Fabrication and evaluation of
deep surface grating DFB stripe lasers
using quantum well material

Hiroaki Abe

April 1994

A thesis submitted to the Faculty of Engineering of the
University of Glasgow
for the degree of Master of Science

© Hiroaki Abe, 1994

B o
o v et



ProQuest Number: 13832112

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 13832112

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346






Acknowledgements

I would like to express my thanks to my supervisor Professor Richard De La Rue
for accepting me as a research student, for his extremely valuable help, encouragement
and many useful discussions.

I would also like to express my thanks to my second supervisor Dr. Stephen
Ayling for his supervision on all aspects of the experimental and theoretical work and
his very helpful comments.

I would like to thank Mr. Masataka Kataoka, President of ALPS Electric Co.,
Ltd., for the decision to allow me to study abroad.

I would also like to thank Dr. Tsutomu Nakamura, Managing director of ALPS
Electric Co., Ltd., for his academic advice and encouragement.

I would also like to thank Mr. Ichiro Morishita, Chief of the OE group of ALPS
Electric Co., Ltd., for his kind support.

The help and assistance of members of the Mechanical and Electronic Workshops
of Glasgow University is gratefully appreciated. Special thanks also go to Mr. Robert
Harkins, Mrs. Lois Hobbs, Mr. Tommy Cairns, Mr Jimmy Young and Mr. Dave
Clifton.

I would further like to extend my gratitude to all my colleagues who made my
stay at Glasgow University enjoyable.

ALPS Electric Co., Ltd. are to be thanked for their financial support over the two
years of my work at Glasgow.



Table of contents .

Abstract

Content of the thesis

Chapter 1 : Introduction

1.1 DFB lasers

1.2 A brief history of research into DFB lasers
1.2.1 DFB laser with a step-like non-uniform stripe width structure
1.2.2 DFB laser with a gradual phase shift region
1.2.3 DFB air-grating stripe lasers

1.3 Aims of this work

References

Chapter 2 : Theory of DFB lasers

2.1 Wavelength dependence of Bragg reflections
2.2 The coupled-mode solutions

2.3 Lasing with distributed feedback

2.4 Coupling coefficient x

2.5 Non-uniform stripe DFB lasers

References

Chapter 3 : Epitaxial wafer structure and aﬁalysis

3.1 Epitaxial wafer structure

3.2 Epitaxial wafer analysis using broad area oxide stripe lasers
3.2.1 Theory of epitaxial wafer analysis
3.2.2 Experimental results

References

n Hh W W NN~

10
12
14
15

16
16
17
19
25



Chapter 4 : Device structure and fabrication

4.1 Device structure
4.2 Fabrication
4.2.1 Sample preparation
4.2.2 Etching of GaAs contact layer in the grating regions
4.2.3 Manufacture of gratings alongside the ridge
(1) The two beam interference method
(2) NiCr shadowed evaporation
(3) Dry-etching resist, ARC, SiO; and GaAs layers
~4.2.4 Making contacts
4.2.5 Deposition of anti-reflection (AR) coatings
4.2.6 Mounting and wire-bonding
References

Chapter 5 : Measurements

5.1 measurement method
(1) Injection current - Voltage characteristic (I-V curves) and Light
output power - Injection current characteristics (L-I curves)
(2) Far field pattern
(3) Laser spectra
5.2 Experimental results and interpretation
5.2.1 Results for lasers in pulsed operation
(1) Narrow area oxide stripe lasers without AR coatings
(2) Narrow area oxide stripe lasers with AR coatings
(3) Surface grating DFB uniform stripe lasers without AR coatings
(4) Surface grating DFB uniform stripe lasers with AR coatings
(5) Surface grating DFB non-uniform stripe lasers without AR coatings
(6) Surface grating DFB non-uniform stripe lasers with AR coatings
5.2.2 Results for lasers in CW operation
(1) Surface grating DFB uniform stripe lasers with AR coatings

(2) Surface grating DFB non-uniform stripe lasers with AR coatings
References

26
26
27
27
28
28
31
32
36
37
37
38

39

39

40
40
43
43
43
47
49
53
63
66
70
70
80
84



Chapter 6 : Conclusions and future work

6.1 Conclusions
6.2 Future work
References

86
87
88



Abstract

This thesis describes experiments performed to fabricate and evaluate deep surface
grating distributed feedback (DFB) lasers using double quantum well material. The
distributed feedback structure was created by deep, dry etched, gratings alongside the
ridge in the top confining layer of the laser. The material system used consisted of
two 0.01 gm GaAs quantum wells and 0.01 pm Alg,GaggAs barriers. The typical
emission wavelength of the lasers was about 860 nm.

Conditions were optimised to produce a third order 1:1 mark-space ratio grating
using holographic exposure, shadow evaporation and reactive ion etching.

The typical threshold current of the 2.5 pum stripe DFB lasers was 20 % lower
compared with the laser fabricated without etching of the GaAs contact layer in
pulsed operation and was 37 mA in CW operation. The typical external differential
quantum efficiency per facet was 15 % in CW operation. The temperature range for
single transvere DFB mode operation was found to be from 10to 75 °C .

Stopband widths were estimated using the scanning Fabry-Perot interferometer.
From the stopband width, the coupling coefficient of 2.5 ym width stripe DFB lasers
was estimated to be 14 + 2.2 cmrl, in agreement with the value calculated using the
effective index method.

Variable stripe width DFB lasers, equivalent to corrugation pitch modulated (CPM)
structures were also fabricated. Such lasers were effective in achieving single
longitudinal mode operation.



Contents of the thesis

Chapter One is an introduction to the thesis topic. It outlines the advantages of
DFB lasers and deep surface grating DFB stripe lasers. A brief history of research
into DFB lasers is also given.

Chapter Two provides the theoretical background to the work. The coupled mode
solutions, calculation of coupling coefficient are described and method of calculation
for DFB non-uniform stripe lasers is also introduced briefly.

Chapter Three describes the epitaxial wafer structure and its device
characterisation using broad area oxide stripe lasers.

Chapter Four describes the fabrication process for deep surface grating DFB
stripe lasers using holographic exposure, shadow evaporation and reactive ion
etching.

Chapter Five describes the measurement method and the measured results for
surface grating DFB uniform stripe lasers and surface grating DFB non-uniform stripe
lasers in pulsed and CW operation. Interpretation of the measured results is also
described.

Chapter Six summarises the contents and results from this thesis, giving
conclusions on the practical application of surface grating DFB stripe lasers and
suggests directions for future work.



Chapter 1 : Introduction
1.1. DFB lasers

Distributed feedback (DFB) lasers have useful characteristics, such as smaller
emission linewidth and stable dynamic single-mode operation, in comparison to
Fabry-Perot lasers. For instance, in long-cavity AlGaAs/GaAs multi-quantum well
DFB lasers emitting at 0.86 ym, a minimum linewidth of 1.5 MHz has been
reported. -! In three-section corrugation-pitch-modulated multi-quantum well DFB
(CPM-MQW-DFB) lasers emitting at 1.55 pm a spectral linewidth of less than 98
kHz has been achieved.!2 As regards stable dynamic single-mode operation
characteristics, side-mode suppression ratios of more than 30 dB have been achieved
under 2Gbps NRZ (non-return-to-zero) modulation. Because of these characteristics,
InGaAs/InP DFB lasers have been extensively developed and applied for long haul
high-bit-rate optical fibre transmission systems. The modulation bandwidth is
ultimately limited by the linewidth of the laser source, AlGaAs/GaAs DFB lasers
have been researched as the optical source for holographic laser devices, especially in
consumer electronics, such as holographic laser beam printers.!3

DFB lasers are also useful as optical sources in integrated optics based on miniature
optical waveguide components, such as optical amplifiers, modulators and passive
waveguides using disordering!- !-5 of quantum well structures. This is because they
do not need cleaved facets, since the feedback is generated by the grating structure.
Most DFB lasers have been fabricated by forming a feedback grating parallel to the
growth plane, either below or above the active region, during a growth interruption.
But this approach is complicated by the need for epitaxial regrowth. On the other
hand, methods for incorporating distributed feedback in a ridge waveguide laser by
means of lateral gratings and a single growth step have been demonstrated by Miller
et al.1’6.1-7 The necessary Bragg condition for distributed feedback was satisfied by
etching gratings alongside the ridge in the top confining layer of the laser, on either
side of the contact stripe. The advantages of this approach are simple fabrication and
the possibility of full characterisation of the wafer before processing into DFB lasers.

In the optoelectronics research group at Glasgow University, surface grating DFB
stripe lasers using quantum well material have been researched with a view to
improving longitudinal mode stability.



1.2. A brief history of research into DFB lasers

In this section a brief history of research into DFB lasers by others is presented.
The first description of DFB laser research was given by Nakamura et al, 1973.1-8 The
lasers were operated by optical pumping. The quarter-wavelength shifted DFB laser
was later proposed, in order to overcome the multi-longitudinal mode operation, by
Haus et al, 1976.19 The important feature of the quarter-wavelength shifted DFB
laser was its single longitudinal mode operation with the lowest threshold gain.
Many types of DFB laser have been researched in order to attain stability of the
longitudinal mode and other improvements in performance. Among them, structures
considered to be closely related to this work are as follows:

(1) DFB lasers with a step-like non-uniform stripe width structure,1-10. 1-11

(2) DFB lasers with a gradual phase shift region, 1-12.1-13,1-14

(3) DFB ridge-waveguide lasers.1-6.1-7

1.2.1. DFB laser with a step-like non-uniform stripe width structure!-10.1-11

DFB lasers with a step-like non-uniform stripe width structure were proposed by
H.Soda et al, 19841-10 and K.Tada et al, 19841-11 in order to stabilise single
longitudinal mode oscillation. The laser had a phase adjustment region which was
located at the centre of the laser. The phase adjustment region consisted of a wider
stripe the width of which was 3 um. The length of the phase adjustment region was
60 pm and the length of the laser chip was 400 pm. The narrower stripe width was 2
um. Current was injected into the whole length. The difference in propagation
constant Af3 was calculated as 250 cm-! by using the effective index approximation.
With the length of the phase adjustment region chosen to be L=60 pm, the amount of
the phase shift ABL was calculated to be 0.48 .

The phase adjusted DFB laser lased near the Bragg wavelength with a threshold
current of 28 mA and stable single longitudinal mode oscillation was achieved up to a
light output of 10 mW at room temperature.



1.2.2. DFB laser with a gradual phase shift region!-12.1-13,1-14

The DFB laser with a gradual phase shift region was proposed by M.Okai, 1989 in
order to reduce the spatial hole burning effect. A CPM (Corrugation-pitch modulated)
structure was introduced into 1200 pm long MQW-DEFEB lasers, in order to obtain
narrow spectral linewidth. The CPM structure had a phase-arranging region around
the centre of the laser cavity to attain an effective A/4-shift. In the 360 pm long
phase arranging region, the corrugation pitch was 0.8 nm longer than that of other
regions. The CPM grating was fabricated by the photomask self-interference method.
The CPM structure was effective in suppressing spatial hole burning effects since the
light intensity profile along the CPM-DFB laser was much flatter than that along a
conventional A /4-shifted DFB laser. The threshold current of the 1200 pm long
CPM-MQW-DFB laser was 20 mA and the slope efficiency was 0.2 W/A per facet.
The minimum spectral linewidth achieved was 170 kHz at 25 mW output power.

1.2.3. DFB air-grating stripe lasers!-6. 1-7

The DFB air-grating stripe laser was proposed by L.M.Miller et al,1-61991. The
operation of this DFB air-grating stripe laser combined the lateral optical
coﬁﬁncment of the ridge waveguide with DFB gratings etched along the side of the
laser stripe. The gratings extended to the laser facets on either side of the laser stripe
width. The gratings were etched through the AlGaAs top confining layer and close to
the strained layer of the active region. In this way, the gratings formed a lateral
effective index step which assisted in lateral optical confinement, as in a conventional
ridge laser structure. The gratings also provided optical feedback when the period of
the grating satisfied the Bragg condition within the gain spectrum. The third order
gratings were formed along the ridge by direct electron beam writing and reactive ion
etching in a single post-growth processing step.

An InGaAs/GaAs/AlGaAs strained-layer DFB air—gfating stripe QW heterostructure
laser with third-order gratings which operated at room temperature under pulsed
conditions was demonstrated. The threshold current.- was I;p=85 mA and single
longitudinal emission at A=1.0324 um was presented up to 2.2 xL,, where other
DFB modes reached threshold. Results for CW operation were not reported.



1.3. Aims of this work

Deep surface grating DFB stripe lasers have several advantages , as discussed in the
previous section. But this type of laser has not been fully characterised, especially in
CW operation.

The purpose of the experimental work described in this thesis is as follows:

(1) characterisation of surface grating DFB stripe lasers with conventional
gratings, such as output power - drive current characteristics, temperature
dependence of the spectrum and emission field patterns, including CW
operation,

(2) estimates of the stopband and coupling coefficient values,

(3) characterisation of surface grating DFB non-uniform stripe lasers and
experimental confirmation of the effectiveness of the non-uniform structure
in achieving single longitudinal mode operation.
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Chapter 2 : Theory of DFB lasers

In this chapter, the theory of DFB lasers and DFB non-uniform stripe lasers is
described.

An analysis of laser action in a periodic structure was presented first by Kogelnik and
Shank in 1972.2-1 The basic concept had been used in analysing Bragg diffraction of
X-rays and light diffraction by acoustics. After the analysis, Wang22 and Streifer et
al.23 presented a more generalised theory for semiconductor lasers with built-in
gratings, that is, DFB lasers and DBR lasers.

2.1. Wavelength dependence of Bragg reflections

The principle of DFB lasers is based on Bragg's law, which states that the
electromagnetic waves reflected from different planes in a crystal will be in phase if
the following condition is satisfied

2dsin 0 = mA [2.1]
where 6 is glancing angle, d is the separation between successive planes, A is the
wavelength of radiation and m is an integer. To adapt Eqn. [2.1] to the case of 180°
reflection of light by a grating in a DFB laser, it is only necessary to let d equal the
grating period A, let A equal A,/n,, where negs is the effective index in the
waveguide for the mode under consideration, and let 6 equal 90°. Under these

assumptions Eqn. [2.1] becomes

2A=mie [2.2]

g
The vacuum wavelength of light that will be reflected through 180° by such a grating

is therefore
2An¢ﬁ

m

Ay = [2.3]

Although the grating is capable of reflecting many different longitudinal modes,
corresponding to the various values of m, usually only one mode will lie within the
gain bandwidth of the laser.



2.2. The coupled-mode solutions

The fraction of the optical power that is reflected by a grating such as that shown in
Fig.2.1 depends on many factors, including the thickness of the waveguiding layer,
the depth of the grating teeth and the length of the grating region. The determination
of the fraction of reflected optical power is mathematically quite complex. It is
possibly the best approach is to use coupled-mode theory, as was done by Kogelnik
and ShankZ! and by Yariv.24 In coupled-mode analysis, it is assumed that the grating
is only weakly coupled to the optical mode. Using this approach, Yariv has shown
that the coupling can be characterised by a coupling coefficient k.

In Fig.2.1, for the first order gratings, the reflection is essentially limited to coupling
between only the forward and backward waves travelling in the +z direction. Then the
incident field B(z)e® and the reflected field A(z)e” are functions of the distance z,

given by the expressions24
: . iBoz

iBz lKe .
A@)e" =BO) T ABSHh(SL) + iScosh(sL) s~ L] (2.4]
and
B(2)e® = B(0) e’ .

_ABsinh(SL)+ iS cosh(SL) [2.5]
(ABsinh[S(z — L)]+iS cosh[S(z — L)])

where
S =k~ (AB) [2.6],
AB=B-B, [2.7],
Bo="2 [2.8],

K is the coupling coefficient, 8 is the propagation constant, A is the grating period,
L is the length of the grating and m is an integer. For sufficiently large arguments of
the hyperbolic functions in Eqns. [2.4] and [2.5], the incident optical power decreases
exponentially with z, as power is reflected into the backward travelling wave. The
effective reflection coefficient Regr and corresponding transmissions Teg near the
Bragg wavelength are given by

_laof
R =150 [2.9],
and

_|Bayf?
Ts=[50) [2.10]

The calculated reflection characteristics of a grating length L as a function of the
detuning APL =[(@w - w,)L/ cln,; are shown in Fig.2.2. From the characteristics, the

reflectivity becomes a maximum at the Bragg frequency, &= @,.



In these index-coupling grating waveguides, there exists a stopband?*# (Aw),,, given

2xc
(A0)gap = [2.11]
Neff
where c is the vacuum velocity of light.
X Perturbed !
1 section of .
ny | waveguide t
" :(((:),): Guiding layer IF—’B(L)
x ==t 4 :
I l
| ]
"3 | Substrate |
: z
s=0 s oL
Y 5 . 7
7 7 7 7
' Perturbation
[<——— causes mode ————-»
coupling here
BiOle~ i8¢
Alo)e8° B I
- B(L)e~ 4"
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Fig.2.1. An optical waveguide with a rectangular grating for distributed feedback.2-5
Upper: A corrugated section of a dielectric waveguide.
Lower: The incident and reflected fields.
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Fig.2.2. Calculated reflection characteristics of a grating length L (L=600 pum) as a
function of the detuning ABL =[(@— @w,)L/clnz .



2.3. Lasing with distributed feedback

If the medium in which the wave is travelling has optical gain, such as in the inverted
population region of a laser diode, the distributed feedback can result in lasing. In a
medium with an exponential gain constant Yy, the amplitudes of the incident and

reflected waves are given by the expressions2-6

e ((y—iAB)sinh[S(L — z)] - S cosh[S(L — 2)}}

E@=E (7 —iAB)sinh(SL) — S cosh(SL) [2.12],

and

E,(1)= B, — X SS9 2.13],
(y —iAB)sinh(SL)— S cosh(SL)

where

§? = ||+ (v - iABY? [2.14]

The parameter Eg is the amplitude of a single mode (the one for which the net gain is
greatest) incident on the grating of length L at z=0, while Af is given by

AB=p-B, [2.15]

where f, is the propagation constant at the Bragg wavelength.

The oscillation condition for the DFB laser corresponds to the case for which both the
transmittance E;(L)/ E;(0) and the reflectance E,(0)/ E;(0) become infinite. From

Eqns. [2.12] and [2.13], it can be shown that this condition is satisfied when
(y—iAB)sinh(SL) = S cosh(SL) [2.16]

In general, Eqn. [2.16] can be solved to determine the threshold values of A and 7,

only by numerical solution.

E,(0)/ E,0)[", for the condition of x=10 cm'! and

L=600 pm is shown in Fig.2.3 and the calculated relationship between the gain

constant ¥ and the detuning A from the Bragg frequency is shown in Fig.2.4.

The calculated reflection gain,

10
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2.4. Coupling coefficjent x
Using the coupled-mode theory, Yariv2+4 has derived the coupling coefficient x for a
buried grating waveguide. For the surface grating waveguide, generally, the coupling
coefficient is smaller than the coupling coefficient of the buried grating waveguides,
because of the weaker mode coupling. An approximate calculation of the coupling
coefficient of the surface grating waveguide, as shown in Fig.2.5, can be made from
the change in effective index An, between the etched and unetched portions of the
waveguide. The appropriate coupling coefficient k is given by

o = ZAneff

mA

where m is the order of the grating, A is the lasing wavelength, W is the width of the

grating teeth and A is the grating period. The dependence on the order of the grating
sin(zzimw / A)

. w
_ 2.17
sin(7zm A) [2.17]

m is represented by the multiplicative factor .27 In the case of odd

m
numbered order grating waveguides, the coupling coefficients is a maximum for 1:1
mark space ratio gratings.

| A W
Surface grating
| Degr2l Nyl - Guiding layer
I I | Lower cladding layer

! 1 1
Ang=ng,—n,z,
Fig.2.5. Schematic of the surface grating waveguide.

The change in the effective index An, can be estimated using the effective index

method.2-8, 29 Fig.2.6 shows models for calculation of the change of the effective
index An. Here W is the stripe width of the surface grating waveguide and T is the
etched depth. The thickness of the upper cladding layer is assumed to be 0.7um. The
refractive index of each layer can be calculated using equations given by
S.Adachi.210 The calculated relationship between the coupling coefficient x and the
stripe width of the surface grating waveguide with the 3rd order gratings is shown in
Fig.2.7. The calculated relationship between the coupling coefficient x and the depth
of the gratings is also shown in Fig.2.8.

12
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Fig.2.6. Calculation models of the etched and unetched portions surface grating
waveguides.
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Fig.2.7. Calculated relationship between the coupling coefficient x and the stripe
width of the 3rd order surface grating waveguide. T=0.5 pim is assumed.
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Fig.2.8. Calculated relationship between the coupling coefficient ¥ and the depth of
the 3rd order gratings.
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2.5. Non-uniform stripe lasers

Fig.2.9 shows a schematic diagram of a surface grating DFB non-uniform stripe
lasers. Calculation of the threshold gain and the oscillation frequency for the DFB
non-uniform stripe lasers, is based on the following coupled-mode equations:2-+ 2-11

-dA/dz+(a - jO)E, = jKkE, [2.18]
dB/dz+(a - jO)E, = jKE, [2.19]
where

0=B-mlA [2.20]
B=2mng,/ A : [2.21]

In these Eqns., E, and E, are the amplitudes of the forward and backward wave,
respectively and z is the position co-ordinate along the laser axis. & and k are the
loss and the coupling coefficient, respectively. & means the deviation of the
propagation constant B from the grating vector &/ A. n is the effective index and
A is the oscillation wavelength in free space. When the frequency parameter 6 is
constant , Eqns. [2.18] and [2.19] can be solved analytically. But a variation in d is
caused by a change in n at the non-uniform region. Accordingly, Eqns. [2.18] and
[2.19] are usually solved numerically.

The F-matrix method?-12.2-13 is one of the reported numerical calculation methods. In
this approach the waveguides are divided into short segments along the propagation
path, and in each segment the gratings are assumed to be periodic, that is, parameters
such as coupling coefficient, grating phase, deviations from the Bragg frequency and
gain in the waveguide are independent of position z. The characteristics of almost
periodic grating stripe waveguides can then be obtained by multiplying each F-matrix
of a short segment with the proper grating phase conditions at the interface between
two adjacent segments.

The threshold gain and the oscillation frequency for the DFB non-uniform stripe

lasers could be calculated using this F-matrix method, but this has not been carried
out.

Air-grating
' A wider LB LB
region :

Fig.2.9. Schematic diagram of a surface grating DFB non-uniform stripe waveguide.
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Chapter 3 : Epitaxial wafer structure and analysis

In this chapter, the epitaxial wafer structure and analysis using broad area oxide stripe
lasers are described.

3.1. Epitaxial wafer structure

The epitaxial wafer structure consists of two 0.01 pum GaAs quantum wells and
0.01pm Alg,Gag gAs barriers and is shown in Fig.3.1.

The material was grown by MOCVD (Metal Organic Chemical Vapour Deposition)
in University of Sheffield and identified as sample QT270.

<DQW 0.23pum>
P-(Zn doped) : GaAs 0.1 um Alg2Gag gAs 0.1 ym
P-(Zn doped) : Alg4Gag ¢As GaAs 0.01 pm
' 0.7 um
DQW 0.23 um Alg2Gap gAs 0.01 pm
N-(Se doped) : Alg.4Gag 6As GaAs 0.01 pm
0.9 um
N-(Se doped) : GaAs 0.1 um Alp2Gag gAs 0.1 pm
N-(Si doped) : GaAs Substrate

Fig.3.1. Schematic diagram of the epitaxial wafer structure (QT270).

3.2. Epitaxial wafer analysis using broad area oxide stripe lasers

It is important to have measured or estimated the emitting wavelength, internal loss o
and internal quantum efficiency 7, of the epitaxial wafer before the fabrication of
deep surface grating DFB stripe lasers. To analyse the epitaxial wafer parameters,
broad area oxide stripe lasers were used because the effect of current spreading from
the lasing region should be relatively small in such lasers. The approach in analysing
the material was to fabricate 75 pm width oxide stripe lasers, cleave them into lengths
from 400 pm to 1200 um and measure the threshold currents for the devices that had
the lowest threshold, followed by estimates of the external quantum efficiency 7,.

The structure of the broad area oxide stripe lasers is shown in Fig.3.2.
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Ohmic contact

75 um Ni/Au <60nm/150nm>
A T

5102

DOW

Ohmic contact
Au/Ge/Au/Ni/Au <13nm/13nm/13nm/11nm/240nm>

Fig.3.2. Schematic diagram of the broad area oxide stripe lasers.

3.2.1. Theory of epitaxial wafer analysis

The theory relevant to epitaxial wafer analysis is given in references 3-1 to 3-7.
In oxide stripe lasers, the following condition applies at threshold

8 =Q+ %ln(%) [3.1]

The threshold gain g,, equals the sum of the losses, which are the internal loss o and

1.1
the mirror loss Zln-k, where L is the cavity length and R is the average reflectivity

of the facets. Above threshold, the gain is assumed to be clamped and the extra
electrical power appears as light emission. The efficiency of conversion of electron

power to photon power is given by

n, =n(l- =) - [3.2]

8
where 7, is the internal quantum efficiency and 7, is the external quantum efficiency

as measured by the slope of the light-current curve above threshold.

It has been found that the gain for a quantum well laser, taking account of the effect
of light guided outside of the quantum wells, up to threshold can be related to the
current density in the laser by the following relationship

g(J) =nlg, 1n(-:’;]"1 , [33]

!

where n is the number of quantum wells, I" is the optical confinement per well, g, is
the quantum well gain parameter for one well and J, is the transparency current
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which is needed in a.well to overcome the resonant absorption. The optical
confinement per well, I', is the fraction of the power within the well divided by the
whole power carried by the laser mode, which is defined by

- [ Ex)dx
J:vaveguideE(X)de

In broad area oxide stripe lasers, the approximate value of the optical confinement per

[3.4]

well T can be calculated using a 2-dimensional waveguide model.

Fig.3.3 shows an illustration of Eqn. [3.3] and shows the relationship between the
gain produced by quantum wells and the current density for material with different
numbers of wells.

250

o)

g

L

2 200

E

n=1

g

2 150

g .................... n:
5

g e n=3
o 100

'§ ----- n=4
3

a 50 —1

R=

S

0 T——4 T T T

0 250 500 750 1000 1250 1500
Current density (A/cm?)

Fig.3.3. The calculated relationship between the gain, taking account of the effect of
light guided outside of the quantum wells, and the current density for material

with different numbers of wells using Eqn. [3.3]. Internal quantum efficiency
1,=1, transparency current J, =120 A/cm?2, gain coefficient for one well

8,=1700 cm! and optical confinement per well I'=3 % are assumed.

Combining [3.1] and [3.2] gives

1 1 a
__=__L(
n, m nnR

) [3.5]

18



From a plot of the measured external quantum efficiency 7, against the cavity length
L, the internal quantum efficiency 7, and the internal optical loss a can be estimated.

Combining [3.3] and [3.5] gives
In(J,)=

{ a InR
nl'g, nl'’g,

A plot of the natural log of the threshold current density against inverse of the cavity
length gives the gain factor nI'g, from the slope and the intercept gives the

sy -2 (2K, 3.6]
7, L

transparency current J, using the internal loss a calculated.
From these calculations, quantum well epitaxial wafers can be analysed.

3.2.2. Experimental results

To prevent excessive heating, the lasers were operated in pulsed current mode. The
current pulse width was 400 nsec and the repetition rate was 1 kHz (duty cycle
1:2500). Fig.3.4 shows the measured L-I curves of the 400 ym, 600 ym, 800 xm,
1000 ym and 1200 pm cavity length broad area oxide stripe lasers, at 20 °C. The
lasers had the lowest threshold currents among the five lasers within each category.
Table 3.1 shows the external differential quantum efficiency for a single output facet,
the threshold current and the threshold current density obtained from the L-I curves.

100
B 75- —————  400um
3
:é .................... 6(X)}‘m
B sod /S5 e 800um
o
§ ---------- 1000xm
R O N e 1200xm
8
0
0 200 400 600 800

Drive current (mA)

Fig.3.4. Measured output power per facet - drive current characteristics in broad area
oxide stripe lasers. '
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Table 3.1. Measurement results for broad area oxide stripe lasers in pulsed operation,

at 20 °C.

Cavity length (m) | External differential | Threshold current | Threshold current
quantum efficiency | (mA) density (A/cm2)
per facet (%)

400 28 137 457
600 25 182 404
800 22 233 388
1000 19 281 375
1200 17 333 370

Fig.3.5 shows the spectra of the 400 ym and 600 um cavity length broad area oxide
stripe lasers at 20 °C. They lased multi-moded and the wavelengths were about
862nm.

SPEC 0.36C040um_ T0J.3pW AVG: | RES:C.inm ADAPTIVE
740.3p¥

370.1p¥

74.0p¥/0

0. 0P WLa ol A AerSn A PAAILM Y Y W NN T VLB g L SN L
U.3500um 0.3600un 2.00na/D 0.8700um

(A) 400um cavity length broad area oxide stripe lasers, [=250 mA (ND 0.044).

SPEC 0.3621204m  535.6pW AVG: | RES:0.1nm ADAPTIVE
olo.4pH

308.2pHW
61.6pW/D
0. 0pWL o it it e [T TN
0.3500um 2.000m/0 0.8700un

(B) 600um cavity length broad area oxide stripe lasers, I=300 mA (ND 0.044).

Fig.3.5. Measured spectra of the 400 ym (A) and 600 xm (B) cavity length broad area
oxide stripe lasers at 20 °C.
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Fig.3.6 shows the relationship between the inverse of the external quantum efficiency
and the cavity length obtained from the L-I curves along Eqn. [3.5]. The fit gave the
internal quantum efficiency of 85% and the internal optical loss of 14.5 cm-1. From
Eqn. [3.4], optical confinement factors were calculated to be 22.2 % in the upper
cladding layer, 55.5 % in the guiding layer, 22.3 % in the lower cladding layer and
273 % in one well (I'=2.73 %) for the QT270 material structure using a 2-
dimensional waveguide model.

Fig.3.7 shows the relationship between the natural log of the threshold current density
and the inverse of the cavity length obtained from the L-I curves along Eqn. [3.6].

The fit gave nl'g,=92.6 cm-! and ln(ﬁj—‘-) =5.64. From those data, the transparency

current J, and the quantum well gain parameter for one well g, were calculated to be
J, =120 A/em? and g,=1700 cm-!. The epitaxial wafer parameters obtained from the

analysis are shown in Table 3.2.

Table 3.2. The epitaxial wafer parameters obtained from the analysis.

Wavelength | 7; (%) a (cm-1) go(cm1) Jih.600um J, (Afem?)
(nm) (A/em?)
862 85 14.5 1700 182 120

The internal quantum efficiency value and the optical internal loss value are good and
therefore the material can be recognised to be good.

. 3.0
-~ y=14.100x + 1.176
=
Q
=
o
‘O
£ 2.50-
Q
E
2
g
=3
S 2,004
[
E
&
»
=
-
1.50 T T I
0.025 0.050 0.075 0.100 0.125
Cavity length (cm)

Fig.3.6. Relationship between the inverse of the external quantum efficiency and
ithe cavity length obtained from the L-I curves according to Eqn. [3.5].
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Fig.3.7. Relationship between the natural log of the threshold current density and the
inverse of the cavity length obtained from the L-I curves according to Eqn.
[3.6].

The temperature dependence of the spectra and the threshold current were measured
as well. Fig.3.8 shows the temperature dependence of the spectra of the 400 ym and
600 um cavity length broad area oxide stripe lasers. Because of the multi-moded
emission, the plotted wavelength values were adopted from the centre of the multi-
moded emission. The estimated temperature dependence of the spectra was about
0.28 nm/°C. Fig.3.9 shows the L-I curves for the 600 pm cavity length broad area
oxide stripe lasers from 10 °C to 40 °C. It has been found the threshold current
increases exponentially with temperature as

: .
I, = I,exp(=-) [3.7]
T,

where T is the temperature (°C) and Ty is the characteristic temperature.3-8.3-° In
GaAs/AlGaAs lasers, it has been found that the increase of the threshold current with
temperature is due to the effects of gain spectrum broadening and overflow of carriers
from a hetero-barrier.3-10 Fig.3.10 shows the relationship between the natural log of
the threshold current and temperature of the 400 p¢m and 600 um cavity length broad
area oxide stripe lasers obtained from the L-I curves using the equation [3.7]. From
the slope values, the estimated characteristic temperature was about 150 K.

22



870

O 400pm : 0.28nm/°C
o 600pm : 0.27nm/°C

E 865 =

£

=

5o

=]

2

2

<

= 860

855

0

10

1 1 T
20 30 40 50

Temperature ("C)

Fig.3.8. The temperature dependence of the spectra of the 400 pm and 600 pm cavity

length broad area oxide stripe lasers.
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Fig.3.9. The L-I curves for the 600um cavity length broad area oxide stripe lasers
from 10 °C to 40 °C.
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Fig.3.10. The relationship between the natural log of the threshold current and
temperature of the 400 ym and 600 pm cavity length broad area oxide
stripe lasers obtained from the L-1 curves using the equation [3.7].



References

3-1. G.H.B.Thompson, "Physics of semiconductor laser devices", John Wiley and
Sons., p. 97-105, 1980.

3-2. S.M.Sze, "Semiconductor devices physics and technology"”, John Wiley and
Sons., p. 267-274, 1985.

3-3. A.Yariv, "Quantum electronics", John Wiley and Sons., p. 271-276, 1987.

3-4. P.Mc llory, A.Kurobe and Y.Uematsu, "Analysis and application of theoretical
gain curves to the design of multi-quantum-well lasers”, IEEE Journal of
Quantum Electronics, Vol. QE-21, p. 1958-1963, 1985.

3-5. A Kurobe, H.Furuyama, S.Naritsuka, N.Sugiyama, Y.Kokubun and N.Nakamura,

. "Effects of quantum well number, cavity length and facet reflectivity on the
reduction of threshold current of GaAs/AlGaAs multiquantum well lasers”, IEEE
Journal of Quantum Electronics, Vol. 24, p. 635-639, 1988.

3-6. Y.Arakawa and A.Yariv, "Theory of gain, modulation response and spectral
linewidth in AlGaAs quantum well lasers”, IEEE Journal of Quantum
Electronics, Vol. QE-21, p. 1666-1674, 1985.

3-7. J.Whiteaway, "Logarithmic gain/current-density characteristic of
InGaAs/InGaAlAs/InP multi-quantum-well separate-confinement-heterostructure
lasers", Electronics Letters, Vol. 27, p. 340-342, 1991.

3-8. S.M.Sze, "Semiconductor devices physics and technology", John Wiley and
Sons., p. 274-278, 1985.

3-9. W.Tsang, "Low-current-threshold stripe-buried-heterostructure laser with self-
aligned current injection stripes", Applied Physics Letters, Vol. 34, p. 644,1979.

3-10. T.Ohtoshi, "A two-dimensional device simulator of semiconductor lasers",

Solid State Electronics, Vol. 30, p. 627-638, 1987.

25



Chapter 4 : Device structure and fabrication

In this section, the deep surface grating DFB stripe laser structure and the fabrication
process for the lasers are presented.

4.1 Device structure

Fig.4.1 shows a schematic diagram of the deep surface grating DFB stripe lasers. To
reduce current spreading, the GaAs contact layer was etched away in the grating
regions. The cavity length was typically 600 pm. The grating was etched within
0.2um (T=0.5 pum in Fig.4.1) of the active region and the width of the laser stripe was
2.5 or 4.5 pm. The grating period was about 0.38 pm, corresponding to 3rd order
gratings. Surface grating DFB non-uniform stripe lasers were also fabricated with a
wider region 4.5 pum wide and narrower regions 2.5 Um wide.

T=0.5um
W=250r4.5um
A=0.38 um

Fig.4.1. Schematic diagram of the deep surface grating DFB stripe lasers.

4.2 Fabrication

The fabrication requires several steps, which are briefly described as follows:

1. sample prcparation:
the wafer is cleaved into a rectangle of suitable size and cleaned using various
solvents.

2. etching of the GaAs contact layer in the grating regions to reduce current spreading:
after lithography using a mask aligner, the GaAs contact layer is etched away in the
grating regions using wet etching in a solution of H,O; and NH4OH.

3. making gratings alongside the ridge:
third-order gratings (A = 380 nm) are fabricated using the two beam interference
method, shadow evaporation of NiCr and reactive ion etching.
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4. making contact window and contacts:
a contact window is opened by wet etching of the SiO, layer, which is deposited
by Plasma Enhanced Chemical Vapour Deposition (PECVD). After suitable
surface preparation, the final step is deposition and annealing of the contact
metallisation.

5. cleaving and deposition of anti-reflection coatings:
after cleaving the wafer section into suitable sizes for lasers, anti-reflection
coatings consisting of a single Al,O3 layer are deposited by sputtering on both
facets.

6. mounting and wire-bonding:

the laser chip is mounted on a laser header and wire-bonded.

In this fabrication process, three masks fabricated by electron-beam lithography were
used for etching the GaAs contact layer, definition of the grating regions and opening
the contact window.

4.2.1 Sample preparation

Samples are cleaved into 8x 12 mm2 pieces, this size is the approximate size of the
grating that can be produced in the holographic set up. The wafer section is prepared
for lithography by cleaning for 5 minutes in subsequent ultrasonic baths of
trichloroethylene, methanol and acetone, with a final rinse in reverse osmosis water.

4.2.2 Etching of GaAs contact layer in the grating regions

To reduce current spreading, the GaAs contact layer, which was 0.1 um thick, was
etched away in the grating regions. After lithography using a mask aligner, wet
etching was carried out in a 20 : 1 solution of H202‘ and NH4OH for 7 seconds. In this
solution, the etching rate is quite different for GaAs and AlGaAs layers and the
etching rate of AlGaAs layers is about 5 % of the etching rate of GaAs layers
(1um/min).*1-42 So this solution was adopted.
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4.2.3 Manufacture of gratings alongside the ridge

The device grating period was about 380 nm, corresponding to 3rd order gratings.
When developing the fabrication techniques for deep surface gratings, 2nd order
gratings in which the period was about 250 nm were also fabricated. Accordingly the
fabrication of deep surface gratings is presented with 2nd order gratings as a
particular example. The deep surface gratings were fabricated in 4 steps as follows:
(1) making sinusoidal resist patterns using the two beam interference method.
(2) making a shadow mask using NiCr shadowed evaporation.
(3) dry-etching of photoresist, anti reflective coatings (ARC), SiO; and
GaAs layers.
(4) removing resist and ARC layers with N-methyl-2-pyrrolidone (NMP)
and removing the SiO, layer with a solution of HF and RO water.

(1) The two beam interference method

Fig.4.2 shows a schematic diagram of the two beam interference method.43. 44, 4-5
The period of the grating is defined by the incident angle 6, of the argon laser.
Spatial filters were inserted in order to improve spatial coherence. The power of the
argon laser after the spatial filters was about 40 mW each. Samples were prepared as
follows:

[1] deposition of SiO; film on top of the sample.

[2] spinning of ARC and baking.

[3] spinning of photoresist and baking.
ARC was used to prevent the formation of standing waves. Table 4.1 shows the
conditions of spinning and baking.

Table 4.1. Conditions of coating ARC and resist.

Ingredients Maker Spinning Baking

ARC Brewer 5000rpm  for | 130°C for 30
Science Inc. 60 seconds minutes

Resist S$1400-31(33%)| Shipley Inc. 4000rpm  for | 90°C for 30
Thinner (67%) 30 seconds minutes




In the case of fabrication of gratings alongside the ridge, patterning of the ridge and
grating regions is executed by photolithography before exposure using the two beam
interference method. After exposure by the two beam interference method, samples
were developed in a 1 : 2 solution of the developer and RO water for 15 seconds.
Fig.4.3 shows SEM photographs of resist patterns after each exposure time. Fig.4.4
shows a SEM photograph of resist patterns after exposure without ARC. Sinusoidal
resist patterns are suitable because of the use of a shadowed evaporation angle.

Ar laser A ¢=457.9(nm]

Shutter

Beam splitter

Spatial filter

Resist

ARC

Substrate

Fig.4.2. Schematic diagram of the two beam interference method.
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Fig.4.3. Change of grating profiles with increasing exposure time obtained by SEM

observation. (A=285 nm).
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Fig.4.4. Resist patterns after exposure without ARC.

(2) NiCr shadowed evaporation

Fig.4.5 shows a schematic diagram of shadowed evaporation. When a resist pattern,
after exposure using the two beam interference method, forms a sinusoidal pattern, a

shadowing angle is calculated by Eqns. [4.1] and [4.2].

180 , 2KH .
- tan ( sinra-cosra) [4.1]
K AG
K 1 . cos 2xK - 1
m=—+—tan ( ) [4.2]
2 2 sin 2JZK + 2k . 2JIK

where H is the depth of the sinusoidal pattern, Ac is the period of the sinusoidal
pattern and K is the mark-space ratio (K=A/AC). The value of H was measured by

SEM observation and it was about 0.2 pim. In the case of K=0.5 and Ac=0.38 pim, 6

is calculated to be 42 ° but a smaller angle was used in practice because of

difference centre positions between a sample and a metal boat.

:I: Shadow mask

H
T Resist
ARC
Si02 layer

Fig.4.5. Schematic diagram of shadowed evaporation.
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(3) Dry-etching resist, ARC, SiO2 and GaAs layers

Resist and ARC layers were dry-etched with O, gas in a planar Reactive lon Etching
(RIE) plant. The SiO; layer was dry-etched with C;F¢ gas and the GaAs layer was
dry-etched with SiCl, gas.*6.+7.4-8 Table 4.2 shows conditions for the RIE of resist,

ARC, Si0O; and GaAs layers.

Table 4.2. Conditions of reactive ion etching of resist, SiO, and GaAs layers.

Gas Gas flow | Pressure | RF power | Etching Etching
(SCCM) | (mtorr) (W) rate time (min)
(xm/min)
Resist 0, 13 10 75 0.15 5
SiO, C,Fs 20 14 100 0.04 8
GaAs SiCly 6 8 100 0.06 10

Fig.4.6 shows SEM photographs of the 2nd order gratings after dry-etching of resist,
ARC and SiO; layers. In order to keep the mark-space ratio close to unity, the
shadowing angle should be controlled.
The RIE of GaAs/AlGaAs layers is anisotropic. SiCly forms volatile reaction
products with both GaAs and AlGaAs:

SiCly + GaAs + AlGaAs —® GaCl,,} + AsCl, 1 + AlClyt + SiCl, t

This etch rate depends on 3 parameters: pressure, gas flow and RF power. The
pressure and the gas flow are interrelated because the pump rate of the vacuum
system is constant. The grating profile was changed by the gas flow. Fig.4.7 shows
SEM photographs of the grating profiles for the condition of 6 SCCM and 9 SCCM
SiCly gas flow. In this fabrication process, 6 SCCM SiCly gas flow was adopted. To
dry-etch to the target value of depth accurately, test. samples were used.

Fig.4.8 shows a SEM photograph of the fabrication result of the deep surface
gratings. The dimensions are 0.5 um etch depth, 0.38 um grating period and 55 : 45
mark-space ratio. Fig.4.9 shows a SEM photograph of the deep surface grating
uniform stripe waveguide and Fig.4.10 shows a SEM photograph of the deep surface
grating non-uniform stripe waveguide. It was found that the width of the GaAs
contact layer was a little bit narrower than the width of the surface grating stripe
waveguide. As regards the surface grating non-uniform waveguide, the width of the
narrow region was 2.5 + 0.2 ym and the width of the wide region was 4.5 + 0.2 ym.
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Etch:8mins on slide 91 ass

(A) 6 SCCM (B) 9 SCCM

Fig.4.7. SEM photographs of the grating profiles for the condition of 6 SCCM (A)
and 9 SCCM (B) SiCU gas flow.

Fig.4.8. SEM photograph of the grating profiles
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Fig.4.9. SEM photograph of the surface grating uniform stripe waveguide.

Fig.4.10. SEM photograph of the surface grating non-uniform stripe waveguide.
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4.2.4 Making contacts

Three factors are important in the metallization of the wafer. First, the metal should
adhere adequately, secondly it should provide a low resistance electrical contact, and
thirdly it should not introduce excessive strain into the laser chip. Strain has a
deleterious effect on laser life.+?

During the processing steps, an oxide layer which acts as an insulator grows on top of
the semiconductor . To remove this layer and prepare the semiconductor surface for
the contact, various processes can be employed. For instance, bombardment with low
energy Ar+ ions has been carried out prior to the metal deposition.#10 In this
fabrication process, wet etching was employed in a 1 : 2 solution of NH4OH and RO
water for 60 seconds.

The resistivity depends approximately exponentially on the height of the potential
barrier between the metal and the appropriate band of the semiconductor, and also
depends on the doping level, decreasing fairly rapidly as the doping level is
increased.+11 When the barrier height is low, good contact can be obtained relatively
easily by increasing the doping level and using a simple evaporated metallic layer.
This applies to p-type contacts in GaAs where a p-doping level of greater than 3 x
1018 cm-3 may be used in conjunction with a well adhering metal.4!2 The standard p-
type contacts are as follows:

[1] Ti/Au (Schottky contact)

[2] Au/Zn/Au with annealing (ohmic contact)4-13

[3] Ti/Pt/Au with annealing (chmic contact)410, 4-14

[4] Ni or Cr/Au (ohmic contact)415

In this present work, Ni(60 nm)/Au(150 nm) contacts were used.

When the barrier is lager, as in n-type GaAs, some form of alloying is necessary and
Au/Ge/Ni/Au contacts with annealing have been used.*15 In the present work, an
ohmic contact consisting of Au(l13 nm)/Ge(13 nm)/Au(l3 nm)/Ni(ll
nm)/Au(240nm) was used, with annealing at 400 °C for 1 minute.
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4.2.5 Deposition of anti-reflection (AR) coatings

To prevent Fabry-Perot mode oscillation, AR coatings consisting of a layer of AI203
or silicon nitride4' 16 were deposited on both facets. The film thickness satisfying the

minimum reflectivity d is given by

d=
4n

where m is an integral number, A is the lasing wavelength and n is the refractive
index of the film. In this fabrication process, a single monolayer of sputtered AI203
was used. The refractive index of sputtered AI203 was about 1.85 and the target value

of the thickness was 116 nm.
4.2.6 Mounting and wire-bonding

Mounting of the laser chip is also a process that needs care to avoid the introduction
of stress. In general indium solder can be relied upon to yield, before excessive
stresses arise. So indium solder was used for the mounting of the laser chips on gold-
plated steel heat-sinks. Normally the laser chips were mounted p-side down. Wire-
bonding to the n-type contacts was performed using 25 pm diameter gold wire and an
ultrasonic wire bonder.

A SEM photograph of the deep surface grating DFB stripe lasers is shown in Fig.4.11

and the wire-bonded laser chip is also shown in Fig.4.12.

Fig.4.11. SEM photograph of the deep Fig.4.12. photograph of the wire-

surface grating DFB stripe lasers. bonded laser chip. ( x 30)
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Chapter S : Measurements

In this section, the measurement methods, results and interpretation are described.

5.1 Measurement method

Among the important device characteristics measured were the following:

(1)Injection current - Voltage characteristics (I-V curves) and Light output

power - Injection Current characteristics (L-I curves),

(2)Far field pattern,

(3)Laser spectra.
These parameters were measured in both pulsed and CW operation. In CW operation,
the junction temperature generally rises significantly due to heating effects, so laser
characteristics such as threshold current, external differential quantum efficiency and
spectra change compared with pulsed characteristics. In pulsed operation, with duty
cycle less than about 1 : 1000, the junction temperature does not change significantly.
Pulsed measurements are therefore more accurate to evaluate laser characteristics, but
laser characteristics in CW operation are at least as important because practical

operation may be at or near CW conditions. Both measurements were therefore
carried out.

The measurements carried out are summarised briefly below.

(1) Injection current - Voltage characteristic (I-V curve) and Light output power
- Injection Current characteristic (L-I curve).
The resistances of the lasers were evaluated from I-V curves and the threshold
current and slope efficiency were evaluated from L-I curves. These parameters are
important laser characteristics. The measurement method used for L-I curves
differed between pulsed operation and CW operation. Fig.5.1 shows the
measurement system for L-I curves, in pulsed operation. The laser chip was
injected with a pulsed current (duty cycle 1 : 2500), to prevent excessive heating
of the chip. It was mounted on a brass clip. Optical power was measured by
averaging the photocurrent for gate pulses of length 100 ns in electrical circuits to
avoid the influences of delay time and relaxation >! of laser emission. On the

other hand, in CW operation, optical power was measured using an optical power
meter.
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(2) Far field pattern. .

Observation of the Far-field pattern was used to estimate the distribution of
electromagnetic field in the laser waveguide and was measured in pulsed
operation.

(3) Laser spectra.

Fig.5.2 shows the measurement system for laser spectra. The beam emitted by the
laser chip was focused on the end of the multi-mode fibre input to the
ADVANTEST Q8381 spectrum analyser, with objective lenses. The resolution of
this spectrum analyser is about 0.2 nm.

In the case where the coupling coefficient x is about 10 cm-l, the stopband is
about 0.25 nm wide. It is therefore difficult to observe the existence of the
stopband using the spectrum analyser, and it is impossible to measure the
linewidth of the spectrum of a DFB laser. A scanning Fabry-Perot interferometer
method 32 can be used for observation of the existence of a stopband and
measurement of the linewidth. Fig.5.3 shows the measuring system for the
scanning Fabry-Perot interferometer method. It consists of two parallel, highly
reflecting surfaces separated by an air gap which can be mechanically varied by
moving one of the mirrors. The free spectral range of the interferometer A A gp is

defined as follows>2:
Az
Adpp =— 5.1
e [5.1]
where n is the refractive index of air and / is the spacing of the Fabry-Perot
interferometer cavity. For the measurement of the stopband, AA gp must be larger
than AA stopband » ie.

AA'FP > M:mpbana [5'2]

This leads to the following condition for the spacing ! of the Fabry-Perot

interferometer cavity .

2
! <m%-— ‘ (53]

With n = 1(air), A -= 860 nm and AA gophand = 0-25 nm, [ is calculated to be <
1.48 mm. For the measurement of linewidth, the resolution of the apparatus is
determined by the finesse F of the Fabry-Perot interferometer and the finesse
depends on the reflectivity of the mirrors, as follows:

po ™R [5.4]
1-R
where R is the intensity reflection coefficient, assumed the same at both ends of

FP cavity. The resolution of the interferometer A A g is defined by

stopband



AA
Alm=_;g' [5.5]
In the Technical Optics Ltd. FPI - 25 scanning Fabry-Perot interferometer, the
finesse is calculated to be 155 with R = 0.98 at A = 860 nm and therefore the
calculated minimum resolution is 2.4 x 107> nm (10MHz) at ! = 10 cm. However,
it is difficult to obtain this resolution in practice, because it requires very accurate

alignment and collimation.
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Fig.5.1. Schematic diagram of the measurement system for L-I curves in pulsed
operation.
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Fig.5.2. Schematic diagram of the measurement system for laser spectra.
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5.2 Experimental results and interpretation

Narrow area oxide stripe lasers, surface grating DFB uniform stripe lasers and surface
grating DFB non-uniform stripe lasers, fabricated from the same wafer, were
evaluated. Measurements on parrow area oxide stripe lasers allowed estimation of
internal loss and confirmation of the expected effects of using AR coatings. Results

for devices under both pulsed operation and CW operation are described below.
5.2.1 Results for lasers in pulsed operation

The devices evaluated are categorised as follows:

(1) narrow area oxide stripe FP lasers without AR coatings (Stripe width 2.5xm),
(2) narrow area oxide stripe FP lasers with AR coatings (Stripe width 2.5um),
(3) surface grating DFB uniform stripe lasers without AR coatings,

(4) surface grating DFB uniform stripe lasers with AR coatings,

(5) surface grating DFB non uniform stripe lasers without AR coatings,

(6) surface grating DFB non uniform stripe lasers with AR coatings.

(1) Narrow area oxide stripe lasers without AR coatings

To estimate the internal loss of the narrow area oxide stripe lasers and evaluate the
threshold current, L-I curves were measured. Table 5.1 shows the threshold current
and the external differential quantum efficiency for a single output facet in a laser
which had the lowest threshold current among five lasers.

Table 5.1. Measurement results of narrow area oxide stripe lasers in pulsed operation,

at 20 °C.
Lasers Wavelength (nm) | Threshold Current | External differential
(mA) quantum efficiency
. per facet (%)
Etched GaAs 861.0 30 83
contact layer
Non etched GaAs 861.0 50 4.9
contact layer

The measurement errors for threshold current and slope efficiency were estimated
from six - fold repetition of measurements on the same device. The standard deviation
of the threshold current was about 0.7 mA and the standard deviation of the external
differential quantum efficiency was about 0.7 %. Nominal threshold current densities
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were calculated to be 2000 A/cm? and 3300 A/cm? respectively. The differences in
the threshold current and slope efficiency values were thought likely to be due to
differences in the amount of current spreading outside the active region.

In broad area lasers, the current flow is one dimensional and the current densityin the
active region is the external current divided by the cross-sectional area. In structures
such as a narrow area oxide stripe lasers, the current flow through the p-type layers is
by a majority carrier drift current which spreads laterally as illustrated in Fig.5.4.
Because of spreading, the current flows through an area in the active region that is
significantly lager than the stripe contact area. Within the active layer, there is a
lateral diffusive current of minority carriers due to recombination which also
broadens the current distribution. These two effects greatly influence the threshold
current behaviour and the emission properties of stripe geometry lasers.

A model for current spreading in stripe-geometry lasers has been presented in
references 5-3 and 5-4. The simplified model assumes uniform current distribution in
a region of width S, which is equal to the contact stripe width, and decreasing non-
uniform current density outside the uniform current region. In Fig.5.4, the total
current I; is shown to be the sum of the uniform current under the stripe I and the
spreading current I, flowing in the +y directions:

[i=I+2], [5.6]
In Ref. 54, it is shown that the current density across the junction at y > B /12| is
I
Jy(y )= 2 S ) [57]
LLI+ (|- -2-) 11,]
where l, = --Z—L— [5.8]
Bp.1,

In Eqn. [5.8], 8 is the exponential junction parameter q/nkT, L is the cavity length,
and p is the composite sheet resistivity given by

11,1 5.9
b, PPy B
d, 4
2
It is also shown that J = ﬁ;’é" - l"’L [5.10]
1/2 -
and I - [1+(SBp, /1 2L)1,]"" -1 (5.11]
SBp, /2L

Fig.5.5 shows the calculated results for the relationship between the sum of the
uniform current in the active region and the total current in narrow oxide stripe lasers,
using values for the cavity length of L = 600 pm, stripe width S = 2.5um, GaAs sheet
resistivity p4 =8x 103 Q-cm and Alg4GageAs sheet resistivity p3 =2x 10-! Q-cm.
At threshold current, the ratio of the current flowing through the active region to the
total current is calculated to be 36.0 % and 20.4 % in the laser with an etched GaAs



contact layer and the laser with an unetched GaAs contact layer, respectively. At
threshold, the current flowing through the active region is calculated to be 10.2 ~ 10.8

mA and the threshold current density considering current spreading can be estimated
as 680 ~ 720 A/cmZ.
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Fig.5.4. Schematic representation of current spreading in a contact stripe-geometry
laser. The total current is Iy, the current through the active region under the
stripe is I with a current density of J.. The lateral spreading current is I,, and
the distribution of current density across the junction at y is Jy(y) (Ref. 5-3).

The internal propagation loss o was calculated using the equations as follows:
1 1 a

A 5.12
n, D(n.-lnR) >12)
AP 1 ¢
=2x—— Xx—x - 5.13
n xnyth [5.13]

where 7, is the internal quantum efficiency, 7, is the external differential quantum

efficiency considering current spreading, AP/ Al is the slope efficiency per facet and
y is the ratio of the current flowing through the active region to the total current.
Using the values of the internal quantum efficiency, m; = 0.85, from the evaluation of
broad area oxide stripe lasers, the internal loss can be estimated at 16 ~ 17 cm-1. This
value is somewhat higher than the internal loss a,,,,,,..; Of broad area oxide stripe
lasers, @,; . 4rge = 14.5 cm-l.
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Fig.5.5. Calculated results for the relationship between the uniform current in the

active region and the total current in narrow oxide stripe lasers.
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(2) Narrow area oxide stripe lasers with AR coatings

To confirm the operation of AR coatings, spectra of narrow area oxide stripe lasers
with AR coatings were measured. The emission spectra at 20 °C for the same device
are shown in Fig.5.6 at 1=350 mA and 450 mA. The threshold current increased from
50 mA without AR coatings to 350 mA with AR coatings, indicating that the AR
coatings were close to optimum. The devices lased at a wavelength of 861.3 nm for
1= 450 mA. Fig.5.7 shows the output spectra at 10, 20 and 40°C for I = 450 mA,
confirming that the lasing wavelength shifted to longer wavelengths and that the gain

curve peak value decreases in magnitude due to the rise in temperature.

SPEC 0.]56200uB AVGI 1 RES:0.lInm APAT.i*E
$.0nW

15 W

0.50W/D

U.OnW
1).3JSCum 0.3600uin 5.00nm/D 0.3351)um

(A) I=350 mA

0. 5nW/D

0.0nW

(B) 1 =450 mA

Fig.5.6. Measured spectra for narrow oxide stripe lasers with AR coatings at 20 °C' for

I1=350 mA(A) and I =450 mA(B) in pulsed operation.
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Fig.5.7. Measured spectra for narrow oxide stripe lasers with AR coatings at 10, 20
and 40 °C for I = 450 mA in pulsed operation.
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(3) Surface grating DFB uniform stripe lasers without AR coatings

The L-I curves and spectra were also measured for surface grating DFB uniform
stripe lasers without AR coatings, giving estimates for the internal losses of the lasers.
Fig.5.8 shows the measured L-I curves of the lasers with an etched GaAs contact
layer in the grating regions, and stripe width was 2.5 and 4.5 pm, without AR
coatings, at 20 °C. These lasers had the lowest threshold currents among five lasers
within each different category. Kinks exist at about 60 mA in the L-I curves.
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Fig.5.8. Measured output power per facet - drive current characteristics in surface
grating DFB uniform stripe lasers without AR coatings, at 20 °C.

To investigate the reason for these kinks, spectra for drive currents around 60 mA
were measured. Fig.5.9 shows changes in the spectra of the 4.5 um stripe laser at 20
and 40 °C for 50, 60 and 70 mA current levels respectively.
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Fig.5.9. Measured spectra for 4.5 (im width stripe laser without AR coatings in
pulsed operation at 20 and 40 °C for 50, 60 and 70 mA.
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For I = 50 mA, belaw the kink current level, the temperature dependence of
wavelength was about 0.25 nm/°C. From this temperature dependence of wavelength,
it was clear that the laser was operating in a Fabry-Perot (FP) mode.>-> The measured
wavelength of the FP mode was 863.0 nm at 20 °C.

For 1 = 60 mA, near the kink, additional small peaks were observed at 20 and 40 °C.
The temperature dependence of wavelength for these peaks was about 0.06 nm/°C
and they were therefore considered to be DFB modes. >> The wavelength of the DFB
mode was 862.6 nm at 20 °C.

For I = 70 mA, above the kink, the ratio of the DFB mode optical power to the FP
mode optical power increased and this behaviour was also found in 2.5 pm stripe
width lasers.

These results confirmed that the FP mode, only, lases below the kink, while FP modes
and DFB modes lase above that kink.

The internal loss of the surface grating stripe waveguide can be estimated using the
L-1 curve data, below the kink. Table 5.2 shows the threshold current and the external
differential quantum efficiency for FP mode taken from the L-I curve below the kink.

Table 5.2. Measurement results for FP modes in surface grating uniform stripe lasers
without AR coatings in pulsed operation, at 20 °C.

Lasers Threshold Current (mA) External differential quantum
| efficiency per facet (%)
Stripe width 2.5 pm 26 7.6
Stripe width 4.5 ym 34 12

Nominal threshold current densities for FP modes were calculated to be 1700 A/cm?
in the 2.5 ym width stripe laser and 1300 A/cm? in the 4.5 ym width stripe laser.

It is necessary to calculate the ratio of the current flowing through the active region
to the total current for estimation of the internal loss. The surface grating stripe
waveguide consists of ridge waveguide sections and slab waveguide sections
alternately. The current flowing through the active region can be calculated as an
average value between the current in the ridge waveguide structure and the current in
the slab waveguide structure, on the assumption that the grating mark-space ratio is
1:1. Fig. 5.12 shows the calculated relationship between the sum of the uniform
current in the active region and the total current for surface grating uniform stripe
lasers, using the values: cavity length L = 600 pm, stripe widths S = 2.5 ym and
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4.5um, GaAs sheet resistivity p4 =8 x 10-3 Q-cm and Alg 4Gag ¢As sheet resistivity
p3=2 x 10'1 Q.cm. The ratio of the current flowing through the active region to the
total current was calculated to be 46.2 % and 57.9 % in the 2.5 pm stripe width laser
and the 4.5 um stripe width laser, respectively. In Eqns. [5.12] and [5.13], using the
value of the internal quantum efficiency, 7, = 0.85, from the evaluation of broad area
oxide stripe lasers, the internal loss can be estimated at 32 cm! in the 2.5 pm stripe

width laser and 22 cm! in the 4.5 um stripe laser. These values are clearly bigger
than the values for narrow area oxide stripe lasers (& = 16~17 cm’! ), most

narrow oxide
probably because the scattering losses were increased by the surface gratings.

Finally, at threshold current, the current flowing through the active region was
calculated to be 12.0 mA in the 2.5 um stripe width laser and 19.7 mA in the 4.5 pm
stripe width laser, respectively. So the FP mode threshold current density considering
current spreading can be estimated at 800 A/cm?2in the 2.5 um stripe width laser and
730 A/cm? in the 4.5 pm stripe width laser. |
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Fig.5.10. Calculated results for the relationship between current in active region and
the total current in surface grating DFB stripe lasers.
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(4) Surface grating DFB uniform stripe lasers with AR coatings

To confirm the effect of etching the GaAs contact layer in the grating region, I-V
curves and L-I curves were measured for the lasers, as follows:

(a) stripe width 2.5 um and GaAs contact layer unetched away,

(b) stripe width 2.5 um and GaAs contact layer etched away,

(c) stripe width 4.5 gm and GaAs contact layer unetched away, -

(d) stripe width 4.5 ym and GaAs contact layer etched away.

The measured I-V curves in pulsed operation are shown in Fig.5.11. The data
presented for each type of laser is for the particular one which has the lowest
threshold current among five lasers. Similar I-V characteristics result, despite the
differences in the lasers. The turn on voltage was about 1.5 V and the differential
resistance in the region from [ =30 mA to I = 100 mA was about 2 Q.
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Fig.5.11. Measured current - voltage characteristics of surface grating DFB uniform
stripe lasers with AR coatings.



Fig. 5.12 shows measured L-I curves for pulsed operation. Table 5.3 shows the
external differential quantum efficiency, the threshold current and the threshold
current density obtained from the L-I curves.
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Fig.5.12. Measured output power per facet - drive current characteristics in surface
grating DFB uniform stripe lasers with AR coatings.

Table 5.3. Measured data for surface grating DFB uniform stripe lasers with AR
coatings in pulsed operation.

Lasers External differential | Threshold current (I:Iu(;rﬂéirﬁal thge :rllls?ig

quantum efficiency | (mA) (A/cm?2)

r facet (%)

Stripe width 2.5um
GaAs contact layer 15 36 2400
etched. '
Stripe width 2.5um
GaAs contact layer 13 45 3000
non etched.
Stripe width 4.5um
GaAs contact layer 20 39 1440
etched.
Stripe width 4.5um
GaAs contact layer 17 47 1740
non etched.




It was confirmed that the L-I curves of AR coated devices were kink-free up to 100
mA. Similar kink-free behaviour was shown by Miller et al5>6 in InGaAs-GaAs-
AlGaAs strained-layer DFB stripe lasers. The threshold current for 2.5 pm width
stripe lasers with etched GaAs contact layers was about 20 % lower than for lasers
with unetched GaAs contact layers and the threshold current for 4.5 pm width stripe
lasers with etched GaAs contact layers was about 17 % lower than for lasers with
unetched GaAs contact layers. These results agreed with calculated results using the
model which is shown in section 5.2.1.(3). The ratio of the current flowing through
the active region to the total current was calculated to be 49.6 % and 59.0 %
respectively in the 2.5 ym width and the 4.5 gm width stripe lasers with etched GaAs
contact layer. So the DFB laser threshold current densities, taking account of current
spreading, can be estimated at 1190 A/cm?2 and 850 A/cm? in the 2.5 ym width and
4.5um width stripe lasers, respectively.

Fig.5.13 shows measured spectra for lasers with etched GaAs contact layers at [=60
mA (1.5~1.7x I, ) and I = 100 mA (2.6~2.8x I, ), at 20 °C. There is no evidence of
Fabry-Perot modes or higher order transverse modes. The emission wavelengths were
862.6 nm and 862.8 nm in the 2.5 ym width stripe laser and the 4.5 pm width stripe
laser respectively. No measurable changes in the emission wavelengths were
observed when the drive current was increased to 100 mA (2.6~2.8x I, ) in pulsed
operation.

To confirm that only a single transverse mode was lasing and to estimate the lasing
area, far-field intensity patterns were measured. Fig.5.14 shows measurements of
pulsed far-field intensity patterns for the 2.5 ym width stripe lasers with etched GaAs
contact layer and Fig.5.15 shows measurements of pulsed far-field intensity patterns
for the 2.5 ym width stripe lasers with etched GaAs contact layers, at 20 °C.

For the 2.5 um width stripe lasers, the full angle at half power perpendicular to the
active layer was about 46 degrees and the full angle at half power parallel to the
active layer was about 18 degrees. For the 4.5 xm width stripe lasers, the full angle at
half power perpendicular to the active layer was about 46 degrees and the full angle at
half power parallel to the active layer was about 10 degrees. The approximate width
of the lasing area parallel to the active layer was calculated by the equation as

A [5.14]
A0//.3:18

where W is the approximate width of lasing area, A is lasing wavelength and A6, ;
is the full angle(radian) at half power of the far-field pattern. Using Eqn. [5.14], the
approximate width of the lasing area was calculated to be 2.7 ym and 4.9 pum for the
2.5 um width stripe laser and the 4.5 ym width stripe laser respectively.

follows: W =
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From measurements of the L-I curves, the emission spectra and the far-field patterns,
it was confirmed that only the fundamental tramsverse DFB mode lases up to 100 mA

(2.6-2.8x1” ) in the 2.5 pm width and 4.5 (im width stripe lasers with AR coatings.
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(A) 2.5 pm width stripe lasers with etched GaAs contact layer.
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(B) 4.5 pm width stripe lasers with etched GaAs contact layer.

Fig.5.13. Measured spectra for the 2.5 pm width (A) and the 4.5 pm width (B) stripe

lasers in pulsed operation, at 20 °C.
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(A) Far-field intensity patterns for the 2.5um width stripe laser
in perpendicular to the active layer.
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(B) Far-field intensity patterns for the 2.5 pm width stripe laser
in parallel to the active layer.

Fig.5.14. Measured far-field intensity patterms for 2.5 pm width stripe laser in pulsed
operation, at 20 °C.
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(A) Far-field intensity patterns for the 4.5m width stripe laser
in perpendicular to the active layer.

2.0E-03
1.5E-03 N
i I=50mA (1.3*Ith)
1.0E-03 — , ................... [=80mA (2.1*Ith)
7 T - I=100mA (2.6*Ith)
5.0E-04 — HAH
0.0E+00 _— ' T T
(50) (25) 0 25 50

Angle (degree)

(B) Far-field intensity patterns for the 4.51um width stripe laser
in parallel to the active layer.

Fig.5.15. Measured far-field intensity patterns for 4.5 um width stripe laser in pulsed

operation, at 20 °C.
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Because of the single transverse mode operation of the lasers, the coupling constant
k could be estimated using measured values of the slope efficiency, the internal loss,
and estimates of the ratio of the current flowing through the active region to the total
current.

The threshold gain g, which is related to optical power and includes the gain

necessary to counteract optical loss is given as follows>7.58.59

n, =n(l- =) [5.15]

th

=2X——X— X — 5.16
1, v [5.16]

where 7), is the external differential quantum efficiency including current spreading
effects, 7, is the internal quantum efficiency, y is the ratio of the current flowing

through the active region to the total current and o is the internal loss. The threshold
gain is related to the net amplitude gain g, in the present instance by

8h =28, +0 [5.17]
So the threshold gain g, and the amplitude gain g, are calculated using values in
Table 54.

Table 5.4. Data used in calculations of the threshold gain g, .

Lasers AP /Al (W/A) y (%) a(cm™) 7, ()
Stripe  width 0.22 49.6 32 0.85
2.5um
Stripe  width 0.29 59.0 22 0.85
4.5um

AP/ AI values are from Table 53, y values are calculated in
section 5.2.1.(4) and %, is calculated from measured results for
broad area oxide stripe lasers. a values are calculated in section
5.2.1.(3) and are based on FP mode operation. They are adopted,
in, the calculation here, because the wavelength of the DFB mode
is close to the wavelength of the FP modes. -

The threshold gains for the 2.5 pm width and 4.5 ym width stripe lasers were
calculated to be g,,,5s= 116 cm™ and g, , = 111cm™ respectively. The amplitude

gain g, values for the 2.5 ym width and 4.5 ym width stripe lasers were calculated to
be g, , =42 cm™! and 844545 cm™ respectively.

To calculate the coupling constant, a relationship between the amplitude gain and the
coupling constant is required and was calculated as a threshold condition for DFB
lasers5-10. 511, The threshold condition is given by
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(g, — iAB)sinh(SL) = S cosh(SL) [5.18]
S =1 +(g, —iAB) [5.19]

where x is coupling constant, g, is the amplitude gain required for threshold, Af is

the frequency deviation from the Bragg condition for an index periodicity and L is
cavity length. Using Eqns. [5.18] and [5.19], the relationship between the coupling
constant and the amplitude gain may be calculated. Fig.5.16 shows the result of the
calculation.

100

Amplitude gain required
for threshold (/cm)

0o+——
5

10 15 20 25

Coupling constant ( /cm)

Fig.5.16. The calculated relationship between the coupling constant and the amplitude
gain required for threshold in DFB lasers using Eqns. [5.18] and [5.19].
L=600 pum is assumed.

From the relationship between the coupling constant and the amplitude gain required
for threshold in DFB lasers, the coupling constants x for the 2.5 um width and 4.5
pm width stripe lasers are estimated to be k, =9 cm™ and k,; = 8 cm™. This
estimation is not accurate because a simple model for calculation of current spreading
and a simple threshold condition for DFB lasers are used. For accurate estimation of
the coupling constant, it is necessary to measure the stopband width, which is
descried in a later section.
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Fig.5.17 shows the terhperature dependence of the spectrum of the 2.5 ym width
stripe DFB lasers and Fig.5.18 shows the spectra of the lasers for I = 60 mA at 2, 5,
10 and 60 °C in pulsed operation. The estimated temperature dependence of the DFB
lasing mode was 0.063 nm/°C. It was found that the temperature range for single
transverse DFB mode operation was from 10 to 60 °C and that the DFB mode did not
lase at 2 °C. There was evidence of another mode below S °C, which was likely to be
the Fabry-Perot mode from its temperature dependence. The reason for the onset of
FP mode lasing below 5 °C is likely to be that the threshold gain for the FP mode
becomes lower than the threshold gain for the DFB mode, because of the shift of the
gain curve to shorter wavelengths, as shown in Fig.5.7.

867.5

865.0 —

862.5 —

o DFB mode (0.063nm/o(
860.0

° FP mode (0.40nm/oC)

Wavelength (nm)

857.5 -

855.0- o

852.5 T . :

Temperature (°C)

Fig.5.17. Temperature dependence of the spectrum of 2.5 pm width stripe DFB lasers.
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Fig.5.18. Change of spectrum of the 2.5 (im width stripe DFB lasers for I = 60 mA, at
2, 5, 10 and 60 °C in pulsed operation.
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(5) Surface grating DFB non-uniform stripe lasers without AR coatings

Surface grating DFB non-uniform stripe lasers had a wider region which was located
at the centre of the lasers. The width of the wider region was 4.5 um and the width of
the narrower region was 2.5 um. The lengths of the wider regions were 60 pm (10%),
180 um (30 %), 300 um (50 %) and 420 um (70 %). The L-I curves and spectra were
measured for surface grating DFB non uniform stripe lasers without AR coatings.
Fig.5.19 shows the measured L-I curves of the lasers with etched GaAs contact layers
in the grating regions, and where the length of the wider region was 60 pm (10 %)
and 300 pm (50 %), without AR coatings, at 20 °C. These lasers had the lowest
threshold currents among the five different categories. Kinks exist at about 70 mA in
the L-I curves.

To investigate the reason for the kinks, spectra for drive currents around 70 mA were
measured. Fig.5.20 shows changes in the spectra of the laser whose length of wider
region is 300 pm at 20 and 40 °C for 60, 70, 80 mA the current levels respectively.
For I = 60 mA in the kink, temperature dependence of wavelength was about 0.20
nm/°C. From this temperature dependence of wavelength, it was clear that the laser
was operating in a Fabry-Perot (FP) mode.5>-5 The measured wavelength of the FP
mode was 862.8 nm at 20 °C.,

For I =70 mA near the kink, additional small peaks were observed at 20 and 40 °C.
The temperature dependence of wavelength for these peaks was about 0.07 nm/°C
and they were therefore considered to be DFB modes. 35 The wavelength of the DFB
mode was 862.0 nm at 20 °C. ’

For I = 80 mA above the kink, the ratio of the DFB mode optical power to the FP
mode optical power increased and this behaviour was also found in another length of
wider region lasers.

From these results, it is confirmed that the FP mode, only, lases below the kink and
the FP mode and DFB mode lase above the kink.

The internal loss of the surface grating non-uniform stripe waveguide might possibly
be estimated using the L-I curve data, below the kink. It is necessary to calculate the
ratio of the current flowing through the active region to the total current for estimation
of the internal loss, as is proposed for the surface grating uniform lasers. But the
calculation is complicated because of the structure. Accordingly, the calculation was
not attempted and the estimation of the internal loss was not carried out.
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Fig.5.19. Measured output power per facet - drive current characteristics in surface
grating DFB non-uniform stripe lasers without AR coatings, at 20 °C.
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Fig.5.20. Measured spectra for the laser whose length of wider region is 300 |im

without AR coatings in pulsed operation at 20 and 40 °C for 60, 70 and
80mA.
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(6) Surface grating DFB non-uniform stripe lasers with AR coatings

From measured I-V curves for the surface grating DFB non-uniform stripe lasers in
pulsed operation, the turn on voltage was about 1.5 V and the differential resistance in
the region from I = 30 mA to I = 100 mA was about 2L2. Fig.5.21 shows measured L-I
curves for pulsed operation at 20 °C. Table 5.5 shows the external differential
quantum efficiency, the threshold current and the threshold current density obtained
from L-I curves.

20

= ———— Length of wider region

E 60um (10%)

g ----- Length of wider region

5 180pm (30%)

s I 4 A [ROOO Length of wider region

é 300um (50%)

g ------- Length of wider region
g 420pm (70%)

0 25 50 75 100 125
Drive current (mA)

Fig.5.21. Measured output power per facet - drive current characteristics in surface
grating DFB non-uniform stripe lasers with AR coatings in pulsed
operation, at 20 °C.

Table 5.5. Measured data for surface grating DFB non uniform stripe lasers with AR
coatings in pulsed operation, at 20 °C.

External differential | Threshold current |Nominal threshold
Lasers quantum efficiency (mA) current density
per facet (%) (A/cm?2)
Length of wider 15 41 2530
region 60 ym
Length of wider 16 42 2260
region 180 um
Length of wider 14 45 2140
region 300 ym
Length of wider 14 48 2050
region 420 ym




SPEC i.362520um

It was confirmed that the L-I curves of AR coated devices were kink-free up to 110
mA and the threshold current was higher than the threshold current of uniform stripe
lasers, which may be due to an increase in the total optical internal loss caused by the
boundaries between the wider and the narrower regions. Fig. 5.22 shows measured
spectra for the 180 fim (30 %) non-uniform region lasers and the 300 pim (50 %) non-
uniform region lasers. There is no evidence of Fabry-Perot modes or higher order
transverse modes. The emission wavelengths were 862.6 nm. No measurable changes
in the emission wavelengths were observed when the drive current was increased to

100 mA (2.2~2.4x Ith) in pulsed operation.
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1=60 mA (ND 0.3) 1= 100 mA (ND 0.044)
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Fig.5.22. Measured spectra for the 180 /*m (30 %) non uniform region (A) and the

300 /<m (50 %) non uniform region (B) lasers in pulsed operation, at 20 °C.
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Fig.5.23 shows the temperature dependence of the spectrum of the 180 um (30 %)
non-uniform region DFB lasers and Fig.5.24 shows the spectra of the lasers for
I=60mA at 2, 5, 10 and 60 °C in pulsed operation. The estimated temperature
dependence of the DFB lasing mode was 0.062 nm/°C. It was found that the
temperature range for single transversal DFB mode operation was from 10 to 60 °C
and that the DFB mode did not lase at 2 °C. There was evidence of another mode
below 5 °C, which was likely to be that the Fabry-Pérot mode from its temperature
dependence. The reason for the onset of FP mode lasing below 5 °C is likely to be the
threshold gain for the FP mode becomes lower than the threshold gain for the DFB

mode, because of the shift of the gain curve to shorter wavelengths, as shown in
Fig.5.7.
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Fig.5.23. Temperature dependence of the spectrum of the 180 um (30 %) non-
uniform region DFB lasers.
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5.2.2 Results for lasers in CW operation

In CW operation, laser chips were mounted on gold-plated steel heat-sinks. The
devices evaluated are as follows:

(1) surface grating DFB uniform stripe lasers with AR coatings,

(2) surface grating DFB non-uniform stripe lasers with AR coatings.

(1) Surface grating DFB uniform stripe lasers with AR coatings

I-V curves and L-I curves were measured for the lasers, as follows:

(a) stripe width 2.5 um and GaAs contact layer etched away,

(b) stripe width 4.5 gm and GaAs contact layer etched away.

The measured I-V curves in CW operation are shown in Fig.5.25. These lasers had
the lowest threshold currents among four lasers within each category. Similar I-V
characteristics result, despite the differences in the lasers. The turn on voltage was
about 1.5V and the differential resistance in the region from [ =30 mA to [ = 60 mA
was about 5 €.

80

——oa— Stripe width 2.5 yum

§ — — Stripe width 4.5 um

Current (mA)

Voltage (V)

Fig.5.25. Measured current - voltage characteristics of surface grating DFB uniform
stripe lasers with AR coatings, at 20 °C.
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Fig.5.26 shows measured L-I curves for CW operation. Table 5.6 shows the external
differential quantum efficiency, the threshold current and threshold current density
from the L-I curves. The data were not so different from the measured data for pulsed
operation. The optical power obtained was up to 7 mW per facet.

Table 5.6. Measured data for surface grating DFB uniform stripe lasers with AR
coatings in CW operation, at 20 °C.

Lasers External differential | Threshold current | Nominal threshold

quantum efficiency | (mA) current density
per facet (%) (A/cm?2)

Stripe width 2.5um

GaAs contact layer 15 37 2470

etched.

Stripe width 4.5um

GaAs contact layer 19 40 1480

etched.

Output power per facet (mW)

........ A

Drive current (mA)

80

—{3}— Stripe width 2.5 ym

Stripe width 4.5 ym

Fig.5.26. Measured output power per facet - drive current characteristics in surface
grating DFB uniform stripe lasers with AR coatings for CW operation, at 20

°C.
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Fig.5.27 shows measured.spectra for the 2.5 pm width and 4.5 pm width stripe DFB
lasers at 20 °C. There is no evidence of Fabry-Perot modes or higher order transverse
modes. The emission wavelengths were 862.8 nm and 863.0 nm in the 2.5 pm width
and the 4.5 pm width stripe lasers respectively. The emission wavelengths shifted to
longer wavelengths with increasing drive current. This is likely to be due to change of

the refractive index by heating caused by the increasing of the drive current.
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Fig.5.27. Measured spectra for the 2.5 pm width stripe DFB lasers (A) and the 4.5 pm
width stripe DFB lasers. (ND: Neutral density filter)
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Fig.5.28 shows the spectra of the 2.5 pm width stripe DFB lasers for =70 mA at 2,
5, 10 and 75 °C. It was found that the temperature range for single transversal DFB
mode operation was from 10 to 75 °C and the DFB mode did not lase at 2 °C. There
was evidence of another mode below 5 °C, which was likely to be the Fabry-Perot
mode from its temperature dependence.5-3

’ FP
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% DFB
= ] ‘FP At5°C
- I
S
O
)
3
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Q o
= At10°C
=
=
o
i _ At75°C
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Wavelength (nm)

Fig.5.28. Measured spectra of the 2.5 pm width stripe DFB lasers for I =70 mA at 2,
5,10and 75 °C.
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The increase of junction temperature in CW operation can be estimated using the data
of the temperature dependence of the spectrum in pulsed operation and CW

operation.>12 The increase of the junction temperature AT is given by
AA

T=
dA 1 dT
where AA is change of emission wavelength between pulsed operation and CW

[5.20]

dA
operation and T is temperature coefficient of the emission wavelength. Fig.5.29

shows the temperature dependence of the spectrum of 2.5 um width stripe DFB lasers
for I=60 mA in pulsed (as shown in Fig.5.17) and CW operation. The measured
change of wavelength between pulsed and CW operation AA was 0.25 nm and the

A
measured temperature coefficient of DFB lasing mode Z—T- was 0.063 nm/°C. From

these values, the increase of the junction temperature was estimated to be about 4 °C,
at a current of 60 mA.
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Fig.5.29. Measured temperature dependence of the spectrum of 2.5 um width stripe
DFB lasers for [=60 mA in pulsed and CW operation.
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From the increase of the junction temperature, I-V curves and L-I curves, the thermal

resistance can be estimated.>-!3 The thermal resistance Ry, is given by

AT
= — 5.21
Rth Pelec. - P [ ]

opt.

where AT is the increase of the junction temperature, P, is the injected electrical

power to the laser and P, is the emitted optical power. The value of P, was 110

lec.

mW (I =60 mA, V = 1.8 V) from Fig.5.25 and the value of P, , was 10 mW at I= 60

opt.
mA from Fig.5.26. Accordingly, the thermal resistance Ry, can be estimated to be
about 40 "C/W.

Fig.5.30 shows the temperature dependence of the threshold current of the 2.5 pm
width stripe DFB lasers. It was found that the threshold current increased with
temperature. Similar characteristics have been reported by M.Nakamura et al.5-14 The
reason for the increase of the threshold current with increasing temperature is likely to
be the decrease of the optical gain with increasing temperature and mis-match
between the laser gain curve and the modal resonances established by the grating
period at those temperatures.
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Fig.5.30. Temperature dependence of the threshold current of the 2.5 ym width stripe
DFB lasers.
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In conventional DFB lasers, a stopband should be observed. Normally, it is easier to
observe the stopband near the threshold, where mode selection has not occurred>-15.

516 Fig.5.31 shows the spectra of the 2.5um width stripe DFB lasers for I = 30 mA
(081 x I) and I =35 mA (0.95x Iyy,) at 20 °C. The stopband was observed but it was
difficult to measure the stopband width using the spectrum analyser. So the scanning

Fabry-Perot interferometer method as shown in Fig.5.3 was used for the measurement
of the stopband width.

To confirm the operation of the scanning Fabry-Perot interferometer method, the
separation between the allowed longitudinal modes of the 2.5 ym width oxide stripe
Fabry-Perot lasers with the cavity length of 600 ym was measured. The measured
spectra are shown in Fig.5.32. The spacing of the Fabry-Perot interferometer cavity
was 0.44 + 0.02 mm. The Fabry-Perot lasers lased in multi-mode and the separation
of the longitudinal modes was measured to be 0.12 + 0.01 nm.

Here the separation of the longitudinal modes AA, is given by>5
AZ

A dn
an(l-2. 9y
=T

AA, = [5.22]

where A is the lasing wavelength, L is the cavity length and n is the refractive index

in the semiconductor corresponding to the wavelength. In practice the group index

n(l- &%) is found to have a value in GaAs of about 4.5 at A =870 nm.517 The
n

separation between the longitudinal modes of the 2.5 ym width oxide stripe lasers
with the cavity length of 600 zm ( A =860 nm) was calculated to be 0.137 nm.

It was confirmed that the measured value (0.12 + 0.01 nm) using the scanning Fabry-
Perot interferometer method closely agreed with the calculated value (0.137 nm).

Fig.5.33 shows measured spectra of the 4.5 ym width stripe DFB lasers for I = 42 mA
using the scanning Fabry-Perot interferometer method. The stopband was observed
and the stopband width was estimated to be 0.22 + 0.01 nm. For the 2.5 pm width
stripe DFB lasers, the stopband width was estimated to be 0.26 + 0.01 nm (I=39mA).
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Fig.5.31 Measured spectra of the 2.5pm width stripe DFB lasers for I = 30 mA
(0.81x IJ and I =35 mA (0.95x I*), at 20 °C.
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Fig.5.32 Measured spectra of the 2.5p.m width oxide stripe Fabry-Perot lasers with the
cavity length of 600 fim using the scanning Fabry-Perot interferometer

method.

Fig.5.33. Measured spectra of the 4.5 Jim width stripe DFB lasers for I = 42 mA

( 1.1 x 17), using the scanning Fabry-Perot interferometer method.

78



From the stopband width, the coupling coefficient x can be estimated using the
threshold condition for DFB lasers as shown in Eqns. [5.18] and [5.19].5-11. 5-18 The
calculated relationship between the stopband width and the coupling coefficient is

shown in Fig.5.34. From Fig.5.34, the coupling coefficients k for the 2.5 um width
and 4.5 pm width stripe DFB lasers were calculated to be k, = 14 £ 2.2 cm'! and

K,s= 5.5 £ 2.3 cml respectively. These values are reasonably close to the calculated
results, as shown in section 2.4 and close to the results given by L.M.Miller et al
(x=5.4 cm1)35-6
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0 5 10 15 20 25
Coupling coefficient (cm!)

Fig.5.34. Calculated relationship between the stopband width and the coupling
coefficient.
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(2) Surface grating DFB non-uniform stripe lasers with AR coatings

Surface grating DFB non-uniform stripe lasers had a wider region which was located
at the centre of the lasers. The width of the wider region was 4.5 ym and the width of
the narrower region was 2.5 gm. The lengths of the wider regions were 60 ym (10%),
180 pm (30 %), 300 um (50 %) and 420 um (70 %). From measured I-V curves for
the surface grating DFB non uniform stripe lasers in CW operation, the turn on
voltage was about 1.5V and the differential resistance in the region from I = 30 mA
to I = 80 mA was about 5 Q. Fig.5.35 shows measured L-I curves for CW operation
at 20 °C. These lasers had the lowest threshold currents among three lasers within
each category. Table 5.7 shows the external differential quantum efficiency, the
threshold current and the threshold current density obtained from L-I curves. The data
were not so different from the measured data for pulsed operation. The optical power
obtained was up to 7 mW per facet.

—0— Length of wider region
180 pum (30 %)

........ & Length of wider region
300 yem (50 %)

Output power per facet (mW)

0 25 50 75 100

Drive current (mA)

Fig.5.35. Measured output power per facet - drive current characteristics in surface
grating DFB non-uniform stripe lasers with AR coatings in CW operation,
at 20 °C.



Table 5.7. Measured data for surface grating DFB non-uniform stripe lasers with AR

coatings in CW operation, at 20 °C.

External differential | Threshold current | Nominal threshold
Lasers quantum efficiency (mA) current density
per facet (%) (A/cm?2)
Length of wider 15 42 2590
region 60 xm
Length of wider 15 43 2310
region 180 ym
Length of wider 13 47 2240
region 300 ym
Length of wider 12 50 2140
region 420 um

Fig.5.36 shows measured spectra for the 300 um (50 %) non-uniform region DFB
lasers. There is no evidence of Fabry-Perot modes or higher order transverse modes.
The emission wavelength was 863.0 nm. The emission wavelengths shifted to longer
wavelengths with increasing drive current. This is likely to be due to the change of

the refractive index by heating caused by increasing of the drive current.
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Fig.5.36. Measured spectra for 300 um (50 %) non-uniform region DFB lasers in CW

operation, at 20 °C.
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Fig.5.37 shows the temperature dependence of the spectrum of the 300 um (50 %)
non-uniform region DFB lasers. The measured temperature dependence of the DFB
mode was 0.063 nm/°C. It was found that the temperature range for single transversal
DFB mode operation was from 10 to 75 °C and that the DFB mode did not lase at
2°C. There was evidence of another mode below 5 °C, which was likely to be the
Fabry-Perot mode from its temperature dependence. The reason for the onset of FP
mode lasing below 5 °C is likely to be that the threshold gain for the FP mode
becomes lower than the threshold gain for the DFB mode, because of the shift of the
gain curve to shorter wavelengths, as shown in Fig.5.7.

867.5

865.0 —
T 862.5-
£
B o  DFB mode (0.063 nmy/°C)
o 860.0
i.i o  FPmode (0.27 nm/°C)
§ 857.5 -

855.0 —f

852.5 I | r

0 20 40 60 80
Temperature (°C)

Fig.5.37. Measured temperature dependence of the spectrum of the 300 um (50 %)
non-uniform region DFB lasers in CW operation.

The scanning Fabry-Perot interferometer method as shown in Fig.5.3 was used for the
measurement of the stopband width. For the 60 pm (10 %) non-uniform region and
the 420 um (70 %) non-uniform region DFB lasers, the stopband was observed and
the width was measured to be 0.26 £ 0.01 nm (I =45 mA, 1.1xI) and 0.23 £ 0.01nm
(I=53 mA, 1.1xIy). On the other hand, for the 180 pm (30 %) non-uniform region
and the 300 pm (50 %) non-uniform region DFB lasers, the stopband was not
observed. Fig. 5.38 shows measured spectrum of the 300 pm (50 %) non-uniform
region DFB lasers for I= 50 mA (1.1xIy) using the scanning Fabry-Perot
interferometer method.
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The difference in the propagation constant between the narrower region and the wider
region is calculated to be 7.5 x 103 pimA using the effective index method.
Accordingly, the amount of the phase shift A(3L is calculated to be 0.43 n and 0.72 JT
for the 180 pim (30 %) non-uniform region and the 300 pim (50 %) non-uniform
region, respectively.

It has reported that a non-uniform region of gratings is effective for prevention of
existence of the stopband, similar to the quarter wavelength shift effect, in buried
grating structure DFB lasers.5*19 520 Soda et al.5*®20 have reported that the phase shift
0f 0.48 n is effective for prevention of existence of the stopband. These results mostly
agreed with their results. However in this measurement, only two lasers for each type

were measured. Accordingly, it is important to confirm reproduct ability of the

observation of the stopband.

Fig.5.38. Measured spectrum of the 300 pim (50 %) non-uniform region DFB lasers

for I=50 mA using the scanning Fabry-Perot interferometer method.
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Chapter 6 : Conclusions and future work
6.1 Conclusions

The original objective of this work was to fabricate and evaluate deep surface grating
DFB stripe lasers using quantum well material. The distributed feedback structure
was created by deep, dry etched, gratings alongside the ridge in the top confining
layer of the laser. The material system used consisted of two 0.01 xm GaAs quantum

wells and 0.01 pm Alp>GaggAs barriers. Typical emission wavelength of the lasers
was about 860 nm.

In chapter 3, concerned with epitaxial wafer structure and its characterisation, the
quantum well epitaxial wafer used for this work was shown , using broad area oxide
stripe lasers, to have satisfactory characteristics, such as the transparency current J; =
120 A/cm?, the quantum well gain parameter for one well go = 1700 cm! and the
internal optical loss a = 14.5 cm-l.

In chapter 4: 'Device structure and fabrication', optimum conditions were described
to produce a third order 1:1 mark-space ratio grating using the holographic exposure,
shadow evaporation and reactive ion etching processes.

In chapter 5. 'Measurements', the light output - drive current characteristics,
temperature range for single transversal DFB mode operation and the increase of
junction temperature in CW operation were described.

It is concluded that the scanning Fabry-Perot method allows an accurate estimation of
the stopband width. From the estimated stopband width, the coupling coefficient was
calculated and the value agreed with an approximate value obtained from passive
waveguide calculations using the effective index method in section 2.4.

As regards surface grating DFB non-uniform stripe lasers, the light output - drive
current characteristics and temperature range for single transversal DFB mode
operation were obtained in CW operation. It was confirmed that a suitable non-
uniform stripe structure was effective in achieving single longitudinal mode
operation.



6.2 Future work

Possible extensions of the work carried out in this thesis are as follows:
(1) measurements of the emission linewidth of surface grating DFB non-
uniform stripe lasers, under a range of operating conditions
(2) theoretical calculations of threshold gain and the oscillation frequency
for surface grating DFB non-uniform stripe lasers using numerical
calculation methods.

Emission linewidths may be measured using the scanning Fabry-Perot method or self-
homodyne/ heterodyne method.6-1. 62 Minimum resolution of measured linewidth is
about 10 MHz and about 50 kHz®! respectively. In general, the self-homodyne/
heterodyne method requires more complicated set-up.

Measurements of the relationship between emission linewidth and the length of the
non-uniform region and also the drive current dependence of the linewidth are also
important.

The threshold gain and the oscillation frequency for the DFB non-uniform stripe
lasers may be calculated using the F-matrix method®3. ¢4 briefly described in section
2.5. Comparison between the theoretically calculated results and measured results
described in this thesis is clearly important.
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Fig.5.24. Change of spectrum of the 180 (im (30 %) non uniform region DFB lasers
forI1=60 mA, at2, 5,10 and 60 °C in pulsed operation.
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