers  also hav e  wide  tu n i ng  ra n g e s  which  can be  

a ch i eve d  by changin g  t h e  re f ract ive  index  a n d / o r  t e m p e r a t u r e .  Genera l ly,  t h e  ref rac t ive  

index  is c h a n g e d  by a car r ie r  p la sm a ef fec t  ind uc ed  by c u r r e n t  inject ion.  The  m o s t  well 

kn o w n  e x a m p l e  of  such  lasers is a sa m p le d -g ra t i n g  DBR (SG-DBR) laser.  Th e  tu n in g  in t h e s e  

lasers  is ach ie ved  by t h e  Vern ie r  e f fec t  which w a s  d i sc uss ed  in Sect ion 2.3.2.  The  s t r u c t u r e  

cons is t s  of  t w o  mir rors  which a r e  s a m p l e d  gra t ings wi th  comb- l ike  re f lect ion s pec t r a .  By 

tun in g  t h e  c u r r e n t  in b o th  mirrors,  a se t  of  o v e r l a p p e d  re flec t ion pe aks  will line up  a n d  a 

w id e  tu n in g  ra nge  can be  ach ieved .  The  tu n i ng  t i m e  in SG-DBR lasers  is only a fe w  

n a n o s e c o n d s  [9]. How ever ,  such  lasers su f fe r  f rom  com p l i c a te d  tu n in g  m e c h a n i s m s  which  

requi re  t h e  con t ro l  of  t h r e e  o r  m o r e  c u r r e n t  inject ion.  In addit ion,  m o s t  o f  DBR lasers  have
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t h e  l inewidth in o r d e r  of  MHz which  is t o o  b r o a d  for  c o h e r e n t  co m m u n ic a t io n s .  However ,  

n e w  m e t h o d s  to  r e d u c e  t h e  l inewidth b e low  500  kHz have  b e e n  d e v e lo p e d  [10] [11],

A n o th e r  w a y  t o  o b ta in  a wide ly t u n a b l e  laser  is to  m a k e  a DFB laser  array.  Single m o d e  

DFB lasers a r e  well kn o w n  of  th e i r  excel len t  p e r f o r m a n c e ,  m o d e  stabil i ty and  reliability in 

t e r m s  of  f r e e  m o d e  ho p p in g  dur ing t e m p e r a t u r e  tuning .  Al though,  t h e  tun i ng  t i m e  is m uc h 

s lowe r  t h a n  in DBR lasers,  t h e  m o d e  stabili ty and  t h e  n a r r o w  l inewidth m a k e  t h e s e  lasers 

very a t t ra c t iv e  in com m erc ia l  opt ical  ne tw or ks .  Also, t h e  tu n in g  m e c h a n i s m  is s imp le r  t h a n  

in ECL a nd  SG-DBR lasers b e c a u s e  it n e e d s  only a t e m p e r a t u r e  c h a n g e  to  t u n e  t h e  

wa ve le ng th .  M a n y  DFB laser  a r rays  ha ve  b e e n  r e s e a r c h e d  (See Table  1.3). The  r e s e a r c h e r s  

f rom NTT c o m p a n y  d e v e l o p e d  a 12 -channe l  DFB laser  a r ray  c o upl ed  wi th  MMI c o u p l e r  a nd  

in t eg ra te d  wi th an SOA. A w a v e le n g th  tu n in g  range  of  40  n m  a nd  o u t p u t  p o w e r  m o r e  t h a n  

40 m W  w a s  r e p o r t e d  in [8], [12]. The  l inewidth  of  t h e s e  lasers has  b e e n  im p ro v e d  and  

recent ly t h e y  have  d e m o n s t r a t e d  t u n a b l e  DFB laser  a r r ay  with u l t r a - n a r r o w  spec t ra l  

l inewidth b e l o w  160 kHz for  all c ha nn e ls  [13]. Also t h e y  ha ve  d e m o n s t r a t e d  t u n a b l e  DFB 

laser  a r ray  i n t e g r a te d  wi th M a c h - Z e h n d e r  (MZM) a nd  EA m o d u l a t o r s  for  high s p e e d  

appl icat ions  [14], [15]. However ,  DFB lasers  still re qui re  t h e  r e -g ro w th  of  addi t iona l  ma ter ia l  

on  to p  of  t h e  gra t ings  a n d  n e e d  e - b e a m  l i thogra phy  t o  de f ine  t h e  low o r d e r  gra tings .  The 

d is a d v a n ta g e s  of  co m p lex  fabr ica t ion  a r e  d i s cussed  in pre v ious  c h a p t e r s  a n d  it w as  

m e n t i o n e d  t h a t  it l eads  to  t im e  c o nsum in g ,  low yield a n d  high cos t  p rocess .

In a pr ev io us  c h a p t e r  w e  d iscussed  h o w  single m o d e  o p e r a t i o n  is ach ieve d  by e tc h in g  

high o r d e r  su r f ace  gra t ings on  to p  of  t h e  ridge, which  so lves  t h e  issue with t h e  r e -g ro w th  

process .  By careful ly opt imiz ing t h e  slot p a r a m e t e r s  w e  ach ieve d  s tab le  single m o d e  

o p e r a t i o n  wi th  high s i d e - m o d e  s u p p re s s io n  rat io  (SMSR). Lasers wi th  a longer  cavity length  

s h o w e d  a l inewidth  a r o u n d  500  kHz which m a k e s  t h e s e  lasers  su i tab le  in c o h e r e n t  

c o m m u n ic a t i o n s .  By tak ing  into a c c o u n t  t h e s e  resul ts ,  w e  f o r m e d  t u n a b l e  laser  a r ray  b a s e d  

on  s lo t te d  single m o d e  lasers.  The  a d v a n t a g e  of  such laser  p la t f or m s  is t h e  re -g ro w th  f ree  

process ,  po ten t i a l  t o  use s t a n d a r d  p h o to l i t h o g r a p h y  in s t ead  of  e - b e a m  a nd  high yield. In this 

c ha p te r ,  t h e  des ign  and  char ac te r iza t io n  of t w o  d i f f e r en t  t u n a b l e  laser  a r rays  will be 

di scussed.  First, a 10- c ha nne l  l aser  a r ray  wi th  per iod ic  s lot  spac ing  an d  s e c o n d  a 12 -c hann e l  

l aser  a r ray  wi th non -pe r iod ic  slot spac ing  will be  p r e s e n t e d .  Also, t h e  t h e r m a l  i m p e d a n c e  of 

such s t r u c t u r e s  will be  d i scussed  a t  t h e  e n d  of  t h e  c ha p te r .
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6.2.10 channel laser array

The schematic structure of the slotted single mode laser array is shown in Fig. 6.1. There 

are 10 single mode lasers in the array. Each laser of the array has a standard 2 ^im-wide 

surface ridge waveguide structure. The laser epitaxial structure is the same as in section 

5.2.2 which is based on standard 1550 nm laser diode design. The active region consists of 

five AIGalnAs quantum  wells. Above it are a 1.6 nm thick p-doped InP layer, a 50 nm-thick p- 

doped InGaAsP layer and a 200 nm-thick InGaAs contact layer. One side of each laser has 

multiple unifromly distributed slots which act as an active DBR reflector of the laser and 

provide sufficient reflection for lasing. The other side reflection is provided by the cleaved 

facet. Because of this, there is a single mode issue caused by the uncertanity of the cleaving 

position. To remove this problem , each laser is divided into tw o sections and electrically 

isolated by the last slot as shown in Fig. 6.1. By changing the current of the back section it is 

possible to change the position of the longitudinal mode and move it to the reflection peak, 

and this will lead to  single mode operation with high SMSR. This property will be 

dem onstrated in the experim ental results.

Fig. 6.1 3D schematic structure of tunable slotted single m ode laser array. Each laser in the array consists of 

laser section integrated w ith  SOA. The front and back facets are coated with AR and HR coatings, respectively. 

The last device is a FP laser on the same sub-m ount for comparison.

10
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Each laser in the array is monolithically integrated with an SOA to increase the output 

power. The SOA is angled to 7° w ith respect to the waveguide to reduce the reflection from  

the front facet. To further improve the laser performance in terms of increasing the output 

power and reducing the threshold current, antireflection (AR) and highreflection (HR) 

coatings were applied to the front and back facets, respectively.

For each laser in the array, the slot param eters such as slot width, depth and num ber are  

optimized. For optimization, the 2D scattering matrix method was used which was discussed 

in Chapter 3. The slot w idth is set to be around 1.1 pm, the slot depth is the same as for 

single mode lasers at 1.35 pm. Such a slot depth can provide around 1% am plitude  

reflection and 97% am plitude transmission for a single slot. Therefore, reflection from  a 

single slot is weak and a group of slots is needed to provide sufficient reflection. The 

num ber of slots is optimized to be 24 which will maximize the reflection and minimize the  

bandwidth of reflection peaks and keep the cavity length relatively short to minimize the  

threshold. Such a group of slots will provide a narrow bandwidth of reflection spectrum to 

achieve good single mode emission. The laser array is designed to cover the full C-band 

which is between 1530 and 1565 nm as shown schematically in Fig. 6.2.

^Ifl

400 G H z

ISBOnm C-band 1565nm

Fig. 6.2 Schematic spectra o f C-band w ith  channel spacing of 400 GHz.

W e designed the laser array to have a frequency spacing of 400 GHz (3.2 nm) which is 

specified by ITU-T standards (ITU-T: International Telecommunication Union,

Telecommunication Standardization Sector) [16]. This was achieved by changing the slot 

period according to:
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( 6 .1)

where dp is the slot period, is the Bragg wavelength, Ug^f is the average effective 

refractive index in waveguide structure and m  is grating order which is 37. Considering a 

37*  ̂order grating, the slot periods of the individual lasers in the laser array are designed as 

8.897, 8.917, 8.936, 8.954, 8.973, 8.992, 9.011, 9.030, 9.049 and 9.067 pirn which 

correspond to lasing wavelengths as 1539, 1542.2, 1545.4, 1548.6, 1551.8, 1555, 1558.2, 

1561.4, 1564.6 and 1567.8 nm with a channel spacing of 3.2 nm which is equivalent to 400 

GHz.

For the fabrication process, the same method was used as was discussed in section 5.2.2. 

Two steps of ICP based dry etching process with CI2/N 2 gas combinations to form the ridge 

and the slots. E-beam lithography was used to pattern the slots. The total length of each 

laser in the array is around 400 nm plus a 190 pim long curved front SOA section. The back 

section is about 185 nm long and the front slotted section is about 205 |im long. After 

fabrication the ridge was passivated and metal contacted (the electrode metal covered the 

slots area except for the isolation slots), the laser array bars were coated with HR and AR 

films. Finally, the laser arrays were cleaved into individual bars and mounted on AIN carriers 

for testing. Fig. 6.3 shows a microscope image of 10-channel laser array based on slots. It is 

a top side image. Fig. 6.4 shows one laser from the array with a periodic slot spacing.

400jim

190(im

Fig. 6.3 Top side microscope image of 10-channel laser array based on slots. The numbers from  1 to  10 

indicate the laser num ber. Each laser in the array has a cavity length of 400 |im  and curved SOA section o f 190 

pim.
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Fig. 6 .4  Top side m icroscope im age o f tw o  s lo tted  lasers (le ft) and zoo m ed im age o f d is trib u ted  slots w ith  

period ic  slot spacing.

6.2.1. Basic characterization

The mounted devices were measured under CW condition. The temperature of the chip 

was controlled by a thermo-electrical cooler (TEC) and was set at 20°C. First, a typical light- 

current {L — / )  characterization was measured to define the threshold current and output 

power. For this we electrically connected two sections of the laser, i.e. the front and back 

sections to give the same injection current. The SOA section was left unbiased to remove 

the influence of the FP cavity. Fig. 6.5 shows the measured L — I curve for all 10-channels in 

the laser array. The threshold current for all lasers varies between 19 and 21 mA. It is clearly 

seen that the HR coating produces high reflection which results in such a low threshold 

current. The slope efficiency is about 0.17 mW /mA and it increases from the blue region to 

the red region. So for the lasers on the blue side the slope efficiency is around 0.15 mW /mA  

and for the red side it is around 0.17 mW/mA. The FP laser L — I  curve is also depicted in 

Fig. 6.5 for comparison. The output power for all lasers is more than 16 mW at 140 mA 

injection current.
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Fig, 6.5 (Left) M easured light-current (L-l) curve for all 10-channel laser and the Fabry-Perot (FP) laser on the  

sanne chip at 20°C under CW condition. (Right) Enhanced view  of the region around threshold current.

The power can be further increased using semiconductor optical am plifier (SOA). The 

current was set at 130 mA for each laser in the array and the current of SOA was changed. 

Fig. 6.6 shows the measured output power as a function of SOA injection current. An output 

power of more than 35 m W  for all channels has been obtained at SOA injection current of 

70 mA. For comparison, most of the DFB laser arrays have the output power more than 15- 

16 m W  at an injection current more than 100 mA with slope efficiency of more than 0.2 

m W /m A  [17]. The power can be further increased using an SOA. In [8] and [18] the DFB 

laser arrays integrated with an SOA have dem onstrated the output power of more than 40 

mW.
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Fig. 6.6 M easured output pow er vs, SOA injection current.
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6.2.2. Optical spectrum

To measure the optical spectrum of the laser array, a tensed fiber was used and an 

optical spectrum analyzer (OSA). The OSA resolution was set to its highest value of 0.06 nm. 

The sensitivity of the OSA was set to -80 dBm. From Fig. 6.5 some kinks in L — / curve are 

observed. The longitudinal modes of some lasers such as 2 and 9 do not coincide well with 

reflection peak for these channel lasers, therefore resulting in mode hopping between the 

neighboured longitudinal modes as shown by the kinks from the L — I curves. In our laser 

platform, we still need to cleave the back facet and this causes an uncertainty of cleaving 

position. To overcome this issue we separated the laser into two sections to adjust the back 

section current to obtain high SMSR. By changing the current of the back section and 

keeping the front section current constant it is possible to tune the position of the 

longitudinal mode to coincide with the relfection peak and hence to increase the SMSR. An 

example of such tuning is shown in Fig. 6.7 for laser 2. It was found that when we keep front 

current at 75 mA and give a current of 50 mA to the back section, the SMSR reached 54 dB 

resulting in stable single mode operation.

M ulti-m ode
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1535 1540 1545
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Fig. 6.7 M easured output spectrum versus back section current for the  laser 2. The front section was biased at 

75 mA and the  back section 70 mA (left) and 50 mA (right), respectively.
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The same re-tuning was used with other lasers that exhibited mode hopping. Fig. 6.8 

shows the measured spectrum for laser 9. The front section of the laser was kept at 75 mA 

and the back section was set at 90 mA. The SMSR increased up to 57 dB.
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Fig. 6.8 M easured output spectrum versus back section current for the laser 9. The front section was biased at 

75 mA and the back section 70 mA (left) and 90 mA (right), respectively.

By using the back section tuning dem onstrated above the output spectra for all 10- 

channels in the array is shown in Fig. 6.9. The total current of each laser was set at 130 mA 

with SOA unbiased. From the figure stable single mode performance is observed with SMSR 

more than 50 dB for all channels. The lasing wavelengths were 1537.18, 1540.02, 1542.69, 

1545.76, 1548.95, 1551.93, 1555.18, 1558.04, 1560.43 and 1563.11 nm. The wavelengths 

are shifted to the blue side of around 3 nm from  the design. This might be due to  fabrication  

tolerances. As was m entioned above, the wavelength is dependent on slot period therefore, 

fabrication inaccuracy may lead to wavelength shift. The channel spacing is d ifferent from  

the design as well and among all 10-channels it is within the range from  2.39 nm to 3.25 nm. 

This is due to the back section tuning which changed the position of some channels. 

Considering a tem perature tuning slope of about 0.1 nm/°C, a tem perature  change of 32.5°C  

would be needed to  make a wavelength tuning of 3.25 nm for each laser to cover the  

channel spacing. This will allow the laser to work over a w ide wavelength range 

continuously.
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Fig. 6.9 Measured output spectrum for all 10 channels w ith a total drive current of 130 mA with SOA unbiased 

a t2 0 “C.

To check the wavelength tuning behaviour of the laser array we kept the driving current 

as in the previous case at 130 mA with the SOA section unbiased. Then we changed the chip 

tem perature through changing the tem perature of the laser using the TEC. Fig. 6.10 shows 

the output spectra over a tem perature range from 10 to 45°C with a step of 5°C.

S--40

1540 1550 1560
Wavelength (nm)

Fig. 6.10 Measured output spectra over the tem perature range from 10 to  45°C.

The wavelength tuning characteristics of each laser in the array is shown in Fig. 6.11. The 

slotted single mode laser array can cover a wavelength range of about 31 nm from  1535 to 

1565.8 nm over a 42°C (3°C to 45°C) tem perature range.
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Fig. 6 .11 W avelength tuning characteristics of 10-channel slotted laser array.

The measured SMSR o f the  laser array fo r all channels as a function  o f lasing wavelength 

during the tem pera ture  tun ing  is shown in Fig. 6.12. An SMSR o f more than 35 dB was 

achieved fo r all channels.

70 
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Fig. 6 .12 The SMSR vs. wavelength for all channels.

The drop o f the SMSR from  50 dB to  35 dB fo r the  channels on the shorter wavelength 

side is caused not by com petition  from  the modes adjacent to  the lasing mode but from  the 

mode which is one free spectral range (FSR) longer, where the FSR is determ ined by the slot 

period to  be about 40 nm as shown in Fig. 6.13. Fig. 6.13 shows the ou tp u t spectrum  fo r a 

laser at 150 mA and it is clearly seen there is another mode at 1576 nm which is 40 nm away 

from  the lasing wavelength. To suppress these undesirable modes non-period ica lly spaced 

slots should be used as was discussed in section 5.3.3. The laser array w ith  d iffe ren t slot 

periods w ill be discussed below  in section 6.3.
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Fig. 6.13 The measured output spectrum of laser 1 at the short wavelength side of the array at 150 mA.

6.2.3. The linewidth

The linewidth of the laser array was measured using the method described in section 5.4. 

The delayed self-heterodyne technique was used for measurements. First, the central 

channel was measured, channel 6 which has a lasing wavelength around 1550 nm. The 

cavity length is about 400 nm. W e repeated the measurements described in section 5.4.2, 

the linewidth dependence on output power. Device 6 was driven by an u ltra-low  noise 

current source from  50 to 150 mA at room tem perature of 20°C. The SOA section was 

unbiased. The linewidth dependence on injection current is shown in Fig. 6.14. The 

behaviour is similar to what we observed in single mode lasers, the linewidth is inversely 

proportional to  the power.

115



7

6

^  4

P  3
5
i  2

_J
1

0
40 60 80 100 120 140 160

Injection current (mA)

Fig. 6 .14 The linewidth as a function of injection current for channel 6.

At high currents we see a slight increase in linewidth due to heat generation which 

causes an increase in spontaneous emission hence the linewidth become broad. The lowest 

linewidth of 1.4 M Hz was obtained at 120 mA injection current.

Next, the linewidth of all channels of the laser array were measured according to  the 

m easurements above. Each laser in the array was driven using the ultra-low  noise current 

source. Fig. 6.15 shows the linewidth versus current for all 10 channels. The cavity length of 

each laser is around 400 |im. The figure shows that all lasers have the same trend; the  

linewidth becomes lower by injecting more carriers in the system. It is also clearly seen that 

the lasers in the shorter wavelength have a higher linewidth. This is due to high mode 

com petition in that region caused by FSR which was dem onstrated before.
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Fig. 6.15 The linewidth of 10-channel laser array vs. injection current.
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The linewdith for all 10 channels is between 1.5 and 3 M Hz at high currents as shown in Fig. 

6.16. In this figure the lasers are driven at current about 150 mA.

0 * 1 ■ ■ ■ - I ■ ■ ■ ■ I ■ ■ ■ • I ■ ■ ■ ■ I ■ ■ ■ • »

1535 1540 1545 1550 1555 1560 1565 
Wavelength (nm)

Fig, 6 .1 6  The lin ew id th  fo r  all channels a t 1 5 0  m A  o f in jec tion  c u rre n t a t 20°C . SOA is unbiased.

6.3.12-channel laser array

In Fig. 6.12 we saw the drop in the SMSR for lasers in the shorter wavelength range. This 

was caused because of the mode which is one FSR longer, where the FSR of our grating is 

about 40 nm. To suppress these reflection peaks further, we used three d ifferent slot 

periods as we used for the laser integrated with an EA m odulator discussed in section 5.3.3. 

The slot periods for example, for the central channel 1550 nm (dev 6) are 8.51, 9.96 and 

11.4 |im. The microscope image of these slots is shown in Fig. 6.17.

Fig. 6 .1 7  Th e m icroscope im age  o f n o n -p erio d ica lly  spaced slots fo r  device  6.
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For other channels the slot periods are those as shown in Table 6.1.

Devices Slot periods (|im)
1 8.51 9.84 11.4
2 8.51 9.86 11.4
3 8.51 9.9 11.4
4 8.51 9.92 11.4
5 8.51 9.94 11.4
6 8.51 9.96 11.4
7 8.51 9.98 11.4
8 8.51 10 11.4
9 8.51 10.02 11.4
10 8.51 10.04 11.4
11 8.51 10.06 11.4
12 8.51 10.08 11.4

Table 6.1 Three d ifferent slot periods for d ifferent devices in the 12-channel laser array.

It was mentioned above that our goal is to cover the full C-band which is 35 nm of 

wavelength tuning. The 10-channel laser array achieved a range of 31 nnn and so we added 

an additional two channels to extend the tuning range. Overall the laser structure is the 

same as it was for the 10-channel laser array. The fabrication steps are similar to those 

discussed in section 5.2.2. Each laser in the array consists of laser section and integrated 

SOA section. The cavity length of each laser is around 400 jam. The wavelength tuning range 

is extended as we expected as shown in Fig. 6.18. Each laser in the array was set at 100 mA 

and the temperature of the chip was changed to obtain wavelength tuning. It can be seen 

that a wavelength quasi-continuous tuning range of about 36 nm is obtained over the 35 

degree temperature range. The tuning range covers the wavelength from 1532 to 1568 nm. 

The total output spectrum is shown in Fig. 6.19.
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Fig. 6.18 The quasi-continuous wavelength tuning of 12-channel slotted laser array at driving current of 100 

mA over the tem perature range from  10 to 45°C.
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Fig. 6 .19 The measured output spectrum of all 96  channels.

The SMSR for all channels during tem perature change remains more than 50 dB as shown 

in Fig. 6.20. It is clearly seen that an im provem ent in SMSR in comparison with the 10- 

channel laser array has occurred. Non-periodically spaced slots indeed suppress the  

undesirable modes caused by the FSR period and the SMSR for lasers at the shorter 

wavelength is increased.
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Fig. 6.20 Measured SMSR vs. wavelength for all 96 channels.

The measured L — I  curve shows the threshold current to be from 25 to 31 mA for all 

lasers at room tem perature. The slope efficiency is around 0.06 m W /m A . This is shown in 

Fig. 6.21. The threshold current is higher and the slope efficiency is much lower than in 

previous run of lasers, however this is due to a fabrication process problem. The w afer has 

been damaged during the thinning process. W e have calculated the waveguide loss using 

FSE method described in previous chapters. The estimated loss was 28 cm'^ which is higher 

than our previous run where the waveguide loss was 22 cm’^
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Fig. 6.21 Measured light-current ( L  — / )  curve of 12-channel laser array.
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6.3.1. The linewidth characterization

The linewidth of the laser array w ith non-periodically spaced slots is similar to the laser 

with the equally spaced slots. The linewidth remains around 3 MHz for all channels at high 

currents as shown in Fig. 6.22. These lasers have cavity length of around 400 urn.
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injection current (m A )

Fig. 6.22 The linewidth as a function of injected current for a laser array w ith  d ifferent slot periods w ith  cavity 

length of 400 urn.

In this run we characterized lasers with a longer cavity length, e.g. 700 |im  and 1000 ^im 

to see how the linewidth might be improved. The lasers with different cavity length are 

shown in Fig. 6.23. W e kept the length of the slotted region the same and extended only the  

non-slotted part.

Slotted laser SOA Slotted laser length

400nm

700nm

lOOOum

Fig. 6.23 The microscope image of individual lasers with d ifferent cavity lengths of 400, 700 and 1000 ^m.
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First, the 700 |im laser array was characterized. The threshold current for all lasers is 

around 30 mA as shown in Fig. 6.24.

dev10
devi 1
dev12

40 60 80 100

Current (mA)

Fig. 6 .24 M easured light-current {L — / )  curve for a 12-channel laser array w ith  cavity length of 700 ptm at 

room tem peratu re  under CW condition.

The SMSR for all lasers is around 45 dB which is bit lower than in 400 lasers because 

in the longer lasers the mode spacing is smaller than in shorter lasers and hence the 

adjacent modes are positioned closer to the lasing peak. This means that the adjacent 

modes will rise with the main lasing wavelength, resulting in mode com petition and hence 

lower SMSR as shown in Fig. 6.25. The front and back sections of the lasers were connected 

and biased together w ith a total current of 100 mA. The mode spacing for the laser w ith 700  

|jm  cavity length is 0 .61  nm. All lasers show stable single m ode operation during 

tem perature tuning. The wavelength tuning of 37 nm was obtained over a tem perature  

range from  10 to 45°C.
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Fig. 6 .25  M easureci SMSR vs. w a v e le n g th  fo r  th e  1 2 -ch an n e l laser a rray  w ith  a cavity  len g th  o f 700  |im .

We m easu red  the  linewidth for 700 | im as a function of th e  laser d iode current .  The 

current  is given through the  low noise current  source.  The SOA section is unbiased and the  

t e m p e r a t u r e  of the  chip was set  to  20°C. Fig. 6.26 shows the  linewidth as a function of 

injection current  for 700 pirn and 400 ^m  lasers in t h e  sam e graph.  As was  m en t ioned and 

d em o n s t r a t e d  in the  previous chapter ,  as the  cavity length increases,  th e  linewidth 

decreases .  The linewidth for 700 jam laser is arou nd  700 kHz for all 12 channels  at  190 mA 

injection current .  It is also seen tha t  periodic change in l inewidth in the  longer lasers is 

smaller in compar ison with shor t er  lasers. This can be explained due to  external  feedback 

from th e  end of the  SOA section. Although, the  SOA section is angled to  7°  f rom the  normal  

of th e  facet ,  t h e re  is still some fraction of light th a t  will be reflected back to the  cavity and 

influence th e  linewidth variation. The external  feedback influence on linewidth variation has 

been re po r t ed  for DFB laser arrays [19], [20], It has  been  d e m o n s t r a t e d  th a t  t h e  external 

feedback is inversely propor tional  to  th e  laser cavity length [19]. Therefore,  longer lasers 

dec rease  t h e  l inewidth variation. Fig. 6.27 shows th e  summary  l inewidth for all channels at 

high currents  (around 180 mA) for lasers with effective cavity length of 400 | im and 700 |im.
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Fig. 6.26 Measured linewidth as a function of injection current for laser arrays w ith  cavity length of 400 |im  

and 700 |im.
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Fig. 6 .27 The measured linewidth for d ifferent channels o f laser array at 190 mA for lasers w ith  effective cavity 

length of 400 nm and 700 |im .

It was m entioned above the lasers w ith longer cavity length have adjacent modes closer 

to the lasing mode and hence this will affect the SMSR. The laser array with cavity length of 

1000 urn has an SMSR for all channels of around 40 dB as shown in Fig. 6.28. The mode 

spacing in 1000 nm lasers is now just 0.39 nm. The linewidth for all channels is less than 500  

kHz at 190 mA as dem onstrated in Fig. 6.29. The tuning range is around 36 nm over 30°C of 

tem perature tuning.
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Fig. 6.28 Measured SMSR as a function of wavelength for laser array vk/ith cavity length of 1000 |im.
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Fig. 6 .29  M easured linewidth as a function of injection current for laser arrays w ith  cavity length of 1000 |im .

Considering the results presented above Fig. 6.30 and Fig. 6.31 show the comparison in 

SMSR and linewidth of all three different cavity lengths. Fig. 6 .30  clearly shows that the  

SMSR is lower as cavity length gets longer. So for lasers w ith 400 nm cavity length the SMSR 

is m ore than 50 dB, for 700 |im  the SMSR is around 45 dB and for 1000 nm the SMSR is 

around 40 dB. In case of the linewidth the situation is reversed. The linewidth gets narrower 

w ith the cavity length as shown in Fig. 6.31 and reaches a value below 500 kHz for 1000 nm 

lasers. However, there are some negative sides of long lasers. A very long laser cavity will 

result in high laser threshold current and low SMSR. Therefore, there is a trade-o ff between  

reducing the linewidth and keeping low threshold current with high enough SMSR. In 

section 5.4.2 we have shown the linewidth variation for different slot widths. The overall
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trend was the same for different slot widths but the values were different. W e are now  

studying how the slot param eters along with the cavity length will affect the linewidth. In 

particularly, how the slot depth will change the linewidth. W e have already dem onstrated a 

model that characterizes the linewidth as a function of slot depth [21]. For an ideal case, a 

laser cavity length must be 1.5 mm long. The linewidth of the laser decreases nonlinearly as 

the slot depth increases due to  increase in reflection coefficient and reaches a value below  

400 kHz. W e believe that by optimizing the slot parameters in term s of w idth and depth, we 

can design the slotted laser w ith a predeterm ined narrow linewidth.
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Fig. 6.30 Measured SMSR as a function of wavelength for different cavity lengths, e.g. 400 |im, 700 jim and 

1000 nm.
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Fig. 6.31 Measured linewidth for d ifferent channels o f the laser array at 190 mA for lasers w ith  cavity length of 

400 nm, 700 |im  and 1000 |im .

6.4. Thermal crosstalk
The high-speed and high-accuracy w avelength  switching o f tu n ab le  lasers are im p o rtan t 

fea tu res  in D W D M  systems. H igh-speed w avelength  switching is achieved in SGDBR lasers 

and super structure grating (SSG) DBR lasers w h e re  w avelength  tun ing  can be obta in ed  by 

curren t injection [1] [22 ]. H ow ever, such lasers su ffer from  undesirable slow frequency shift 

caused by th erm al d rift which resulted from  heating  due to  th e  cu rren t in jection . On th e  

o th e r hand, stable w avelength  tun ing  w ith  high accuracy can be obta ined  in tu n ab le  laser 

arrays w ith o u t any m ode hopping although th e  switching is n ow  being d om in ated  by 

th e rm a l effects. N evertheless, in a closely spaced laser array th e rm a l crosstalk b e tw e e n  the  

lasers can still be an issue. G enerally , th e  o u tp u t w ave length  o f a selected laser in th e  laser 

array is not a ffected  by th e  neighboring laser since in general one laser operates  a t a tim e . 

H ow ever, once a n o th er laser is ac tivated , th e  heat generated  by th e  ad jacen t laser w ill d rift 

to  th e  selected laser and hence will d e -tu n e  th e  laser. This e ffec t is also called localized  

heating  im pact. In term s o f packaging and size o f th e  chip, th e  lasers in th e  laser array
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should be spaced close to each other, thus localized heating impact will be higher. In the 

present array, our devices are very far apart (310 nm). With the localized heating impact 

there is an issue with thermal properties o f the material. It is well known that poor thermal 

management can lead to low laser efficiency. Poor heat dissipation at high currents will 

result in low output power and poor laser performance. According to this the thermal 

properties of materials should be investigated and managed. The thermal conductivity of 

InP material is not high as compared to Si [23]. Hence the thermal resistance in InP materials 

will be higher which will prevent efficient heat dissipation. So in this section we w ill discuss 

the thermal properties of our InP-based tunable laser array. First, the overall the 

temperature characteristics w ill be given. Then the effect of localized heating impact or 

thermal crosstalk and the last test will be the increase in the active region temperature as a 

function of input power, or the thermal impedance.

The first step in thermal characterization of the laser array is to measure the overall 

characteristic temperature. The characteristic temperature can be described through (6.2),

h i, =  (6 2)

where T is the laser temperature and Tq is the characteristic temperature. It is seen that the 

threshold current of the laser w ill increase exponentially w ith the temperature. To define Tg 

we measured the L — I curve at different temperatures. We chose the central channel in 

the 10-channel laser array, device 5. The temperature was changed between 15 to 65°C 

using the TEC. Fig. 6.32 shows L — I  curve at d ifferent temperatures. The threshold current 

at 15°C and 65°C is around 16 mA and 33 mA, respectively. According to this measurements 

and equation (6.2), we found Tq to be around 69.4 K. In [24], it is stated that fo r good near- 

infrared (-850 (im) GaAs/AIGaAs DH lasers, the observed Tq is around 120 K. For quantum- 

well GaAs/AIGaAs the values are between 150 and 180 K. And fo r 1.33-1.55 nm InGaAsP/lnP 

lasers Tq is around 50 to 70 K. Such low Tq is explained due to Auger recombination and 

current leakage [24]. Thereby, the characteristic temperature of our lasers is quite good 

even though, we have used standard commercial wafer w ithout any optim ization in terms 

of thermal aspect. Table 6.2 shows the thermal conductivity fo r each layer of our wafer.
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Fig. 6.32 Measured L — I curve for device 5 at temperatures between 15 to 65°C.

Material
Thermal

Conductivity
(W/m-K)

Specific Heat 
(J/kg-K)

Thickness
(^m)

InGaAs 5 300 0.2
InGaAs0.62P 6.735 300 0.05
InGaAsO.33? 23.2025 300 0.02

InP 68 310 0.8 (N); 1.65 (P)
P-Contact-Metal 208.34 178.24 0.425
N-Contact-Metal 317 129 0.675

Si02 1.4 1000 0.3
Solder 20 2180 10
AIN 175 600 620

MQW 5 380 0.34

Table 6.2 Thermal specifications of the standard commercial IQE wafer.

The second step in therm al characterization is the therm al crosstalk effect. The therm al 

crosstalk betw een the devices is measured by measuring the change in characteristics of 

particular device with change in current through the neighboring devices. In our case we 

chose device 5 as the particular device and changed the current in neighboring lasers. The 

light from  device 5 was collected through a lensed fiber and the spectrum was recorded 

using an OSA. The schematic view of the 10-channel laser array is again shown in Fig. 6.33.
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Fig. 6.33 3-D schematic structure of slotted 10-channel laser array.

Fig. 6.34 shows the change in output spectrum of device 5 as the current in device 4 

varied. The lasing peak of device 5 is at 1546.89 nm and the current in device 4 was varied 

from  0 to 100 mA with step of 20 mA. The chip tem perature was set at 20°C. It is clearly 

seen that when neighbouring laser is turned "on" the wavelength of device 5 is red shifted 

due to the heat generation. There is no therm al or electrical isolation betw een the lasers 

therefore the heat from  the neighboring lasers will drift to device 5 and shift the  wavelength  

peak to the longer side. So when device 4 is set at 100 mA the wavelength of device 5 is red 

shifted by 0.43 nm along with a slight decrease in the SMSR.
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Fig. 6 .34 M easured output spectrum of device 5 w ith the effect of neighbouring device 4.

The next step was to see how other neighboring lasers will affect device 5. The distance 

between the devices is around 310 |im  as depicted in Fig. 6.35.
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Fig. 6 .35 The m icroscope image (top view) o f  three  devices.

In Table 6.3 the  d istances of d ifferent devices from device 5 is shown.

Device Distance (^m)
1 1240
2 930
3 620
4 310
6 310
7 620
8 930
9 1240
10 1560

Table 6.3 Distances of neighboring lasers from device  5.

According to  Table 6.3 the  closest lasers to  device 5 should have a bigger therm al 

crosstalk effect in comparison with th e  devices which are far away. W e m easu red  how o th e r  

devices affect device 5 w hen they  are tu rn ed  on. The w avelength  shift of device 5 is shown 

in Fig. 6.36. The x axis rep resen ts  different channels  with specific w avelength. The y axis 

rep resen ts  w avelength  peak change of device 5. So w hen  device 1 (Aq =  1 5 3 6  n m )  is 

tu rn ed  on (driven a t 100 mA), th e  w avelength  peak of device 5 is shifted by 0.3 nm. As 

m en tioned  above th e  lasing peak of device 5 is a t  1546.89 nm hence th e  lasing peak of 

device 5 is 1547.19 nm w hen device 1 is tu rned  on. It can be seen  from th e  figure th a t  th e
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closest lasers have the greater impact on device 5, so device 4 and device 6 produce a 

wavelength shift of 0.43 nm. This might be due to different therm al properties along the  

laser array. However when the lasers in the end such as device 9 and 10 are on the  

wavelength shift increased even though they are placed far away from  device 5. This effect 

has been observed in [25], [26] and might be because of the tem perature rise in the heat 

sink. How it was m entioned above we used copper heat sink. In [25] authors calculated the  

therm al crosstalk neglecting the heat sink tem perature and found that the therm al crosstalk 

is negligibly small for distant lasers. They dem onstrated that the heat sink w ith higher 

therm al conductivity, in their case a diamond heat sink (20 W /(cm  °C)) will reduce the  

therm al crosstalk to  about 1 /3  in comparison with silicon heat sink (1.5 W /(cm  °C)).
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Fig. 6.36 Thermal crosstalk effect o f neighbouring lasers to  device 5.

The tem perature rise in device 5 has also been measured as a function of dissipated 

electrical power of neighboring devices. The tem perature rise is calculated by measuring the  

wavelength shift and then determ ining the corresponding tem perature rise from  the slope 

which is shown in Fig. 6.37. The tuning scope is about 0.11 nm /°C, a standard value for 

telecom m unication semiconductor lasers.
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Fig. 6.37 W avelength dependence on chip tem peratu re  of device 5.

According to Figs. 6.36 and 6.37 we measured the tem perature  rise in device 5 with  

changing injection current in neighboring lasers which is shown in Fig. 6 .38 (left) and (right). 

Fig. 6.38 (left) shows the tem perature rise in device 5 when the lasers from  1 to 4 are turned  

on, Fig. 6.38 (right) shows when the lasers from  6 to 10 are turned on. From the figures it is 

seen that at high currents the tem perature in device 5 rises from  4 to 8°C according to  

which neighboring laser is turned on.
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Fig. 6 .38  Tem perature rise in device 5 vs. Injection current in neighboring lasers: (Left) from  device 1 to  device 

4. (Right) From device 6 to device 10.

The last step in therm al characterization of the slotted laser array is the therm al 

impedance. The therm al impedance is a param eter which evaluates the tem perature rise in 

the active region as a function of dissipating electrical power. In InP-based lasers, the heat
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generated in the active region tends to remain there due to the high thermal impedance. 

The temperature rise in [24] is given as

AT =  P d Z t  (6-3)

where Zj- is the thermal impedance and is the dissipated power which can be found by

Pd =  Pin -  Po. (6.4)

where Pi„ is the electrical power supplied to the laser and can be expressed as

Pin =  I^Rs +  IV^ +  IVs- 16.5)

Pq is the optical power out of the laser and expressed as

/  ttm \ h d

The details of derivation of (6.5) and (6.6) can be found in [24],

To measure the thermal impedance of our lasers we used a combination of two 

experiments which are described in [27]. The first experiment was used to estimate the 

wavelength shift of the laser as a function of active region temperature or the chip 

temperature in our case dA /dT . The lasers were driven using a pulsed current source to

ensure that there is no parasitic heating from the power dissipation. In the second

experiment was performed a continuous wave (CW) source to measure the wavelength shift 

dependence on applied electrical power dA /dP . The thermal impedance is the ratio of

measured d A /d T  and dX/dP  as shown in (6.7) and it is similar to (6.3)

dXld?
dA/dT'

Z ,  =  (6.7)

In the first experiment fo r measurement of the wavelength shift of the laser as a function 

of temperature we used pulsed current source to drive the laser. The pulse width set to be 1 

US, the duty cycle is 0.1% and the current set at 100 mA. The tem perature of the chip was 

varied from 17 to 25°C with the step of 2°C and we recorded the shift in the wavelength
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using OSA. The resolution of the OSA was set at 0.06 nm with sensitivity of -75 dBm. In Fig. 

6.39 the wavelength shift as a function of chip temperature for device 5 is shown. The 

behavior is linear with tuning scope of 0.094 nm/°C.

1547.0

£  1546.6 
cn

5  1546.4

d;./dT=0.094nm/°C
1546.2

16 17 18 19 20 21 22 23 24 25 26

Temperature (°C)

Fig. 6.39. W avelength shift of slotted laser as a function of chip tem peratu re  under pulsed condition for device 

5.

For the second experiment to measure the wavelength shift as a function of dissipated 

electrical power we used a continuous wave (CW) condition at a room temperature of 20°C. 

We set the chip temperature at constant 20°C and supplied current to the laser using a 

standard current source, in our case we used a Keithley 2400-C source meter. We recorded 

again the wavelength shift of the lasing peak but this time as a function of applied electrical 

power. Fig. 6.40 shows the wavelength dependence on input power. The tuning scope is 

7.069 nm/W as shown in Fig. 6.40. Thus we found dX/dP =  7.069 nm lW .

1547.3

■Pl 547.2

1547.1

>  1547.0

d/idP=7.069nmA/V

1546.9

0.07 0.08 0.09 0.10 0.11 0.12 0.13

Applied power (W)

Fig. 6 .40 W avelength shift as a function of dissipated electrical pow/er under CW condition.
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Combining the results measured above we extracted the therm al impedance of device 5 

to be Z t- =  7 4 .8 °C /V K . W e applied these measurements to the rest of lasers. Table 6.4  

shows the therm al impedance for all devices in the laser array except for device 6 which was 

damaged during the experiments. From Table 6.4 it is clear that the therm al impedance for 

all lasers is uniform and it remains around 75°C /W . For comparison, the therm al impedance 

of a FP laser on the same sub-mount is 89.1 °C /W .

Device Therm al impedance (Z t-) 
(°C/W )

1 74.6

2 76.4

3 79
4 76.4

5 74.8

6 -

7 68.9
8 72.7

9 78.3

10 77.5

Table 6.4 Therm al Impedance for various devices in the 10-channel laser array.

It is obvious that the therm al impedance is quite high for our lasers. This will degrade the 

laser perform ance due to bad heat dissipation. Therefore, the laser structure and material 

structure must be optimized to efficiently extract the generated heat. Generally, the heat in 

typical laser structures is dissipated via p-side cladding layer. Thereby, the therm al 

resistance (conductivity) of the p-cladding layer should be low (high). It is well known that 

the therm al conductivity of aluminum containing materials is higher than phosphide 

containing materials. In [28], the therm al conductivity of AIGaAs m aterial is calculated to be 

22 W /m -K  while for our materials according to Table 6.2, the therm al conductivity is around 

6 W /m -K . In addition, the linewidth enhancem ent factor for Al containing materials is lower 

than P system [29]. Therefore, the material structure should be optimized. Another way of 

extracting the heat from  the upper p-side part of the laser is to increase the thickness of the  

top metallization part. Essentially, it is the simplest way. It has been reported that by making 

it thicker, the therm al resistance can be reduced by ~ 21%  and for very thick layers such as 

3-|im  and S-pim, the therm al resistance reduced by ~ 24%  [30].
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It has been also reported that the therm al resistance is dependent on cavity length. By 

making the cavity longer, it is possible to reduce the therm al resistance because the heat 

dissipates well in large areas [31], [32], In [31], researchers proposed another way of 

extracting the heat. The idea is to mount a therm ally conductive heat-bypass structure, in 

their case they used heat-pass-wire over the laser chip and connected it w ith submount. So 

the heat from  the top of the laser chip will spread through this bypass structure into the  

submount. They dem onstrated the reduction in therm al resistance by ~50% .

6.5. Conclusion

W e have developed wavelength tunable slotted single mode laser arrays for W D M  and 

coherent communication systems. Two types of slotted laser arrays were presented in this 

chapter. First, a 10-channel laser array with periodically spaced slots was dem onstrated. 

W avelength tuning of 31 nm was achieved with SMSR m ore than 35 dB for all channels. W e  

observed a drop in the SMSR which was due to the modes which are one free spectral range 

away from  the gain peak. To suppress these modes the new design was developed using 

non-periodically spaced slots. In the new design we im plem ented three different slot 

periods in the laser structure to suppress these undesirable modes. From the experiments it 

was found that the SMSR was improved much and rem ained more than 50 dB for all 

channels. Also, in the new design tw o more additional channels were added to the laser 

array to increase the wavelength tunability. The wavelength tuning of 36 nm was obtained 

which means that the slotted laser array covers the full C-band.

The spectral linewidth of both types of laser arrays were investigated. The experiments 

show that the linewidth varies between 2 and 4 M Hz for short cavity lasers. The broad 

spectral linewidth has negative consequences in coherent communication systems. 

Therefore, the long cavity length laser arrays were fabricated to improve the linewidth. The 

laser array with cavity length of 1 mm approached a value below 500 kHz for all channels. 

This makes these lasers suitable for coherent com munication systems. Also, it was observed 

that the long cavity lasers are less sensitive to the linewidth variation due to the effect of 

external feedback.
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The therm al properties have also been investigated. As was seen from  the experiments 

the localized heating impact will affect the laser wavelength and shift it to the longer 

wavelengths. This might be an im portant issue in optical communications where the main 

requirem ent is the stable single mode operation and emission at exact same wavelength as 

specified by ITU-T standards. Also from the therm al analysis we have estimated the therm al 

impedance of our lasers which is around 75 °C /W  for all lasers in the array. This value is 

higher than for example Al containing materials. Therefore, the material and laser structure 

should be optimized in terms of therm al aspects as was discussed above.
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Chapter 7 -  Conclusion and outlook

7.1. Conclusion

A novel single-m ode laser d iode based on high o rd er gratings (slots) suitable fo r  

m onolith ic  in tegration  has been presented . The laser p la tfo rm  exhibits sim ple fabrication  

process and operates w ith  high SMSR and narrow/ linew id th  m aking it su itable fo r coherent 

com m unications and W D M  systems.

The single m ode operation  is achieved by etching d istribu ted  slots in to  th e  ridge o f the  

laser diode. T here fo re , th e re  is no need to  g row  additiona l m ateria l as in case o f DFB and  

DBR lasers. The slot param eters  w ere  optim ized  using th e  scattering m atrix  m ethod . From  

th e  sim ulations th e  optim ized  slots p aram eters  pred ic ted  a low  thresho ld  cu rren t and high 

SMSR. The first run o f fab ricated  devices exh ib it a th resho ld  cu rren t o f around 30 m A and a 

slope efficiency o f 0 .1 1  m W /m A . The SMSR was around 50  dB and th e  te m p e ra tu re  tuning  

was over 4 nm in a 40°C o f te m p e ra tu re  change w ith o u t m ode hopping and high SMSR. 

H ow ever, th e  th resho ld  curren t and th e  slope effic iency are  lo w er th an  com m ercia lly  

availab le devices. To im prove these param eters , AR and HR coatings w e re  applied  

decreasing the  th resho ld  curren t to  19 mA and increasing th e  slope effic iency up to  0 .1 7  

m W /m A . But these values are still lo w e r th an , fo r instance, standard  DFB lasers. The reason  

is th e  re lative ly  high loss from  th e  high o rd er gratings (37*'^). The high o rd er gratings have  

advantages in te rm s of easy fabrication  but w ith  th e  sacrifice o f slope efficiency and 

threshold  curren t. In addition , som e fabrication  issues discussed in C hapter 5 w e re  th e  

reason of high loss. Further w ork  will be in try ing  to  reduce th e  losses fro m  th e  slots and 

th e re fo re  design op tim iza tion  is needed . In te rm s o f fabrication  to lerances, w e  believe th a t
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by using a p rope r  etching stop layer we can control th e  depth  of th e  slots and probably it 

will improve the  per formance further.

We have d em o n s t r a t ed  th a t  thes e  lasers can be monolithically in tegra ted with o the r  

photonic co m p o n en t s  on the  sam e chip. First, a laser was  in tegrated  with an SOA resulting 

in out pu t  po wer  of more  than  45 mW which is quite a high value. Next th e  laser was 

in tegra ted  with an EA modula to r  using an identical active layer (lAL) m e thod  w he re  th e  laser 

and  EA modula to r  have th e  sam e qu an tum  well s tructure .  For this design we  changed the  

slot par am et er s  and we  in t roduced the  concept  of non-periodically spaced slots. In this 

design we used th ree  different slot periods to  suppress  the  undesirable side m o d es  and shift 

t h e  laser wavelength to  the  longer wavelength.  From th e  exper iments  we obta ined 20 nm of 

positive wavelength shift from th e  gain peak with SMSR more  th an  50 dB. An extinction 

ratio of 10 dB was achieved when  the  modula to r  was biased at  -2.2 V. The extinction ratio is 

also lower than  commercial  devices and it should be improved in future.

The iinewidth was m easur ed  using th e  delayed se l f -heterodyne method.  The intrinsic 

l inewidth has  been m easur ed  to be around 2-4 MHz for shor t  cavity lasers and it follows a 

1/P t rend.  As was expected  for longer lasers, the  linewidth is lower. The l inewidth remains  

t h e  sam e with t h e  t e m p e r a t u r e  change but  gets  b ro ade r  when  th e  t e m p e r a tu r e  is very high. 

This is due  to  increased hea t  genera t ion and poor  hea t  dissipation which leads to  increased 

s p o n ta n eo u s  emission.  We also have checked how slot pa ram ete rs  will affect  to  the  

linewidth. Different slot widths  we re  chosen to  do this. Overall th e  1/P t r end was th e  sam e 

for all lasers but  th e  linewidth varies b e tw een  1.5 and 3 MHz. However,  we  need to  have a 

large se t  of lasers with di fferent  slot width and depth  so we  can obtain clear picture of the  

affect  on linewidth.

In Chapter  6 w e  p re sen ted  a tunable  laser array based on slot ted single m o d e  lasers. We 

have developed tw o  types of laser arrays. First was  a 10-channel laser ar ray with tuning 

range of aroun d 31 nm. We have d em o n s t r a ted  th a t  all channels  exhibit single m o d e  

opera t ion  with SMSR more  t h an  35 dB. All 10 lasers in th e  array have a threshold  current  

b e tw e en  19 and 21 mA. The linewidth remains  around 2-4 MHz as for a single slot ted laser. 

Then to  increase th e  tuning range we  p re sen ted a 12-channel laser array. For this array the  

tuning range covered the  whole  C-band and ex ceeded  35 nm. To increase the  SMSR in the  

blue regions we  int roduced non-periodically spaced slots as we  did for th e  s lot ted laser 

in tegra ted  with an EA m odu la to r  to  suppress  undesirable modes .  As was expected,  the
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SMSR improved  a n d  r e m a i n e d  a r o u n d  50 dB for  all channe ls .  The  l inewid th  of  non-  

periodically sp aced  s lo t te d  laser  a r ray  w a s  t h e  s a m e  as for  t h e  no rm al  s lo t te d  laser  a r ray  

a nd  m e a s u r e d  to  be  a r o u n d  2-4 MHz. W e  have  m e a s u r e d  700  | im a n d  1000 | im lasers to  see  

h o w  t h e  l inewidth will improve .  For 1000  jam lasers w e  a ch i eve d  t h e  l inewidth  b e lo w  500  

kHz which  is t h e  main  r e q u i r e m e n t s  in c o h e r e n t  c o m m u n i c a t i o n  sys tem s .

The  last cha rac t e r i za t io n  w a s  t h e  th e r m a l  cha ra c te r iz a t io n  of s l o t t ed  laser  a rrays.  It has 

b e e n  fou nd  t h a t  t h e  t h e r m a l  c rosstalk is a se r iou s  issue in o u r  lasers.  W e  ha ve  m e a s u r e d  

t h a t  t h e  ac t iva ted  ne ighbo r ing  lasers  will c h a n g e  t h e  w a v e le n g th  of  o p e r a t e d  laser.  The 

c loses t  loca ted  laser  will c h a n g e  t h e  w a v e le n g th  of  o p e r a t i n g  laser  t o  m o r e  t h a n  0 .4  nm  

which  c o r r e s p o n d s  to  4°C of t e m p e r a t u r e  rise. The  t h e r m a l  i m p e d a n c e  for  all s l o t te d  lasers 

is uni form a n d  a r o u n d  75°C/W which  is high value.  This mi gh t  be  t h e  main r e a s o n  for  p o o r  

h e a t  dissipat ion in t h e  sys tem.  Th e re fo re ,  t h e  mate r ia l  des ign  should  b e  o p t im iz ed  t o  

im prove  th e rm a l  charac ter i s t ics .

Overall,  we  p r e s e n t e d  s lo t t ed  single m o d e  lasers a n d  s lo t te d  laser  a r rays  wi th s imple  

fabr ica t ion  and  po ten t i a l  t o  use  s t a n d a r d  p h o t o l i th o g ra p h y  which will r e d u c e  t h e  cos t  and  

t ime.  Hence,  w e  be lieve t h a t  t h e s e  lasers a r e  po ten t ia l  c a n d i d a t e s  as a light so u rc e  in 

c o h e r e n t  c o m m u n i c a t i o n  and  WDM sys tems .

7.2. Outlook

The d e m o n s t r a t e d  12 -channe l  laser  a r r ay  a lm o s t  m e e t s  t h e  r e q u i r e m e n t s  for  c o h e r e n t  

optical  c o m m u n ic a t i o n  sys tem s .  The  nex t  s t e p  in t h e s e  lasers  will be  t o  in t e g r a t e  all l asers  in 

t h e  a r ray  wi th a mul t ip lexer  to  s e n d  all c ha nn e ls  into o n e  fiber.  For this  p u r p o s e ,  a mult i-  

m o d e  in te r f e re nce  (MMI) c o u p le r  may  b e  used .  The  MMI co upl e rs  a r e  very  c o m p a c t  

p ho to ni c  c o m p o n e n t s  a n d  can b e  easi ly des ign ed .  The  s c h e m a t i c  design  of  such  s t r u c t u r e  is 

s h o w n  in Fig. 7.1. This w a s  de s i g n e d  by o u r  f o r m e r  pos t  doc  Dr. Qiaoyin Lu.

The  s t ru c tu re  in Fig. 7.1 consis t s  o f  t h r e e  part s :  a s lo t te d  laser  a r r ay  part ,  a c o u p le r  par t  

with passive w a v e g u id e s  a n d  MMI co up le r  t o  c o m b i n e  all w a v el eng th s ,  a n d  a curved  

s e m i c o n d u c t o r  opt ical  ampl if ier  (SOA) sect ion.
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Fig. 7.1 Schematic structure of 12-channel laser array integrated w ith multi-mode interference coupler (MMI).
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