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Chapter 1 Introduction

1.1 Research Background

Distributed Feedback (DFB) semiconductor lasers have been making
remarkable progress of performance and the number of their applications has
become extremely large. Since Kogelnik and_Shank studied DFB lasers (both index
and gain coupled) in 1972 [1-1], a considerable number of researchers have been
tried to realize the higher performance of DFB semiconductor lasers. DFB lasers

have been applied for advanced optical communication systems, optical

-measurement equipments, optical integrated circuits, optical computing, and they

are required to have excellent single longitudinal mode properties [1-2], high vyield,
immunity to facet reflection, resistance to external optical feedback, wider
bandwidth, and narrow linewidth. More and more researchers have been recently
studying about gain-coupled(GC)-DFB lasers because their excellent features would
be suitable for advanced communication systems. The biggest advantage of
GC-DFB lasers is the mode stability [1-3], however it implies that GC-DFB lasers
would not be tuned easily. There have never existed tunable GC-DFB lasers
because of the strong mode stability. However GC-DFB lasers would be a better
tunable light source because the mode stability would be also required once one of
the channels is selected. In this doctor's thesis we propose a new type of widely
tunable DFB semiconductor lasers - distributed forward- and backward-coupling
lasers -- which would provide more than 40 nm tuning range for 1.55 um
wavelength scheme. It would provide a wide tuning range (over 40 nm, for example)
as well as larger SMSR in principle compared with the other types of
discontinuously-tunable laser diodes. Simple one current tuning scheme is another
advantage of the DFBC laser. Either gain or index coupling, or a combination of

these may be used with the DFBC laser. However, the gain coupling is preferable



as it could lead to larger SMSR.

In this introductory chapter we give a brief overview of the history of DFB
lasers and we show the advantage of gain-coupled DFB lasers. Then the purpose

and contents of this thesis are described.

1.1.1 Index-Coupled and Gain-Coupled DFB Laser

The stimulated emission of photons by the recombination of carriers
injected across a p-n junction can make an optical waveguide the amplifying
medium. In order to realize the lasing oscillation, feedback must exist inside the
resonator. In the early time of research activities of semiconductor lasers, the most
common way was to place mirrors at the two ends of the cavity. The most simple
way was to make both facets cleaved which provide reflection. Such a structure is
generally called the Fabfy-Perot cavity. In order for positive feedback to occur, the
forward-going wave must be in phase with the backward wave. However the
relatively wide bandwidth of the gain spectrum of semiconductor insures that many

side modes could also gain enough power to prevent single mode oscillation [1-1].

The DFB structure provides feedback through diffractions due to periodic
perturbation of the medium. Similar to the X-ray diffraction, waves traveling at one
direction will be diffracted at a certain angle. For resonance to occur, the forward-
going wave must be able to diffract approximately = in order to couple with the
backward going wave and vice versa for positive feedback. Since feedback is
distributed over the length of the grating, we thereby attach the name distributed
feedback structure. And as with X-ray diffraction, the wavelength of the light inside
this structure must nearly satisfy the so called Bragg condition. Analogous to the

Fabry-Perot resonance condition, the length of the periodic pitches of the grating




must equal an integral number of half wavelength,

a=2A (1-1)

where A is the length of the pitch and M, an integer, denotes the order of the
grating. As we can see the spectral selectivity of this structure comes from the fact
that only at those wavelengths which nearly satisfy the Bragg condition would there
be significant coupling of the forward and backward waves. Thus even if the gain
spectrum of the active medium is represented by a flat curve, the wavelength

sensitivity of the Bragg effect will limit the possibility of multi-modes oscillation.

However, there still remain many problems to this structure. For example,
if we are cdnsidering the index-coupled DFB laser, whereby the perturbation comes
from a periodic modulation of the refractive index, analytical studies have shown
that such structures are dispersive and stop bands of frequencies exist at the Bragg
frequency in which propagation is not possible. As a result, for this laser there will
actually be two modes; one to the left and one to the right of the Bragg frequency
with the same magnitude (mode degeneracy). Therefore we are faced with the
problem of more than one mode lasing. Kogelnik and Shank also pointed out that
the purely gain coupled DFB lasers can realize the only one lasing mode exactly at
the Bragg frequency [1-1]. Before the story on GC DFB lasers, we show the history

of improved Index-Coupled DFB lasers.

Structural changes were suggested to the fundamental index-coupled DFB

laser. First of all researchers were interested in knowing whether facet reflection will

~ alleviate or worsen the situation. After all, to eliminate reflection completely is quite

difficult in real life; furthermore there will be applications such that it is more
convenient to leave the facets as cleaved. As it turned out, facet reflections at both

facets result in mode pulling whereby the DFB. mode frequencies will approach that
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of the Fabry-Perot mode. Moreover, the threshold gain of each mode will be altered
according to the phase of the reflection. So while this seems like one way to
e]imihate mode degeneracy, the randomness of the phase of facet reflection would
disable us from controlling the actual lasing mode. Selectivity is therefore lost again
[1-3][1-4].

As mentioned before, the actual frequency of the lasing mode of a DFB -
laser without any reflection facet will deviate slightly from the Bragg frequency. As
we know maximum diffraction should occur at the Bragg frequency. Therefore if
somehow we can shift the oscillation frequency towards it, we should obtain a
single mode at that frequency. Actually the effect of facet reflection is capable of
doing that. Through mode pulling, the DFB mode can be pushed towards the Bragg
mode. Unfortunately, for low coupling strength, the effect of the Fabry-Perot tends to

be stronger and affects the final threshold gain of each mode.

The concept of ’M4-shiﬁed DFB laser is subsequently evolved in solving
the problem of degeneracy. A structural change is actually made in the laser in
order to add an optical phase shift of n/2 to the waves traveling inside thereby
allowing lasing at the Bragg frequency. Two major methods are employed to realize
this phase shift: 1) phase shifting of the corrugation in an uniform waveguide; 2)
phase shifting due to an nonuniform waveguide with uniform corrugations--this can

be achieved by precise control in the layer thickness and/or stripe width.

Both of the above two schemes have been realized to a certain degree of
success in obtaining dynamic single mode (DSM) operations. However, as one of

the topic of this thesis, we will see that index-coupled DFB lasers, including those of

- M4-shifted ones, will lose its mode suppression ability when gain saturation settles

in. This so-called spatial hole burning phenomenon plays a major part in causing
such detrimental effects. Thus once again, we face the problem of multi-mode

oscillation.




-~

P

Several theories were used in explaining the exact mechanism of spatial
hole bummg However the ones that have been traditionally used tend to focus on
the macroscopic aspect of the problem. In our present analysis, we will attempt to
look at spatial hole burning in the microscopic perspective. When we viewed under
that light, we found the ideal structure in the so called gain-coupled DFB laser,

which is the theme of the present thesis.

As we have mentioned earlier on, periodic perturbations can occur either
to the refractive index or to the gain. In fact, it was understood in the early works on
DFB lasers that the stopband in the dispersion curve which exists in the
index-coupled case does not exist for the gain-coupled case. This would therefore
mean that lasing is possible at the Bragg frequency given no index coupling occurs.
Moreover, due to the periodic nature of the gain at this Bragg frequency, even when
facet reflection exists, the locking of the gain at the primary DFB mode will negate
any adverse effect of the’ Fabry-Perot modes. Thus, mode discrimination between
the primary modé and the side modes would remain strong. This immunity to facet
reflection further leads to the speculation that external reflection such as feedback
from a connecting optical fiber and etc. would also have less of an effect than it
would have on an index-coupled laser. This would be ex’tremely useful in realizing
efficient monolithic integrated circuits. As we will also see, the existence of this gain

grating also counters the deterioration caused by spatial hole burning.

If gain-coupled DFB laser is so ideal, why has it not replaced the
index-coupled laser yet? Perhaps one main obstacle lies in the difficulty in realizing

the gain grating. Since any tampering with the active layer can lead to undesirable

- results, it was often thought that the actual fabrication of the laser would be

extremely complicated. Also, it seemed that index coupling can not be avoided with
the existence of gain coupling; this mixed coupling effect would mean a certain

unpredictability of the properties of the laser. However, over the past six years, our
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group has come up with some novel proposals in overcoming the above mentioned
obstacles. Foremost of all, we have utlized a special growth kinetics of
organometallic vapor phase epitaxy in order to fabricate the gain grating. In addition
we have implemented two gratings whereby index coupling can be canceled due to

the phase difference between the two gratings [1-5].

in 1989, the first experimental results of GC semiconductor DFB lasers
were published by Y.Luo et al [1-6] (University of Tokyo, Optical Measurement
Technology Development Co., Ltd., Tokyo, (OMTEC)). Since then, a number of
significant contributions for the identification of several advantages and the further
development of GC DFB lasers could be made and have been published by
K.David (University of Gent - IMEC) [1-7]. Together with the technological
improvements reported by the Univ of Tokyo, theoretical studies have attracted
increasing international interest in GC DFB lasers, for example, the significant
analysis of linewidth enhancement factor of GC DFB lasers by Kudo (Tokyo Inst. of
Tech) [1-8] and by Lowery (University of Melbourne)[1-9]. Very recently, the
experimental works have been reported, for example, B. Borchert (Siemens
Research (FRG)) [1-10], W. T. Tsang (AT&T Bell Laboratories, Murray Hill) [1-11],
T. Makino (AT&T Bell-Northern Research) [1-12], .

To summurize this section, several important observations were made
along the way. These include 1) high yield of single mode operation[1-5], 2) facet
reflection immunity[1-13], 3) less influence of optical feedback (as speculated)[1-14],
4) a much lower linewidth enhancing factor[1-9][1-15], and low-chirping short-optical-

pulse generation capability[1-16]. All of these seem to indicate that an improved

~ DFB laser has been created.




o

o~

1.1.2 Tunable Semiconductor Laser

The first approaches for the realization of electronically tunable laser
diodes in the 1.5 pm wavelength region concerntrated on devices with a
longitudinary subdivided cavity. From the early experience, that the widest tuning
range achievable with two section DFB lasers is usually limited to about one
longitudinal mode spacing [1-17], research activities then focused on the

development of active-passive three-section extended cavity configurations.

With DBR lasers subdivided into an amplifying, a tuning and a
phase-control section (three-section DBR lasers) as shown schematically in
Figure 1-1(a) tuning ranges up to 10 nm have been reported in the quasi-continuous
tuning mode [1-18]. However, two different currents into the tuning and
phase-control sections have to be carefully adjusted in order to obtain a smooth

tuning characteristic.

Also, impressive performance in tunability and linewidth has been
achieved using three-section DFB laser structures which are relatively simple to
fabricate (Figure 1-1(b)). In this case, tuning results from the longitudinally
nonuniform gain-phase relationship in DFB lasers [1-19], which enables the shift of
the Bragg wavelength at constant total mode gain. Up to 7.2-nm continuous
wavelength tuning has been demonstrated [1-20], exploiting also the thermal tuning
effect. Due to the dependence of the overall cavity gain level from the carrier
densities within all sections, the tuning mechanism is still more complex as

compared to the three-section DBR lasers.
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Figure 1-1 Principal longitudinal sections of (a) three-section DBR laser, (b)
three-section DFB laser, (c) tunable twin-guide (TTG) laser (indicated is also the
fundamental mode profile with confinement factors in the active (I'a) and tuning

layer (T't)).

In practice, the need for two or more wavelength control currents is

unattractive for both manufacture and application. Only one control current should

}preferably be required to tune the wavelength continuously. One step towards this

goal is the operation of a multisection device such that the two wavelength control
currents are varied simultaneously in a fixed ratio. 3.1-nm continuous tuning has

been achieved by this method [1-21]. Unfortunately, the optimum current ratio must
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be determined indivisually for each device.

More attractive is the inherent continuous tuning behavior of the tunable
twin-guide (TTG) DFB laser diode [1-22]. In this device a tuning layer with its own
separate current path is transversely integrated with the active layer of a DFB laser.
By carrier injection into this tuning layer, the refractive index of the DFB laser is
changed homogeneously along the whole cavity length. This corresponds to a
built-in simultaneous change of the Bragg wavelength and the optical phase,
leading to a continuous tuning behavior with only one wavelength control current.
The tuning range A\t of the continuously tunable laser diodes is limited by the
maximum effective index change Ant as induced by the tuning to AAt/Ao <= |Ant]/ne,
where A0 and ne denote the laser wavelength and the effective refractive index of

the laser waveguide. With practical |Ant|//ne-values

Regarding the coupling mechanism of the Bragg grating, the DFB and
DBR lasers exploit the wavelength selection and feedback by the contradirectional
coupling between the forward and backward propagating wave. Quite recently it has
been shown, that essentially larger but discontinuous tuning ranges can be
achieved using codirectionally coupling gratings. In this case, two codirectioanlly
travelling modes of a twin-waveguide are resonantly coupled and the coupling

wavelength is controlled by carrier injection into one of the waveguides.

Recently, Amann and coworkers proposed the distributed forward coupling
(DFC) laser [1-23] that is able to provide wide range discontinuous tuning. It is
based on the codirectional mode coupling along the laser cavity in a twin-guide
structure. One of the main advantages is an unambiguous and simple wavelength

tuning which is achieved by only one control current.
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Figure 1-2 Schematic drawing of the longitudinal cross section of the distributed

forward-coupling (DFC)'Iaser.

1.2 Purpose and contents of this work

This doctor's thesis describes the results obtained from both a theoretical
and an experimental study on widely tunable distributed forward- and
backward-coupling (DFBC) lasers, comparing GC-DFBC with IC-DFBC lasers, and
also describes the parameter-extraction technique (curve-fitting method) for

semiconductor lasers.

We have proposed a new type of discontinuously-tunable laser, that is,
distributed forward- and backward-coupling (DFBC) laser, and done a preliminary

analysis by making use of the coupled-wave approach [1-24]. In the DFBC laser,

Athe main mode is selected out of distributed feedback (DFB) modes rather than the

Fabry-Perot modes in DFC lasers. Therefore, larger SMSR as well as the wide

range tuning of the discontinuously-tunable lasers are expected.
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Figure 1-3 Schematic drawing of the longitudinal cross section of the distributed

forward- and back ward-coupling (DFBC) laser.

This study is based on four pillars: First, introducing DFBC laser structure,
explaining how it works. Second, the simulation results based on two theoretical
approaches. Third, parameter extraction of semiconductor lasers, i.e., curve-itting
method, in order to extract not only index-coupling coefficient but also gain-coupling
coefficient and other fundamental parameters, such as effective-refractive index,
gain parameter of active layer, and linewidth enhancement factor. The last pillar is

experimental work which describes details of the practical structure of DFBC lasers.

The second chapter gives a brief overview of the tuning mechanisms of
DFBC laser. First, we describe the difference between continuously and
discontinuously tunable lasers. Discontinuously tunable lasers normally show wider

tuning range than continuously tnable lasers. Of cource, continuously tunable lasers
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would be better for dense WDM which would be reallized in the near future.
However for far future communication networks based on erbium-doped fiber
amplifier (EDFA), discontinuously tunable lasers would be better because the
bandwidth of erbium-doped fiber is more than 30 nm for 1.5 pm wavelength
scheme. Then we introduce the structure of DFBC lasers which is a combination of
sampled grating and codirectional coupler. The advantages of DFBC lasers are,
simple operation (one-tuning-control-current), extremely wide tuning range, and
possible for both index- and gain-coupling. Also we describe the tuning mechanisms
of DFBC lasers.

In chapter 3, we show the simulation results of DFBC lasers. There are
two approaches, one is to introduce 4X4 F-matrix derived from the four
coupled-wave equations, and the other is to introduce mode-overlapping matrix at
the border of the laser sections. Respectively, we explain the threshold condition of
this model, and show the structures which are used in our simulations. We show
the results of round-trip-gain calculations at a certain gain bias, and the lasing
wavelength analysis at the threshold. We also show the internal field profile at one
threshold condition. These calculations are done for purely gain-coupled DFBC

lasers, and for purely index-coupled DFBC lasers.

In chapter 4, we describe parameter extraction of DFB lasers.
Determination of the different device parameters of fabricated DFB laser diodes can
be an important help in the further optimization of the laser design and even in
systems design. First, we explain why it is so difficult to extract gain-coupling
coefficient. Then we show our fitting procedure with a flow-chart. This fitting method
is not totally automated, therefore at each process some parameters should be
almost determined. Then we show measurements and fitting-results. We measured

some spectra of GC-DFB laser diodes, and determined parameters.

In chapter 5, design of DFBC lasers is described. In order to simplify the
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fabrication process of DFBC lasers, waveguides, layer structure, electrodes,
photo-masks, and process of DFBC lasers are carefully designed. This particular
structure requires only two epitaxial grth steps. The process for sampled gratings

is also discussed.

In chapter 6, we show experimental results. Metal organic chemical vapor
epitaxy (MOVPE) is used for the first epitaxial growth and the second growth.
Before the second growth, sampled grating is formed by holographic exposure and
lithography technique. After the second growth, we use seven photo-masks for the

process.

In chapter 7, we conclude this paper. We have proposed a new type of
widely tunable DFB lasers -- DFBC laser diodes -- which is a combination of
sampled grating and codirectional forward coupler. This laser diode would provide

more than 40 nm wavelength tuning range for 1.5 um semiconductor lasers.
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Chapter 2 DFBC lasers

2.1 Introductory remarks

Wavelength tunable lasers are required in the wavelength-division-
multiplexed (WDM) photonic switching networks. Over the past several years, both
continuously [2-1] and discontinuously [2-2][2-3][2-4][2-5] tunable lasers have been
intensively studied. The latter ones are more feasible when over 20 nm tuning

ranges are demanded.

Recently, Amann and coworkers proposed the distributed forward coupling
(DFC) laser [2-6] that is able to provide wide range discontinuous tuning. It is based
on the codirectional mode coupling along the laser cavity in a twin-guide structure.
One of the main advantages is an unambiguous and simple wavelength tuning

which is achieved by only one control current.

We have proposed another type of discontinuously-tunable laser, that is,

- distributed forward- and backward-coupling (DFBC) laser, and done a preliminary

analysis by making use of the coupled-wave approach [2-7]. In the DFBC laser, the
main mode is selected out of distributed feedback (DFB) modes rather than the
Fabry-Perot modes in DFC lasers. Therefore, larger SMSR as well as the wide

range tuning of the discontinuously-tunable lasers are expected.

Although the previous analysis was good for understanding tuning
mechanism of the DFBC laser, the perturbative nature of the coupled-wave theory
was not very appropriate when the twin waveguides were close to each other. In
the next section, we investigate wavelength tuning characteristics of the DFBC laser

by an eigen mode analysis, which is more rigorous and accurate than the previous
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method.

2.2 Gomparison of continuous and dis-continuous tuning

Here we describe the difference between continuous and discontinuous
tuning. Continuous tuning is to tune the lasing wavelength continuously with
changing the effective refractive index of the waveguide continuously. There is a

relation between the wavelength and the effectivé refractive index as follows,

_éé « Aneff | (2-1),
A peff

where A is the lésing wavelength, and neff is the effective refractive index of the
waveguide. That is, the change of the wavelength is simply proportional to the
change of the effective refractive index. However, the refractive index of the
waveguide can only be changed at most 1 %, then the effective refractive index
change is rather smaller than 1 %. For instance, the tuning range for the 1.55 um

wavelength scheme is as wide as 7 nm.

On the other hand, the tuning range of discontinuous tuning can be
extremely wide when a combination of a semiconductor laser and a tunable
wavelength filter is properly designed. The laser part provides many Fabry-Perot
(FP) modes and the main mode is selected by the tunable wavelength filter. Here
we discuss a combination of a DFB laser and a tunable filter. If the light is fed back
by a sampled grating [2-2] or a super-structure-grating [2-4], the laser part provides
many DFB reflection along the wavelength. Therefore the main mode of a

discontinuously tunable laser is discretely selected by a tunable filter.

Here we focus on a wavelength filter based on forward-coupling. If there



exists two eigen modes in the waveguides, n1 and n2 are effective refractive
indeces of the two eigen modes. The filter characteristics change when the
difference of those two refractive indeces changes, then it results in a change of the

wavelength of the main mode.

A) . Aén (2-2)
A &n

Where 8n=n1-n2. Here 8n is very small, therefore the change of the wavelength is
extremely large. dn changes when the refractive index of one of the waveguides
changes, For instance, the tuning range can be more than 70 nm (ten times wider
than continuous tuning) for 1.55 pum wavelength scheme. However this tuning is
discontinuous because the main mode is selected from the discrete FP-modes or
DFB modes.

2.3 Structure of DFBC laser

Our DFBC laser is a sort of a combination of a DFB laser with sampled
gratings and a widely tunable wavelength filter. Figure 2-1 shows a schematic
drawing of a sampled grating and the round-trip-gain. There are many reflection
peaks along the wavelength, and Figure 2-2 shows a schematic drawing of a
grating-assisted codirectional coupler and the filter characteristics. As described in
section 2.2 the filter characteristics are exteremly sensitive to the refractive index

change in the waveguide.
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Figure 2-1 A schematic drawing of a sampled grating and the round-trip-gain.

Forward coupling

Widely tunable filter

Figure 2-2 A schematic drawing of a grating-assisted codirectional coupler and the

filter characteristics.
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‘We propose a DFBC laser which is shown in Figure 2-3 which consists of
a semiconductor laser and a codirectional coupler. The tuning mechanism is the
same as a vertical-coupling-filter (VCF) [2-3] and a distributed forward-coupling
(DFC) laser [2-6]. However in VCF and DFC lasér, the main mode is selected from
many Fabry-Perot oscillation modes, then the ambiguity of the main mode is a
serious problem, i.e., the exact wavelength which is desired cannot be obtained.
Moreover, the side-mode-suppression-retio (SMSR) of these lasers is not very large.
In this study, we have solved this problem usingr a sampled grating which provides
a Bragg feedback. Another advantage is that any type of grating is acceptable for
£ this structure, for instance, gain-coupled grating. In addition, only one control current

is needed to tune this laser. The simple operation is another advantage.

sampled Bragg grating _~ grating for distributed feedback

- > ' / |~ grating for forward coupling
INAA AR-coated

7 AR-coated([f

active layer (guide 1)

codirectionally coupling waveguide
tuing layer (guide 2)

lateral current injection for tuning

Figure 2-3 Schematic drawing of the longitudinal cross section of the distributed

forward- and back ward-coupling (DFBC) laser.
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2.4 Tuning mechanisms of DFBC laser

Figure 2-3 shows a schematic longitudinal cross section of the DFBC
laser, which is basically a DFB laser diode incorporated with a sampled Bragg
grating above the active layer and a codirectionally-coupled waveguide layer below
the active layer. The whole waveguide is designed so as to hold the fundamental

(even) and second-order (odd) transverse eigen modes.

When the light propagates across the border between the sections with
and without the grating, the forward coupling .occurs among the even and odd
transverse modes in both sections. In the section with the grating, the odd
transverse mode is designed to obtain much more gain and feedback from the
grating than the even mode. Then, the odd transverse mode excite both even and
odd modes in the section without grating and the light propagates zigzag between

the two waveguides.

ABLn=2xN (2-3)

If the coupling period corresponding to a certain wavelength is equivalent
to the sampling interval of the grating, the light is fed back most by the grating
through the odd mode in the section with grating. This coupling period is very
sensitive to change in the refractive index of the codirectional waveguide layer that
can be induced by current injection into that layer. Small index change can give rise
to a large change in the wavelength selected by the codirectional coupling and the

sampled grating.
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Figure 2-4 The tuning mechanism of DFBC lasers.

Actually, the above tunable filtering mechanism picks up one lasing mode
out of a series of DFB modes produced by the grating sampling. The "channel"
interval, i.e., the DFB mode spacing, is controllable through the sampling interval of

the grating.

2.5 Summary

In summary, we have described a new tunable laser diode, i.e., the
distributed forward- and backward-coupling (DFBC) laser. This laser is characterized
by a codirectional forward coﬁpling between two parallel waveguides together with a
backward distributed Bragg feedback due to sampled grating. It would provide a

wide tuning range (over 40 nm, for example) as well as larger SMSR in principle
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compared with the other types of discontinuously-tunable laser diodes. Simple one
current tuning scheme is another advantage of the DFBC laser. Either gain or index
coupling, or a combination of these may be used with the DFBC laser. However,
the gain coupling is preferable as it could lead to larger SMSR. For fabrication this
kind of laser has a big advantage because the active layer and the codirectional
waveguide are placed on different level of layers. If the active layer and‘ the
codirectional waveguide are placed on the same leve [2-5], the cristal growth can

not be performed at one time.
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Chapter 3 Simulation of DFBC lasers

3.1 Introductory remarks

In this chapter the distributed forward- and backward-coupling (DFBC)
semiconductor laser for wide wavelength tuning is proposed and analyzed. A
four-dimensional F-matrix method is established in order to pursue the numerical

simulation. As a result, over 100 nm tuning around 1.55 um by simple injection
current control scheme is predicted.

We have developed the new theories to handle the particular structure

such as a laser diode which consists of Bragg and forward-coupling gratings. Here
we show these two methods as follows,

1. Coupled-mode analysis

2. Mode-expansion analysis

Coupled-mode analysis here is an extended version of general 2X2 F-
matrix method. We have derived 4X4 F-matrix including forward-coupling as well as
backward-coupling from Brag gratings. In this analysis, the complex amplitudes of
forward- and backward-going wave are assumed to be gradually varying functions
along the laser cavity. The point of this analysis is that we have omitted the Bragg
feedback of one of the eigen modes because the selectivity of the wavelength is

generated when only the other eigen mode is fed back by the Bragg gratings.
Then we have applied mode-expansion method for the analysis of DFBC
lasers. In this analysis, we use general F-matrix in both Bragg-grating and non

Bragg-grating section along the cavity, and the overlap-matrix at the borders
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between Bragg-grating and non Bragg-grating section. We investigate wavelength
tuning characteristics of the DFBC laser by an eigen mode analysis, which is more
rigorous and accurate than the previous method. At the borders, the intensity of the
light is continuous, however the magnitude of each eigen mode is not continuous.
The point is that the Bragg feedback of the two eigen modes is taken into account

in this analysis.

If the duty of the sampled grating is small, above two methods would be
closer. The first coupled-mode approach is rather good in order to understand the
tuning mechanisms of DFBC lasers, and it gives a good approximation. However
the perturbative nature of the coupled-wave theory was not very appropriate when
the twin waveguides were close to each other. In this chapter we show the
wavélength tuning characteristics of DFBC lasers by both two methods. The first
coupled-mode analysis is still useful because we assumed the duty cycle of the

sampled grating to be rather small (10 %).

3.2 Coupled-mode analysis

3.2.1 Introducing 4X4 F-matrices

We introduce envelope complex amplitudes, R, as functions of
z-coordinate along the laser cavity, which are related to the complex electrical field

amplitudes, E, as

E(z)=R% (z) ik (3-1) (a)
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Ejl: (Z) ZR:it (Z) o¥Fibyz (3'1 ) (b)

Here, the superscripts + and - indicate forward and backward waves, and the
subscripts 1 and 2 denote the upper waveguide (the active layer, guide 1) and the
lower codirectional waveguide (guide 2). B2 is the propagation constant of the guide
2.

In order to handle distributed feedback and codirectional coupling systems

at the same time, we present the following four coupled wave equations:

iR

iz +j (Bi=B2) Ri=xuRie 082414, R; (3-2) (a)

-% +j (Bi—B2)Ri = xuRie ¥ eri 4k R; (3-2) (b)

B okt (32) (c)
iz

Rk (3-2) (d)
iz

Here, Bg is n/A, A the grating pitch, xFB, xBF the coupling coefficients of the
distributed feedback, and x12, x21 the coupling coefficients of the codirectional
coupling between guides 1 and 2. B1 is the propagation constant of the active layer
(guide 1). There are two reasons for us to have neglected the backward scattering
of R2 in the equations (3-2) (c) and (3-2) (d). One of them is that, as mentioned
above, the energy transfer is as large as 84 % or more. This means that R2
becomes very small where the diffraction grating appears. The other reason is the

difference in the transverse field profile. The waveguide 2 is at farther distance from
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the grating than the waveguide 1, and therefore the optical confinement factor into
the grating layer of the transverse mode associated with R2 is smaller. In addition,
the confinement factor into the waveguide 2 is made larger than that into the guide
1. In other words, the transverse layer structure should be designed in such a way
that the Ri-related transverse mode penetrates into the grating much but the R>

mode doesn't.

From the equations (3-2), we obtained these equations,

"R R} d

a—z“*‘j AB TZ_—KFB_(?"Z— (Riei8,7) =K1zk21Rf (3-3) (a)
PR R o )
T AR o (e )= i (33) (o),

where AB = B1-B2, AB2 = B2-Bg, and Bg = n/A. Equation (3-3) (a) gives a solution for

R1 7, as follows,

el apt
= (—
iz

i ABR-rm [ R (3-3) (o)

h Krs
Equation (3-3) (b) also gives,

| A
-E (0_}2 ~J ABRi-xuRl e 4027) =xt, x4 R A (3-3) (d)

With equation (3-3) (c), the following fourth-order differential equation is derived
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from equation (3-3) (d),

PR PR ORI OGR!
+ + +e— +d=
iz 1 T gates, a0

where

a=—4j Aﬁz

b=A BZ+KFBKBF_K12KZI"KTZK;1 +2Aﬁz (Aﬁ"ZA ﬁz)

C=J KKy (4A52+AB) -jA BKTZ Kn-2jA Brkmke—2j A ﬁzA B (A 13+2A ﬁz)
d=ruxs (2AB, (ZAﬁz‘*'Aﬁ) +rhK))

Then we obtain the solutions of R, as follows

1
Ri=Cie¥1* +Cyev 22 +Cseva* +C,eY9

K12K3) Kj2K3)

RFL { (jAB"'Yl_ )Cle(YIZjAﬂz)z+ (J AB+YZ_
Krg

) Ce (yg2iapy)z
Y

+(j Aﬁ+Y3--l—{_[;_K£) Caevstistpz o (J ABtyi- KizKa ) Cyefvetispz )
3

Y4

Yz
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(3-5) (a)

(3-5) (b)

(3-5) (c)

(3-5) (d)

(3-6) (a)

(3-6) (b)




X K
R§=icle“’_+ 2 Cze"zz'I‘Ez‘l“C3e"3z "'52}*(349’[3z (3-6) (c)

Yi Yz Y3 Y4

1 . . . i 2.
Rf:';.-_ {(JAB-y#2j AB) (§ Ap"'y'—}{lyﬂ) —KriKsr) i Y 128007 (JAB-y#2; ABy) (jAB+y~ K;KZI ) ~Krukar) Crp 22822
1 2

12K

KizKz ) —KrnKxF) qu(yﬂj.';pz)l}
4

* (AB-yH2iAB:) (A=) k) Ca"449°+ (1AB-y 2 AB:) ((ABh-
(3-6) (d),

where vi are the characteristic roots of the fourth-order differential equation derived
from equation (3-4), Ci's are undefined constants derived from the differential
equation (3-4). Here we define C and T matrices and the i-th columns of the

matrices C and T are as follows,

[ 1
u;
Ci= (3'7)
K21/ Yi
[SR'A "‘KBF/ Kz
|
n-2i(py-B)z
-T1= ue “ evi?l
Kzl/ Yi ( 3. 8)
(UiVi‘KsF/ K*IZ) ety '

where C ™' is the inverse matrix of C, and u#{j(&-]32)+yi-1c121c21/yi}/1<1=8,
Vi={j(B1+p2-2Bg)-yid12*,

A four-dimensional F-matrix from z=0 to z=z1, F, is derived from these

equations as

F=PTC" | | (3-9)
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E@) || O ' (3-10)

E; (Zl) E; (O)
E: (z)) E; (0)

where P is the transformation which converts vector Rj into Ej, as follows

e 0 0 0
(0 &m0 0 | (3-11)
"o 0 emo

0 0 0 em

Like the ordinary lasers [3-6], the resonance condition is satisfied when the

absolute value of the complex round trip gain becomes 1 and its phase becomes 0:

lpu-prl=1 : (3-12)

Here, pL and pr are the effective reflectivities corresponding to the left and right
halves of the cavity.
If the both end facets are anti-reflection (AR) coated, these effective

reflectivities are expressed as

_ F24FL12"F22FLM (3‘1 3) (a)

P FuFarFuFun

R i  (3-13) (b)

ST




where Fijj is the ij-th element of the matrix F which is the product of the local
F-matrix from z=0 to z=L (L is cavity length). F ™! is the inverse matrix of F. FLjj is
the ij-th element of the matrix FL which is the product of the local F-matrix from z=0

to z=L/2, and FRrij ~' is the element of the inverse matrix of FRr, the product of the
local F-matrix from z=L/2 to z=L.

3.2.2 Simulation results

Simulation has been cérried out around 1.55 um wavelength. Figure 3-1
shows the assumed refractive indices (taken from Reference [3-7]) of each layer.
The active and the grating layers are assumed to be one upper waveguide with an
effective index nactive. We also assumed ‘that the upper and the lower waveguides
are of 0.125 ym and 0.2 pum thickness, respectively. nactive is fixed at 3.495. On the
other hand,. the refractive index of the codirectional waveguide (nguide) was taken as
a variable parameter, and was varied from 3.325 {o 3.355. This sort of index change

is available by injecting carriers into the lower waveguide region.

n=3.098

S n,e=3.495  0.125um

n=3.098 0.75um
o
Qéuide 0-2“-m

n=3.098

Figure 3-1 Schematic drawing of the longitudinal cross section of the distributed

forward- and backward-coupling (DFBC)laser.
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Refractive indices of the cladding and the spacing layers are assumed to
be identical, i.e., 3.098. Thickness of the spacing layer is 0.75 pum. The distributed
feedback here is assumed to be of pure gain coupling [3-8] with a coupling
coefficient of 50 cm "' . The coefficient of the codirectional coupling is dependent
on the wavelength and nguide. In other words, when the nguide is changed, the
electrical field profile and the effective refractive index are changed, then the
coupling strength between the two waveguides is changed. The material dispersion
is also taken into account. In this particular example we have changed nguide from

3.325 to 3.355, then we have obtained the codirectional coupling from 0.062 pm ~*

~ t0 0.060 pum ™! for the wavelength 1.55 um. The sampling interval of the grating is

50 pum, and its duty cycle is 4 % in order to obtain sampled DFB modes with small
gain difference over a wide wavelength range. We assumed AR-coated devices with
the cavity length of 600 pm.

Figure 3-2 (@), (b), ahd (c) show calculated amplitudes of the round trip
gain versus wavelength at three different refractive index values in the codirectional
waveguide. The spikes in these figures correspond to sampled DFB modes. The
gradual wavelength dependence (or the envelope) is mainly incorporated by the
codirectional forward coupling effect. Since the envelope moves very fast with the
index change, the mode with the largest gain (lasing mode) could be selected from
a wide range of wavelength. Moreover, since each mode is established by the
distributed feedback, mode competition among longitudinal (Fabry-Perot-like) modes
is minimal. Therefore, large SMSR is expected in general. From this point of view,

use of gain coupling rather than index coupling is advantageous.
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Figure 3-2 Wavelength dependence of the round-trip-gain in the DFBC laser with
the refractive index of the codirectional waveguide layer being 3.335 (a), 3.345 (b),

and 3.355 (c).
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Figure 3-3 shows simulated tuning characteristics of lasing wavelength at
threshold. Although the refractive index change in the codirectional waveguide is as
small as 0.03, a tuning range as large as 100 nm is obtained in the figure. It is
possible to design other structures having narrower mode gaps or different tuning
ranges by changing the device parameters such as the cavity length, the sampling

duty cycle of the grating, the coupling length of the codirectional waveguides, etc.
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Figure 3-3 An example of simulated wavelength tuning characteristics of the DFBC

laser exhibiting a tuning range over 100 nm around 1.55 pm.

We have shown simulation results of only gain-coupled (GC) DFBC lasers
in Figure 3-3. In order to compare GC-DFBC lasers with IC-DFBC lasers, we show
wavelength tuning characteristics of both GC- and IC-DFBC lasers in Figure 3-4.
The coupling coefficients are both 50 cm ' . The other parameters are the same as

used in Figure 3-3. In Figure 3-4, IC-DFBC laser shows wider tuning range than
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GC-DFBC laser. It means that GC-DFB lasers have more stable main mode. Of
course the main mode of tunable lasers is desired to be stable when the
wavelength is selected. In that sence, tunable GC-DFB lasers are more

advantageous than |C-DFB lasers.
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Figure 3-4 An example of simulated wavelength tuning characteristics of the DFBC
laser exhibiting a tuning range over 100 nm around 1.55 um. GC-DFB (black dots)
and IC-DFB (white dots).

3.2.3 Discussions

As a conclusion, we have presented a new tunable laser diode, the
distributed forward- and backward-coupling (DFBC) laser, which is characterized by
a codirectional forward coupling between two parallel waveguides together with a
backward distributed Bragg feedback due to a sampled grating. It would provide a

wide tuning range (over 100 nm, for example) as well as larger SMSR in principle
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compared with the other types of discontinuously-tunable laser diodes. Simple one
current tuning scheme is another advantage of the DFBC laser. Either gain or index
coupling, or a combination of these may be used with the DFBC laser. However,

the gain coupling is preferable as it could lead to larger SMSR.

3.3 Mode-expansion analysis

3.3.4 Introducing expansion coefficients

We introduce envelope complex amplitudes, R’s, as functions of
z-coordinate along the laser cavity, which are related to the complex electrical field

amplitudes, E's, as

E*(x, v, 2) =R{* (2) @ (x, ) e P14RE (2) oy (x, y) e ™02 (3-14)

Here, the superscripts + and - indicate forward and backward waves, o1 and ¢2 are
the transverse eigen modes of the waveguide, and the subscripts 1 and 2 denotes
the even and odd modes, respectively. B1 and B2 are the propagation constants of

the mode 1 and mode 2.
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Figure 3-5 Schematic drawing of the longitudinal cross section of the distributed

forward- and backward-coupling (DFBC) laser.

A 4 X 4 F-matrix, F, for the grating and the non-grating section pair from
=zk to z=zk+1 in Figure 3-5 relates R’s at both ends by equation (3-15), and F itself

is expressed by equation (3-16):

Ri (Zesr) Ri (z)
Ri (Zm) =F Ri (Zk)
R (zewr) R (z)

Ri (Zkﬂ) RZ (Zk) (3_1 5)

P =TnanTan ] (3'1 6)

Symbols "g" and "n" denote the sections with and without grating, respectively. Tgn

and Tng are the transfer matrices at the section border, and Fg and Fn are the
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F-matrices for each section, shown in Figure 3-5. They are explicitly written as

an 0 ay 0

0 an 0 ap
Tw= (3-17)
an 0 ax 0

0 ay 0 Az

Fie O
[ Fre 3-18
Ft [O Fzg] ( )

where aijj is the expansion coefficient from reference [3-11]. Here, the reflection at

the borders of the sections is not taken into account. ajj is expressed like this,

au:f(pa(pjdx (3-19)
where,
Ric @rtRE, @:=Ri @ +R}ep; (3-20)

F1g and F2g are the DFB 2 X 2 F-matrices [3-6] of the modes 1 and 2. Tng

and Fn can be expressed in similar forms.

coshyz—ﬁg—sinhyz ——K—"-sinhyz
pe Y Y (3-21)

iAB
-ﬁsinhyz coshyz+%smhyz
Y

- where vy is satisfied with




Y=V "Aﬁz_Krner (3'22)

and AB = B - fg.

Figure 3-6 The round-trip-gain of the DFBC laser.

The round trip gain can be calculated by making use of the above F-matrix

for the grating-nongrating pair. In Figure 3-8 we defined the reflection matrix of two

eigen modes,

( Ri ]=[ Dui Pu } [ Ry J (3-23) (a)
R puz piz ) | R; |

[R{ H Prii Pray ] [ R ] (3-23) (b)
R: Priz prz J | R;

Here the cavity of the DFBC laser is devided into two parts. The matrix FL is the
product of the local F-matrix from z=0 to z=L/2, and the matrix FR is the product of
the local F-matrix from z=L/2 to z=L. pL and pR are the elements of the matrix FL

and FR, respectively. Therefore we define the round-trip-gain matrix as follows,

pE[ P P ] - [ Pur Puat ] [ Prit Pra ] (3_24)
Pz Pz Puz Pu Priz Proz

Therefore the resonance condition of the DFBC laser is expressed with a unit matrix
E,
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)

R} Ri ] ‘
= 3-26
E[ R; } P [ R; (3-26)
That is,
outptpupn—pnpn=1 (3-27)

Here we define the equation (3-27) to be a round-trip-gain of DFBC laser. Like the
ordinary lasers [3-6], the resonahce condition is satisfied when the absolute value of

the complex round trip gain becomes 1 and its phase becomes 0.

3.3.5 Simulation results

Simulation has been carried out around 1.55 pm wavelength. Assumed
thickness of each layer is shown in Figure 3-7. The refractive index of the active
layer (nactive), the substrate, and the grating layer of the forward coupling are fixed
at 3.41 , 3.1, and 3.215, respectively, whereas the refractive index of the
codirectional waveguide (nguide) is taken as a variable parameter, shown in
Figure 3-8. It is varied from 3.377 to 3.389 in this calculation. This index variation is
obtainable through carrier injection into the tuning waveguide. The distributed

feedback here is assumed to be of pure gain coupling [3-8] with a coupling
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coefficient of 7 cm ™' for mode 1 and 60 cm ™' for mode 2. The length of the
grating section is 5 um, and that of the nongrating section is 115 um. Therefore the
sampling interval of the grating is 120 um, and its duty cycle is 4.2 %. We assume
anti reflection (AR)-coated devices with the cavity length of 1440 pm (twelve periods

of the grating-nongrating pair). InGaAs loss grating for DFB~ Ag = 246 nm
InGaﬁsPU .3um) grating for forward coupling

d(pm)

sampled grating

| p-InGaasP(tuning)

p-InP
; >
z=0 zy Zist L
sectiong | sectign n |
Fq Tan Fo Thg
~—
Ly Ly
Figure 3-7 The thickness of each layer of the DFBC laser used in the simulation.
3.1 3.1
3.2
3.2
__I_ 3.41 3.41
3.38 3.38
- gt
section g - section n
K;=7cm-?
Ky =60 cm-
Lg="5um Lp=115um

Figure 3-8 The refractive indeces and the coupling coefficients of the DFBC laser

used in the simulation.
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Figure 3-9 (a), (b) and (c) show calculated amplitudes of the round trip
gain versus Wavelength at three different refractive index values of the codirectional
tuning waveguide. The spikes in these figures correspond to sampled DFB modes.
The envelope on the spikes is mainly due to the codirectional forward coupling
effect. the modes with the largest round-trip-gain in these figures are to become
lasing modes. Since the envelope moves very fast with the index change, a wide

range tuning is possible.

Figure 3-10 illustrates simulated tuning characteristics of lasing wavelength
at threshold. Although the refractive index change in the codirectional tuning

waveguide is small (0.01), tuning range as large as 40 nm is achieved in the figure.

Figure 3-11 shows an example of the calculated field intensity profile when
the refractive index of the tuning ‘layer is 3.383 in the same laser structure as in Fig.
2. It is understood that the light to lase sticks around the Bragg grating so as to

obtain maximum feedback from the grating.
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Figure 3-9 Wavelength dependence of the round trip gain in the DFBC laser with
the refractive index of the codirectional waveguide layer being 3.378 (a), 3.383. (b)
~ and 3.388 (c).
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Figure 3-10 An example of simulated wavelength tuning characteristics of the DFBC

laser exhibiting a tuning range over 40 nm around 1 .55 um.
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Figure 3-11 Field intensity profile of the DFBC laser. nguide=3.383.

- 49 -



3.36 Discussions

In summary, we have described a new tunable laser diode, i.e., the

distributed forward- and backward-coupling (DFBC) laser. This laser is characterized

by a codirectional forward coupling between two parallel waveguides together with a
backward distributed Bragg feedback due to sampled grating. It would provide a
wide tuning range (over 40 nm, for example) as well as larger SMSR in principle
compared with the other types of discontinuously-tunable laser diodes. Simple one
current tuning scheme is another advantage of the DFBC laser. Either gain or index
coupling, or a combination of these may be used with the DFBC laser. However,

the gain coupling is preferable as it could lead to larger SMSR.
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3.4 Summary

We have proposed a new type of tunable DFB laser, i.e., distributed
forward- and backward-coupling (DFBC) laser and we have shown some simulation
results based on two different thories. This laser is a combination of a codirectional
forward coupling between two parallel waveguides together with a backward
distributed Bragg feedback due to sampled grating. The filter characteristics are
extremely sensitive to the change of the refractive index of one of the waveguides.
The tuning range would easily be as wide as 40 nm which is used in erbium-doped
fiber amplifier (EDFA) bandwidth.

We have proposed two different approaches to analyze this kind of laser,
coupled-mode analyais and mode-expansion method. The mode-expansion analysis
is more rigorous than the coupled-mode analysis. However, in both analyses the
tuning range would be about 40 nm when the refractive index change is as little as
0.01 of one of the waveguide. Basically the former approach would be closer to the
latter method when the duty cycle of the sampled grating is very small. In our
simulation, the duty cycle was less than 5 %, That is why both two analyses have

shown the similar results.

With these analyses, one can handle a tunable laser without Bragg
grating, such as DFC lasers whose main mode is a Fabry—Perot-mode. In that case,
the avarage loss in the cavity must be taken into account. On the other hand, DFBC
laser has less average loss because there is less absorptive layer than DFC laser.

In that sense DFBC laser is more advantageous.

Another advantage is a simple operation with only one tuning current

control. Moreover, this is a kind of DFB laser, therefore the SMSR would be larger




than tunable laser with Fabry-Perot oscillator. In addition the type of gratings doesn’t
matter for DFBC laser, i.e., also gain-coupling grating would be acceptable, and

gain-coupling.grating would show more stable main mode and that would be

required for the future communication networks.
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Chapter 4 Parameter extraction of DFB laser diodes

4.1 Introductory remarks -- Why is it so difficult for GC-DFB lasers?

In this chapter we describe that gain and index coupling coefficients in
cleaved DFB laser diodes has successfully been determined by fitting theoretical
subthreshold spectra to experimentally observed ones. Other parameters including

gain and group index as well as their dispersion are extracted simultaneously.

Determination of device parameters in fabricated distributed feedback
(DFB) laser diodes is very important for further optimisation of the laser design and
even the system design. In particular, the coupling coefficient is one of the most
influential parameters, and hence should be measured precisely. However, the
determination of the coupling coefficient in DFB lasers so far was only possible for
index-coupled devices with antireflection-coated (AR-coated) facets, and it was not
very accurate [4-1]. Moreover, in such measuréments, no other parameters such as

gain and effective group index could be derived.

There is a big problem especially for the determination of the gain-coupling
coefficients. As shown in Figure 4-1, the determination of index-coupling coefficients
is not difficult because it is observed as the stop-bandwidth of AR-coated
index-coupling laser [4-1]. On the other hand, gain-coupling coefficient is observed
as gain parameter in Figure 4-2, therefore it is very difficult to extract gain-coupling
coefﬁcienf from the gain parameter. Moreover, one should have known the material
parameters, such as refractive index etc., however the difference between the
designed values and actual values is not very small. Here we propose a new
approach to determine accurately index- and gain-coupling coefficients, reflectivities

at both facets, phase of the grating at the facets, gain, effective index, and even
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linewidth enhancement factor.

Index-coupled DFB
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Figure 4-1 Spectrum of purely index-coupled DFB laser with AR-coated at both

facets.

Gain-coupled DFB

62 '
844 844.5 845 845.5
Wavelength [nm]

Figure 4-2 Spetctrum of purely gain-coupled DFB laser with AR-coated at both

facets.
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4.2 Curvefitting method

The method we propose here, the numerical fitting of subthreshold spectra
to well-known analytical (be it rather complicated) expressions [4-2] , allows us to
determine the coupling coefficient as well as refractive index, gain, and their
dispersion very accurately. Furthermore, the method is applicable to DFB laser

diodes with both index and gain coupling.

The analytical expression for the spectrum is based on the transfer matrix
method as has been described in Reference [4—2]. It is also assumed that the
spontaneous emission has no influence on the carrier density, which implies that
the ﬁttihg must be done on spectra that are measured at sufficiently low current
below threshold. In principle, this method is very general and allows different
functional dependencies to be included. It can also be applied to multiple section
lasers or lasers with nonuniform gratings (e.g. for tuning). By applying the fitting to
spectra obtained at different currents, one can also determine the differential gain

and the linewidth enhancement factor.

Jo
2

Pepon

¢ [trans|?(1+]r|)? (4-1),
f |1-rnd|? dz |

0

where Jsp is spontaneous emission rate, and the spontaneous emission is amplified
along the cavity and observed at the right facet. This expression is derived as a
sum of the infinite series of the amplfied spontaneous emission. The spontaneous
emission is generated along the cavity, therefore the integral of the local
spontaneous emission results in the total spontaneous emission power. As shown in

(4-1), md is the round-trip-gain at the coordinate z, p is the reflectivity of the left
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laser cavity at the coordinate z, and trans is the transition rate of the right laser
cavity. These are expressed with elements of F-matrix, and functions of the various
parameters of semiconductor laser diodes. For instance, gain, effective refractive

index, and reflectivities at both facets are expressed as follows,

-g=go~g: (E(A) -E,)? | (4-2) (a)
I~ d;;" Ao (4-2) (b)
pi=Riexp (jyn) (4-2) (c)

(4-2) (d),

p=R.exp (.j lpz)

where g is gain in the active layer and is assumed to be a quadratic function of the
photon energy E, go is the peak gain, gt is the gain curvature, and Ep is the peak
gain. In equation (4-2) (b), effective refractive index is dependent on the
wavelength. In equations (4-2) (c) and (d), the reflectivities are devided into two

terms, such as the amplitude of the reflectiyity and the phase.

Therefore the number of the parameters used here is 14, such as, Jsp, go,
g1, Ep, ng, n2, n3, dnef/dd, reflectivities R1, R2, phase ¢1, ¢2, index-coupling
coefficient xi, gain-coupling coefficient kg, and the coupling efficiency from the laser

to the fiber which is connected to the experimental setup.
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Figure 4-3 Spontaneous emission in the laser cavity.

4.3 Fitting procedure

We have implemented the method for single section lasers with both index
and gain coupling, assuming a constant spontaneous emission rate, but a linear
dependence of refractive index on wavelength and a quadratic dependence of gain
on photon energy. The numerical fitting was based on minimisation of the sum of
the squared differences between modelled and measured results using a standard

optimisation routine [4-3]. Here we show the fitting procedure.
1. Measurement of subthreshold spectrum and the cavity length.

2. Estimate initial values of gain and effective refractive index.
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Also rough estimation of g() and n(A) from the FP spectrum.

3. Estimate initial values of coupling-coefficients and the phase

of the grating.

Index-coupling coefficient is roughly estimated from the DFB spectrum.
4. Computation

5. Error assessment
The change of the parameters is estimated if the sum of

the squared differences change in 1 %.

6. Estimation of linewidth enhancement factor.

From two parameter sets fitted fromthe spectra at the different bias.

In this curve-fitting method, the rhost important thing is that the estimation of the

initial values must be very properly performed.

4.4 Measurements and iffting results

The fitting has been done for several MQW AlGaAs/GaAs gain-coupled
DFB lasers [4-4] with cleaved facets, a cavity length of 200 um, and a grating
period of 373.9 nm (third order) as shown in Figure 4-4. Two examples of measured
and fitted spectra for lasers (labeled 202, 2003, and g05b) from different wafers are
shown in Figure 4-5. We have used logarithmic spectra since the stop band is as
important in the fitting as the mode resonances. The span was carefully chosen to
include a few Fabry-Perot resonances from which gain and group index could be

estimated very easily. Because the lasers are as cleaved at both facets, the
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reflectivities are fixed to be 0.5657, and refractive index coefficients n2 and n3 equal

to be 0. Therefore the number of the parameters is reduced to be 10.

The index and gain coupling coefficients are found to be 26.6 and 7.3 cm
' for Figure 4-5 (a), respectively, and 59.2 and 23.4 cm ~* for Figure 4-5 (b).
Among lasers from the same wafer, a good agreement of the coupling coefficients

was found. A summary of the extracted device parameters is given in Table I.

p-Gao.55Al0.45As cladding p-Gao.75Al0.25As
antiphase index grating
n-GaAs absorptive grating
- __/ —— p-Gao.7Alo.3As
\ low aluminum cladding
p-Gao.55Al0.45As barrier

u-SCH-MQW active

\
]
n-Gao.55Al0.45As cladding

as-cleaved: R, R, =— fixed

dn
— Zeff
Ner =N ™74, A

Figure 4-4 Schematic longitudinal cross section ot gain-coupled DFB laser which

was used for the measurement.
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Figure 4-5 Measured (--) and fitted () spectra for three cleaved gain coupled DFB
lasers. (a) device 202, (b) device 2003, and (c) device g05b.
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parameter [unit] Dev. 202 Dev. 2003 Dev. g05b
Cavity length (L) [um] 195 210 400
Index coupling (x;) [cm-1] 27.2 1.4 56.4 +3.0 10.1 £0.5
Gain coupling (x,) [cm-1] 75 1.0 22.3 +2.5 43 0.5
Peak gain - absorption (g,-ci) [cmr1]| 146 +14 101 +10 241 +2.4
Peak energy (Ep) [eV] 1.467£0.001 1.466%0.001 1.476+0.001
Gain curvature (g,) [cm-eV-g] -297 -161 -11.2
Group index (ng) 3.82 *0. 3.94 £0. 415 *0.
dngg/dA [um-1] -0.52 £0. -0.65 0. -0.90 0.
Left facet phase (y,) [rad.] -0.75 £0.01 0.36 %0.01 1.41 £0.01
Right facet phase () [rad.] -2.84 +0.02 0.98 %0.01 -0.47 £0.01

Table | Device parameters extracted from the subthreshold spectra.
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4.5 Error assessment

In this section we disscuss he sensitivity of each extracted parameter to
evaluation function. The errors in Table | are the values that give 1 % increase of
the evaluation function. As shown in Figure 4-6, each parameter has the deviation
from the calculated value when the evaluation function increases 1 %. In Table I;

gain-coupling coefficient shows more error than index-coupling coefficient.

[N
o

- Device 2003

no
[a]

15

Squared Error [a.u.]

20 -5 -0 5 0 5 10 15 20
Deviation from the Optimum [%]

Figure 4-6 Squared error of each laser parameter extracted by curve-fitting. The

horizontal dotted-line shows the limit of 1 % increase of the evaluation function.




4.6 Extracting linewidth enhancement factor

Linewidth enhancement factor can be also determined by this curve-fitting
method. In Figure 4-7, we show the L-l1 characteristics of device g05b. The
threshold current is 24 mA, and the curve-fitting was performed for the spectra at 23
and 24 mA bias current. We have estimated linewidth enhancement factor with the

extracted parameters and an equation,

_ 4o dn./dN

4-3),
A dnw/dN *3)

then we obtained linewith enhancement factor of 2.5.

05
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Figdre 4-7 L-l characteristics of gain-coupled DFB laser. Device g05b.
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4.7 Summary

It is concluded that excellent agreement between theoretical and
experimental spectra is obtained in spite of the possible non-uniformities in the
devices and in spite of the rough approximations for gain and spontaneous
emfssion. In some cases, a better agreement could probably be reached if we used
a wavelength dependent spontaneous emission rate and/or a wavelength
dependence of the gain that is more suited for quantum wells than the parabolic
function used here. In order to apply this method for DFBC lasers, one should
impliment multi-section and multi-mode analysis. This is a futher investigation of this

study.
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Appendix Determination of GC coefficient with an approximated

function.

We discuss a roughly estimation of gain-coupling coefficient with an
approximated function. We have developed a similar method to the estimation of
index-coupling coefficients in reference [4-1]. The spectrum of spontaneous
emission is influenced when the gain-coupling coefficient changes. Normally the
gain parameter changes, however the full-width-half-maximum (FWHM) of the gain
spectrum is also changed. Therefore we derived the equation from carrier

rate-equation.

—Vz (Fg—aintnzaend'*'ZKgfst) ='136i1= ZHI?V X (4—4),

where vg is the group velocity of light, T is the confinement factor of light, aint is
internal loss, aend is facet loss fst is the standing wave factor [4-5], Rsp is
spontaneous emission rate, | is photon number, and K is Petermann’s K-factor [4-6].
Here the laser is almost index-coupled and relatively small gain-coupled, then the
stop band is clearly observed, and we assume identical material gain, facet loss,
and K-factor. Therefore we can estimate gain-coupling coefficients with this

equation,

i
o, (Avia=Avy) ' | (4-5)

We applied this equation for a gain-coupled DFB laser. Figure 4-8 shows a

-spectrum of a gain-coupled DFB laser with bulk active layer and loss grating. Here
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we obtained gain-couling coefficient kg=13.6 cm ™' , and index-coupling coefficient

ki=87.5 cm "' . Although this is an approximation, it is good for a rough estimation.

-44.0 | B S S NS S S N S S BN H SN SN SN SN SN SN N SRR HN R B
- }
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-46.0 : X = 87.5 cm- ]
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o C . ]
n 48.0
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-52.0 |- 1
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Figure 4-8 A spectrum of an AR-coated gain-coupled DFB laser.
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Chapter 5 Design of DFBC lasers

5.1 Introductory remarks

In this chapter we design the DFBC structure of 0.84 pm wavelength
scheme, i.e., GaAs/AlGaAs material system. Therefore the material parameters we
use here are for GaAs/AlGaAs DFBC laser diodes. There are five design steps as

follows,

1. waveguide

2. layer structure
3. electrodes

4. photo-masks

5. process
In order to simplify the process, we designed this particular layer structure with
which only one regrowth step is required. we describe each step in this chapter.
5.2 Design of waveguides
We have already described in Chapter 3 that DFBC laser has two eigen

modes because of the codirectional waveguide. Therefore the waveguide shold be

designed carefully in order to realize a good wavelength filter which scrambles the

‘eigen modes. In addition one of the two eigen modes should have larger gain and

larger Bragg reflection from the Bragg gratings. Figure 5-1 (a) and (b) show the

amplitude of the eigen modes in the waveguides of DFBC lasers.
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In the Bragg grating section (Figure 5-1 (a)), the even mode is almost
confined in the active layer and fed back more from the Bragg grating. On the other
hand, the odd mode is almost confined in the codirectional waveguide (tuning
layer), and fed back less from the Bragg gratings. Generally the fundamental mode
(here odd mode) has the largest effective refractive index, therefore it could be
confined in the active layer. However here the thickness of the active layer is rather
thinner, and the thickness of the codirectional waveguide is rather thicker. Therefore
the fundamental mode is confined in the codirectional waveguide in which the

effective refractive index is larger than in the active layer.

In the non-Bragg grating section (Figure 5-1 (b)), both two eigen modes
propagate and obtain almost the same amount of gain from the active layer. The
total power of light propagates zig-zag along the laser cavity and the period of the

forward coupling length is about 100 pum for this particular structure.
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Figure 5-1 The eigen modes of the DFBC laser, which are calculated with the

designed waveguides. (a) Bragg-grating section and (b) non-Bragg grating section.
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5.3 Design of layer structure

The refractive index and the thickness of each layer are designed as
shown in Figure 5-2 to provide the eigen modes as described in section 5.2. In
order to reduce the regrowth steps, we designed the structure as simple as
possible. As shown in Figure 5-2, this particular device requires only one regrowth
step. Generally for the tunable lasers with lateral current injection such as TTG
lasers [5-1], more than three regrowth steps are required. As shown in Figure 5-2,
n-clad, tuning layer, spacer and active layer are grown in the first growth stemp.

After the first cristal growth, sampled grating is formed by chemical etching, then the

- regrowth step makes the upper-clad and the cap layer.

pHm
A n -GaAs 0.2
2 [\l H n-Al35GaAs Clad 1.0 '
X I n-AlloGaAs| 02
n-Al35GaAs 0.1 3.547
MQW Active Layer 0.23 e
p-Al35GaAs 0.4
| B Al15GaAs Tuning Layer 0.3
n-Al30GaAs 0.1 3510
3414
n-Al135GaAs Clad 1.0
v 3.385
N-GaAs#EAR

Figure 5-2 The designed layer structure of the DFBC laser.



5.4 Design of electrodes

DFBC laser diodes have a tuning layer, and the refractive index of the
tuning layer must be changed independently with the lateral control current injection.
The cross section of our particular device is shown in Figure 5-3, and the
p-electrode is located simply beside the n-electrode. However the light propagates
almost just under the n-electrode, and the tuning current goes through just under
the p-electrode. Therefore for this particular device, the distance between the
waveguide and the tuning layer cannot be very short. In order to make the

processing tolerance high, this distance must be more than 10 um. Then we use

- LASTIP (carrier-flow analyzer) to estimate the carrier concentration as a function of

the distance from the center of the p-electrode. This program LASTIP analyzes the
current flow with finite element method. andFigure 5-4 shows the simulation result.
In Figure 5-4, at the distance of 20 pum, the carrier concentration in the tuning layer
is 1.3 X 10'" cm ~® at 10 mA bias, which means 1.7X10 ~* refractive index
change [5-2]. 20 um is desirable because the refractive index change is not very
small, and the process tolerance is still very high. For 20 um distance, the tuning

range would be about 4 nm for 0.84 um wavelength scheme.

50um +
n™ GaAs
n-AlGaAs
l N EAE MQW TEH/E .,
, T =i Si102
1 # m\ o R \\‘C{‘ D EEJ L
‘T e 1 AlGaAS

Tuning/&

Figure 5-3 A designed schematic lateral cross section of the DFBC laser.
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Figure 5-4 A simulation of the carrier concentration as a function of the distance

from the center of the p-electrode, calculated with LASTIP.
5.5 Design of photo-masks

We show the picture of our photo-masks which are used for the process.
In the next chapter we show the process proceedure, however here we show only

the name of the masks.

. sampled grating

. laser stripe pattern

. mesa etching pattern

. p-type electrode contact hole
. p-type electrode pad

. n-type electrode contact hole

. h-type electrode pad

0 N O O A W N -

. 7 degrees tilted edge

In Figure 5-5 (a) and (b) we show the picture of the masks. At each process step

we have 5 um process tolerance.
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Figure 5-5 Pictures of the photo-masks used in the fabrication process of the DFBC

laser. (a) sampled grating, p-type electrode pad, n-type electrode pad, 7 degrees

tilted edge.
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Figure 5-5 Pictures of the photo-masks used in the fabrication process of the DFBC
laser. (b) laser stripe pattern, mesa etching pattern, p-type electrode contact hole,

n-type electrode contact hole.
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5.6 Design of process

Here we show our process procedure to fabricate DFBC lasers in

Figure 5-6. The process is devided roughly into eleven steps.

. first epitaxial growth

. making sampled grating

. regrowth step

. making laser stripe

. making mesa pattern

. SiO2 deposition

. etching p-type contact hole

. evaporating AuZn

© 00 N O OO A W N

. etching n-type contact hole
10. evaporating AuGe
11. etching 7 degrees titled edge
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Figure 5-6 Process procedure to fabricate DFBC laser diodes.

TATHEVIRAPRTXTEY
Bt o< R FHICE Y - BEINTHY 3,

A (1 BERE)

_
LV—HR I A FHME

v/zbluu _
VYA b 2ERD FHBENGC LB T L —F 4 VIR
74 2 ﬂz%« #1351 M
LYA L 2[EHE
7&—%477@M1nfv2xr®
N D AR VR S N3/ 3
;égip 0 . 2HEEDVY AT
FV—F 4y

T\lmawwm

l

2EE D VYR B
Wiz s 1o

- 78




BTN TV—TF T

(% Z0.2um)
LU LLIT LT LLLIT LU
FeAk
2 EEE
(MOCVD)
UL L 4111 LUl LT
AR
1 HAR% 9 OFERIL TR A
JeAR J/
A kT A T
(2 4 5 1)
PE2um, 3um, 4um® 3 FH3H
#oravAfiv—2 HIETE
3MIFFAE(A . NTAE, PR
<AL 2
V=747 2umA b A S
L 1
AR
00, m l vxy hEYFVT
lym [\ N\
FeAR
-< > >
150  m 2504 m




S—

Y273 C ]
X
i - l“ - 7‘
024 m FoSA LY F v
— «— — > < — <
10 m 10 m 10 m
TS5 X< CVDIck
5 BRALIEIE AR
SiO,lE (2000A)
XY 4 y
pMavs s k- —'—704—
#m BT BRI £ B
T FrT
LI
—_— <
10 m
AuZnZllizEsE (1500A) #, A7 & bE,
Ty F vy (Kl
YA D I ]
pZisty F

- 80 -




12 m

<A 6 — ,
n TR — WV

BT vBIC L D
IyFvT

AuGeLTZERE T (1500A) . T A7 B bHE,
Xy F vy (KI-,)

<A77
b g nEAB Sy FO : ]
AuGe 10 m AuZnfRiEH
YA 8 . |
7 BEVRTHE

TEWRD Y F 7
?5’!“553~5ﬂm

J' ST

l M AuGeZ& A




5.7 Summary

In this chapter we describe the four steps of the structure design. This
particular device needs only one regrowth step, however needs eight photo-masks.
The distance between the p-electrode and the n-electrode is designed to be 20 um
in order to make the process tolerance high. For this design, the refractive index
change in the tuning layer is still big and the tuning range would be 4 nm for 0.84
um wavelength scheme. Our photo-masks are designed in order to simplify the
process steps, however we need still eight masks. Each step is designed for higher

process tolerance such as 5 um error.

References in Chapter 5
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Chapter 6 Fabrication of DFBC lasers

6.1 Introductory remarks

In this chapter, we show experimental results of fabricating DFBC lasers.
As described in Chapter 5, we have two epitaxial growths and seven photo-
lithographies. Here we make DFBC lasers of GaAs based material with 840 nm

wavelength, therefore all the process was done on GaAs wafer.

6.2 First epitaxial growth

At first, an epitaxial growth on a GaAs-wafer was done by metal-organic
chemical vapor deposition (MOCVD). Figure 6-1 shows the scanning electron
microscope (SEM) photograph of the cross section of the wafer after the first

epitaxial growth. Each layer is grown in the way of the design.

Figure 6-1 Scanning electron microscope photograph of cross section of the wafer

after the first epitaxial growth.




In order to make sure if the active layer was preferably grown, we have

measured photo-luminnescence of the wafer. It is shown in Figure 6-2.
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Figure 6-2 Photo-luminescence of the wafer after the first epitaxy.

6.3 Making sampled grating

In order to make a sampled grating, we should know etching rate of
AlGaAs wafer. We used ECR-RIBE for this purpose, and we measured the dry
etching rate. Figure 6-3 shows the dry etching rate with ECR-RIBE. For our
purpose, the etching depth should be 1.5 pm - 2.0 pum, therefore we have chosen

45 seconds for our wafer.
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Figure' 6-3 Dry etching rate of AlGaAs wafer with ECR-RIBE.
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Figure 6-4 Wet etching rate of AiGaAs wafer with H2S04:H202:H20.
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After the dry etching process, the photo-resist became extremely hard, and
it was difficult to remove. Then we have tried wet etching process because the
wafer isn't dry any more in totally wet process. Figure 6-4 shows the wet etching
rate of AlGaAs wafer with H2S04:H202:H20= 9 : 1 : 1 . We have chosen 4 seconds

to make grating.

In Figure 6-5, we show the photographs of the sampled grating on GaAs
wafer.. This process is done based on the two photo-lithographies in reference [6-1].
At first the photo-resist (TSMR:thinner=1:4) was spin-coated by a speed of 6000
rpm in 30 seconds, then the holographic exposure was done and baked at 135
degrees in 60 minutes. Then the second photd—resist (TSMR) was over-coated by a
speed of 6000 rpm in 30 seconds, and the patterning was done by photo-rythograpy
step to make long-term grating. Those two photo-resists formed the sampled

grating, and the wafer was dipped in H2SO4:H202:H20=9:1:1 in 4 seconds.

Figure 6-5 Scanning electron microscope photograph of the sampled grating.
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6.4 Regrowth step

After the wet etching process, we have done the regrowth with MOCVD
machine. The regrowth was successful, and the SEM photograph is shown in

Figure 6-6. Here the grating period was set to be 360 nm.

Figure 6-6 Scanning electron microscope photograph of the wafer after the

regrowth. (a) with forward-coupling grating and (b) with sampled grating.
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6.5 Photo-lithography step

There are six photo-lithography steps after the second epitaxy. First, a
laser stripe and a mesa region were formed by wet chemical etching. After the
substrate was covered by SiO2 thin film, p- and n-contact holes were etch‘ed, and
gold was evaporated onto the wafer. In Figure 6-7, we show a SEM photograph of
the lateral cross section of the tunable laser structure with the grating for
forward-coupling. The DFBC laser, the target,'will be realized if the sampled grating

is substituted for the grating for forward-coupling.

Figure 6-7 Scanning electron microscope photograph of the lateral cross section of

the tunable forward-coupled laser.




In Figure 6'—8, we show a SEM photograph of the DFBC laser. The
backward feedback from the sampled grating is not very big, therefore both of the
facets are tiltedly etched (7 degrees) by ECR-RIBE in order to reduce the facet

reflection.

10KU 4 a0k

Figure 6-8 Scanning electron microscope photograph of the lateral cross section of

the tunable distributed forward- and backward-coupling (DFBC) laser.
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6.6 Summary

In summary, we have fabricated a tunable forward-coupled laser, and a
tunable distributed forward- and backward-coupling (DFBC) laser. For the
fabrication, we have measured etching-rate (both dry and wet), developed

double-photo-resist technique, and the over-growth was successful.
Reféerences in Chapter 6

[6-1] T. Eguchi, "Study on Laser Triodes with three electrodes"”, Master's thesis,

University of Tokyo, Mar. 1995.



32

Chapter 7 Conclusions

This dissertation described the results obtained from both a theoretical and
an experimental study on widely tunable distributed forward- and backward-coupling
(DFBC) lasers, comparing GC-DFBC with IC-DFBC lasers, and also describes the
parameter-extraction technique (curve-fitting method) for semiconductor lasers.

We have proposed a new type of discontinuously-tunable laser, that is,
distributed forward- and backward-coupling (DFBC) laser, and done a preliminary
analysis by making use of the coupled-wave approach . In the DFBC laser, the
main mode is selected out of distributed feedback (DFB) modes rather than the
Fabry-Perot modes in DFC lasers. Therefore, larger SMSR as well as the wide
range tuning of the discontinuously-tunable lasers are expected. In this theory we

have done a preliminary experiment, i.e., fabrication of a proto-type of DFBC lasers.

In Chapter 2, we have described a new tunable laser diode, i.e., the
distributed forward- and backward-coupling (DFBC) laser. This laser is characterized
by a codirectional forward coupling between two parallel waveguides together with a
backward distributed Bragg feedback due to sampled grating. It would provide a
wide tuning range (over 40 nm, for example) as well as larger SMSR in principle
compared with the other types of discontinuously-tunable laser diodes. Simple one
current tuning scheme is another advantage of the DFBC laser. Either gain or index
coupling, or a combination of these may be used with the DFBC laser. However,

the gain coupling is preferable as it could lead to larger SMSR.

In Chapter 3, we have shown some simulation results based on two
different thories. This laser is a combination of a codirectional forward coupling
between two parallel waveguides together with a backward distributed Bragg

feedback due to sampled grating. The filter characteristics are extremely sensitive to




the change of the refractive index of one of the waveguides. The tuning range
would easily be as wide as 40 nm which is used in erbium-doped fiber amplifier
(EDFA) bandwidth. We have proposed two different approaches to analyze this kind
of laser, coupled-mode analyais and mode-expansion method. The mode-expansion
analysis is more rigorous than the coupled-mode analysis. However, in both
analyses the tuning range would be about 40 nm when the refractive index ‘change
is as little as 0.01 of one of the waveguide. Basically the former approach would be
closer to the latter method when the duty cycle of the sampled grating is very small.
In our simulation, the duty cycle was less than 5 %. That is why both two analyses

have shown the similar results.

“In Chapter 4, excellent agreement between theoretical and experimental
spectra is obtained in spite of the possible non-uniformities in the devices and in
spite of the rough approximations for gain and spontaneous emission. In some
cases, a better agreement could probably be reached if we used a wavelength
dependent spontaneous emission rate and/or a wavelength dependence of the gain
that is more suited for quantum wells than the parabolic function used here. In order
to apply this method for DFBC lasers, one should implimeht multi-section and

multi-mode analysis. This is a futher investigation of this study.

In Chapter 5, we describe the four steps of the structure design. This
particular device needs only one regrowth step, however needs eight photo-masks.
The distance between the p-electrode and the n-electrode is designed to be 20 um
in order to make the process tolerance high. For this design, the refractive index
change in the tuning layer is still big and the tuning range would be 4 nm for 0.84
um wavelength scheme. Our photo-masks are designed in order to simplify the
process steps, however we need still eight masks. Each step is designed for higher

process tolerance such as 5 um error.

In Chapter 6, we have fabricated a tunable forward-coupled laser and a
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tunable distributed forward- and backward-coupling laser. For the fabrication, we
have measured etching-rate (both dry and wet), developed double-photo-resist

technique, and the over-growth was successful.
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