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Chapter 1
Introduction

1.1 Background of This Research

This section sketches the development of optical communications and new demands
for optical sources, and defines a point of origin of this research.

1.1.1 Optical Communications

A strong desire of all humankind for knowledge has driven the progress of commu-
nication systems. It is a duty, and at the same time, a dream of us the engineers
who serve telecommunications to develop the system to have the ultimate capacity.

The optical fiber communication system utilizes the carrier with frequency of
~200 THz, and the optical fiber of its arterial waveguide not only has an extremely
low transmission loss (~0.2 dB/km at 1.55 um), but also has an enormously wide
bandwidth (~30 THz), therefore, every our effort has been concentrated on increas-
ing its transmission capacity towards the utmost limit [1].

Traditionally, increasing the transmission bandwidth has been accomplished
by time-division-multiplexing (TDM) through the increase in the transmission speed,
however, further increase is becoming difficult due to limitations in opto-electronic
component speed and dispersive effects in the optical fiber.

Recently, remarkable progresses in increasing the transmission capacity have
been made by wavelength-division-multiplexing (WDM). WDM is a transmission
scheme in which many independent wavelength channels, each occupying a unique
wavelength location, are transmitted simultaneously on a single fiber across a large
network. It offers a very effective utilization of the fiber bandwidth directly in the
wavelength domain, and it can help achieve a significant enhancement in aggre-
gate transmission capacity and throughput over that of existing fiber networks [2]-
[4]. Up to the present, 2.64 Tb/s (20 Gb/s x 132 channels) WDM transmission ex-
periment over 120 km standard fiber has been demonstrated with 33.3 GHz spac-
ing [5]. By using erbium-doped fiber amplifiers, WDM systems can be made cost-
effective for certain applications relative to traditional TDM systems with elec-
tronic regenerators [6]. In addition, the wavelength adds a new function that can be
used for routing and switching signals and for providing wavelength segregated
services [7], [8]. These capabilities are especially attractive for optical networking

[9]-{11].



1.1.2 Optical Sources for Wavelength-Division-Multiplexing

The practical deployment of WDM presents major challenges to optical source tech-
nology [12]. Wavelength division multiplexed optical transmission and networking
requires laser sources with wavelength closely aligned to the pass-bands of wave-
length routing elements and demultiplexing optical filters at the recelving end.
Depending on the application, optical terminals may be expected to provide rapid
wavelength tuning or selection, or to independently provide extraordinary wave-
length precision and stability without any system-level reference.

In the present WDM system, a large number of discrete distributed-feedback
(DFB) or distributed Bragg reflector (DBR) semiconductor laser diodes are used as
its optical source. To take an instance, the optical source of the system mentioned
above consisted of 132 modules of DFB laser diodes, multiplexers, and lithium
niobate optical modulators. For WDM lightwave systems to be simple and cost ef-
fective, it is indispensable to integrate each component of the optical source [13].

In order to meet these requirements, various types of integrated InP-based
sources have been proposed and developed, such as a large variety of monolithic
active-filter tunable laser designs [14]-[17], several monolithic complex cavity geo-
metrical-selection multiple-wavelength laser designs [18], [19], and multiple-wave-
length DFB/DBR laser arrays [12], [13], [21]-[42]. The selection should be made on
the basis of long-term longitudinal mode stability, long-term wavelength stability,
wavelength switching range and speed, and manufacturing cost.

Among these options, intensive research has been done especially on a mul-
tiple-wavelength DFB laser array [12], [13], [21]-[38].

1.1.3 Multiple-Wavelength DFB Laser Arrays

Properly engineered distributed feedback laser resonators are well-known in their
ability to offer exceptionally robust longitudinal mode stability, both in their long-
term resistance to mode jumps with environmental and operating condition changes,
and in basic side-mode suppression characteristics. Furthermore, highly tempera-
ture-stabilized DFB lasers or integrated DFB-electroabsorption modulated sources
have been shown to have very low (0.1 nm-level) wavelength drift with aging over
system life [43]. In a DFB laser array design, the independent, short cavities of
each DFB provide a WDM source with same spectral and longitudinal mode stabil-
ity of discrete DFB lasers. An array of DFB lasers can be configured with a
monolithically integrated combiner and modulators to provide the simultaneous
transmission from several sources for a single-channel source [13], [29], [33], [37].




Such a photonic integration not only simplifies the optical coupling between laser
array and single-mode fibers but also reduces the packaging cost per wavelength
since a single optical pigtailing including an optical isolator is shared by all the
wavelengths.

Multiple-wavelength DFB laser arrays have been demonstrated in the 1.3 pm
wavelength region [21] and in the 1.55 pm wavelength region [12], [13], [22]-[38]. A
DFB laser array, with up to 21 wavelength, integrated with a star coupler and
optical amplifiers has been achieved in the 1.55 pm region [13], [29], [33], [37]. To
assure lasing at each Bragg wavelength in a DFB laser array, A/4-shifted gratings
are incorporated and the facet reflections are eliminated by anti-reflection coatings
or slanting the rear facet [13], [21], [22]-[29], [31], [33], [37], [38]. ADFB laser array
incorporating a gain-coupling mechanism has been also demonstrated [34]-[36].
The gain-coupling effect guarantees high yield of singlemode operation at predict-
able Bragg wavelengths. Wavelength spacings as small as 0.66 nm [24] and as large
as 7 nm [25] have been reported. The maximum wavelength span is limited by the
optical gain bandwidth of the active layer. The largest span of 131 nm was obtained
by the use of compressively-strained multiple quantum well active layers [25]. The
lasing wavelengths range from 1459.2 to 1590.6 nm, which is considerably wider
than the optical bandwidth of erbium-doped fiber amplifiers (1535—1565 nm).

1.1.4 Wavelength Reproducibility
of Multiple-Wavelength DFB Laser Arrays

To use the multiple-wavelength laser array in real system, its wavelengths have to
match the network specification within the tolerance given by the optical band-
width of the other wavelength-selective devices such as filters and demulti/multi-
plexers. The wavelength comb generated by a laser array can be moved as a group
by adjusting the heat sink temperature to match the wavelength comb used in the
system. Therefore, the practicality of the multiple-wavelength laser arrays depends
on how well the wavelength spacing can be controlled during fabrication [12], [13],
[37], [381].

Oscillation wavelength of DFB lasers is easily affected by small variations in
device parameters due to inevitable fabrication error, and therefore it varies from
device to device, as a consequence, prescribing oscillation wavelength is very diffi-
cult. Since all the wavelengths in an array have to fall within the range allowed by
the optical bandwidth of the wavelength selective devices in the network, this in-
sufficient wavelength reproducibility significantly limits the device yield. Conse-
quently, external wavelength tuning by controlling temperature or carrier density



individually [23], [26], [28], [31], [33], [35], [39]-[42], or wavelength redundancy
where more than one laser per wavelength are incorporated [13], [37], [38], is nec-
essary for practical use.

Multiple-electrode DFB laser arrays [23], [28], [31], DFB laser arrays with
thin-film heater [26], [33], [35], or DBR laser arrays [39]-[42] can be tuned to a
precise wavelength spacing or a variable wavelength spacing that is required by
the network. However, active wavelength monitoring and feedback control are re-
quired since the tuning characteristics may change with aging. Besides, in terms of
complexity, reliability, and cost, these countermeasures become impracticable as
the number of wavelengths increases.

Thus it is desirable to use fixed multiple-wavelength DFB laser array without
active wavelength control, and therefore, the securement of wavelength reproduc-
ibility is urgent and vital task for its realization.

1.2 Purpose of This Research

The purpose of this research is to give a solution to the problem in wavelength
reproducibility of multiple-wairelength DFB laser arrays. In order to cope with the
difficulty, we propose a concept of “wavelength trimming technology”, in which a
post-fabrication wavelength-error correction method without involving external
control circuitry, and aim at its realization.

1.3 Outline of This Thesis

This thesis describes a concept of wavelength trimming technology and its realiza-
tion method.

In Chapter 2, after summarizing the origins limiting the reproducibility of
oscillation wavelength in DFB lasers, we propose the concept of wavelength trim-
ming and describe keys for its realization.

Chapter 3 and 4 demonstrate wavelength trimming technologies by making
use of a photo-induced refractive index change in chalcogenide glasses and a photo-
absorption-induced quantum well disordering process. Both methods utilize the
refractive index change of the material, which composes the laser waveguide, in-
duced by external light irradiation. Chapter 5 describes another possibility of wave-
length trimming through the resonant condition change instead of the refractive

index change. Chapter 6 is a conclusion of this thesis.
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Chapter 2
Proposal of Wavelength Trimming Technology

2.1 Introduction

Oscillation wavelength of DFB lasers is easily affected by small variation in device
parameters, and therefore, prescribing oscillation wavelength is very difficult. This
insufficient wavelength reproducibility limits the device yield, specifically, in mul-
tiple-wavelength DFB laser arrays whose element needs to have lasing wavelength
that matches pre-defined wavelength-division-multiplexed channels.

In this chapter, we propose a novel concept to manage this problem in mul-
tiple-wavelength DFB laser arrays, namely, wavelength trimming technology, where
the oscillation wavelength error is corrected after the device fabrication without
using external active tuning.

Section 2.2 summarizes a present state of the reproducibility of oscillation
wavelength in DFB lasers. Section 2.3 describes the countermeasures for oscilla-
tion wavelength variation in DFB lasers and their problems. In Section 2.4, we
propose a concept of trimming technology for oscillation wavelength error correc-
tion in DFB lasers. Finally, we describe keys for its realization in Section 2.5.

2.2 Wavelength Variation in DFB Lasers

Oscillation wavelength of DFB lasers is basically given by the Bragg relation,
A=2n,A (21

where A is the oscillation wavelength, n_ is the effective refractive index which is
determined by the laser waveguide structure and its parameters, such as width W,
the layer thickness ¢, and the composition A,, and A is the period of the diffraction
grating, respectively. To put it more precisely, it obeys the coupled-wave theory [1],
therefore, besides those parameters described above, the coupling coefficient, its
longitudinal distribution, and relative position of the cleaved facets to the grating
phase (facet phases) affect the oscillation wavelength. The coupled-wave theory
and its threshold analysis are summarized in Appendix. These parameters fluctu-
ate due to inevitable fabrication errors, which results in the oscillation wavelength
variation [2], [3]. ;

The change in oscillation wavelength through variation in device parameters can

be expressed as
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where n, is a group refractive index that is an effective refractive index including a
wavelength dispersion defined as,

o,
n,=n,,-A axﬁ (2.3)

Moreover the wavelength shift is caused by the change in threshold gain Ag,, which
can be written as
Na

AA = ___"Agzh (24')
47n
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where a is the linewidth enhancement factor. Therefore, the total amount of the
oscillation wavelength change is the sum of equations (2.2) and (2.4).

TABLE 2.1 shows the wavelength variation caused by the variation of struc-
ture parameters which was analyzed by Y. Kotaki and H. Ishikawa, in 1991 [2]. A
1.55 pm wavelength DFB laser with a bulk active layer, a buried heterostructure,
cavity of 300 um long, and A4-shifted grating with AR coated facets were assumed.
Variations in structure parameters are the values obtained from assuming the use
of liquid phase epitaxy and wet chemical etching techniques, these are commonly
used for commercially available InGaAsP/InP lasers. The results predict that the
lasing wavelengths are scattered over +7.4 nm.

Although there have been significant improvements in the epitaxial growth
and dry etching technologies [4]-[6], which make it possible to perform the uniform
growth and the precise control of grating depth and stripe width, the current wave-
length reproducibility of DFB lasers is still insufficient. Therefore, selection from a
number of devices as well as the external active tuning of wavelength is indispens-
able for practical use. This problem significantly limits the device yield, particu-
larly, in multiple-wavelength DFB laser arrays whose wavelengths have to be aligned
with pre-defined channels in WDM lightwave systems.

2.3 Countermeasures for Wavelength Variation

In this section, we summarize the countermeasures for oscillation wavelength varia-
tion in DFB lasers and their problems. A

The straightforward way is the improvement of global uniformity in growth
and fabrication. As mention in the previous section, in spite of significant improve-
ments in the epitaxial growth and dry etching technologies, the uniformity is still
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TABLE 2.1 Wavelength variation of 1.55 um A4 phase shifted DFB laser.

Paramter Variation \,Waa,‘i‘;%f,?gth
Active layer width 20 % 2.8 nm
Active layer thickness +17 % | +6.3 nm
Guide layer thickness +17 % | +1.3 nm
Active layer composition  +0.6 % 2.0 nm
Guide layer compostion ~ +0.9 % +0.5 nm
Grating depth 122 % 0.8 nm
Grating shape sin—rectangular, 30 %  £0.6 nm
Grating pitch +0.1 nm +0.7 nm
The total wavelength variation +7.4 nm

11



insufficient.

On the other hand, local processing and epitaxy uniformity are remarkably
better than the wafer-wide uniformity [7], [8]. Although considerable improvements
have been demonstrated by integrating each DFB laser closely within a small local
area, wavelength precision is still a great concern.

The array yield can be improved by assigning more than one laser per wave-
length. This method is called the built-in wavelength redundancy [8]. Among re-
dundant lasers, the one with its lasing wavelength closest to the designated system
wavelength is selected to be wire bonded for final packaging. This method makes a
prominent contribution to the wavelength accuracy required for the multiple-wave-
length laser arrays, however, as the number of wavelengths increases, it becomes
impracticable in terms of size and hence cost.

~ Other methods are the external active tuning of oscillation wavelength of each
DFB laser through the change in refractive index caused by changes of tempera-
ture [7], [9], [10], or carrier density [11]-[13].

The index change due to the temperature is approximately 2x104 K in
InGaAsP/InP at room temperature. Therefore, the change in oscillation wavelength
caused by the temperature change is 0.1 nm/K. Wavelength tuning by temperature
is very simple, thus it is universally used for adjustment of oscillation wavelength
of discrete DFB lasers. However, the temperature change affects the threshold cur-
rent and differential efficiency of the laser diodes. In the multiple-wavelength laser
arrays, although it is possible to adjust each wavelength by placing the thin film
heaters on every laser [9], [10], it is impractical from the point of view of complexity
and reliability of systems and power consumption.

The index change by carrier injection is caused by plasma and band filling
effects. The maximum carrier induced change in effective refractive index Dneff is
approximately 2-3x102. Thus, the large amount of wavelength shift (~10 nm at
1.55 pm) can be obtained. In conventional DFB lasers, the carrier density inside
the cavity is always clamped at the threshold condition, thus, the wavelength tun-
ing through carrier injection is realized in the multisection DFB lasers where non-
uniform injection is possible. Using the integration of multielectrode DFB lasers
[11]-[13], each oscillation wavelength can be adjusted independently, however, again,
it is impractical from the point of view of complexity and reliability of systems.

2.4 Proposal of Wavelength Trimming Technology

As described in the previous section, the external active tuning of oscillation wave-
length of each DFB laser can not be applicable to practical multiple-wavelength
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DFB laser arrays.

On the other hand, in analog integrated circuits (IC) like operational amplifi-
ers, there is “offset voltage trimming” commonly used, where the variation in out-
put characteristics is corrected at the inspection stage after complete device fabri-
cation [14], [15]. The offset voltage is an error voltage appeared at the output port
even when the two inputs are shorted. This error voltage is caused by parameter
variation and temperature gradient in the integrated circuits, and it must be can-
celed in applications where the high-DC-precision is necessary.

There are two ways of canceling the offset voltage; one is external tuning and
the other is internal compensation.

The former method utilizes external circuitry including a potentiometer to
eliminate the offset. Although flexibility is high in this method, the circuits require
space and cost. Furthermore, temperature drift caused by the external circuitry
must be considered.

In the internal compensation method, on the other hand, a part of on-chip
thin-film resistor is “trimmed” off at the inspection stage by a high-power laser
such as the Nd: YAG laser, until the offset voltage (measured simultaneously) be-
comes zero. Thereby, users can utilize the operational amplifier without taking care
of the offset voltage.

Our “wavelength trimming” concept came from an analogy to this “offset trim-
ming”. The wavelength trimming technology is a post-fabrication wavelength-error
correction in DFB lasers where no external active tuning is necessary.

2.5 Realization of Wavelength Trimming Technology

Next, we describe keys for realization of the wavelength trimming. As described in
Section 2.2, the oscillation wavelength of DFB laser is affected by various param-
eters, such as the effective refractive index, the period of the diffraction grating, the
coupling coefficient, its longitudinal distribution, and facet phases. Therefore, the
oscillation wavelength adjustment can be realized by changing at least one among
those parameters. In analogue IC, a high-power laser such as the Nd: YAG laser is
used for trimming off a part of on-chip thin-film resistor to compensate the output
error. The same technique can not be used for trimming of a part of the laser struc-
ture in optoelectronic devices, since the roughness and moreover the fatal damage
might be induced by the irradiation of high-power laser. Accordingly, the key issue
for embodying the concept of wavelength trimming is how to incorporate a material
whose optical property is changeable after the device fabrication by a simple and
low temperature process into the laser waveguide. This process should not induce
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any physical damage in the laser. Furthermore, long-term stability of the optical
properties after processing is also requested.

On the basis of consideration described above, we have examined the possibil-
ity of wavelength trimming by a photo-induced refractive index change in chalco-
genide glasses, a photo-absorption-induced quantum well disordering, and a mag-
neto-optic effect. First two methods utilize the refractive index change of the mate-
rial, which composes the laser waveguide, by the external light irradiation. The
last method makes use of the resonant condition change. These methods enable the
wavelength trimming without involving any physical damage in the laser. Follow-
ing chapters describe those methods.

2.6 Conclusions

In this chapter, after summarizing the problem in wavelength reproducibility of
DFB lasers, we have proposed a wavelength trimming technology for multiple-wave-
length DFB laser arrays. Here we repeat once again, this is a post-fabrication wave-
length-error correction in DFB lasers where no external active tuning is necessary.
We have also described the keys to realizing this concept.
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Chapter 3

Wavelength Trimming
by Photo-Induced Refractive Index Change

3.1 Introduction

As described in Chapter 2, the key to realize the wavelength trimming is how to
incorporate a material whose optical property is changeable by simple and low tem-
perature process into the laser waveguide. In this chapter, we will examine a method
which enables the wavelength trimming through the refractive index change in-
duced by the external light irradiation. This method utilizes the chalcogenide glasses
having the refractive index change induced by the light irradiation, which is called
the photo-induced refractive index change, as a part of the waveguide.

In Section 3.2, the principle of the photo-induced refractive index change in
chalcogenide glasses is summarized. In Section 3.3, the preparation of the chalco-
genide glass films and its characterizations in terms of the composition and the
crystalline state are described. The photo-induced refractive index change of chal-
cogenide glass films is characterized in Section 3.4. We also evaluate the chalco-
genide glass film concerning the process tolerance in Section 3.5. In Section 3.6, we
propose a wavelength trimming by making use of the photo-induced refractive in-
dex change. After summarizing the requirements for the device structure which
enables the wavelength trimming through the photo-induced refractive index change,
Wwe propose a variety of concepts of device structures incorporated with the chalco-
genide glass. From various possibilities, we have selected a mesa waveguide struc-
ture where the chalcogenide glass film is loaded at the side of the active layer. The
design of the waveguide based on this structure is also shown. In Section 3.7, fabri-
cation procedures of a mesa waveguide DFB laser is detailed. Finally, the demon-
stration of the wavelength trimming is presented in Section 3.8.

3.2 Principle of Photo-Induced Refractive Index Change

The chalcogenide glasses are the compounds that contain sulfur, selenium, and
tellurium. The refractive index of selenium- or sulfur-based arsenic-sulfide or ar-
senic-germanium-selenide chalcogenide giasses are changeable through the light
irradiation with energy larger than its band gap, and through heat treatment around
the glass transition temperature. This phenomenon is known as “photo-induced
refractive index change” [1]1-[10].
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The research on the chalcogenide glass has a long history and hence many
physical properties such as the crystalline state, electrical and optical properties
are investigated in detail. Intensive research has been done especially on the photo-
induced refractive index change with regard to the application to the optical memory
[1]-{4]. At the early stage of this research, the photo-induced refractive index change
was used for the phase-tuning of the optical directional coupler where the chalco-
genide glass was loaded on one of the two waveguides formed in a LiNbO, substrate
and irradiated by a halogen lamp to change its refractive index after the device
fabrication [5], [7]. This is the first implementation of the trimming technology in
optoelectronic devices. The direct writing of optical waveguide and the diffraction
grating by light or electron beam irradiation in planar uniform chalcogenide glass
films deposited on substrates have been also demonstrated [6].

The photo-induced refractive index change in chalcogenide glasses arises from
microscopic structural change inherent in amorphous materials, where a number
of metastable atomic states exist and transition between different states is easily
induced by applying external energy. The structural change is not the phase transi-
tion which is accompanied by the crystallization.

A schematic diagram of photo-induced refractive index change is illustrated in
Fig. 3.1 [10]. Three states exist, namely, an as-deposited, an irradiated and an an-
nealed states. Solid and dotted arrows denote the changes induced by irradiation
and annealing, respectively. The refractive index changes between the as-deposited
and other two states are an irreversible transition. It means that once the refrac-
tive index is changed from as-deposited value through the light irradiation or heat
treatment, it is impossible to restore to the initial value. On the other hand, the
transition between the irradiated and the annealed states is a reversible, thus both
of the states can be repeatedly realized through the light irradiation and heat treat-
ment.

We apply this refractive index change through the external light irradiation
or the heat treatment to the wavelength trimming.

3.3 Preparation of Chalcogenide Glass Films

As described in the previous section, the refractive index of Se/S-based As-S or As-
Se-Ge chalcogenide glasses is changeable through the light irradiation and heat
treatment. In these glasses, arbitrary compositions of combinations of As, S, Se,
and Ge are possible. We have selected two compounds, specifically, As,S, and

As,Se,Ge,, and characterized these materials.
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Fig. 3.1 Aschematic diagram of photo-induced refractive index changes.
Solid and dotted arrows denote the changes induced by irra-
diation and annealing, respectively.
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3.3.1 Film Preparation

The As,S, and the As,Se Ge, chalcogenide glass films with 200 nm thickness were
deposited on (100)-oriented Silicon substrates by thermal evaporation, with the
background pressure of 4x10* Pa and the deposition rate of 0.5 nm/sec.

The thickness of the film and the deposition rate were controlled by using the
crystal thickness monitor where the change in resonance frequency of the crystal
oscillator placed inside the chamber beside the substrate, which corresponded to
the product of the density of the deposited material and its thickness change, was
monitored. The densities of 3.20 and 4.64 g/cm?® were used for the As,S, and the
As,Se Ge, respectively.

The native oxide of the Si substrate was removed with buffered hydrofluoric
acid just before loading it into the thermal evaporator. A tungsten basket covered
with alumina was used as the container of evaporation source materials. The dis-
tance between the source and the substrate was adjusted to about 25 cm. No heat
was applied to the substrate during the evaporation. |

In case that the deposition rate was too high (> 4 nm/sec), the substrate was
covered with a filamentous material due to the rapid cooling of source materials
during the evaporation.

3.3.2 Composition

Although both materials have approximately the same melting temperature of 360
°C, since the partial pressure of each component atom is different because of differ-
ent melting temperature (arsenic: 814 °C, sulfur: 115 °C, selenium: 1539 °C, and
germanium: 937 °C), the composition of the films prepared by the thermal evapora-
tion deviates from the source material composition, which may result in change of
photo-induced refractive index characteristics.

We evaluated the composition of the films by using the wavelength dispersion
X-ray spectroscopy (WDX) with the source materials as references. The electron
probe micro-analyzer (EPMA; SHIMADZU, EPMA-C1) having the ability to ana-
lyze the element from B to U Was used.

The principle of the WDX is described below. In the EPMA, the characteristic
X-rays of the sample are pumped by the electron beam irradiation. These charac-
teristic X-rays are introduced to the X-ray monochromator to separate into each
line and then their intensities are measured. The composition of the sample can be
determined by the ratio of intensities of the sample to those of reference material

whose composition is known.
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TABLE 3.1 lists the measured intensities of the characteristic X-rays of As
(Lo, S (Ka), Se (L), and Ge (Ko) from the sources and the films. The measure-
ment conditions are summarized below. The acceleration voltage, the probe diam-
eter, and the source current were 15 kV, -100 um, and 220 um, respectively. From
TABLE 3.1, the compositions of films are readily derived and they are listed in
TABLE 3.2.

In the As,S, film, S is rich because of the high partial pressure of S. On the
other hand, in the As Se Ge, film, the deviations are within 10 % except Ge.

Although the composition might be better controlled by optimizing the deposi-
tion rate, it is left for a future task and we decided to use these materials for the

following experiments.
3.3.3 Crystalline State

We also evaluated the crystal state qualitatively by using the X-ray diffractometry
(RIGAKU, RINT1000). Measurement conditions are listed in TABLE 3.3. Measured
X-ray diffraction of Si substrate is shown in Fig. 3.2. Peaks found around 30 ° and
70 ° corresponded to (111) and '(400) surfaces of Si substrate, respectively. Figures
3.3 (a) and (b) shows the measured X-ray diffraction of As,S, and As Se,Ge,, respec-
tively. No sharp peak of the crystal state is found except the peaks of the Si-sub-
strate. Small broad peaks pointed by arrows are found around 15 ° and 30 ° in Fig.
3.3 (a)and 15 °, 30 °, and 50 ° in Fig. 3.3 (b). These peaks are called the halo peaks
originated in the short range order of microscopic structure in amorphous states
[11]. From these results, we have concluded that the chalcogenide glass films evapo-
rated on the Si substrates were not the poly-crystal but the amorphous.

3.4 Characterization of Photo-Induced Refractive Index Change

Next we describe a characterization of the photo-induced refractive index changes
of the chalcogenide glass films prepared in the previous section. The refractive in-
dex was measured by using the spectroscopic ellipsometry. In this section, we first
explain the principle of the refractive index measurement by using the spectro-

scopic ellipsometry, and then show the experimental procedures and the results of
the measurement of the photo-induced refractive index change.

3.4.1 Principle of Spectroscopic Ellipsometry

The principle of ellipsometry is based on the change in polarization of light induced
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TABLE 3.1 Intensities of characteristic X-rays of each element of the
evaporated chalcogenide glasses measured by the wave-
length dispersion X-ray spectroscopy.

Intensity

Compound | Element
Source Film

As (Lo) 1431.3 2811.4

As>S3
S (Ko 902.6 2514.8
As(La) | 22200 | 26917
AssSesGeq Se (Lo) 2864.4 3295.2

Ge (Ko) 36.1 66.6

TABLE 3.2 Compositions of the chalcogenide glass films.

Composition

Compound | Element
Source Film
As 0.4 0.32

As»S3

) 0.6 0.68
As 0.4 0.39
AssSesGet Se 0.5 0.46
Ge 0.1 0.15
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TABLE 3.3 Measured conditions of X-ray diffractometry.

Tube Cu
Tube Voltage 44 kV
Tube Current 30 mA
Goniometer Wide Angle Goniometer
Sampling Angle 0.200 °
Scan Speed 2.00°
Scan Axis 20/6
Offset Angle 0.000 °
Attachment Standard Sample Holder zm
Monochromator Use '
Monochromator Slit Width 0.60 mm
Divergence Slit Width 1/2°
Dispersion Slit Width 1/2°
Detection Slit Width 0.30 mm
100 T
80 |- B i

S 80 | -

2

g 40 | :

£

20 N
0 1 | 1 | i | |

0O 10 20 30 40 50 60 70 80
20 [Degree, Cu-K o]

Fig. 3.2 Measured X-ray diffraction of the (100)-oriented Si substrate.
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Fig. 3.3 X-ray diffraction of the (a) As,S, and (b) As,Se,Ge, films depos-
ited on the (100)-oriented Si substrate. '
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by the reflection from a sample surface. This change can be related to the optical
properties of the reflecting material. In the most common experimental configura-
tion for ellipsometry, linearly polarized light is incident on a surface and the polar-
ization state of the reflected light, which is in general elliptically polarized, is ana-
lyzed. Fig. 3.4 shows the principle of ellipsometric measurements [12].

Here we formulate the relation between the measured polarization state and
the refractive index. The polarization state can be expressed as the ratio of the
complex reflectivities

~

p=-=% (3.1)

T,
where the subscripts p and s refer to the plane wave electric fields components,
respectively, parallel and perpendicular to the plane of incidence. The polarization

state is commonly expressed using ellipsometric angles of ¥ and A defined as r
el
p= Hexp[-- i, -8)] 32
= tan ¥ exp(jA). - (3.3)
In the spectroscopic ellipsometry, the ellipsometric ratio p 1s measured as a
function of the photon energy E.
The complex dielectric function &(&) of a material can be deduced from equa-
tion (3.1), in the case of an interface with a semi-infinite homogeneous medium,
and it is given by
£(E) = &,(E)+ j&,(E) (3.4)
1- p)? r
= sin? <1>0[1+ tan? @, -(-—ilz—J (3.5)
(1+p) ;

where @ is the angle of incidence.
The relation between the complex dielectric function ¢ and the complex refrac-
tive index N is

N(E)=n(E)+jk(E)  (3.6)

= J¢(E), (38.7)

thus the real and the imaginary part of the complex refractive index are derived as

(E) - \/&(E)h/ef(E)—s?(E) 58

2
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_ &(E)

k(E)= _Zn(—E) (3.9)

In most cases, the sample under study is not homogeneous but consists of
layers or is otherwise structured. In such a case, &E) is an average over the region
penetrated by the incident light, and it becomes the effective dielectric function,
written as ¢, (E). From this effective dielectric function ¢, (E) and appropriate mod-
els, layer properties, such as thickness or layer dielectric functions can be derived.

Fig. 3.5 shows a schematic diagram of the concept of deduction of a dielectric
function and a thickness of a film deposited on a substrate. If the dispersion of the
dielectric function of the substrate ¢ ,(E) is known and also the dispersion model of
the dielectric function of the film is properly selected, by fitting these dispersions to
the effective dielectric function eeﬁ(E), the dielectric function e,(E) and at the same
time the thickness d can be derived as fitting parameters.

3.4.2 Measurement of Photo-Induced Refractive Index Change

Figure 3.6 shows the experimental setup for the laser beam irradiation. An argon-
ion laser (NEC, GLG3300) with 514.5 nm wavelength was used as the exposure
source. A shutter was placed in the incident path to control the irradiation time. In
order to irradiate the sample uniformly, a beam expander with magnification of 3
was used. The beam profiles before and after the expansion are shown in Fig. 3.7.
Circles and dots show the measured beam profile before and after the expansion,
respectively. Solid curves are Gaussian-function fitted to the measured points by
the least square method. The beam diameter was expanded from 1.3 mm to 4.0 mm
through the expander. Here the diameter is defined as the point where the normal-
ized power density is 1/e2. The output power of the Ar-ion laser was 175 mW, thus
the power density at the sample was estimated to be 2.8 W/cm?, using

8
I=—P 3.10
- (3.10)

where I is the power density, P is the total power, and ¢ is the diameter.

The annealing was carried out in nitrogen at 170 °C for 30 min with a ramp of
50 °C/min.

We repeatedly irradiated and annealed the samples. After each step, the re-
fractive indices were measured. :

We used the spectroscopic phase modulated ellipsometer (SPME; JOBIN-
YVON, UVISEL Ellipsometer) to measure the refractive index of chalcogenide glass
films. The optical set-up of the SPME is presented in Fig. 3.8. The incident arm
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Fig. 3.4 Principle of ellipsometric measurements. Linear polarized light
is incident on the sample under an angle ¢, and the polariza-
tion state of the reflected light, which is in general elliptically
polarized, is measured.

S~ /Eerf(E) Esub(E)
Film —
— ISubstrate = | Film: e{E) Id r
Substrate i

Fig. 3.5 A schematic diagram of the concept of deduction of layer prop-
erties by spectroscopic ellipsometry.
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Fig. 3.6 Experimental setup for the Ar ion laser beam irradiation.
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Fig. 3.7 Profiles of the direct and expanded beams of an Ar ion laser
used for the irradiation.
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consists of a light source, a polarizer, a photoelastic modulator where the incident
polarization is modulated. After reflection on the sample, the emerging beam goes
through an analyzer and a monochromator before detection.

In this configuration, the whole spectrum of the light source is incident on the
sample. The light source is a xenon high pressure arc-lamp and it has a wide spec-
trum from ultraviolet to near infrared shown in Fig. 3.9, with a total power density
at the sample of 0.03 W/cm?. Although this power density was two orders smaller
than that of the Ar-ion laser, a small amount of change in the refractive index of the
chalcogenide film might be induced during the measurement. It can be avoided by
inserting the low-pass-filter in front of the sample, which has the cut off at the band
gap energy of the chalcogenide glass film, however, we took no account of this change
in the refractive index measurement described below.

Here we illustrate the measurement procedures of the refractive index of as-
deposited As,Se,Ge, film as an example.

Figures 3.10 and 3.11 show the measured dielectric function of the Si sub-
strate and the as-deposited As,Se,Ge, film on the Si substrate. Dots and circles
denote real and imaginary part of dielectric functions, respectively. They were mea-
sured from 0.75 eV to 4.5 eV at intervals of 0.05 eV. Both real and imaginary part of
the dielectric function of the Si substrate gradually increases as the energy in-
creases until 3 eV. Then Slopes become steep and ei rapidly increases, which indi-
cates the Si substrate becomes opaque. Periodic structures found in Fig. 3.11 below
2.5 eV show the interference between two reflections from the surface of the As Se,Ge,
film and the interface between the film and the Si substrate. This interference
indicates the transparency region of the As Se Ge, film. |

The dispersion relations of the chalcogenide glass film were assume to be [13],

2
A(E-E
( >:’E2—(:‘§Ei—)c" @1

BE C’
where E_is the band gap energy, ¢_is the high energy dielectric constant, and,

Al B?
Al B
C, ) (E:+C)-2-—2Egc] (3.14)
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Q =%w/4<C‘—B2 (3.15)

We fitted these dispersion relations to the measured effective dielectric function of
the as-deposited As,Se_Ge, film on the Si substrate by using the least square method.
Although it is desirable to fit dispersion relations to the whole spectrum, we re-
stricted the fitting range to the energy lower than 3 eV, since it was hard to fit to the
higher energy. This difficulty suggests that the dispersion relations we assumed do
not properly represent the actual dispersion above the energy larger than 3 eV
where its absorptive region. Fitting curves are shown in Fig. 3.10 as solid lines and
parameters are listed in TABLE 3.4. Substituting these parameters for the disper-
sion relations shown above, the refractive index n and the extinction coefficient & of
the as-deposited As, Se,Ge, film shown in Fig. 3.12 were derived. n and k are de-
noted by solid and broken lines, respectively.

The measured refractive index and the extinction coefficient of as-deposited,
irradiated, and annealed As,S, and As,Se,Ge, films are shown in Figs. 3.13 and
3.14, respectively. The refractive indices of as-deposited As,S, and As Se,Ge, films
drawn in solid lines were increased towards the broken lines by the irradiation,
and reached saturation after 420 sec. The change of the refractive index of As,S, is
about 0.1 at 1.55 pm which is twice as large as that of 0.04 in the As,Se,Ge, film.

After the annealing, the refractive index of As,S, film was slightly increased
as denoted by the dotted line, and the amount of the change was about 0.01. On the
contrary, the refractive index of As,Se,Ge, went back to almost original position
with the index change of 0.03.

The extinction coefficients of As,S, and As, Se Ge, films in Figs. 3.14 (a) and
(b), respectively, show the band edge shifts towards the longer wavelength side
(solid to broken lines) by the light irradiation. The band edges in both figures shift
back towards the shorter wavelength side (broken to dotted lines) by the annealing.
The band edges were determined from these figures to be approximately 0.54 pm in
the As,S, film, and 0.73 pm in the As 4Se5Ge1 film. The As 4Se5Gre1 film, however, has
the gradual absorption tail, which is called the Urbach tail, extending towards the
longer wavelength side beyond 0.73 pm. This loss must be taken into account in
designing the laser structure.

Figures 3.15 (a) and (b) show the refractive index change at 1.55 uym as a
function of irradiation and annealing steps. The refractive indices of as-deposited
As,S, and As,Se Ge, films were increased by each irradiation and reached satura-
tion. The photo-induced refractive index change of the As Se Ge, film is faster than
that of the As,S_ film. This difference in the sensitivity to the irradiation of the Ar-
ion laser having the wavelength of 514.5 nm is attributed to the difference in ex-
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Fig. 3.10 Measured dispersion of dielectric function of the Si substrate.
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Fig. 3.12 Complex refractive index of the as-deposited As Se Ge, film.

TABLE 3.4 Fitting parameters for the as-deposited As Se, Ge, film.

Energy [eV]

Parameter Value [Unit]
Thickness d 207 [nm]
oo | 7.019
A 0.325
B 4.559
C 5.572
E, 1.729 [eV]
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tinction coefficients which can be inferred from Figs 3.14, where the As Se, Ge, film
has the extinction coefficient two orders larger than that of the As S, film at 514.5
nm. It is understood from this figure, the refractive index of the chalcogenide glass
can be adjusted by controlling the irradiation time. We have carried out annealing
steps for two times to confirm that reversible change between the irradiated and
the annealed states. The steps I, M and O correspond to the irradiated states and
the steps J and N correspond to the annealed states. It is clearly seen that both
states were repeatedly realized.

The change of refractive index between as-deposited and irradiated states,
and between irradiated and annealed states at 1.55 um are summarized in TABLE
3.5.

3.5 Process Tolerance of Chalcogenide Glass Films

The sequence of fabrication process of laser diodes is comprised of several steps of
epitaxial growth, photolithography, etching, passivation, and metallization. All
materials grown or deposited must have a tolerance to the following process. In this
section, we describe tolerance of chalcogenide glass films to several processes.

We first investigated the process tolerance to the surface cleaning which is
generally used for oil take-off. Figures 3.16 (a) and (b) show the optical micrograph
of the surface of AszS3 befdre and after the ultrasonic cleaning in a trichloro ethyl-
ene, an acetone, and an alcohol, for 5 min each. The surface damage found in (b)
was caused by the impact of bubbles induced by the ultrasonic. On the other hand,
no damage was found on the surface of the As Se,Ge, film. The surface damage
indicates that the As,S, film is particularly soft and easy to be scratched. Although
the damage can be avoided by cleaning in boiled solvents instead of applying the
ultrasonic, the fabrication process after the chalcogenide glass film deposition needs
special care.

Next, we have investigated the chemical tolerance and found that both As.S,
and As Se_ Ge, had tolerance to the acid such as hydrochloric and hydrofluoric acids
but they were easily eroded by developing solution of a positive photoresist which is
relatively strong alkali.

Furthermore, we have investigated the tolerance to the heat treatment and
found that the sulfur in As,S, was easily desorbed by the annealing above 200 °C,
thus the protection layer should be deposited on the chalcogenide glass film to avoid
the desorption. In As Se,Ge , no desorption of the selenium was found at 200 °C,
but the crystallization arose after annealing the sample for 2 min at 350 °C. Figure
3.17 shows the optical micrograph of the surface of the As e Ge, film covered with
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TABLE 3.5 Photo-induced refractive index change in As,S, and As,Se Ge,
films at wavelength of 1.55 pm.

as-deposited annealed
Compound d J
irradiated irradiated
0.10 -0.01
As2Sq (4.2 %) (~0.4 %)
' 0.04 0.03
AsaSesGer (1.5 %) (1.1 %)
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(a) before (b) after

Fig. 3.16 Surface damage of the As,S, film after ultrasonic cleaning.

Fig. 3.17 Partial crystallization of the As, Se,Ge, film covered with SiO,
after heat treatment at 350 °C for 2 min.
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Si0, protection layer deposited by the plasma chemical vapor deposition. A geomet-
ric pattern found in the figure clearly indicates the partial crystallization of the
As,Se,Ge . We have verified that this crystallization was not induced during the
deposition of SiO, protection layer. The substrate temperature was adjusted to be
relatively low around 190 °C during the deposition. Other conditions were summa-
rized as follows. The background and the process pressures were 4x10% Torr and
0.3 Torr. The incident power was 50 W. The source gases were silane and nitrous
oxide and their flow were 20 and 135 sccm, respectively.

From these results, we must take a precaution for the fabrication process af-
ter the chalcogenide glass film deposition. And also we have reached the conclusion
that the As,S, is not suitable for the laser waveguide material, even though this
glass composition has larger refractive index change between as-deposited and ir-
radiated states and hence larger wavelength adjustment is expected.

3.6 Proposal of Wavelength Trimming
by Photo-Induced Refractive Index Change

In this section, we propose a wavelength trimming by making use of the photo-
induced refractive index change. After summarizing keys in realization, we pro-
pose a variety of concepts of device structures incorporated with the chalcogenide
glass. From various possibilities, we have selected a mesa waveguide structure
where the chalcogenide glass film is loaded at the side of the active layer. The de-
sign of the waveguide based on this structure is also shown.

A concept of the wavelength trimming by making use of the photo-induced
refractive index change is illustrated in Fig. 3.18. The chalcogenide glass is placed
in the close vicinity of the active layer of the laser waveguide. Provided that this
film is irradiated with the external light source having the energy larger than the
band gap of the chalcogenide glass or heated around the glass transition tempera-
ture, the effective refractive index of the waveguide and hence the oscillation wave-
length can be adjusted even after the device fabrication.

Here, we formulate the oscillation wavelength shift through the refractive
index change in a specific layer which compose a laser waveguide. As described in
Chapter 2, the oscillation wavelength of DFB lasers is given by the Bragg relation,

A« = 2718”/\7 (316)

where A is the oscillation wavelength, . is the effective refractive index of the
laser waveguide, and A is the period of diffraction grating. Therefore, the wave-

length shift is readily derived from equation (3.16),
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Fig. 3.18 A concept of the wavelength trimming by using the chalcogenide
glass having the photo-induced refractive index change as a

laser waveguide.
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A
AL =25 (3.17)

g

where A4 is the wavelength shift, An_ is the effective refractive change, and n_ is
the group refractive index that is an effective refractive index including a wave-
length dispersion. The effective refractive index change can be expressed as

An, =T,An, (3.18)
where I, is the optical confinement factor in the specific layer having the refractive

index change of An_. Substituting equation (3.18) for equation (3.17), we finally
obtain the wavelength shift through the refractive index change,

_T,An

AL £A. (3.19)

g

From this equation, it is understood that not only large refractive index change
but also a large optical confinement are required to accomplish substantial wave-
length adjustment.

The requirements for the device structure to make the wavelength trimming
possible are that the chalcogenide glass layer must be loaded in the close vicinity of
the laser active layer to achieve the large optical confinement since the refractive
index difference between the chalcogenide glass (~2.8) and the active layer mate-
rial (~3.3) is large, and that it must be seen from the outside for the external light
irradiation. Moreover, in the laser structure, it must be taken account of that the
current path from the contact to the active layer and the confinement of not only
the optical field, but also carriers. The sequence of the device fabrication is also
important, since the tolerance of the chalcogenide glass to the process is inadequate.

Figures 3.19 show examples of the structures which meet above requirements.
Fig. 3.19 (a) shows the transverse junction stripe structure where the chalcogenide
glass is loaded on the waveguide. All layers having the conduction type of n are
grown on the semi-insulating substrate. The pn-junction is formed by the Zn-diffu-
sion and thus the active layer is located at the diffusion front. The current is later-
ally injected to the active layer. This structure is a direct implementation of the
concept of wavelength trimming by utilizing the photo-induced refractive index
change as shown in Fig. 3.18. In practice, the development of this structure needs
an uncommon process such as the diffusion, and the control of the lateral optical
mode, which is indispensable for the single-mode oscillation, might be the problem.

Fig. 3.19 (b) is the ridge waveguide structure where the chalcogenide glass is
periodically buried along the waveguide with the grating period. In other words,
the grating consists of the chalcogenide glass. In this structure, the current can be
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injected from the top of the waveguide and at the same time, the lateral mode can
be controlled. The obstacle to the realization would be the formation of the deep
grating into the waveguide. ,

Fig. 3.19 (c) is the conventional ridge waveguide where the chalcogenide glass
is placed beside the waveguide. Although this structure is simple and easily fabri-
cated, it is hard to realize the large optical confinement in the chalcogenide glass.

Fig. 3.19 (d) is the mesa waveguide structure where the chalcogenide glass is
placed at the side of the active layer.

We have selected this mesa waveguide structure from various possibilities as
shown above. Using this structure with narrow stripe, the large optical confine-
ment in the chalcogenide glass can be attainable. The drawbacks may arise from
the etched active layer, such as the surface recombination of carries, the excitation
of higher order lateral modes due to the large refractive index difference, and the
reliability. The first problem of the surface recombination of carriers is, however,
insignificant in InGaAsP quaternary systems, and the second problem of higher
order lateral modes can be controlled by using the sufficiently narrow active layer
width. The third and that would be the biggest problem of the reliability can be
avoided by the epitaxial growfh of the thin InP layer on the surface of the active
layer or disordering the part of the active layer near the surface to form a lateral
heterostructure and constrict carriers.

Next, we carried out the design of the waveguide. Figure 3.20 shows the opti-
cal confinement factor in the As,Se Ge, layer as a function of the active layer width.
The optical confinement in the glass was estimated by using a simple 1 dimen-
sional 3 layer model shown as an inset [14]; the active 1ayer was assumed to be
sandwiched laterally between the Al,O, passivation layer and the As Se Ge, layer
with infinite thickness, and the refractive indices of active layer, AlLO,, and As, Se Ge,
were assumed to be 3.3, 1.7, and 2.8, respectively. We also assumed that the oscilla-
tion wavelength of the laser was 1.55 pm. Substituting this optical confinement
factor, together with the refractive index change of chalcogenide glass films listed
in TABLE 3.4, for equation (3.19), the wavelength shift can be estimated. In the
case where the mesa width is 1 yum, the wavelength shift of 0.1 nm is attainable
where the optical confinement factor in the chalcogenide is 1 %, the refractive index
change of the As Se,Ge, is 0.03, and the group refractive index is assumed to be 3.

3.7 Fabrication Procedures

Based on the above consideration, we have fabricated the mesa waveguide DFB
laser. Figure 3.21 shows the cross-section of the index-coupled DFB laser where the
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Fig. 3.19 Various concepts of structures for the wavelength trimming by

the photo-induced refractive index change. (Continued on the
following page.) 4
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Fig. 3.20 Optical confinement factor in chalcogenide glass layer as a func-
tion of the mesa width. An inset shows the model for the calcu-

lation.
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Fig. 3.21 Schematic lateral cross-section of the 1.55 pm MQW DFB la-
ser incorporating As Se Ge, glass for wavelength trimming.
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As,Se,Ge, film is placed alongside the active layer. In order to achieve large optical
confinement in the glass, the width of the laser mesa was made sufficiently narrow
(less than 1 pm).

The device fabrication sequence is schematically shown in Figs. 3.22. The epi-
taxial layers were grown by a horizontal-reactor low-pressure metal-organic vapor-
phase epitaxy (MOVPE; AIXTRON, AIX200/4) with trimethylgallium and trimethyl-
indium as group III precursors. Group V materials were also supplied in the form of
organic metals, namely, tertiarybutylarsine and tertiarybutylphosphine. Diethylzinc
was used for p-type doping. In our MOVPE system, diluted hydrogen sulfide for n-
type doping is the only gas source equipped, and therefore it is by far the safer than
most other systems using several raw (not-diluted) hydride gas sources. The growth
pressure was 100 mbar, and the temperature was 610 °C with the exception of the
period of the growth of the InGaAs contact layer where the temperature was low-
ered to be 550 °C to increase the doping level of zinc. |

In the first step growth, an n-InP (100 nm, 5x10'" cm3) buffer layer, and an
active region consisting of five compressively-strained 1.55 pm InGaAsP quater-
nary quantum wells with the separate confinement heterostructure (SCH) were
grown on a (100)-oriented n*-InP (2x10' cm?) substrate (Fig. 3.22 (a)). The compo-
0.728Ga0v272ASO.691P0‘309 and In04751Ga0.249A'SO,539P0.461’
respectively. The strain of +0.68 % was introduced to the well, and the thickness of
wells and barriers was 10 nm. The SCH had a thickness of 120 nm. The active
region was undoped. A first order uniform diffraction grating with a period of 240
nm was fabricated on the SCH by the holographic exposure method and chemical
etching (Fig. 3.22 (b)). The solution used was saturated bromine water (SBW) : HBr
: H,O (1:10 : 40, 20 °C). In the second step growth, p-InP (700 nm, 5x10'7 cm3)
cladding, and p*InGaAs (200 nm, 5x10'° cm=3) contact layers were grown on the

sition of wells and barriers were In

grating (Fig. 3.22 (c)). The scanning electron micrograph of the longitudinal cross-
section of the device before and after the regrowth are shown in Figs. 3.23 (a) and
(b), respectively. The grating shape was trapezoidal with a height of approximately
50 nm. The grating shape was well preserved after the regrowth which might be
attributed to relatively low growth temperature due to the use of tertiarybutyl-
phosphine as a precursor of phosphorus whose decomposition rate is much higher
than that of the conventional phosphine.

After the regrowth, the waveguide was delineated. In order to load the chalco-
genide glass alongside the active layer, the waveguide mesa was formed by wet
etching. The solution used were H,S0,:H,0,: H,O0(1:1:5,5°C) for the InGaAs
contact layer, HC1 (20 %, room temperature) for the InP cladding layer, and SBW :
HBr : H,0O (1:10: 40, 20 °C) for the active region (Fig. 3.22 (d)).
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Fig. 3.22 The fabrication process sequence.
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(b) after

Fig. 3.23 Scanning electron micrograph of longitudinal cross sections of
the structure (a) before and (b) after the regrowth on the dif-
fraction grating.
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As described in the previous section, the robustness of the chalcogenide glass
against processing is insufficient. Because of this, etching of the glass and heat
treatment after deposition should be avoided. To meet this requirement, a fully
self-aligned processing technique making use of “lift-off” [15], and the ohmic con-
tact formation without the alloying heat treatment, were developed. After the mesa
etching, the photoresist mask was not removed but kept on the top of the mesa asa
lift-off mask. Next, the As,Se Ge, glass layer with the thickness of 200 nm was
deposited while holding the sample in a thermal evaporator at 45 ° off (Fig. 3.22
(e)). The deposition condition was the same as in Section 3.3. Then, the sample was
placed in an electron-beam evaporator and the 200 nm thick Al,O, passivation layer
was deposited on both sides of the mesa (Fig. 3.22 (). The deposition was adjusted
to be relatively high around 20 nm/sec to avoid hardening the photoresist by the
radiant heat from the source since the melting temperature of Al,0, is extremely
high. When once the photoresist is hardened, it is quite difficult to remove. This is
also beneficial to avoid the desorption or the crystallization of the chalcogenide
glass film.

The As,Se,Ge, and Al,O, on top of the mesa as well as the photoresist mask
itself were removed in the next lift-off step by acetone (Fig. 3.22 (g)). It must avoid
to use solvents called a stripper or a remover for removing positive-photoresists.
Some of them show strong alkaline when it reacts with water during the rinse and
erodes chalcogenide glasses. Both a low temperature (90 °C for 10 min) post-baking
of the photoresist and the high deposition rate of Al,O, facilitated the easy lift-off by
acetone.

The window for the external light irradiation was formed by the angled evapo-
ration of Ti/Au as a p-type top electrode towards the other side the As Se, Ge, (Fig.
3.92 (h)). The thickness of Ti and Au were 30 and 120 nm, respectively. Then, the
sample was thinned down to about 100 um by lapping. Finally, Ti/Au was deposited
on the back side of the substrate as an n-type electrode by the same amount as the
top one. Owing to the high doping level of the top contact layer and the lapped
rough surface of the back, the ohmic contact was achieved without the alloying heat
treatment.

Figures 3.24 (a) and (b) shows the scanning electron micrograph of the cross
section and the bird’s eye view of the device, respectively. The width of the laser
mesa was made sufficiently narrow to be 0.5 pm. The window region was formed at
the right side of the mesa with the width of about 1 pm. |

The completed wafer was cleaved into 300 pm long devices, and their facets
were left uncoated. Then the discrete devices were bonded junction-up on chip car-

riers with tin solder.
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As mentioned in Section 3.5, the partial crystallization of the As Se Ge, might
be induced by the die-bonding where the maximum temperature was around 350
°C. The solder with low melting temperature such as indium or the silver epoxy is
preferable. At this stage, we found that the adhesion of the chalcogenide glass film
was insufficient for the wire-bonding process where the tension was applied to the
device while wiring. Therefore, the first contact was made on the lead metal, and

then the second one was done on the device to avoid the tension.
3.8 Wavelength Trimming Experiment

Next we have carried out the wavelength trimming experiment. Figure 3.25 shows
the setup for the wavelength trimming experiment. The chip carrier was placed on
a thermo-electric cooler to keep the temperature constant at 20 °C with a stability
of 0.01 °C. In order to introduce the laser beam into the chalcogenide glass layer
through the window formed at the side of the active layer, the sample was tilted
with an angle of 45 °. The threshold current of the measured sample was 7 mA
under continuous-wave operation at room temperature. We have repetitively irra-
diated the sample, operated above the threshold current at 10 mA, with a 632.8 nm
helium-neon laser (NEC, GLG5600) beam having the power density of 1.3 W/cm?®
and the diameter of 1.1 mm, and observed the oscillation spectra. The stability of
the drive current was 1 pA. A shutter was placed in the incident path to control the
irradiation time.

The beam alignment was performed by monitoring absorption photo-current
from the laser chip and maximizing it. During the beam alignment, the variable
neutral density filter was inserted into the beam path to reduce the intensity of the
beam to avoid the unintentional wavelength shift.

Although the laser beam had a Gaussian profile and its maximum was located
approximately at the center of the cavity, since its diameter was large in compari-
son with the cavity length of the device which was 300 pm, thus it was irradiated
with almost same power density along the waveguide, we did not use the beam
expander.

The output light from the chip was introduced into an optical spectrum ana-
lyzer (ANDO, AQ-6315A) with 0.05 nm resolution via a single-mode fiber with the
core-diameter of 10 um. The laser sensing head (SANTEC, LSH-155) consisted of
the collimation optics included the two-stage optical isolators with a return loss of
60 dB.

Wide span spectra from the laser chip as-fabricated below and above thresh-
old currents are shown in Figs. 3.26 (a) and (b). The gain peak and the DFB mode
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by the photo-induced refractive index change.

52




I T T
20 °C, 5 mA
0k as-fabricated

Intensity [dB]

-20 | | 1

1450 1500 1550 1600 1650
Wavelength [nm]

(a) below threshold
, T T T
ok 20 °C, 10 mA a
as-fabricated
= n B
o,
20 k- i
P
»
- = —
Q
E _40 - -
"60 | : | |

1450 1500 1550 1600 1650
Wavelength [nm]

(b) above threshold

Fig. 3.26 Wide span spectra before the irradiation at currents below (a)
and above (b) threshold.

53



are found around 1570 and 1540 nm, respectively. The dip next to the lasing mode
corresponds to the stop band. No higher order lateral modes are found. The side
mode suppression ratio is 40 dB at 10 mA.

Figure 3.27 shows the oscillation wavelength shift as a function of the He-Ne
laser irradiation time. At each irradiation step, the oscillation wavelength shifted
towards the longer wavelength side as the refractive index of the chalcogenide glass
increased. The wavelength was steady and stable after stopping each irradiation.
The shift reached saturation after 570 sec of irradiation where the total amount of
wavelength shift was 0.14 nm. The irradiation time dependence of the peak wave-
length shift obeys the exponential law as represented by the solid line, which is
fitted to the measured data, using the relation,

A= AO{M- Ao =y [1- exp(—ij:l} (3.20)
Ao T

where ¢ is time, 7is the time constant, and A, and A_ are initial and saturated
wavelengths, respectively. The time constant 7 in this case was 63 sec. As under-
stood from this figure, the oscillation wavelength of the DFB laser is adjustable

through the irradiation time.

The output power as a function of the driving current is depicted in Fig. 3.28.
The threshold currents before and after the irradiation are 7 mA and 7.5 mA, re-
spectively. This slight increase is attributed to the increase of the absorption in the
As,Se Ge, glass layer, which can be inferred from Fig. 3.14 (b).

The oscillation spectra below and above the threshold currents are shown in
Figs. 3.29 (a) and (b). Below threshold, the amount of wavelength shift is 0.24 nm
which is larger than the value above threshold. This difference can be explained by
taking into account the small increase in the threshold current in Fig. 3.28. A frac-
tion of the refractive index increase in the As Se,Ge, glass layer was canceled by
refractive index decrease in the active layer. This was caused by increase of the
carrier density in the active layer due to the small increase of the threshold cur-
rent. In other words, 0.24 nm shift below the threshold is the direct consequence of
the index change in As,Se_Ge, by the light irradiation. This value agrees well with
our theoretical prediction of 0.3 nm calculated from equation (3.19), where optical
confinement of 2 %, refractive index change of 0.03, group refractive index of 3, and
the wavelength of 1.55 um were assumed.
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3.9 Conclusions

In this chapter, wavelength trimming has been realized by making use of refractive
index change through photon irradiation. In particular, we have utilized the Se-
based chalcogenide glass having the photo-induced refractive index change of 1 %
as a constituent of the laser waveguide, and demonstrated the wavelength trim-
ming of 0.14 nm in a 1.55 ym index—coupled DFB laser. Using this method, the
oscillation wavelength of the DFB laser is adjustable through the irradiation time.

The use of the external light beam for the wavelength trimming allows us to
localize the region where the refractive index changes, and thereby it is possible to
adjust oscillation wavelength of elemental DFB lasers, one after another, within an

array.
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Chapter 4

Wavelength Trimming
by Photo-Absorption-Induced Disordering

4.1 Introduction

The change in effective refractive index of the waveguide is determined by the product
of the refractive index change and the optical confinement factor in a specific layer
where its refractive index changes. Therefore, not only a large refractive index change
but also a small refractive index difference between the specific layer and the ac-
tive layer material, which results in the large optical confinement, are required to
accomplish the substantial wavelength adjustment through the refractive index
change. In Chapter 3, we have used Se-based chalcogenide glass film having photo-
induced refractive index change as a part of the laser waveguide, and demonstrated
the wavelength trimming of 0.14 nm at 1.55 um in an index-coupled DFB laser by
He-Ne laser irradiation. This amount of wavelength trimming, however, is smaller
than what really is needed in the present WDM systems. The limitation arises from
the large refractive index between the chalcogenide glass film (~2.8) and the active
layer material (~3.3). At the moment, it is not available the material which has the
large refractive index change, together with the refractive index close to that of the
active layer material. The optical field is confined in the active layer material most.
If we can change its refractive index directly, we can obtain a large amount of the
wavelength adjustment.

In this chapter, we propose a wavelength trimming by a photo-absorption-
induced disordering (PAID) process. This process enables us to do a permanent
refractive index change of the active layer material, which consists of quantum
wells, through the external laser beam irradiation. In Section 4.2, the principle of
the PAID process is summarized. In Section 4.3, we describe a PAID experiment
where an extent of the quantum well disordering was characterized by the photo-
luminescence measurement. We have applied this PAID process to the conventional
ridge waveguide index-coupled DFB laser to adjust its oscillation wavelength. The
fabrication sequence of the device is detailed in 4.4 and then the demonstration of
the wavelength is presented in Section 4.5. In Section 4.6, we discuss crucial issues

for quantitative control of the PAID process.
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4.2 Principle of PAID Process

The quantum well structure used as the active layer of the semiconductor laser is
an ordered structure and it consists of a stack of multiple layer having the different
composition separated spatially by the hetero-interface. Although this structure is
stable at the ordinary device operation temperature [1], when it is heated to a cer-
tain temperature, different layers separated by hetero-interfaces intermix together
and become an alloy state [2]. This phenomenon is commonly known as an alloying,
an intermixing, or a disordering since ordered compositions become random order.

Optical properties of this disordered structure are different from those of the
original ordered structure. By utilizing this disordering process, it can be locally
formed the area having the different band gap energy and the refractive index in a
uniform multiple layer structure after the epitaxiél growth [3]. This technique is
widely used for the fabrication of the optoelectronic devices and their integration,
such as an integration of laser diodes, passive waveguides, optical modulators, and
photodiodes [4].

Diverse methods have been devised to induce such disordering. In general,
localized intermixing is achieved by selectively enhancing the interdiffusion rate of
the various layers by increasing the density of dopants introduced by methods such
as diffusion of dopants [5], from encapsulants [6] and ion implantation [7] followed
by thermal annealing, or point defects, such as vacancies introduced by thermal
annealing with dielectric caps, in the crystal [8].

The PAID process is an alternative method to realize the localized intermix-
ing [9]-[13]. This method uses the band gap dependent absorption of the incident
laser beam within the active region consists of the quantum wells in a multiple
layer structure. By the laser beam irradiation having the proper wavelength, the
band-to-band absorption occurs only in the wells and barriers and the free carrier
is excited. Then the heat is generated by carrier cooling and nonradiative recombi-
nation. This heating has the effect of increasing the interdiffusion rate between the
well and barrier materials. As a consequence, the shape of quantum well changes
from abrupt to graded and its optical properties changes. The method is impurity
free and does not involve a melt phase in the semiconductor processing. Most im-
portantly it is layer composition selective, which is additionally advantageous that
it is not restricted to near surface layers. By focusing the incident laser beam, it can
be localized that not only the layer but also the area where the intermixing occurs.

Next, we explain the PAID process in the InGaAsP quaternary system grown
on the InP substrate. The concept is schematically shown in Fig. 4.1. A Nd: YAG
laser beam having the wavelength of 1.064 pum is used for the irradiation. In this
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system, the InP used as the cladding layer or the substrate is transparent for the
laser beam and only the active layer consists of quantum wells absorbs the energy
and generates heat which results in the intermixing between the wells and barri-
ers. As the intermixing progresses, the optical gain profile shifts towards the shorter
wavelength side and the refractive index near the band gap decreases. We have
applied this refractive index change towards the wavelength adjustment.

4.3 Characterization of PAID Process

We first characterized the extent of the quantum well disordering induced by the
laser beam irradiation in the InGaAsP quaternary system grown on the InP sub-
strate.

A schematic cross-section of the layer structure of the sample is shown in Fig.
4.2, together with the multiple quantum well band diagram. The active layer con-
sists of five compressively-strained 1.55 pm InGaAsP quaternary quantum wells
with the separate confinement heterostructure (SCH) terminated by the InP layer.
Both wells and barriers were quaternary and their compositions were
In ,0sGa 50880 001 P a0e 20d In o Ga o AS) P o respectively. The strain of +0.68
% was introduced only to the well, and the thickness of wells and barriers were 10
nm. The thickness of the SCH and the top InP were 120 nm and 8 nm, respectively.
All layers undoped were grown on a (100)-oriented n*-InP (2x10* cm) substrate by
the metal-organic vapor-phase epitaxy (MOVPE). The details of the epitaxial growth
were described in Chapter 2.

A layer of SiO, was deposited by the magnetron sputtering on the top surface
of the material to act both as an antireflection coating for the incident laser beam
and to prevent surface reactions with surrounding atmosphere during the irradia-
tion. Assuming that the refractive index of the anti-reflection coating is nf, the
optimum thickness d which gives the minimum reflectivity is given by

_mi
4n/

d (4.1)

where m is integer and A1is the wavelength of the incident light. On the basis of this
equation, the thickness of the SiO, with the refractive index of 1.5 at 1.064 ym was
adjusted to be 180 nm by controlling the deposition time.

The deposition conditions were summarized as follows. The background and
process pressure were 3x10° Pa and 0.5 Pa, respectively. The distance between the
sample and the target was 8 cm. Oxygen and argon were introduced to the chamber
with the flow of 3 and 1 sccm, respectively. The incident power was 300 W. No heat
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was applied to the substrate. The deposition rate was 0.2 nm/sec.

We measured the reflectivity by pointing a neodymium yttrium-aluminum-
garnet (Nd: YAG) laser with wavelength of 1.064 pm perpendicularly to the sample
and measured the reflection by an optical power meter. The measured reflectivity
of the sample was 8 %.

Figure 4.3 shows the schematic diagram of the experimental setup for the
PAID process. The sample with a size of ~56 mm x 5 mm was attached to the copper
plate having the heater inside with a silicon grease which had a high thermal con-
ductivity. A Nd: YAG laser (CVI, YAG-MAX Laser C-92) operating continuous wave
and multimode with wavelength of 1.064 um was used for the irradiation. The laser
beam had a Gaussian profile as shown in Fig. 4.4 with a diameter of 1.6 mm. The
power density at the sample was 1 W/mm?. The beam alignment was done by using
a He-Ne laser beam with wavelength of 632.8 nm, which was codirected previously
with the Nd: YAG laser beam.

We first irradiated the sample at the room temperature for 10 min. The extent
of the intermixing of the quantum well was characterized by the room temperature
photo-luminescence (PL) measurement.

The PL measurement setup is schematically shown in Fig. 4 5. An argon ion
laser with wavelength of 514.5 nm was used for the pump source. The laser beam
was focused on the sample through a plano-convex lens. The luminescence was
collected with a large diameter convex lens and introduced to a monochromator. In
order to eliminate the line from the Ar ion laser, a high pass filter with cutoff wave-
length of 1.1 pm was inserted just before the entrance of the monochromator. A
spectrum was detected by a Ge pn-photodiode. The electric signal from the detector
was amplified with a pre-amplifier and then a lock-in amplifier where the back-
ground noise was suppressed with a chopper inserted in an incident path. The out-
put was sent to the computer, through a voltage-frequency converter, where the
data was recorded while controlling the monochromator via RS-232C.

The PL spectra before and after the irradiation are shown in Fig. 4.6. No shift
is found which indicates the temperature at the active layer did not reach the acti-
vation temperature where the intermixing occurs. The determination of the activa-
tion temperature will be discussed in Section 4.6.

Here we consider the relation between the temperature and the given power
using the simple 1 dimensional model as shown in Fig. 4.7 where it is assumed that
the interface between the material and the surrounding atmosphere is thermally
isolated and a heat sink has a capability of absorbing heat from the material with-
out the change of temperature itself. The temperature T, at the point where the

power P is provided, is given by
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Fig. 4.6 Measured PL spectra of the sample irradiated with Nd: YAG
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Tl = 7:) (4.2)

"Kd
where K is the thermal conductivity, d is the thickness, and T is the heat sink
temperature. This equation suggests that the activation temperature can be ob-
tained by elevating the heat sink temperature without increasing the power of inci-
dent beam. ,

On the basis of this consideration, we increased the temperature of the copper
plate to 240 °C and then repeatedly irradiated the sample. In order to evaluate the
disordering which might be induced by the elevated temperature, another sample
was simultaneously placed without the irradiation. The PL at room temperature
was measured after each irradiation. The measured PL spectra are shown in Fig.
4.8. The PL peak shifted towards the shorter wavelength side as the irradiation
time increased. After 3 min of irradiation, the shift was 3 nm. The total amount of
the shift of 8 nm was obtained after 150 min of irradiation. As shown here, the band
gap can be adjusted through the irradiation time. Fig. 4.9 shows the PL spectra of
the sample without the irradiation. The PL peak wavelength did not change. From
these results, we understood that the elevated temperature of the heat sink facili-
tated to reach the activation temperature without the increase of the incident power
density, and also we confirmed that the sample structure was stable at 240 °C and
the disordering was induced by the laser beam irradiation.

4.4 Device Structure and Fabrication Procedure

In the previous section, the quantum well disordering induced by the laser beam
irradiation in the InGaAsP quaternary system grown on the InP substrate was
characterized with regard to the band gap shift. The band gap shift is always ac-
companied by the refractive index change. We have applied this refractive index
change caused by the PAID process to the oscillation wavelength adjustment of
DFB lasers which oscillate at 1.55 pm.

A cross section of the device, together with the multiple quantum well band
diagram is illustrated in Fig. 4.10, which we have used it for the wavelength trim-
ming experiment. This is a conventional ridge waveguide index-coupled DFB laser.

The device fabrication sequence is illustrated in Figs. 4.11. In the first step
growth, a n-InP (100 nm, 5x10'7 cm™®) buffer layer, an active region consisted of five
compressively-strained 1.55 pym InGaAsP quaternary quantum wells with a sepa-
rate confinement heterostructure (SCH), a p-InP (50 nm, 5x10'" cm) guiding layer,
a p-InGaAsP (4,, = 1.25 pm, 10 nm, 5x10"7 cm?) grating layer, and a p-InP (10 nm,
5x10'7 cm™) termination layer were grown on a (100)-oriented n*-InP (2x10' cm™) -
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substrate (Fig. 4.11 (a)). The active region was identical to the structure which was
used for the characterization of the PAID process described in Section 4.2. A first
order uniform diffraction grating with a period of 240 nm was formed in the grating
layer by the holographic exposure method and wet chemical etching (Fig. 4.11 (b)).
The solution used was saturated bromine water (SBW) : HBr : H,O (1 : 10 : 20, 20
°C). In the second step growth, a p-InP (80 nm, 5x10'7 cm?) guiding layer, a p-
InGaAsP (4,, = 1.25 pm, 3 nm, 3x10'" cm) etch stop layer, a p-InP (700 nm, 5x10"7
cm?) cladding layer, and a p*-InGaAs (200 nm, 5x10*° cm®) contact layer were grown
on the grating (Fig. 4.11 (c)). After the regrowth, the waveguide was formed by wet
chemical etching. The solution used were the H,SO, : H,0,: H,0(1:1:5,5°C) and
HCI (20 %, RT) for the InGaAs contact layer and InP cladding layer, respectively.
The etching was stopped at p-InGaAsP etch stop layer and thus the ridge waveguide
was formed (Fig. 4.11 (d)). After the etching, the photoresist mask was not removed
but it was left on the top of the waveguide to serve as a lift off mask. In the next
step, an Al,O, passivation layer with thickness of 200 nm was deposited on both
sides of the waveguide (Fig. 4.11 (e)). The Al O, on top of the waveguide and photo-
resist mask were removed by a simple lift-off process in acetone and thus the open-
ing for the contact was formed in a self-aligned manner (Fig. 4.11 (f)). Then the Ti/
Au top electrode was evaporated as a p-type contact (Fig. 4.11 (g)). In order to form
a window for the external light irradiation, the sample was hold at 45 ° off during
the evaporation. The thickness of Ti and Au were 30 nm and 120 nm, respectively.
Then the sample was thinned to about to 100 pm by lapping. Finally Ti/Au contact
was deposited on the back side of the substrate as an n-type electrode by the same
amount as the top one. The high doping level of the top contact layer and the rough
surface of the lapped back facilitated the ohmic contact formation without the al-
loying step. The wafer was cleaved into discrete chips with both facets were left
uncoated. The device was bonded on a chip carrier with tin. Scanning electron mi-
crographs of the lateral cross section and the bird’s-eye view of the device were
shown in Figs. 4.12 (a) and (b), respectively. The window for the external light irra-
diation was formed the left side of the ridge waveguide with width of ~ 2 pum.

4.5 Wavelength Trimming Experiment

Next, we carried out the wavelength trimming experiment. The sample measured
here had a ridge width of 4 pm and a cavity length of 400um. Figure 4.13 shows a
schematic diagram of the experimental setup for the laser beam irradiation. The
sample was placed at an angle of 45 ° off on an aluminum plate with the heater
inside. The temperature of the plate was kept constant at 240 °C. As described in |
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(a) cross-section

(b) bird’s-eye view

Fig. 4.12 Scanning electron micrograph of (a) the cross-section and (b)
the bird’s-eye view of the sample.
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Fig. 4.13 A schematic diagram of the experimental setup for the wave-
length trimming by photo-absorption-induced disordering.
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the previous section, the elevated background temperature facilitates the reduc-
tion of the incident laser power required for the disordering to occur. A Nd: YAG
laser (NEC, SL114) operating continuous wave and multimode with a wavelength
of 1.064 um, a beam diameter of 2 mm, and an output power of 10 W was used for
the irradiation. The laser beam was concentrated on the center of the sample through
a plano-convex condensing lens with a focal length of 50 mm and introduced to the
active region through a window formed beside the laser stripe. The beam was aligned
at the position where the absorption photo-current from the laser was maximized.
The beam was kept at the same position during the irradiation.

The beam diameter and the power density at the focus were estimated to be
35 um and 2x10* W/mm?, respectively, using [14],

£
b=, (43)
f1+(f—)
ZO
Z, :%ﬁf{; (4.4)

where ¢ and ¢, are the diameters of the output and the input beams, fis the focal
length, and 1 is the wavelength, and

8
g,

where I is the power density and P is the total power.
During the irradiation, the top Ti/Au electrode and the AL O, passivation layer

I =

P (4.5)

acted as a total reflector and an anti-reflection coating for the incident beam, re-
spectively. As a result, the energy from the Nd: YAG laser was absorbed only by the
~ active region under the window. As compared with the width of the window (~2
Hm), the beam diameter of the Nd: YAG laser was quite large (~35 um). Therefore,
most of the energy was reflected at the electrode and only a small part of the beam
was introduced to the active layer. This mismatch resulted in the necessity of the
high power density of the laser beam to heat the active layer to an activation tem-
perature.

The rapid rise of temperature may cause a damage to a sample, since it con-
sists of various materials with the different thermal expansion coefficient. In order
to avoid the thermal shock, the output power of the Nd: YAG laser was gradually
increased with a rate of 3 W/min. The duration of the irradiation was 30 min. No
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damage was found on the sample after the irradiation.

First we measured the absorption photo-current spectra from the sample at
room temperature before and after the irradiation to observe the band gap shift
induced by the intermixing. Figure 4.14 shows a schematic diagram of the mea-
surement setup. The tunable light source was derived from a white light source
consisted of a tungsten bulb coupled into a monochromator. The output was then
concentrated on the sample and introduced to the active layer through the window.
No reverse-bias voltage was applied to the sample. Figure 4.15 shows measured
spectra of the photo-current near the band edge of the sample before and after the
irradiation. The peaks around 1550 nm are associated with the exciton. As a conse-
quence of the quantum well intermixing, the edge shifted towards the shorter-wave-
length side by 5.9 nm. No observable broadening was found in the exciton peak.

The lasing characteristics were measured by keeping the temperature con-
stant at 20 °C. Figure 4.16 shows the output power as a function of the driving
current. The threshold current is increased from 15 mA to 17 mA by the irradiation.
The PAID process may not involve the diffusion of dopants of the cladding layer
into the active region, which incurs the free carrier absorption, thus, this slight
increase in the threshold current is attributed to the gain decrease at the oscilla-
tion wavelength of 1550 nm, which can be inferred from Fig. 4.15.

Figures 4.17 (a) and (b) show the lasing spectra below (14 mA) and above (25
mA) the threshold currents, respectively. The wide gap around 1551.5 nm beside
the main mode corresponds to the stop band.

Besides the threshold increase, the degradation of the lasing characteristic
was found in the side mode suppression ratio at 25 mA where it was decreased from
46 dB to 40 dB through the irradiation. The origin of this variation will be dis-
cussed in the next section.

Here we look at the shift of oscillation wavelength. It shifted towards the
shorter-wavelength side as the refractive index decreased by the quantum well
intermixing. The amount of wavelength shift was 0.23 nm below the threshold.
Above the threshold, the carrier density inside the cavity is clamped at the thresh-
old value. The small increase in the threshold current in Fig. 4.16, and therefore
the increase in the carrier density, decreased the refractive index further. It re-
sulted in the total wavelength shift (including the effects of the intermixing and
increased carrier density) of 0.36 nm in Fig. 4.17 (b). This shift is 2~3 times larger
than the previous demonstration described in Chapter 2, where the wévelength
trimming was realized by making use of the photo-induced refractive index change

in chalcogenide glasses.
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4.6 Control of PAID Process

In this section, we discuss crucial issues for quantitative control of the PAID pro-
cess. Those include measurement of the temperature of the active layer during the
process and the spatial distribution of the disordering. At the end of this section, we
propose a process control of PAID through a monitor of the absorption photo-cur-
rent from the sample. '

4.6.1 in-situ Temperature Measurement

The disordering basically obeys the product of an interdiffusion rate of materials
which compose quantum wells and duration of the process. The interdiffusion rate
is a function of a temperature, therefore, measurement and control of the tempera-
ture are indispensable for the accurate control of the PAID process.

By the laser beam irradiation, carriers are excited in the active layer, and
then most of them recombine accompanied by the radiation of photons and the
remnants generate the heat through nonradiative recombination which results in
the disordering. The luminescence from the sample is an accurate measure of the
temperature in the active region, since its spectrum reflects the band gap energy
which is a function of the temperature. We have examined a possibility of the deter-
mination of the temperature in the active region through the measurement of photo-
luminescence from the sample during the irradiation.

We first measured the photo-luminescence at various temperatures. The
sample was identical to the structure which was previously shown in Fig. 4.2. Fig-
ure 4.18 shows the measured PL spectra at temperatures of -196, 25, 100, 150, 200,
and 250 °C, respectively. For the measurement at -196 °C, the sample was im-
mersed in liquid nitrogen. The heating was done by attaching the sample to the
copper plate having the heater inside with the high thermal conductive silicon grease.
A PbS photoconductor was used as a photodetector which had a sensitivity up to 3
pm. As the temperature increased, the PL peak shifted towards the longer-wave-
length side, and at the same time, the width became broad. And furthermore, the
intensity of luminescence rapidly decreased due to the broadening of the carrier
distribution in energy. The dots in Fig. 4.19 show the PL peak wavelength derived
from the Fig. 4.18 as a function of the temperature. The variation of bandgap with
temperature £ (T) can be expressed approximately by a universal function [15],

(ﬂ12
E(T)=E,(0)~F 5 (4.6)
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By fitting this equation to the measured PL peak wavelength, £ (0), ¢, and f can be
determined as fitting parameters. The solid line shown in Fig. 4.19 is a fitting curve
and parameters are, Eg(O) = 0.86621 eV, o= 0.00036821, and 8 = 183.32, respec- -
tively. By making use of this curve, we can extrapolate the temperature from the
PL peak wavelength during the PAID process.

Figure 4.20 shows a schematic diagram of a setup for an in-situ temperature
measurement. A 600 pm diameter largé-core optical fiber was placed in the close
vicinity of the sample to collect the photo-luminescence. The output was coupled
into the monochromator and then introduced to the PbS photoconductor.

The measurement was applied to the same sample. We successively irradi-
ated the sample with different incident power density and measured the lumines-
cence. The background temperature was kept at 240 °C. The measured spectra are
shown in Fig. 4.21 at power densities of 0.7, 2.0, 3.4, 4.8, 6.8, 12.3, 17.0 W/mm?.

It should be mention that the PL peak might shift towards the shorter-wave-
length side during the measurement, since the incident power densities were large
enough to induce the disordering.

The peak wavelength, together with the temperature extrapolated from Fig.
4.19 are shown in Fig. 4.22 as a function of the power density. At 0.7 W/mm?, the
peak shows the temperature of the heat sink which was kept at 240 °C. As the
power density increased, the peak wavelength monotonously shifted towards the
longer-wavelength side, which clearly indicated that the active region was heated
by the laser beam irradiation. The relation between the temperature and the power
density is not linear but it shows a saturable tendency. The measured temperature
was reached to 350 °C at power density of 17.0 W/mm?. After the irradiation, we
have measured the room temperature PL of the sample to verify whether the disor-
dering took place or not. The measured PL spectra before and after the irradiation
in Fig. 4.23 clearly indicates that the substantial disordering was induced.

These results posed us a difficult question. The quantum well structure of the
sample should be stable up to its growth temperature of 610 °C. How could it be
possible to induce the quantum well intermixing at temperature less than 350 °C?

The determination of the temperature in the active region through the mea-
surement of photo-luminescence from the sample during the irradiation is subject
to considerable uncertainty. The temperature of the sample is not uniform due to a
part of the sample is irradiated with nonuniform laser beam. Thus the PL spec-
trum does not indicate the maximum temperature, but it shows an average of the
whole area. As described above, the PL intensity rapidly decreases as the tempera-
ture increases. As a result, the luminescence from the low temperature area gov-

erns the whole spectrum.
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In spite of this uncertainty in the temperature, this method is useful for the
control of the PAID process where a monitoring of the relative temperature be-
tween each process is necessary, instead of the absolute temperature. ‘

Next, we have carried out the conventional furnace annealing inside the reac-
tor of the MOVPE to estimate the activation temperature where the disordering
occurs. The layer structure of the sample was the same as described above. In order
to investigate the dependency of the disordering on dielectric caps on the samples,
three types of samples were prepared, without cap, with SiO, cap, and with ALO,
cap, respectively. The SiO, with thickness of 180 nm and the Al O, with thickness of
150 nm were deposited by the magnetron sputtering and the electron-beam evapo-
ration. During the annealing inside the reactor of the MOVPE, phosphorus was
supplied for the sample without cap to prevent its desorption from the surface. The
temperatures we tried were 400, 500, 600, and 700 °C, respectively. The photo-
luminescence spectra were measured before and after the annealing with an Ar ion
laser as a pump source. Table 4.1 lists the result of the furnace annealing. Dots
denote the substantial disordering did occur. On the other hand, marks an X on the
list denote that shifts in PL peaks were not observed. At 700 °C, all types of samples
were disordered. Below 700 °C, only the sample with SiO, cap was disordered even
at 400 °C. The point defect which is induced in the crystal by the thermal annealing
with dielectric caps at very high temperature typically above 800 °C, did not in-
volve this disordering which occurred at 400 °C.

These results suggest that the disordering was induced by the thermal stress
which arose from the different thermal expansion coefficients between the cap and
the InP. A thermal expansion coefficient of Al O, is close to that of InP, therefore,
the thermal stress at the interface between them is small. As a consequence, the
disordering occurred only at 700 °C where the sample without cap was simulta-
neously disordered. On the contrary, the difference of the thermal expansion coeffi-
cient is large between SiO, and InP. As a result, the sample was easily disordered at
low temperature.

In the PAID process, a large thermal stress between the active layer and the
surrounding region is induced, since only the active region is selectively heated
while the surrounding region includes the dielectric cap keeps the low tempera-
ture. As a consequence, irrespective of the material of the dielectric cap, the disor-
dering is easily induced at very low temperature through laser beam irradiation.

The low process temperature is preferable, however, the involvement of the
thermal stress in the disordering makes the analysis on the process complicated.
Thus, the geometricél structure must be taken into account for the analysis and
control of the PAID process.
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TABLE 4.1 Cap dependency of disordering by furnace annealing.

Cap
Temperature
— SiO2 Al203 -
700 °C ® ® ®
600 °C | X ® X
500 °C X ® X
400 °C X ® X ™,
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Another factor which dominates the disordering process is the composition of
wells and barriers. The intermixing occurs between two layers with different com-
position, and it ceases when each composition becomes the same. In our structure,
both wells and barriers are the InGaAsP quaternary systems and the composition
difference is only in the group V materials of the phosphorus and the arsenic while
the contents of the group III materials of the indium and the gallium are the same.
Therefore, the disordering results from the difference in the group V contents.

Besides the composition difference, the strain which is introduced to wells
plays an important roll in the disordering. The disordering process progresses to-
wards the state where the total energy is minimum. Thus the strain decreases as
the disordering progresses which results in the change of the band structure of the
active layer.

4.6.2 Spatial Distribution of Disordering

Next we have characterized the PAID process in terms of the spatial distribution of
the disordering. The longitudinal and the lateral distributions were measured
through the microscopic electro-luminescence and photo-luminescence measure-
ment, respectively.

Figure 4.24 shows a schematic diagram of the setup for the measurement of
longitudinal distribution of the disordering. The sample used in Section 4.4 was
operated at 14 mA, and its temperature was kept constant at 20 °C. Spatially selec-
tive electro-luminescence measurements were performed using a fiber probe with a
core diameter of 10 pm and the tip radius of 20 pm. This fiber probe was mounted
on a translation stage.

The spontaneous emission was collected along the cavity at intervals of 50 pm
through the window formed beside the ridge waveguide by the fiber probe, and
then introduced to the optical spectrum analyzer.

Figure 4.25 shows the longitudinal distribution of measured spontaneous
emission spectra of the sample. Although the positions of band edges are almost the
same throughout the cavity, the emissions around the center region have broad
peaks and they are located shorter-wavelength side as compared with the emission
near the facets. The broad peak indicates that the shape of quantum well is changed
from abrupt to graded by the disordering through the laser beam irradiation. This
distribution along the cavity is attributed to the nonuniform irradiation, since the
laser beam with diameter of 35 pm was concentrated on the center of the sample
and it was kept at the same position during the irradiation.

This longitudinal distribution of the disordering introduces the nonuniform
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refractive index distribution into the laser cavity. The wavelength shift in a Fabry-
Perot cavity through the refractive index change is determined by the average of
refractive index change along the whole cavity. On the other hand, in a cavity which
consists of the diffraction grating, the phase shift is induced by the refractive index
distribution, therefore, not only the total amount of the refractive index change,
but also the position where its refractive index changes affect the resonance condi-
tion. As a consequence, the different shifts of the DFB and Fabry-Perot (FP) modes
are observed in Figs. 4.17. In Fig. 4.17 (a), below the threshold, the total amount of
the shift in FP mode was 0.31 nm while the shift of DFB mode was 0.23 nm. On the
other hand in Fig. 4.17 (b), above the threshold, the total amount of the shift in FP
mode was 0.42 nm while the shift of DFB mode was 0.36 nm. Around 1552 nm next
to the stop band, it can be observed that the change in peak profile due to the
interference between the FP mode and the DFB mode. Likewise, the degradation of
the side mode suppression ratio in Fig. 4.17 (b) can be attributed to the nonuniform
refractive index distribution along the cavity.

This distribution can be avoided by using the cylindrical lens to collimate only
one axis of the beam perpendicular to the laser waveguide, or scanning the beam
along the cavity. The uniform disordering may contribute to the further increase of
wavelength shift.

Next, we have carried out the measurement of the lateral distribution of the
disordering. High spatial selectivity of the PAID process, especially in the lateral
direction is necessary for the application of the PAID process to multiple-wave-
length DFB laser arrays where each DFB laser is closely placed.

The lateral distribution was characterized through measuring the photo-lu-
minescence from the output facet. Figure 4.26 shows a schematic diagram of the
measurement setup. An Ar ion laser operating continuous wave at wavelength of
514.5 nm was used for the pump source. This pump light was coupled into the fiber
probe via a coupler. The fiber probe was used for the irradiation of the pump light,
and at the same time, the collection of the photo-luminescence from the output of
the sample. The alignment of the fiber probe was done by monitoring the absorp-
tion photo-current from the sample. The PL spectra were observed by the optical
spectrum analyzer.

Figure 4.27 shows the PL spectra from the facet of the sample measured at
different positions in the lateral direction. Due to the sweep out of the excited car-
riers from the active region, the intensity of the luminescence at the ridge waveguide
is weak thus it contains large noise. The luminescence far from the waveguide is
not affected by this carrier sweep effect since the diffusion length of the exited
carrier is around 1 pm.
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No observable shift in the PL spectra was found in the lateral direction. From
the previous measurement of the longitudinal distribution of the disordering, the
extent of the disordering near the facet was small, therefore, the PL from the facet
reflects only a part of the information on the lateral distribution of the disordering.
In conclusion, further investigation on this topic is necessary for the application of
the wavelength trimming by the PAID process to the laser arrays.

4.6.3 Process Control by Absorption Photocurrent Monitoring

Here we propose a process control of PAID through the absorption photo-current
monitoring. As described above, the disordering obeys the product of the tempera-
ture and the duration of the process. In practice, the absolute temperature is not
necessary for the process control. The temperature is determined by the incident
power density, thus the quantitative control of the temperature between each pro-
cess can be realized by monitoring the absorption photocurrent from the sample,
since it is proportional to the incident power. This method is quite simple and it is

an in-situ monitoring of the process.
4.7 Conclusions

In this chapter, we have proposed the use of PAID process for the wavelength trim-
ming, in order to expand the wavelength adjustment range. The amount of the
wavelength shift through the effective refractive index change is determined by the
product of the refractive index change and the optical confinement factor, thus, the
increase of both parameters are required to accomplish the substantial wavelength
adjustment. The PAID process enables us to do a permanent change of refractive
index in quantum well active layer, where most of the optical field is confined, through
external laser beam irradiation. We have applied this process to the conventional
1.55 um ridge waveguide index-coupled DFB laser and demonstrated 0.36 nm trim-
ming. This shift is 2~3 times larger than the previous demonstration described in
Chapter 2, where the wavelength trimming was realized by making use of the photo-
induced refractive index change in chalcogenide glasses.

This method does not need any uncommon material nor special process. More-
over it relies only on the preferential absorption of the laser beam energy in quan-
tum well active regions, thus being applicable to any type of waveguide structures.
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Chapter 5

Wavelength Trimming by Magneto-Optic Effect
5.1 Introduction

So far, we have demonstrated the wavelength trimming by making use of the photo-
induced refractive index change in Chapter 3 and the photo-absorption-induced
disordering in Chapter 4. Both methods utilize the effective refractive index change
through the external light irradiation. As described in Chapter 2, the oscillation
wavelength of DFB lasers is affected by the structure and optical properties of the
laser waveguide. Thus, there is another possibility to realize the wavelength trim-
ming without using the change of effective refractive index. In this chapter, we
propose a new method which enables the wavelength trimming through a change of
resonance condition. This method makes use of the magnetic material which is
widely used as a memory. We will consider recording the resonance condition in a
magnetic material through the magneto-optic effect, that is an interaction between
the magnetic material and the optical field.

5.2 Magneto-Optic Effect

A variety of interactions between the magnetic field and the optical field in the
material are known as the magneto-optic effect. Here, the Faraday effect and the
Kerr effect which affect the polarization of the optical field are considered [1]. Both
effects are schematically illustrated in Fig. 5.1. The magnetic field H is applied
parallel to the propagation direction of the incident optical field E. In the Faraday
effect, the polarization of transmitted optical field through the magnetic material
rotates. On the other hand in the Kerr effect, the polarization of reflected optical
field rotates. These effects are used in an optical isolator and a magneto-optic disk
as a memory, respectively. The principle of both effects is the same and the rotation
angle of the polarization is proportional to the intensity of magnetic field. We con-
sider applying the Kerr effect to the wavelength trimming.

5.3 Concept of Wavelength Trimming by Kerr Effect
Figure 5.2 illustrates a concept of wavelength trimming in a Fabry-Perot semicon-
ductor laser by making use of the Kerr effect. The cavity consists of the left facet of

the active medium and the interface between the active medium and the magnetic
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material. The cavity length is L, and the reflectivities of the left and right facets are
R, and R, respectively. It is assumed that the gain in the active medium has an
anisotropy and contributes to a mode with a specific polarization. When the mag-
netic material is not magnetized, the optical field incident on the right mirror re-
flects without rotating its polarization. The reflectivity of the right facet R_in this
case is defined as R . When the magnetic material is magnetized by applying the
external magnetic field, the polarization of the reflected optical field rotates. This
means that a new mode with polarization perpendicular to the original mode is
excited. The gain in the active medium does not contribute to this new mode, there-
fore, the reflectivity of the right facet is effectively reduced. Assuming that the
rotation angle of the polarization is 6, the reflectivity of the right facet can be ex-
pressed as
R =R  cos8. (5.1)

‘Next, we consider the shift in oscillation wavelength caused by the reflectivity
change. Here it is explained in a qualitative manner. In the semiconductor laser,
the carrier density in the cavity is always clamped at the threshold condition where
the gain is equal to the loss. By applying the external magnetic field to the mirror
which consists of the magnetic material, the reflectivity is reduced. This reduction
of the reflectivity results in the increase of the loss, and therefore, the carrier den-
sity increases to maintain the threshold condition. In the semiconductor active
medium, not only the gain but also the refractive index is changed by the carrier
density variation. Near the band edge of the semiconductor active medium where
the laser oscillates, the refractive index decreases as the carrier density increases.
Consequently, the oscillation wavelength shifts towards the shorter wavelength
side by applying the external magnetic field.

By using the ferromagnetic material having the coercive force as a mirror, the
record of the resonance condition can be realized without applying the external
magnetic field.

We expand this concept toward the wavelength trimming in DFB lasers. Fig-
ure 5.3 illustrates a longitudinal cross section of a DFB laser having the diffraction
grating which consists of the magnetic material. In this DFB laser, the coupling
coefficient x which corresponds to the reflectivity of the facet in the Fabry-Perot
laser can be controlled by the external magnetic field, and it can be described as the
same form of equation (5.1), thus

K = K, cos0 (5.2)
where K, is the coupling coefficient of non-magnetized diffraction grating. The shift
of the oscillation wavelength In DFB lasers through the change of the coupling
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Concept of wavelength trimming by magneto-optic effect in DFB
laser where grating consists of magnetic material.
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A concept of the wavelength trimming by magneto-optic effect
in a multiple-wavelength DFB laser array. An external laser
beam is incident on an elemental laser, which has an oscilla-
tion wavelength error, to heat the grating consists of ferromag-
netic material to a temperature above the Curie point.
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coefficient can be basically explained by the same way as described above.

Next, we consider the wavelength trimming in a multiple-wavelength DFB
laser array by the magneto-optic effect. In order to control the oscillation wave-
length of each DFB laser in the array, it is necessary to localize the magnetization.
This can be realized by pointing the high power laser beam on the DFB laser whose
oscillation wavelength has an error and heating it to a temperature above the Cu-
rie point of the ferromagnetic material where it looses the ferromagnetism and
becomes the paramagnetic material. Under a certain intensity of external mag-
netic field, the material is easily magnetized, and after stopping the irradiation
that status is recorded. The concept of the wavelength trimming in a multiple-
wavelength DFB laser array by the magneto-optic effect is schematically shown in
Fig. 5.4. The principle described here is completely the same as used in the mag-
neto-optic disc where each bit corresponds to an elemental DFB laser in an array.

5.4 Analysis of Wavelength Trimming by Kerr Effect

In order to estimate how large the oscillation wavelength can be changed by the
magneto-optic effect, we will carry out the theoretical analysis in this section. As
described in Chapter 2, the oscillation wavelength of DFB lasers is determined by
the coupled-wave equation. The threshold analysis of the coupled-wave theory is
summarized in Appendix A. For simplicity, both facets of the DFB laser are as-
sumed to be anti-reflection coated. In this case, the threshold condition can be ob-
tained by solving the eigen value equation given by [2],
—jéd=ycothy. (5.3)

Here yis

Y2 =x?+(x—j6)°. (5.4)
where xis the coupling coefficient, « is the threshold gain, and §is the normalized
frequency parameter, respectively. We have numerically solved this complex tran-
scendental equation by utilizing the Brent’s method (which can be found in the
mathematical subprogram library of MSL II) [3], and obtained the change in reso-
nance condition through the coupling coefficient change.

Figures 5.5 (a) and (b) show the change in the threshold gain a and the nor-
malized frequency parameter § as a function of the normalized coupling coefficient
kL where L is the cavity length. Both of them are normalized by the change of the
coupling coefficient. In the pure index-coupling where the coupling coefficient xis a
real number, the two modes which have the same threshold gain are exist and are
symmetrical with respect to the Bragg frequency.
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Fig. 5.5 Resonant condition changes caused by coupling coefficient change.
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Next, we will derive the relation between the oscillation frequency change and
the resonance condition change [4]. The normalized frequency parameter §is de-
fined as

0 -,
Ug

o=

(5.5)

where o is the oscillation frequency, o, is the Bragg frequency, and v . 18 the group
velocity. From equation (5.5), the relation between the oscillation frequency change
Aw, and the change in the normalized frequency parameter is readily derived as

Ao, = vgg—iAK. (5.6)

The change in oscillation frequency Aw, for a change in threshold gain A is

d
Aw, = ———EAa (5.7)

where fis a propagation constant. The first term in the right side can be repre-
sented by

120
ﬁ =V (5.8)

The second term becomes

27on,

PB_ 1

A

¥

r

|

(5.10)

¥

11

where 1 is the free space wavelength, dn_and odn, are the change in the real and
imaginary part of the refractive index, respectively. The ratio of dn_and on, is a
linewidth enhancement factor a defined as [5],

a=
- ani . (5‘11)
Finally, we obtain

do
Aw, = Ufaé;AK' (5.12)

Therefore, the total amount of oscillation frequency shift caused by the resonance
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condition change is

Aw=Aw, +Aw,

U, ( doe D6
=flg—+— . 5.14
7 (a 5~ + 8K)AKL (5.14)

Here, using equation (5.14), we will estimate the order of uppermost oscillation
frequency shift by the wavelength trimming through the magneto-optic effect. As-
suming that v, = 1x10° m/s, a = 6, L = 200 um, and x,L = 1, respectively. In Fig. 5.5,
doddx and d¥dx at kL = 1 are -1.2 and -0.7, respectively. Here, the mode which has
the normalized frequency parameter shift towards the minus direction is chosen.
Using these values in equation (5.14) gives

Aw = -4 x10"2Axd. (5.15)
We shall assume a diffraction grating consists of a Cobalt having the Kerr rotation
angle 6 of 1 °. Thus, the change of normalized coupling coefficient is

AxL = x,L(cos6—1) (5.16)

=-15x10"*

Substituting this value into equation (5.15), we obtain the frequency shift Af of
~100 MHz. Although this value is small under the conditions assumed above, it can
be increased by using the ferromagnetic material with large Kerr rotation angle.

5.5 Conclusions

In this chapter, we have proposed the wavelength trimming through the resonance
condition change by the magneto-optic effect. By using the ferromagnetic material
having the coercive force, the resonance condition can be changed and recorded by
applying the external magnetic field. We have carried out the theoretical analysis
on the frequency change in the DFB laser with the diffraction grating consisted of
the magnetic material, and reached the conclusion that it is necessary to develop
the ferromagnetic material with large Kerr rotation angle to achieve the substan-
tial change in oscillation wavelength through the resonant condition change.
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Chapter 6
Conclusions

The securement of wavelength reproducibility is urgent and vital task for the real-
ization of multiple-wavelength distributed-feedback semiconductor laser arrays.
In order to cope with this difficulty, we have proposed the wavelength trimming
technology where the oscillation wavelength error is corrected after the device fab-
rication without using external active tuning, and realized this concept in different
methods.

Our wavelength trimming concept came from an analogy to the trimming tech-
nology in analogue integrated circuits. ,

The key issue for embodying the concept of wavelength trimming is how to
incorporate a material whose optical property is changeable after the device fabri-
cation by a simple and low temperature process into the laser waveguide. This
process should not induce any physical damage in the laser. Furthermore, long-
term stability of the optical properties after processing is also requested.

On the basis of these requirements, we have examined the possibility of wave-
length trimming by the photo-induced refractive index change in chalcogenide
glasses, the photo-absorption-induced quantum well disordering, and the magneto-
optic effect. First two methods utilized the refractive index change of the material
through the external light irradiation. The use of the external light beam for the
wavelength trimming allows us to localize the region where the refractive index
changes, and thereby it is possible to adjust oscillation wavelength of elemental
DFB lasers, one after another, within an array. The last method made use of the
resonant condition change. The following are the conclusions of each method.

Wavelength Trimming by the Photo-Induced Refractive Index Change

We have utilized the Se-based chalcogenide glass having the photo-induced refrac-
tive index change of 1 % as a constituent of the laser waveguide, and demonstrated
the wavelength trimming of 0.14 nm in a 1.55 um index-coupled DFB laser. Using
this method, the oscillation wavelength of the DFB laser is adjustable through the
irradiation time. Although the direction of the oscillation wavelength shift induced
by the light irradiation is towards the shorter-wavelength side, it is possible to
restore the trimmed wavelength to the initial value through the heat treatment.
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Wavelength Trimming by the Photo-Absorption-Induced Disordering

The amount of the wavelength shift through the effective refractive index change is
determined by the product of the refractive index change and the optical confine-
ment factor, thus, the increase of both parameters is required to accomplish the
substantial wavelength adjustment. The PAID process enables us to do a perma-
nent change of refractive index in quantum well active layer, where most of the
optical field is confined, through external laser beam irradiation. We have applied
this process to the conventional 1.55 Hm ridge waveguide index-coupled DFB laser
and demonstrated 0.36 nm trimming. This shift is 2~3 times larger than the previ-
ous demonstration, where the wavelength trimming was realized by making use of
the photo-induced refractive index change in chalcogenide glasses.

This method does not need any uncommon material nor special process. More-
over it relies only on the preferential absorption of the laser beam energy in quan-
tum well active regions, thus being applicable to any type of waveguide structures.

Wavelength Trimming by the Magneto-Optic Effect

We have proposed the wavelength trimming by the magneto-optic effect as one
example among various possibilities.

By usmg the ferromagnetic material having the coercive force, the resonance
condition of lasers can be changed and recorded by applying the external magnetic
field. This wavelength trimming does not involve the refractive index change of the
material, but it utilizes the rotation of the polarization of the optical field through
the magneto-optic effect. We have carried out the theoretical analysis on the fre-
quency change in the DFB laser with the diffraction grating consisted of the mag-
netic material.

The straightforward way to counter the variation in oscillation wavelength of
DFB lasers is the improvement of global uniformity in growth and fabrication. This
method is the best of all countermeasures including the wavelength trimming tech-
nology. Although there have been significant Improvements in the epitaxial growth
and dry etching technologies, the current uniformity is still insufficient. Even in
the well-matured electronics, the trimming technology is widely used to compen-
sate the variation of the characteristics caused by the fabrication error, thus our
wavelength trimming technology will surely make a contribution to the improve-
ment of the wavelength reproducibility and, consequently, the device yield of mul-
tiple-wavelength DFB laser arrays.
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Appendix

Coupled-Wave Theory of DFB Lasers

Here we summarize the coupled-wave theory of DFB lasers and its threshold analysis
[1]-[3]. Assuming that a DFB laser considered here has a cavity length of L,
reflectivities of left and right facets of R, and R , and a periodic variation in the
refractive index n(z) and in the gain constant a(z) of the form,

n(z)=n+An cos(g;\—zz— + Q) (A.1a)

a(z) = 05+Aacos(2Tﬂz+Q), (A.1b)

where n and o are the average values, and An and Ao are the amplitude variations
with spatial period A and phase Q. Here z is measured along the laser from -L/2 to
L/2. The complex reflectivities can be written as

R =[Rlexs(- 2 L+0)=Rlexn(/8) (a2

R =|R,

exp(—%L - Q) =|R,|exp(6,), (A.2b)

where 6, and 6. are the facet phases, which represent the relative positions of the
facets to the grating phases at z = -L/2 and z = L/2, respectively. The scalar wave
equation for the electric field E with time dependence of exp(jax) satisfies,

{92
Ex
where

R*(2) = B* +2jaf + 4xB cos(2B,z + Q) (A4)

E(z)+k*(2)E(z) =0, (A.3)

Here
B, = /A (A.5a)
B=nw/c (A.5b)

and xis the coupling coefficient given by

_Ban  JjAa
k=gl (A.6)
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Without loss of generality, the electric field in the DFB structure can be expressed
as the sum of two counterrunning waves R(z) and S(z), therefore,

E(z) = R(z)exp(~jfyz)+S(z)exp(jB,z). (A7)
Substituting the equation (A.7) into the scalar wave equation (A.3), the coupled-
wave equations are derived as,

dR(z)
"

+(@-j8)R(z)= jxS(z)  (A.8a)

é-ga—i-zl-z»(a - J6)S(z) = jxR(z). (A.8b)"

The parameter §is a normalized frequency parameter defined by
B*-B; n
b=—L=f-f==(0-o
2B B~ B, - ( o). (A.9)

The general form of solution of coupled-mode equation is

R =re” +re™ (A.10a)

S =se" +5,e7" (A.10b)
with the complex propagation constant Y obeying the dispersion relation

'y2 :K'2+(&—j5)2_ (A]_l)
For the special case with no reflection at both facets, yis the solution of the eigen-

value equation

L
B3 4

= m (A.12)

For the general case with reflectivities of R, and R_at the left and right facets, yis
the solution of the transcendental equation

(1-% ;%]exp(—@) (R,~-J:‘f,;]exp(m)

where

T=—y+a-j5. (A.14)
The solution of equation (A.12) or (A.13) gives us the resonant condition, namely,
the gain and the frequency at threshold.
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