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Preface

This thesis describes an essential part of the research work
carried out at Research Center for Advanced Science and
Technology (RCAST), and Institute of Industrial Science (IIS),
University of Tokyo, while the author was working as a graduate
student of the Department of Electrical Engineering, University
of Tokyo, from 1987 to 1992.

For future applications of quantum microstructures such
as quantum well, quantum well wire and quantum well box
structures to opto-electronic devices, fabrication technologies of
quantum microstructures and theoretical analysis of device
physics are significantly required. At the present time, since only
quantum well structures can be fabricated with high quality, the
device applications are limited within the quantum well devices.

In this thesis, fabrication technologies and theoretical
analysis of device physics of quantum microstructure lasers are
studied for the purpose of fundamental understandings and

future applications to opto-electronic devices.

December 1991 Takuji Takahashi
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Abstract

The author has established the understanding of the
quantum microstructure lasers from the view points of both
fabrication technologies and device physics. The author has

addressed following two point as the main purpose.

1) Fundamental study about fabrication technologies for
quantum microstructures.
2) Theoretical investigations of the lasing characteristics in

quantum microstructure lasers.

With respect to 1), the author has experimentally demonstrated
the successful fabrication of GaAs quasi-quantum wire and dot
structures by two kinds of selective growth techniques with
electron beam irradiation in the metalorganic chemical vapor
deposition (MOCVD) system such as the direct growth by the
electron beam irradiation and the in situ process using
contamination resists formed by the electron beam irradiation
and conventional MOCVD growth. With respect to 2), the author
has theoretically investigated the orientation dependence of
lasing properties in quantum well lasers using tight binding
method, the lasing characteristics in quantum well wire and
quantum well box lasers, and the nonlinear gain effects in
quantum microstructure lasers with considering multi-

dimensional quantum confinement effects.
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Chapter I Introduction

Chapter I Introduction

1.1. Background of This Study

Recent progress in the electronics and optics fields has
received great attention in order to apply to various kinds of
electronics and optical devices. Since the first invention of the
transistor by Schockly, the performance of the integral circuits
(IC) have been improved with extremely high degree. Though Si
substrates are commonly used for IC's, ITI/V compounds such as
GaAs are also used for high speed circuits. By using two-
dimensional (2D) electron gas at a hetero-interface of GaAs and
AlGaAs, high electron mobility transistor (HEMT) [1] has been
realized. Moreover, it is pointed out that performance of
transistors can be more improved using one-dimensional (1D)
electron gas in quantum well wire (QWW) structures because of
reduction of some scattering effects [2],

In the optical fields, on the other hand, semiconductor lasers
with ITI/V compounds have been widely studied and have already
been applied to optical communications. At the initial stage,
doublehetero (DH) structures are used for semiconductor lasers.
Since Dingle et al. pointed out the ability of improvements in the
optical devices by using of quantum well (QW) structures [3], the
application of QW structures to semiconductor lasers (4], [5] has
received considerable attention because of physical interest as
well as its superior characteristics, such as low threshold current

density [6], [7], low temperature dependence of threshold
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current [8]-(10], lasing wavelength tunability, and excellent
dynamic properties [11-{13]. In addition, QWW and quantum well
box (QWB) structures as well as QW structures are received
great attention from both physical and technical view points,
because it is expected that multi-dimensional quantum
confinement effects will improve many lasing characteristics to
high extent [12],

It becomes easy to fabricate QW structures by the recent
progress of metalorganic chemical vapor deposition
(MOCVD) [14}-{17] and molecular beam epitaxy (MBE) [18]-[22]
techniques, while it is still difficult to fabricate QWW and QWB
structures at present stage. Therefore, fabrication technologies
for QWW and QWB structures are extensively studied by using
fine pattern lithography techniques such as electron beam
lithography or selective growth techniques in the MOCVD or
MBE method. Among such fabrication technologies for the
selective growth, for instance, light assisted selective growth
technique is one of hopeful methods; Ultra violet (UV) lights [23-
[27], excimer lasers [28]-[35] and Ar ion lasers [361-152] are used for
the light sources. Achievement of atomic layer epitaxy (ALE)
growth has also been reported using laser beam irradiation [44]-
[47]. However, it is the most serious problem that diameter of laser
beam spot is much larger than the size which can realize the
quantum confinement effects. As the same way, other methods
for the selective growth have their own merits and demerits.

Thus, it is the state of things that each technique has some
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problems that should be solved before the application to actual
technologies for fabrication of QWW and QWB structures.
Therefore, an establishment of a new technology for the selective
growth enough to realize the multi-dimensional quantum
confinement effects is strongly required.

Concerning theoretical analysis of lasing properties in QW
lasers, we can understand some properties qualitatively to a great
extent by using various approximations. It becomes usual that
theoretical results and experimental results agree with each
other. However, there still exist many unknown factors in actual
operations of QW lasers such as band nonparabolicity effect [53]-
[56] and nonlinear gain effect [57], [58] on lasing properties. More
precise analysis is needed in order to discuss them.

Regarding QWW and QWB lasers, it is very difficult to
fabricate them with high quality [59]-(66]. Therefore, there are
vei'y few reports to succeed in examination of the theory and the
experiments simultaneously at present stage [67], [68], Howevekr,
since knowing the achievable limits of quantum microstructure
lasers is quite important, theoretical investigation of the lasing
characteristics in QWW and QWB lasers is one of important |
subjects [691-[73],
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1. 2. Motivation and Objectives of This Study

Applications of QWW and QWB structures to opto-
electronics devices will give us stronger impact than that the
applications of QW structures gave: Transistors will operate
faster, and semiconductor lasers will operate with lower injection
current, wider modulation bandwidth and higher coherency.

Though fabrication of quantum microstructures such as
QWW and QWB is almost impossible in present stage, it is a quite
important subject to be solved in order to apply them to actual
devices. Therefore, we have proposed and investigated an
electron beam induced metalorganic chemical vapor deposition
(EBI-MOCVD) method as one of selective growth technologies
for fabrication of quantum microstructures. Since electron beam
can be focused as narrow as < 100 A, it is expected that we can
successfully fabricate quantum microstructures by this method.

On the other hand, theoretical analysis of lasing properties
in QW lasers is still important to understand actual behavior of
fabricated QW lasers precisely and to design QW laser structures
for improvements of the lasing properties. Since material
parameters of semiconductors have asymmetries concérning
substrate orientations, one possibility to improve the lasing
characteristics is a choice of the substrate orientation on which
the QW structure is grown. Therefore, we have investigated the
lasing properties in two kinds of QW lasers grown on different
substrate orientation by using tight binding method. In addition,

nonlinear gain effects such as gain saturation are also very
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important characteristics to operate semiconductor lasers,
because nonlinear gain effects increase threshold current and
reduce both modulation dynamics and spectral coherency.
Therefore, the nonlinear gain effects due to spectral hole burning
have been investigated theoretically, indicating that the quantum
confinement affects the nonlinear gain properties.

Taking account of possibility to realize QWW and QWB
structures in near future, it is needed to analyze the lasing
properties such as gain property, modulation dynamics and
spectral properties in QWW and QWB lasers theoretically in
order to clarify how extent we can expect to improve the lasing
properties by using QWW and QWB laser structures. In addition,
the conditions which is required to fabrication technologies in
order to realize the QWW and QWB structures with high quality
should be clarified. Therefore, the lasing properties in QWW and
QWB lasers have been investigated theoretically, indicating
improvements of the lasing properties by the multi-dimensional
quantum confinement effects and the importance to fabricate
uniform QWW or QWB structures.
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1. 3. Synopses of This Thesis

In this thesis, fabrication technologies and device physics of
quantum microstructure lasers are investigated in order to
realize quantum microstructure lasers and understand lasing

properties of those lasers. This thesis is organized as follows.

Chapter I is the introduction. The back ground of this study

1S mentioned.

In Part I, the successful fabrication of GaAs wire structures
by an electron beam induced selective growth technique in a
metalorganic chemical vapor deposition (MOCVD) system is
described.

Chapter II is the introduction of Part I.

In Chapter III, we describe the experimental system named
as electron' beam induced metalorganic chemical vapor
deposition (EBI-MOCVD) system.

In Chapter IV, selective growth for the purpose to fabricate
the quantum microstructures using in situ irradiation of the
electron beam in the EBI-MOCVD system is provided,
demonstrating successful fabrication of GaAs quasi-quantum
wire and dot structures. In addition, we discuss the growth
mechanisms of this selective growth.

In Chapter V, an in situ processes for the fabrication
technology of semiconductor microstructures combining the
contamination resists formed by the electron beam irradiation
and MOCVD method is demonstrated.




h

~ Chapter I Introduction

Chapter VI is the summary of Part I.

In Part II, the theoretical analysis of lasing characteristics
in quantum microstructure lasers such as quantum well (QW),

quantum well wire (QWW), and quantum well box (QWB) lasers
are described. ‘

Chapter VII is the introduction of Part I.
In Chapter VIII, theoretical analysis of effects of the

substrate-orientation on lasing properties of QW lasers using the

“tight binding method is provided, indicating importance to choose

the substrate-orientation while considering which lasing
property should be improved for a given application.

| In Chapter IX, lasing characteristics of GaAs/AlGaAs
semiconductor lasers having QWB structures are theoretically
analyzed in order to clarify achievable limits of lasing
characteristics in quantum microstructure lasers.

In Chapter X, nonlinear gain effects in GaAs/AlGaAs and
InGaAsP/InP QW, QWW, and QWB lasers are theoretically
analyzed, indicating that the nonlinear gain significantly affects
these lasing characteristics.

Chapter XI is the summary of Part I.

Chapter XII is the conclusions of this work.




Part I Fabrication Technologies of Quahtum

Microstructures

Abstract

We report the successful fabrication of GaAs wire
structures by an electron beam induced selective growth
technique in a metalorganic chemical vapor deposition
(MOCVD) system.

We have demonstrated selective formation of a GaAs
quasi-quantum wire structure as narrow as 300 nm using
in situ irradiation of the electron beam. Selective formation of
a GaAs quasi-quantum dot structure is also achieved. Auger
Analysis and growth condition dependence suggest that this
selective growth results from the decomposition of tri-
methyl-gallium (TMG) by the electron beam irradiation.

We have also demonstrated a novel in situ process for
fabrication of semiconductor quantum wire structures,
combining contamination resists and selective growth in
MOCVD, showing successful formations of a GaAs quasi-
quantum wire with the width as narrow as 700 nm. Auger
Analysis confirmed that the contamination resists are

resulting from adsorption of carbon material.
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Chapter II Introduction of Part I

In recent years, various kinds of fabrication techniques have
been intensively investigated to fabricate quantum wire and
quantum box structures. These include laser assisted atomic
layer epitaxy (ALE) [441-[47], fractional layer superlattice (FLS)
growth [74]-[89], and facet wire growth [90], [91], The laser assisted
ALE technology has high degree of freedom for designing
structures. However, the dimension of the grown structures can
not be reduced enough to realize the quantum wire effects,
because the laser beam diameter is much larger than the electron
wavelength. Although the dimension of structures in the FLS
growth can be reduced enough to realize the quantum
confinement effects, the FLS growth has lower degree of freedom
for designing structures. This is due to the fact that the dimension
and the direction of structures is definitely determined by terrace
width and step direction, respectively. On the other hand, the
facet wire growth using SiO9 masks has high degrees of freedom.
Moreover, the dimension of structures can be smaller than the
limit of lithography. However, it needs several independent
processes such as deposition of SiOz film, lithography, etching and
re-growth. Therefore, it is useful to develop a new type of growth
technique which can form the quantum wires and quantum
boxes using in situ process with high degree of freedom for

designing.
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In Part I, we report the successful fabrication of GaAs wire
structures by an electron beam induced selective growth
technique in a metalorganic chemical vapor deposition
(MOCVD) system.

In Chapter III, we describe an experimental system named
as an electron beam induced MOCVD (EBI-MOCVD).

In Chapter IV, selective formation of a GaAs quasi-
quantum wire structure as narrow as 300 nm using in situ
irradiation of the electron beam with simultaneous supply of tri-
methyl-gallium (TMG) and cracked AsHg is reported. Selective
formation of a GaAs quasi-quantum dot structure is also

achieved. Auger Analysis and dependence of the growth on

'source materials and types of the substrate suggest that the

selective growth results from the decomposition of TMG by the
electron beam irradiation. By using this technique high degree of
freedom for designing structures and possibility to reduce the
dimension of grown structures are preserved, because the
electron beam diameter can be reduced less than 10 nm.

In Chapter V, we report an another novel in situ process for
fabrication of semiconductor quantum wire structures,
combining contamination resists and selective growth in
metalorganic chemical vapor deposition (MOCVD). The results
show successful formations of a GaAs quasi-quantum wire with
the width as narrow as 700 nm. In addition, use of micro Auger
electron spectroscopy analysis confirmed that the contamination

resists are resulting from adsorption of carbon material.

10
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Chapter IIT Electron Beam Induced Metalorganic
Chemical Vapor Deposition System

Schematic illustration of the experimental system (EBI-
MOCVD system) is shown in Fig. 3. 1. A modified scanning
electron microscopy (SEM) system, in which electron beam is

irradiated on a substrate during the flow of source gases, is

~connected to an MOCVD gas system. Source materials are 10 %

AsHg in Hg, tri-methyl-gallium (TMG) and tri-methyl-
aluminium (TMA) carried by Hy gas flows whose pressure is
2 atm. The gas flows are controlled by the mass flow controllers.
Typical flow rates of AsHg and Hy for bubbling TMG are 1.0 sccm
and 3.0 sccm, respectively. Temperature of a TMG bubbler is set
at -10 °C. In this condition, V/III ratio is about 1.2. We can crack
AsHg in a cracking cell up to 1200 °C. The growth chamber and
the electron beam gun are evacuated separately by the
differential exhaust systems which consist of diffusion pumps
and rotary pumps. The background pressure in the chamber is
about 10°7 torr and the pressure during growth is in the range of
1075 - 104 torr. As regards the pressure, the growth mode in this
method should be similar to that in a metalorganic molecular
beam epitaxy (MOMBE) method. Substrates can be heated up to
700 °C by a radiation heater. The electron beam current density
varies from 1 to 100 A/cm? depending on the acceleration voltage
of the electron beam. A generally used acceleration voltage of

electron beam is 25 keV, though we can vary it of 5, 15, or 25 keV.

11




Chapter III Electron Beam Induced MOCVD

E-Gun

poty 1
i Electron
1 Beam

Cracking Cell

‘ Substrate

r/-&m\__HEater

ouT

m Scrub.

Fig. 3.1 Schematic illustration of the experimental system
(EBI-MOCVD system). As shown in this figure, a
modified scanning electron microscopy system, in
which the electron beam is irradiated on the substrate

during flowing source gases, is connected to an
MOCVD gas system.
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Chapter IV Selective Growth by Electron Beam
Irradiation

4. 1. Fabrication of Wire and Dot Structures

In this chapter, we report the selective growth by electron
beam irradiation in EBI-MOCVD system. Fig. 4.1 shows a
scanning electron microscope (SEM) photograph of selective
growth achieved by this technique. The source materials supplied
are AsHg cracked at 1000 °C and TMG. The substrate
temperature is room temperature and growth time is 1 hour.
The electron beam is irradiated by a line scanning mode. Fig. 4. 1
indicates that the wire shaped material is grown where the
electron beam is irradiated. The elements of which this grown
material consists is discussed in the next section. The dimension
of this wire structure is as narrow as 300 nm. We consider that
this dimension is determined by not the electron beam diameter
but some vibration problems existing in this system. Therefore, it
is expected that, if these vibration problems are solved, the
dimension of grown structures can be reduced as narrow as
10 nm which is equal to the electron beam diameter. We can also
fabricate a dot structure as shown in Fig. 4. 2. In this case, the
electron beam is irradiated at one point during the growth and
the other conditions are same as above. Diameter of this grown

dot structure is about 1 pum.

13
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Fig.4.1 A SEM photograph of a GaAs wire formed by the

electron irradiation by a line scanning mode when
AsHjg cracked at 1000 °C and TMG are supplied at

room temperature.

14
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i

Fig. 4.2 A SEM photograph of a GaAs dot formed when the
electron is irradiated at one point during the growth.

The other conditions are same as those in the case of
Fig. 4. 1.

15
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4. 2. Elemental Analysis

To analyze the elements of which the grown material
consists, we investigated micro Auger electron spectroscopy
(AES) measurement. Fig. 4. 3 shows measured AES's from the
selectively grown micro-structures when we supplied (a) AsHsg,
(b) TMG, and (c) both AsH3 and TMG, respectively. In this
experiment, Si substrates are used in order to avoid the detection
of Ga and As peaks from the substrates. Figs. 4. 3 (a) and (b) show
clear peaks of As and Ga, respectively, and both Ga and As peaks
are observed in Fig. 4. 3 (c). As shown in Fig. 4. 3 (b), As peak is
also observed when only TMG is supplied, which is probably due
to the fact that little amount of As remained in the growth
chamber due to previous growth experiments. Table IV. I shows
a summary of atomic concentrations of each structures. When
cracked AsHg and TMG are supplied, almost the same amount of
Ga and As are contained in the grown structure, which is clearly
different from the other structures. This result confirms that
GaAs wire and dot structures are successfully fabricated by this
selective growth technique. On the other hand, AES revealed that
all structures contain a large amount of carbon. We consider that,
this incorporation of carbon results from complete decomposition
of TMG by the electron beam. Reduction of carbon is very

important issue in applying this technique to device fabrications.

16
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(a)
S
As
0 340 680 1020 1360 1700
Kinetic Energy (eV)
2 |7
c
" 340 680 1020 1360 1700
Kinetic Energy (eV)
© -
S

'340 680 1020 1360 1700
Kinetic Energy (eV)

Fig. 4.3 Measured Auger electron spectroscopies (AES's) from

the selectively grown micro-structures when we
supplied (a) AsHjg, (b) TMG, and (c) both AsHg and

TMG, respectively.

17
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f

Ga As C O (%)
AsH3 (1000°C) 8 65 22 5
™G 29 22 37 12
AsH3 (1000°C)
T™MG 30 39 25 6

B

Table IV.I Atomic concentrations (%) of three types of
structures: the source materials are only AsHjg,

only TMG, and both AsH3 and TMG.

18
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4. 3. Dependence on Growth Conditions
4. 3. 1. Substrate Temperature

We have investigated the substrate temperature
dependence of this selective growth. Fig. 4. 4 shows a wire
structure successfully achieved when only TMA is supplied at
300 °C. When we supply only TMG or TMA, selective growth
similar to Fig. 4. 4 is realized at the electron beam irradiated area
in the temperature range of room temperature (R. T.) ~ 300 °C
or R. T. ~ 700 °C, respectively. However, the growth rate at high
temperature becomes very low in each case supplying TMG or
TMA compared to the growth rate at R. T. On the other hand,
when we supply TMG and cracked AsHg at 1000 °C, the selective
growth at the electron beam irradiated area is realized in the
temperature range of R. T. ~ 400 °C and above 450 °C the GaAs
crystal is grown everywhere place on the substrate thermally.

These changes of the substrate temperature dependence
with changing supplying source materials clearly indicate that
the grown material in each case consists of the elements
generated by decomposition of source materials or reactions

among them.
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Fig.4.4 A SEM photograph of a wire structure achieved when
only TMA is supplied at 300 °C.



Chapter IV Selective Growth by Electron Beam Irradiation

4. 3. 2. Source Materials

Next we have investigated dependence of growth rate on
source materials at room temperature when the electron beam is
irradiated at a spot. The results are summarized in Table IV. IL
Fig. 4. 5 shows the mixtures grown selectively by the electron
beam irradiation when we supply only cracked AsHg, only TMG,
or both of them. As shown in this photograph, the growth rate
with supplying both AsHg cracked at 1000 °C and TMG is much
higher compared to the growth rate under the other conditions.
Thus, the existence of both AsHg and TMG enhances the growth
rate. On the other hand, when no materials are supplied,
formation of a structure due to accumulation of carbon (i.e.,
contamination resist ) is not observed. This result confirms that

carbon incorporated in the GaAs: C mixture is generated from
TMG.

21
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Contamination

Resist ~ 0 um/h

g~ AsH3 (R.T.) 0.1 um/h

AsHg (1000°C) 0.4 um/h

TMG 1.3 um/h
AsHsz (R.T.)

{TMG 0.3 um/h
AsH3 (1000°C)

{TMG 2.0 um/h

Table IV. I Source materials dependence of the growth rate.
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T™MG AsHgz (1000°C) [ AsHg (1000°C)
T™G

10 um

Fig. 4.5 A SEM photograph of the mixtures grown selectively

by the electron beam irradiation when we supply only
TMG, only cracked AsHg, or both of them.



Chapter IV Selective Growth by Electron Beam Irradiation

4. 3. 3. Supplying Rate of Source Materials

The growth rate with supplying both cracked AsHs and
TMG increases with the increase of TMG flow rate, while the
growth rate decreases with the increase of AsHg flow rate. A
SEM photograph of grown mixtures is shown in Fig. 4. 6 and the
growth rate in each condition is summarized in Table IV. III.
These results indicate that this reaction velocity is determined by
the supplying rate of III-group materials. We can understand the
fact that the growth rate decreases with the increase of AsHg flow
rate by considering the equivalent decrease of TMG pressure in

the chamber.
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AsHj Flow Rates (sccm)

0.4 2.0

[
- o 3.0
2
o0
Q
o
oC
=
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L
¢ 0.6
=
I..._

Fig.4.6 A SEM photograph of grown mixtures when the flow
rates of AsHg is 0.4 or 2.0 sccm and the flow rates of Ho

bubbling TMG is 0.6 or 3.0 sccm.
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AsH3 Flow (sccm)

0.4 2.0

TMG Flow | 30 | 20pmh @7) | 1.3umh (1.7)

Pyl
(sccm) 0.6 1.2um/h (1.6) | 0.75 um/h (1)

Table IV. III Growth rates of GaAs: C mixtures when the flow
rates of AsHg is 0.4 or 2.0 sccm and the flow rates

of Hy bubbling TMG is 0.6 or 3.0 sccm.
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4. 3. 4. Electron Beam Current (Electron Beam Diameter)

In our electron beam gun system, electron beam current
density is a almost constant regardless of electron beam diameter
when we fix the acceleration voltage. Therefore, in order to
change total electron beam current, it is needed to change the
electron beam diameter. Fig. 4. 7 shows the grown mixtures with
various electron beam diameter, that is, various total electron
beam current. As shown in this figure, size of grown mixture
becomes large with the increase of the total electron beam
current. This result confirms that the decomposition of source

materials are enhanced by the electron beam.

4. 3. 5. Kind of Substrates

This selective growth has no substrates dependence; GaAs:
C mixtures are grown on regardless of kind of substrates such as
semi-insulated GaAs substrate, epitaxial grown GaAs layer, n-
type Si substrate and SiOg film deposited on GaAs substrate. This
fact suggests that generation of electrons or holes by the electron
beam irradiation inside the substrates is not a dominant
mechanism for the growth and, in addition, that the grown

crystal is not mono-crystalline but polycrystalline or amorphous.
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Fig. 4.7 A SEM photograph of the grown mixtures with
various electron beam diameter, that is, various total
electron beam current.
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4. 4. Growth Mechanisms

On the basis of our experimental results, we investigate
growth mechanisms of this selective growth [92]-[95],

First, we discuss a thermal effect due to the electron beam
irradiation. We consider that the thermal effect is not dominant
because of three following reasons: (1) If the thermal effect is
dominant, the size of grown mixtures should be larger than that
obtained in our experiments because of thermal conduction of the
substrate. (2) The growth rate at high temperature should be
higher than that at low temperature if the thermal effect is
dominant, however, our experimental results show the opposite
tendency. (3) We have also achieved the selective growth when
we irradiate the electron beam by the pulse mode whose duty
ratio is about 25 %. Therefore, we need to investigate other
mechanisms for this selective growth.

In our experiments, supplied AsHg onto the substrate has
been already decomposed into As atoms or molecules in the
cracking cell. Therefore, it is reasonable to assume that the role of
the electron beam irradiation is to decompose TMG into Ga
atoms. Now, three kinds of effects of the electron beam for
decomposition of TMG are possible: (1) TMG adsorbed onto the
substrate is decomposed by the irradiated electrons, (2) TMG
adsorbed onto the substrate is decomposed by the electrons or
holes generated in the substrate by the electron beam irradiation,
and (3) TMG in the vapor phase is decomposed by the electron

beam. The second mechanism is excluded because the selective
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growth occurs regardless of kind of substrates. If the third one is
dominant, size of the grown structure should be much larger
than that obtained in our experiments because decomposed Ga
atoms are diffused in vapor phase with long diffusion length.
Consequently, the first effect is the most possible mechanism for
the decomposition of TMG. This mechanism is illustrated in
Fig. 4. 8: First, supplied TMG is absorbed onto the substrate
surface, then adsorbed TMG is decomposed by the irradiated
electron beam and, finally, Ga atoms generated from TMG
decomposition reacts to As atoms or molecules generated by the
cracking of AsHg, resulting in the formation of GaAs mixture. In
the process of decomposition, carbon is generated due to the
completely decomposition of TMG and this carbon is

incorporated into the GaAs mixture.
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TMG Electron Beam

As

Substrate

Fig. 4.8 The illustration of the growth mechanisms. First,
supplied TMG is absorbed onto the substrate surface,
then adsorbed TMG is decomposed by the irradiated
electron beam and, finally, Ga atoms generated from
TMG decomposition reacts to As atoms or molecules
generated by the cracking of AsHg, resulting in the

formation of GaAs mixture.
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4.5. Selective Growth by Pulse Mode Supply of Source Materials

We have also demonstrated selective growth by pulse mode
supply of source materials [42]-[47] In these experiments we
supply the source materials with time sequences shown in
Figs. 4. 9 (a), (b) and (c), while the electron beam is continuously
irradiated at a spot. Between the supplying source materials such
as AsHg and TMG, we supply Hy gas in order to purge AsHg or
TMG from the chamber. Substrate temperature is 300 °C and
AsHg is cracked at 1000 °C. Fig. 4. 10 shows a grown dot
structure in the case of (a). On the other hand, in the cases of (b)
and (c) no growth is achieved. These results indicate that this
selective growth can be achieved, only when we supply both AsHj
and TMG, but even when the time interval exists between AsHjg
supply and TMG supply. On the basis of our results, desorption
time of Ga or TMG from the substrate surface can be considered
to be longer than 15 sec. Our results suggest potentiality for
applying this selective growth technique to atomic layer epitaxy
(ALE) growth. |
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Fig. 4.9 Time sequences of the pulse mode supply of source

materials. Between the supplying source materials
such as AsH3s and TMG, we supply Hy gas in order to

purge AsHg or TMG. The electron beam is irradiated

continuously at a spot.
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Fig. 4. 10 A SEM photograph of a grown dot structure in the
case of Fig. 4. 9 (a). In this case, AsHjy is cracked at

1000 °C and substrate temperature is 300 °C.
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4.6. Concluding Remarks

In Chapter IV, we demonstrated a novel selective growth
technique using in situ irradiation of the electron beam for the
purpose to fabricate the quantum microstructures. The results
show successful fabrication of quasi-quantum wire structures
whose width is as narrow as 300 nm and dot structures. Auger
electron spectroscopy measurements confirm that these grown
structures are GaAs: C mixtures. We also discuss the growth
mechanisms of this selective growth, showing that the electron
beam irradiation affects the decomposition of TMG adsorbed onto
the substrate surface. Although our results are still at
preliminary stage, this selective growth has various potentiality

for fabrication of quantum microstructures.
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Chapter V In situ Selective Growth Using
Contamination Resists

5. 1. Growth Processes

In this chapter, we report the in situ selective growth using
contamination resists [96], [97] in EBI-MOCVD system. The time
sequence for this growth is shown in Fig. 5. 1; they are (1)
electron beam irradiation onto the substrate surface to form
contamination resists at room temperature, (2) heating the
substrate up to 700 °C for thermal cleaning for a few minutes, (3)
setting the growth temperature, (4) supplying the source
materials and crystal growth, and (5) cooling down to room
temperature. We continuously supply AsHs cracked at 1000°C
durlng heating to avoid the desorption of As atoms from the
substrate surface. Using this procedure, semiconductor crystals
are selectively fabricated after forming contamination resist
without exposing the sample to the air. This method is one of the

in situ selective growth processes.
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Thermal
Cleaning
700 °C
‘Crystal Growth
Growth Temperature
Electron Beam Growth Growth
Irradiation Start End
R.T.
Beam On Beam Off

Fig.5.1 Time sequence for in situ selective growth using

contamination resists.
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5. 2. Formation of Contamination Resists by Electron Beam

Fig. 5. 2 shows a selective growth achieved by this process
sequence. The electron beam irradiated area is about
20 pm x 20 um. The source materials used are AsHg cracked at
1000 °C and TMG. The substrate temperature is 500 °C and
growth time is 1 hour. As shown in this scanning electron
microscope (SEM) photograph, the GaAs crystal is grown outside
of the electron beam irradiated area. The grown crystal formed
outside of the region where the electron beam is irradiated is
confirmed to be the mono-crystalline by means of the observation

of the electron channeling pattern.
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(a) (b)

GaAs Crystal

Fig. 5.2 (a) A SEM photograph and (b) an illustration of the

electron irradiated area in the selective ungrowth
when AsHg cracked at 1000 °C and TMG are supplied

at 500 °C substrate temperature.
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5. 3. Fabrication of GaAs Wire Structures

This selective growth technique is applied to fabricate
quantum wire structures using the method illustrated in
Fig. 5. 3. First, we irradiate the electron beam onto separated
regions of the substrate surface in order to form contamination
resists ‘without supplying source materials, then the crystal
growth is performed. Fig. 5. 4 shows a successfully fabricated
GaAs quasi-quantum wire structure using this technique. The
wire width is as narrow as 700 nm. The dimension of the wire
demonstrated here is still large compared to the dimensions
which can achieve real quantum confinement. However, we
believe that this technology has the potential for forming
quantum wires and boxes by scanning the electron beam on the

substrate just before the growth.
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Electron Beam Irradiation

\AAJ

\AAJ

\ //éubstrate

Crystal Growth
of Microstructures

| Fig. 5.3 Fabrication method using in situ patterning before the
growth method for quantum wires.
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Fig. 5.4 A SEM photograph of the GaAs quasi-quantum wire
structure fabricated by this selective growth
technique. The wire width is as narrow as 700 nm.
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5. 4. Elemental Analysis of Contamination Resists

To analyze elements of the contamination resists, we used a
micro Auger electron spectroscopy technique. Fig. 5. 5 shows
Auger electron spectroscopies from the substrate surface in (a)
the ungrown area and (b) the crystal growth area. The vertical
axis is normalized by a peak value in each figure. As shown in
these figures, a strong carbon peak is observed from the ungrown
area surface compared to the crystal growth area. In addition, it
is observed that in the depth profile of each area as shown in
Fig. 5. 6 or Fig. 5. 7, carbon only exists within 10 A which
corres.ponds to a few mono-layers from the substrate surface.
The oxygen peak is also observed in both surfaces with the same
intensities. They decrease within the range of 10 A, which is
similar to the carbon peaks. On the other hand, in the
spectroscopy after sputtering about 200 A from the surface, both
carbon and oxygen peaks completely disappear and only gallium
and arsenic peaks are observed (Fig. 5. 8). Therefore, we can
conclude that the selective ungrowth in the regioh where the
electron beam is irradiated results from the contamination resists

consisting of carbon whose thickness is thinner than 10 A.
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Fig. 5.5 AES's from the substrate surface in (a) the ungrown
area and (b) crystal growth area. A vertical axis is
normalized by a peak value in each figure. As shown
in these figures, a strong carbon peak is observed from

the ungrown area surface compared with the crystal
growth area.
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Fig. 5.6 Depth profile of the ungrown area.

160




Chapter V In situ Selective Growth Using Contamination Resists

Atomic Concentration (%)

Fig. 5.7 Depth profile of the crystal growth area.
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As
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Crystal Growth Area Ga
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Kinetic Energy (eV)

Fig.5.8 AES's from the substrate after sputtering about 200 A

in (a) the ungrown area and (b) crystal growth area.
As shown in these figures, both carbon and oxygen
peaks completely disappear and only gallium and
arsenic peaks are observed.
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5. 5. Formation Mechanisms of Contamination Resists

The ungrown area width is plotted as a function of the
acceleration voltage is shown in Fig. 5. 9, when the electron beam
is scanned by the line scanning mode. As shown in this figure, the
ungrown area width becomes narrower with the decrease of the
acceleration voltage. On the other hand, the electron beam
diameter should be much smaller than 0.1 um and it becomes
smaller with the increase of the acceleration voltage. Therefore,
this ungrown area width is not determined by the electron beam
diameter. A possible mechanism that opposes the acceleration
voltage like Fig. 5. 9 is the back scattering effects of electrons or
generated electron-hole pairs. Therefore, our result suggests that
a possible factor which forms this carbon contamination resist is
these back scattering effects of electron or generated electron-

hole pairs.
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Fig. 5.9 The ungrown area width as a function of the
acceleration voltage when the electron beam is
scanned by the line scanning mode.
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5. 6. Concluding Remarks

In Chapter V, we demonstrated an in situ processes for the
fabrication technology of semiconductor microstructures
combining the contamination resists formed by the electron beam
irradiation and MOCVD method. The results show successful
fabrication of a GaAs quasi-quantum wire structure whose width
is as narrow as 700 nm. These techniques lead to potential
applications to the fabrication of semiconductor structures with

real multi-quantum confinement effects.
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Chapter VI Summary of Part I

In Part I, we reported the successful fabrication of GaAs
wire structures by an electron beam induced selective growth
technique in a metalorganic chemical vapor deposition
(MOCVD) system.

We demonstrated a novel selective growth technique using
in situ irradiation of the electron beam in the EBI-MOCVD
system for the purpose to fabricate the quantum microstructures.
The results show successful fabrication of GaAs quasi-quantum
wire structures whose width is as narrow as 300 nm. In addition,
we discuss the growth mechanisms of this selective growth,
showing that the electron beam irradiation affects the
decomposition of TMG adsorbed onto the substrate surface.

We also demonstrated an in situ processes for the
fabrication technology of semiconductor microstructures
combining the contamination resists formed by the electron beam
irradiation and MOCVD method. The results show successful
fabrication of GaAs quasi-quantum wire structures whose width
1s as narrow as 700 nm.

Although our results are still at preliminary stage, these
techniques lead to potential applications to the fabrication of
semiconductor quantum microstructures with real multi-

confinements effects.
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Part II Theoretical Analysis of Lasing Character-
1stics in Quantum Microstructure Lasers

Abstract

Theoretical analysis of lasing characteristics in
quantum microstructure lasers such as QW, QW W,‘ and

QWSB lasers are investigated.

We discuss the substrate-orientation on lasing
properties of QW lasers using the tight binding method,
showing the importance to choose the substrate-
orientation while considering which lasing property
should be improved for a given application.

We also discuss lasing characteristics of quantum
wel box (QWB) lasers theoretically. The results indicate

‘that many lasing properties are significantly improved
by using QWB structures but that the size fluctuation of
the QWB structures affects the reduction of the lasing

characteristics.

In addition, we discuss nonlinear gain effects in
quantum microstructure lasers theoretically. The
results indicate the nonlinear gain is enhanced with the

increase of the dimensionality of quantum confinement.
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Chapter VII Introduction of Part II

The ability to fabricate quantum well (QW) devices has
given rise to new optical and electronics devices as well as to new
physical phenomena [98]. Since the first investigation of optical
properties in quantum wells by Dingle et al. (3], the application of
quantum well structures to semiconductor laser diodes [4], [5] has
received considerable attention because of physical interest as
well as its superior characteristics, such as low threshold current
density [6], [7], low temperature dependence of threshold
current [8]-[10], lasing wavelength tunability, and excellent
dynamic properties [111-[13], By controlling the width of the
quantum wells, one can modify the electron and hole
wavefunctions, which leads to the modulation of material
parameters. The choice of substrate-orientation on which the
quantum well structures are grown also leads the modulation of
material parameters such as electron or hole effective mass. This
results in improvements of the laser characteristics, as well as
introduction of new concepts to semiconductor optical devices.

In addition, quantum well wire (QWW) and quantum well
box (QWB) structures as well as quantum well structures are
received great attention from both physical and technical view
points [12], though it is difficult to fabricate QWW and QWB
structures at present stage [59]-[66], Moreover, these quantum

microstructure devices are expected to be nonlinear optical
devices [57], [58],
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In Part II, the theoretical analysis of lasing characteristics
in quantum microstructure lasers such as QW, QWW, and QWB
lasers are investigated.

In Chapter VII the orientation dependence of lasing
characteristics in quantum well lasers are discussed using tight
binding method to calculate band structures.

In Chapter VII, the lasing characteristics in QWB lasers
are described to clarify the achievable limits of semiconductor
lasers.

In Chapter X, optical nonlinear effects in quantum

microstructure lasers are discussed.
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Chapter VIII Orientation Dependence of Lasing
Characteristics in Quantum Well
Lasers

8. 1. Introduction

In semiconductor lasers, threshold current, relaxation
frequency, and o-parameter are important parameters for
practical applications. To improve these parameters,
modifications of the material using quantum well (QW)
structures have been proposed [11] and experimentally
demonstrated [99]. In these structures, the change in the density
of states from parabolic to step-like is significant. As an ultimate
structure, use of quantum wire or box structures was also
discussed [11]. In addition for modifying the density of states,
changing the effective mass as well as the nonparabolicity of the
dispersion curve has been discused using strained-layer
structures [1001-{108], There is, on the other hand, another way to
change the dispersion curve, including the effective mass by
choosing the substrate-orientation [109]-[121] In fact, it is well
known in a zinc-blende type crystal like GaAs that there exists an
asymmetry in the energy bands, especially in the heavy-hole
band.

There is experimental work (109]-{119] by Hayakawa, et al.
showing improved optical properties of excitons in GaAs QWs
grown on (111)-substrates as well as the achievement of lower
threshold currents in (111)-QW lasers compared with (100) QW
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lasers. The theoretical discussion about the valence band
structure and optical gain of (111)-QW lasers based on k«p
perturbation theory is reported by Batty, et al. [120] and it is
indicated that a reduction of threshold carrier density can be
achieved in (111)-QW lasers.

In this chapter, we theoretically discuss the asymmetry of
the energy band structures in the (100)- and (111)-QW planeé in
terms of the tight binding method [122]-[130] in order to analyze
the band structures more carefully. We also discuss the
orientation dependence of several lasing properties. The results
indicate that the in-plane effective masses are reduced in (111)-
QW lasers, which leads to a reduction of threshold current. These
results are consistent with the previous works [1091-[121], On the
other hand, the modulation dynamics and spectral properties are
degraded in (111)-QW lasers compared to (100)-QW lasers. The
discussion here will reveal the importance of choosing the
substrate-orientation carefully considering which lasing

property is to be emphasized.
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8.2. Tight Binding Theory

In tight binding theory, we assume that electrons or holes
are strongly bound to each atom which consists of crystal
lattice [122]-(130], Therefore, electron (or hole) wave functions are
assumed to be expressed by linear combination of atomic orbitals

of each atoms such as s-, p,-, Dy- Or p,- orbitals. By using this

assumption, the electron wave function w can be expressed as

=22 Ch (8-1)
noj

where n and j are labels indicating position of atom and atomic

orbitals of each atom, respectively, and 1,15{1 is a wave function of an
atomic orbital labeled by n and j. C}L 1s a constant of the linear
combination. In the tight binding theory, finding these C}l 's is

main issue in order to determine y and a procedure using
Hamiltonian matrix formula is very useful. Eigen vectors and
eigen values of Hamiltonian matrix whose elements are
expressed by <!//J{L | H | 1//;:1> and so on correspond to C; 's of the

wave functions and energies of electrons, respectively.

<y/J'-1 |H | w,’en > is determined by parameter fitting for the bulk

band structures considering the place of each atom and

interactions between the orbitals of atoms. Here, we use first
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neighborhood approximation, in which one orbital only interacts

with orbitals of its neighboring atoms.
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8. 3. Energy Band Structures

Fig. 8. 1 and Fig. 8. 2 show the conduction and valence band
structures near the I" point, respectively, of (100)- and (111)-
QWs calculated by the tight binding method. In this calculation, a
GaAs QW sandwiched by AlGaAs layers grown on (100) or (111)
planes is assumed. Note that the in-plane wave vector &/ is
normalized by 27/ a, where the lattice constant a of GaAs (100) or
(111) is 5.66 A or 6.53 A, respectively. We assume that the GaAs
QW thickness is 50 A, which corresponds to 18 or 15 atomic
layers for (100) or (111)-orientation, respectively. As shown in
Fig. 8. 1 and Fig. 8. 2, there is strong dependence of the dispersion
curves on the substrate-orientation especially in the valence
band, which leads to a difference in the in-plane effective mass.

We summarize the estimated effective masses in
Table VIII. I. In Table VIII. I, m | is the normal effective mass
which is estimated from the quantum energy level by fitting with
a simple particle-in-a-box model, m/ is the in-plane effective
mass estimated from the E-k; dispersion curve and mg is the
mass of an electron in vacuum. As indicated in this table,
concerning the normal effective masses only the heavy hole has a
significant dependence on the substrate-orientation. However,
this difference in the normal effective masses only causes a
change in the band gap energy, (i.e., the lasing wavelength). On
the other hand, the change in the in-plane effective mass my,
directly influences the band-to-band transition properties. Since

there is a strong dependence of m/ on the substrate-orientation,
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showing all three in-plane effective masses are reduced in the
QWs on (111)-orientated substrates, the densities of states of
(111)—QWS become smaller than that of (100)-QWs, which leads
to significant changes in lasing properties such as threshold

current and modulation dynamics.
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Fig. 8.1 Conduction band structure near I" point in (100)- and
(111)-QWs.
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Fig. 8.2 Valence band structure near I' point for (100)- and
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m,/m

m,/m,

h.h.

l.h.

h.h.

.h.

(100)

0.053

0.30

0.070

0.081

0.097

0.83

(111)

0.050

0.59

0.078

0.060

0.060

0.45

Table VIII. I Estimated effective masses for both conduction

and valence bands using the curves in Figs. 8. 1
and 8. 2.
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8.4. Orientation Dependence of Gain Properties

Lasing properties of (100)- and (111)-QW lasers are
calculated using the energy band structures shown in Fig. 8.1
and Fig. 8. 2. The modal gain as a function of the injected carrier
density in a single QW (SQW) laser grown on (100) or (111)
oriented substrate is shown in Fig. 8. 3. As shown in this figure,
the (111)-SQW laser has higher modal gain than the (100)-SQW
laser with the same carrier density, which results in lower
threshold carrier density in the (111)-SQW laser than in the
(100)-SQW laser. This is due to the smaller in-plane effective
mass, that is, smaller density of states in the (111)-SQW

structure.

Fig. 8. 4 shows the modal gain of a SQW laser as a function
of the injected current. The results indicate lower injected
current can achieve the same modal gain in the (111)-SQW laser
compared to the (100)-SQW laser due to the smaller density of
states caused by the smaller in-plane effective mass, which is
consistent with previous work [109]-(121], Since (111)-QW lasers
have a smaller density of states, the gain flattening effect, which
causes an increase of the threshold current, is more significant
than in (100)-QW lasers. However, this problem can be solved by

using multi-QW structures, which suggests that it is important to

~control the number of QWs in conjunction with the substrate-

orientation.
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Fig. 8.3 Modal gain as a function of the injected carrier
density in (100)- and (111)-SQW lasers
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Fig. 8.4 Modal gain as a function of the injected current
density in (100)- and (111)-SQW lasers
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8. 5. Differential Gain Properties

In this section, we discuss the differential gain properties
which is very important parameter to determine modulation
dynamics. Fig. 8. 5 shows the differential gain as a function of the
modal gain in (100) and (111) SQW lasers. The differential gain
g’ is defined as the derivative of the gain g with respect to carrier

concentration rn as following equation:

(8-2)

0
]
Vi

Higher differential gain leads to an improvement of the
modulation dynamics. As shown in the figure, the differential
gain of the (111)-SQW laser is‘ smaller compared to that of the
(100)-SQW laser. This is also due to the reduced in-plane
effective masses of (111)-SQW lasers. This result indicates that
QW structures grown on (111)-substrates are not as effective
compared to QW lasers on (100) substrates in order to enhance
the modulation bandwidth.
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Fig. 8.5 Differential gain as a function of the modal gain of
(100)- and (111)-SQW lasers.
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8. 6. Spectral Properties

In semiconductor lasers, the spectral linewidth Av is
enhanced by a factor (1+a?) as compared to the Schawlow-
Townes linewidth Avgy, which expresses the spectral linewidth in
conventional gas or solid state lasers. a is referred to as the

linewidth enhancement factor defined as following equation:

*= oy lon - (89

where ¥r and y; are the real and imaginary part of the complex
susceptibility, respectively, and n is the carrier density. Fig. 8. 6
shows the substrate-orientation dependence of the linewidth
enhancement factor « as a function of the modal gain in the
(100)- and (111)-SQW lasers. Unless a quite low total loss is
achieved, or a large number of QWs is used, the « of the (111)-
SQW laser is worse than that of the (100)-SQW laser. This result
is also due to the reduction of the in-plane effective masses of the
(111)-SQW laser.




Linewidth Enhancement

Chapter VIII Orientation Dependence

- dnm-GaAs/Alg ,Gag gAs
2.8 SQW Lasers

(111)

’2.0-| | T 1 TR | I
10 0 10 20 30 40 50

Modal Gain (cm™)

Fig. 8.6 Linewidth enhancement factor « as a function of the
modal gain of (100)- and (111)-SQW lasers.
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8. 7. Effective Masses

In this section, we discuss the well thickness dependence of
the normal effective masses m | and the in-plane effective masses
my, in the (100)- and (111)-planes. Fig. 8. 7 shows the m s of (a)
electron and (b) heavy-hole in the (100)- and (111)-planes as a

function of quantum well thickness. In this figure, all masses are
normalized by the (100) bulk electron effective mass m _;_(100). As

shown in this figure, m's of both electron and heavy-hole
increase with the increase of the quantum well thickness.
Though the difference of the normal effective masses affect the
quantized energy levels, that is, lasing wavelengths, it is not
important for the lasing dynamics.

Fig. 8. 8 shows the m//'s of (a) electron and (b) heavy-hole in
the (100)- and (111)-planes as a function of the quantum well
thickness. As is shown in this figure, all of the m//s increase with
decreasing well thickness. However, it is indicated that the my of
the heavy-hole in the (100)-plane has a strong dependence on
well thickness, but that in the (111)-plane, the m/ of the heavy-
hole hardly depends on the well thickness.

The ratio of in-plane effective masses of electron and heavy-
hole plotted as» a function of the quantum well thickness is shown
in Fig. 8. 9. In (111)-plane the ratio gets near 1 with decrease of
the quantum well thickness in contrast to the ratio in (100)-
plane. In general, heavy in-plane effective mass leads to the
increase of carrier density at the transparency and threshold

current and also leads to the suppression of the gain flattening
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effect. On the other hand, the balance of effective masses of
electron and heavy-hole leads to the reduction of carrier density
at the transparency and threshold current. The gain properties
in (100) and (111) SQW lasers are plotted as a function of the
injected current density in Figs. 8. 10 (a) and (b), which indicate
that the gain property is improved in thin SQW lasers and that
this improvement is more remarkable in (111) SQW lasers
because the less dependence of m;/* A (111) on the quantum well
thickness and the good balance of electron and heavy-hole
masses. Thus, the orientation dependence of the lasing properties
caused by the asymmetry of the in-plane effective masses should

be more enhanced in thinner quantum well structures.
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8. 8. Concluding Remarks

In Chapter VIII, we have investigated the effects of the
substrate-orientation on lasing properties of QW lasers using the
tight binding method to calculate the band structures. As a result,
the threshold current density in (111)-QW lasers can be reduced
compared to (100)-QW lasers. On the other hand, the modulation
dynamics and spectral properties are degraded in (111)-QW
lasers. These results are due to the reduction of the in-plane
effective masses of the QWs grown on (111)-orientated substrate.
It is important to choose the substrate-orientation while
considering which lasing property is to be improved for a given

application.
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Chapter IX Lasing Characteristics in Quantum
Well Box Lasers

9. 1. Introduction

Recent progress of direct write lithograph technology
combined with epitaxial growth technology for quantum well
materials leads to the possibility of realizing quantum well wire
(QWW) and quantum well box (QWB) structures. In 1982,
Arakawa and Sakaki proposed use of arrays of QWW and QWB
as the active layer of a semiconductor laser [10], Preliminary
theoretical studies have discussed threshold current
characteristics (70, [71], modulation bandwidth [11] and spectral
properties [131] in QWB lasers, noise characteristics in QWB
amplifiers [72] and line shape functions in QWB structures [73],
The QWB effects in the semiconductor lasers are also
experimentally demonstrated by placing a quantum well laser in
a high magnetic field in which the QWB structures are
simulated [131]-[133], However, achievable limits of those
characteristics due to the QWB effect have not been clarified
sufficiently [134],

The purpose of this chapter is to discuss the achievable
limits of the lasing characteristics due to the QWB effects
quantitatively, emphasizing the importance of controlling the
number of QWBs in the active layer. The results indicate the
possibility of achieving threshold current as low as 1 pA, wider

modulation bandwidth and higher coherency than those of
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double heterostructure (DH), QW and QWW lasers. In addition,
the modulation doping effects in the QWB lasers is investigated,
which leads to further improvements of lasing characteristics.
Lastly, influence of the size fluctuation of the QWB structures on

the lasing characteristics is discussed.
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9. 2. Concept and Modeling of Quantum Well Box Lasers

With reduction of dimensionality of electron-motion
freedom in QW, QWW, and QWB structures, the density of states
changes from a parabolic function to a step-like function, a
reciprocal of square-root function, and a delta-function,
respectively, having less broadened density of states. Fig. 9. 1
shows a simple illustration of those structures together with the
configurations of the density of states. _

In a QWB structure, the density of states (per unit energy

and box) of electrons is given by

peEY=2 D, 8(E —Ej,—E,, —Ep), (9-1)

k,m,n

where Ep, E,,,, and E,, are the quantized energy levels of a QWB
structure in x, y, and z directions, respectively. If we assume a
structure consisting of cubic GaAs/AlGaAs QWBs with a
dimension of L,, energy levels {E}i=k,m,n are expressed by the
following equation, where the barrier height in the potential
profile is assﬁmed to be infinite:

Ei=2mc,i (Lz) (9-2)

where m ; is the effective mass of electrons along the i-axis.

When higher subband energy levels in both conduction band and
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valence band are ignored, the electronic state is equivalent to that
of two-levels atomic systems. Therefore, the basic properties of
the QWB lasers should be coincide with those of gas lasers.

In the actual devices, injection efficiency of carriers is
important. If the QWBs are completely isolated, the injection of
carriers into each QWB is difficult. Therefore, in order to realize
high injection efficiency of carriers, the tunneling effect between
each QWB should be utilized, while keeping the QWB effects. For
this purpose, the barrier thickness is designed carefully so that

the tunneling time 7 satisfies following relations:
Ty >> Tp >> Tjp, | (9-3)

where 7, and 7;,, are the recombination lifetime and the
intraband relaxation time, respectively. The first unequal relation
implies that the tunneling time should be short compared to the
recombination time so that carrier injection occurs sufficiently
before the carrier recombination. On the other hand, the second
unequal relation implies that the tunneling time should be long
enough so that the broadening effect in the gain profile due to this
tunneling effect can be negligibly small compared to the

intraband relaxation effect.
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Fig. 9.1 A simple illustration of those structures together with
the configurations of the density of states.
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9. 3. Gain Properties and Threshold Current

Since the density of states has a peaked structure, the gain
profile g(E) of the semiconductor lasers having QWB structures
is extremely narrow. The expression of g(E) for the QWB laser is
given by the following equation if the Lorentzian energy

broadening due to the intraband relaxation is assumed:

hlty,
(B/1;p)? + (E - Ey, — E,y, — E,)?

(9-4)

gE)=2 ) A

k,m,n

where A is a constant proportional to the matrix element. If
higher subbands can be ignored, the gain profile of this laser is
very narrow. Therefore, importance of Fermi statics in shaping
the gain profile is reduced in the QWB structures. This property
results in extremely low threshold current and extremely wide
modulation bandwidth. Note that the dipole matrix element of
the electron-hole pairs in the QWBs is equal to that in the DH
structures since both structures are isotropic structures.

Fig. 9. 2 shows the modal gain (i. e., the bulk gain multiplied
by the optical confinement factor I'), plotted as a function of the
injected current for various numbers of QWBs. In the
calculation, it is assumed that the QWB structure has GaAs cubic
active layers of 50 A, sandwiched by AlGaAs barriers of 50 A.
Since higher subbands effects are almost suppressed in QWB

structures with 50 A, the lasing characteristics in this laser
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exhibit achievable limit. In fact, the lasing characteristics of the
QWRB lasers with larger dimension are inferior to those with 50 A
dimensions. The cavity length of the laser is 300 um and 7;,, is
0.2 psec. It is assumed that all carriers are injected into the active
region, ignoring non-radiative effects such as the carrier leakage
effect. For simplicity, in the direction of the cavity length, the
active layer is filled with the QWBs sandwiched by the barriers.
Therefore, the controllable parameter concerning the total
number of QWBs is the number of two-dimensional QWB arrays
N in the plane which is perpendicular to the direction of the
cavity length. It is also assumed that the laser has a separate
confinement structure in which optical confinement regions
surround the QWB active region, so that I" can be assumed to be
proportional to N.

Since the gain saturates with the increase of the injected
current, as shown in Fig. 9. 2, there exists an optimum N for
minimizing the threshold current. If, for instance, the modal gain
is 100 cm1, the optimum N is about 10, which results in a
threshold current of about 25 pA. Note that the value of the
threshold current strongly depends on the intraband relaxation
time and the configuration of the‘ broadening function. If the
broadening function is a Gaussian function, the gain value is
enhanced, leading to lower threshold current.

Fig. 9. 3 shows the threshold current plotted as a function of
the cavity length for various reflection coefficients R on the basis

of the gain properties in Fig. 9. 2. As shown in the figure, there
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exists the optimum cavity length to minimize threshold current
for each R. The results indicate that an extremely low threshold
current, as low as 1 pA, might be obtained with ~ 1 pm cavity
length for R = 0.9. This value is much smaller than in QW lasers,
in which the expected lowest threshold current is about 100 UA.
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9. 4. Modulation Dynamics

Modulation characteristics are very important for practical
application of semiconductor lasers to high-speed optical
communication systems. The important parameter for the

modulation bandwidth is the relaxation resonant frequency £,

which can be derived by conventional rate equations. The result is

"P
fr=\JE2 (9-5)
P

where Py, Tp, and g’ are the stationary photon density in the
cavity, the photon lifetime, and the differential gain (. e., g =
c?g/c?n, where n is the carrier density), respectively. Eq. (9-5)
indicates that increase of g’ or Py, and decrease of 7, leads to
enhancement of f,.. In the QWB laser, we can expect that g'is
greatly enhanced compared to DH lasers since the gain profile is
extremely narrow. Therefore, use of the QWB structure in the
semiconductor lasers leads to ultra high-speed modulation.

Fig. 9. 4 shows g’ of the QWB laser plotted as a function of
the quasi-Fermi energy level &fc which is measured on the basis
of the quasi-Fermi energy level &4, at which the transparent
condition is satisfied. For comparison, g's of the QW laser and the
QWW laser are also plotted. The results indicate two important
features. The first one is that g’ is enhanced in QWB lasers
compared to QWW lasers by a factor of three and to QW lasers by

a factor of ten, if low quasi-Fermi energy level 1s chosen by
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increasing the number of QWBs. In this case, the maximum
value of g’ in a QWB lasers reached over 7 x 102 cm3s-1. The
second one is that g’ is strongly dependent on the quasi-Fermi
energy level, which is more pronounced with the decrease of the
dimension of electron motion freedom. Owing to this fact, the
wide modulation bandwidth can be achieved by increasing N,
since the quési~Fermi energy at the lasing conditions becomes
lower with larger N. As a result, the modulation bandwidth f;. of
the QWB laser is about three times as high as that of the QW

laser and six times as high as that of a DH laser.
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9. 5. Spectral Properties

Coherency is one of important characteristics in laser
properties. In semiconductor lasers spectral linewidth Av is
broadened by a factor of (1+a2?) compared to well-known

Schawlow-Townes spectral linewidth Avgy as followings;

Av = Avgp (1+02) , (9-6)
V.2hvIgR, n
Avgp =& Mfo m Tsp_ (9-7)
8)5R/8n
0= Ton (9-8)

where Vg, hv, T, g, R,,, P and ngp are the group velocity, photon
energy, optical confinement factor, bulk gain coefficient, mirror
loss, output power intensity and spontaneous emission factor,
respectively. yr and y; are the real and imaginary part of the
complex susceptibility, respectively, and n is the carrier density.
This o is called as the linewidth enhancement factor.
Denominator of Eq.(9-8) corresponds to differential gain
discussed in Section 9. 4. In DH lasers the wavelength that gives
the maximum of denominator of Eq. (9-8) does not coincide the
wavelength that gives the minimum of numerator of Eq. (9-8).
Actually, measured || in DH laser is 2~7. On the other hand,
QWB lasers can be considered to be two-levels lasers if higher

subbands can be neglected. In the two-levels lasers the

a1
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wavelength which gives the maximum of denominator of Eq. (9-
8) completely coincides the wavelength that gives the minimum
of numerator of Eq. (9-8). Therefore, it is expected that « in QWB
lasers becomes almost zero and that Av is narrowed to AvsT.

Fig. 9. 5 shows calculated |al's in QW, QWW and QWB
lasers as a function of the quasi-Fermi energy level Efc—Etrans- As
shown in this figure, | «l in QWB lasers is almost zero when Efe—
Etrans 18 low, which indicates the high coherency of QWB lasers.
On the other hand, | ol in QWB lasers drastically increases with
the increase of &r—&q,s above 150 meV. This is due to the higher
subbands effects in QWB lasers. These results indicate that quasi-
Fermi energy at the operating point of QWB lasers should be low,
and that, therefore, it is needed to increase the number of QWB's.

As indicated in Egs. (9-6) and (9-7), spectral linewidth Av is
proportional to ng, (1+02). Fig. 9. 6 shows a, ngp and ngy, (1+02) in
QWB lasers as a function of quasi-Fermi energy level Ec—Etrans-
As shown in this figure, there exists an optimal point to minimize
the spectral linewidth, which indicates that it is important to
design the number of QWB's in order to realize the narrowest

spectral linewidth.
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9. 6. Modulation Doping Effects

Recently use of the modulation dopes structures in QW
lasers has been proposed and demonstrated experimentally [135],
It is predicted that lasing properties are improved by using p-
modulation doped structures. In these modulation doped
structures, the acceptors are doped in the barrier layers so that
the hole density can be changed without causing broadening if
the energy levels of electrons in the QWBs on the basis a simple
model. In this section, we discuss briefly the modulation doping
effect on the modulation characteristics of QWB lasers.

Fig. 9. 7 shows the differential gain plotted as a function of
the doping level, where the doping level is normalized by the
number of QWBs. As shown in this figure, the differential géin
strongly depends on the doping level, where the threshold modal
gain and N are assumed to be 85 em! and 10, respectively.The
result indicates that the modulation doping of acceptors in QWBs
leads to further improvement in the lasing characteristics,
showing that g’ is enhanced by a factor of three in the highly
doped QWB laser compared to undoped QWB lasers.

However, the calculated results also indicate that the
maximal value of the differential gain which is given by the
quasi-Fermi energy level with the transparency condition is not
dependent in the doping levels. Consequently, if the necessary
gain is much smaller and large number QWBs is prepared in the

active layer, the advantage of the modulation doping effects
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disappears. In addition, more careful discussion might be

required for utilizing the modulation effects in the QWB lasers.
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9.7. Size Fluctuation Effects on Lasing Characteristics

There have been some reports on the fabrication of the
QWW structures and QWB structures. However, at the present
stage, this fabrication still involves difficult problems to be solved.
The first one is to fabricate fine structures with smaller size. In
fact, fabrication of smaller structures with less than 300 A are
very difficult at present. In addition, even if thisk problem is
overcome, the size fluctuation problems still exists. With the
decrease of cubic dimensions, this factor becomes mire important.
The size fluctuation is equivalent to inhomogeneous broadening
in the gain profile which reduces high gain effects. In fact, the
size fluctuation leads to the energy broadening of the quantized
levels.

Fig. 9. 8 shows g’ plotted as a function of & = AL,/L, for L, =
50 A, where L, is the average dimension of the cubic QWBs and
AL, is the standard deviation of L, due to the size fluctuation. In
this calculation the size fluctuation effects are included by
considering the Lorentzian broadening in the gain profile due to
both the intraband relaxation time and this size fluctuation. The
result indicates that g’ decreases drastically with the increase of &,
demonstrating the importance of fabricating uniform QWB

structures.
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9. 8. Concluding Remarks

In Chapter IX, we investigated lasing characteristics of
GaAs/AlGaAs semiconductor lasers having QWB structures
theoretically. The results indicate that threshold current,
modulation dynamics and spectral properties are significantly
improved by carefully controlling the total number of QWBs as

well as quantum box dimensions. Furthermore, effects of the

- modulation doping and the size fluctuation on the lasing

characteristics are also discussed. At present it is still difficult to
realize these 'QWB lasers. However, in the near future we might
achieve such fine-structure lasers since the fabrication
technology is progressing very rapidly. For more careful
discussion of those lasing characteristics, we have to clarify
several parameters such as the intraband relaxation time and

the configuration of the gain broadéning function.
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Chapter X Optical Nonlinear Effects in Quantum
Microstructure Lasers

10. 1. Introduction

Investigation of nonlinear gain in semiconductor lasers is
important since those properties play important roles in certain
laser characteristics such as modulation dynamics [57], (136]-[139],
laser amplification[58], and phase conjugate wave
generation [140]. Recently, the nonlinear gain effects in
semiconductor lasers were experimentally discussed [1411-[143] Ag
the main mechanisms for the gain nonlinearity, the spectral hole
burning, spatial hole burning, and carrier heating have been so
far discussed [144]-{152]. Among these mechanisms, the spectral
hole burning is the most intrinsic mechanism which directly
reflects the quantum confinement effect of electrons.

In this chapter, we present the nonlinear gain effects due to
the spectral hole burning in QW, quantum well wire (QWW),
and quantum well box (QWB) lasers theoretically. As a result, it is
found that the gain nonlinearity is enhanced by the quantum-
confinement of carriers and is further enhanced in the QWW
and QWB lasers. These nonlinear gain effects significantly affect
the modulation dynamics of the semiconductor lasers under high
photon density condition. It should be emphasized here that not
only the damping rate but also the resonant relaxation frequency
is degraded through reduction of the differential gain. We also

discuss the effects of nonlinear gain on the spectral dynamics.
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The result indicates that the gain nonlinearity causes
enhancement of the linewidth enhancement factor « with the
increase of the photon density, which leads to the spectral re-
broadening under high photon density conditions.

In Section 10. 2, formulation of the nonlinear gain in the
semiconductor lasers is summarized. In Section 10. 3, the
nonlinear gain properties in QW lasers are discussed including
modulation dynamics and spectral properties. In Section 10. 4,

the nonlinear gain in QWW and QWB lasers are investigated.
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10.2. Theory of Nonlinear Gain Effects

The gain coefficient including the nonlinear gain effects is
calculated using the third order perturbation theory of the
density matrix equations [146], (149], In our analysis the nonlinear
gain is assumed to be due to the spectral hole burning. The
diagonal elements of the density matrix Pxx (x = ¢, v) with the
consideration of the single mode spectral hole burning is

expressed as

Pz = Fxx + OPxx (10-1)

where f,, is a quasi-Fermi distribution and d6p,, is a local
deviation of the carrier population from fxx due to the spectral
hole burning. Here, ¢ and v mean the conduction band and
valence band, respectively. On the other hand, the off-diagonal

element of the density matrix p,,(t )is expressed as
Pev(t ) = pey(@) exp-im t ) . (10-2)
Substituting Egs. (10-1) and (10-2) into the rate equations of the

density matrix in the saturation state we obtain the following

approximate solutions:

Pev(@) =F -1 Mey (Fee + 0pce — fou — Opyy)
X Lo— o) Ho) U, ' (10-3)
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5pxx=iT1yh'2 lMch2 (Fee = £ vo) Li{® — ay)
x [ H0)12 U2, (x,y=c,v), (10-4)

where M., £(w - w¢y), L1(® — 0.,), E(w ), and U are the
transition dipole moment, the complex lineshape function, its
imaginary part, mode amplitude, and normalized spatial
distribution function, respectively. By substituting Eqgs. (10-1)-
(10-4) into the rate equations of density matrix again, the
complex susceptibility y is obtained. By considering linear
dependence of y on | £ |2, the nonlinear gain g (E, n, P) of the
semiconductor lasers at the photon energy E (=% ®) can be

approximately obtained as follows:
g, n,P)=g;(E,n)(1-€e(E, n)P), (10-5)

where g; (E, n), n, and € (E, n) are the linear gain coefficient,
carrier density, and the nonlinear coefficient, respectively. P is
the photon density which is equal to | 5@ )12. The nonlinear gain

coefficient ¢ (E, n) is given by:

Ax :
ek, n) :g_l 2 2 _[ an,j (Eep) 4DnJ(Ecv)
n=1j=l, h

X (fee = fov) le (E-Eg)dEy , (10-6)

where E,D,J(E ), and M n, j (E) are the photon energy, the
reduced density of states for n;, subband with light hole ( J=10)or
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heavy hole (j=4), and the matrix element, respectively. A is a
constant. As shown in this equation, € (E, n) includes the density
of states D (E). Therefore, the increase of the quantum
confinement of carriers in QW, QWW, and QWB lasers leads to
the change in the nonlinear gain compared with conventional
doublehetero (DH) lasers.

There have been many discussions on the shape of Lj(E —
E;y). If we assume Markovian Process in the carrier dephasing
effect, the Lj(E - E.,) can be expressed by the Lorentzian

Function as follows:

w1t
(E-Eg)? + (B /,)? 7

L(E - E,) =7rl (10-7)

where 7;, is the intraband relaxation time. As discussed in
separate papers, the lineshape function becomes Gaussian-like
function if the effect of nonmarkovian process is
considered [153], [154], In the discussion of this chapter, however,
we will assume ;(E — E.,) can be expressed by this Lorentzian

Function.
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10.3. Nonlinear Gain Effects in Quantum Well Lasers

10. 3. 1. Gain Properties

Since Eq. (10-6) includes the density of states, the nonlinear
gain should be strongly affected by the quantum confinement
effect. Fig. 10. 1 shows the nonlinear gain coefficient ¢ as a
function of quantum well thickness in GaAs/AlGaAs and
InGaAsP/InP quantum well lasers at modal gain of 50 cmL. This
figure indicates that the nonlinear gain effect is enhanced with
the decrease of quantum well thickness, which means the
quantum confinement effect enhances the gain nonlinearity.
This figure also indicates that the nonlinear gain effect in
GaAs/AlGaAs quantum well lasers is slightly stronger than that
in InGaAsP/InP quantum well lasers, which results from the
difference of band parameters summarized in Table X. I. In this
calculation the intraband relaxation time T;n 18 assumed to be
0.1 psec.

The gain nonlinearity can be controlled by designing the
number of QWs to some extent. Fig. 10. 2 shows the nonlinear
gain coefficient ¢ as a function of linear bulk gain coefficient g in
InGaAsP/InP QW lasers with QW thickness Lz of 50, 100, and
1000A. As indicated in Fig. 10. 2, the nonlinear gain coefficient
becomes larger with the decrease of the bulk gain (i.e., the Fermi-
energy level). At the lasing condition the total loss is equal to the
modal gain which is defined by the bulk gain multiplied by optical

confinement factor I'. Since I'is proportional to the number of
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QWs, we can control the Fermi-energy level (i.e., the carrier
concentration or the bulk gain) by designing the number of QWs
‘through the change in I Therefore, multi-QW (MQW) lasers
need lower bulk gain at the lasing condition than single-QW
(SQW) lasers, because the value of gain which is required in each
well is lower in the MQW lasers. Therefore, the nonlinearity in
the MQW lasers is stronger than that in the SQW laser. Thus, we
can control the nonlinear gain effects by designing the number of
QWs. Note that it is due to the limitation of the perturbation
theory used in this discussion that e (E, n) seems to increase
towards infinity with the decrease of the linear bulk gain

coefficient .
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Fig. 10.1 Nonlinear gain coefficient e as a function of quantum
well thickness in GaAs/AlGaAs and InGaAsP/InP
QW lasers.
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Mg /Mg | My, Imo | my, /mo | AEs(meV) | AE, (mevV)

Alp.3Gag 7As/GaAs 0.067 | 0.45 | 0.082 240 160

|no_saGao'AaASo.gPoJ/|nP 0.045 0.44 0.057 210 340

Table X. I Material parameters used in this calculation in
GaAs/AlGaAs and InGaAsP/InP heterostructures.
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Fig. 10.2 Nonlinear gain coefficient £ as a function of linear
bulk gain coefficient g; in InGaAsP/InP QW lasers

with quantum well thickness Lz equal to 50, 100, and
1000 A,

110




Chapter X Optical Nonlinear Effects

10. 3. 2.. Modulation Dynamics

In this section, we discuss the modulation dynamics using

the following rate equations:

dP
ar =8 — oss ) P + Ry (10-8)
dn J n_

where I, joss, Rgp, J, €,d and 7, are the optical confinement
factor, the cavity loss, the rate of spontaneous emission into the
lasing mode, the injection current density, the elementary
charge, the active layer thickness, and the carrier life time,
respectively. In the small signal analysis the resonant relaxation
frequency f, and the damping rate I r are calculated as
follows [151];

1
£2 2 2{(—1—+ragpo>ag Po+rNrp} (10-10)
(27)
Ip=IN+1Ip, (10-11)
1 /1)
Ty=ro+ 5 10 +3 Po, (10-12)
R dg
__—Sb =%
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where 17, is the photon life time. In Egs. (10-10)-(10-13), suffix 0
means the value in the steady states. As shown in Egs. (10-10)
and (10-13), the differential gain g' (= dg/ on ) is very important
parameter to determine the resonant relaxation frequency and
the damping rate. If we neglect the term of damping effects such
as I'y and I'p, the resonant relaxation frequency f. can be
rewritten from Eq.(10-10) as the generally used form
fr = 127 g x Py / 1. Eqs. (10-10)-(10-13) indicates that, even if

the gain nonlinearity is included, higher differential gain g’ still

leads to higher resonant relaxation frequency .

It is now well known that the differential gain g’ is
enhanced with the decrease of QW thickness, if the nonlinear
gain effects is ignored [11], However, we should note that the
nonlinear gain effect also causes reduction of the differential gain
itself. Fig. 10. 3 shows g’ as a function of the photon density P in a
InGaAsP/InP 50 A-QW laser compared with a doublehetero
(DH) laser. In this calculation the intraband relaxation time Tin 18
assumed to be 0.1 psec. Here, the photon density of 1 x 1016 ¢cm3,
for instance, corresponds to the output power of about 200 mW
from a semiconductor laser with 1 um? beam at the facet. This
result clearly indicates that the differential gain g’ in each laser is
suppressed with the increase of Py due to the nonlinear gain
effects. In addition, the degree of the suppression is larger in the
50 A-QW laser compared with the DH laser, which results from

enhanced gain nonlinearity with the increase of the quantum
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confinement of carriers. As a result, the modulation dynamics in
QW lasers would be more suppressed than that in DH lasers.

Fig. 10. 4 shows the resonant relaxation frequency £, in the
50 A-InGaAsP/InP QW laser as a function of the square root of
the photon density \/7’ calculated using Eqgs. (10-10)-(10-13). As
shown in this figure, f, has a saturation tendency with the
increase of the photon density due to the nonlinear gain effects.
On the other hand, 3dB bandwidth f34p , which is very important
on the discussion of the modulation bandwidth of the
semiconductor lasers, f34p is also affected by the nonlinear gain
effects. In Fig. 10. 4, f34p estimated from the calculated frequency
response is additionally plotted. As shown in Fig. 10. 4, f345 is
suppressed with the increase of the photon density as same as f,
but f34p is always slightly higher than f,., which indicates that the
modulation bandwidth discussed based on f35p is wider than
based on f;. The damping rate I'; also increases according to the
increase of the photon density as shown in Fig. 10. 5. This result is
consistent with the previous reported results [141], [143], [152] In
Fig. 10. 5, K-factor defined by K = I'p/f,2 is also plotted. The result
shows that K-factor becomes almost constant regardless to the
photon density. Therefore, the widely-used assumption that K is a
constant is proved to be almost correct.

Next, the QW thickness dependence of f, is discussed.
Fig. 10. 6 shows £, in 50 A, 100 A, and 600 A InGaAsP/InP QW
lasers. In general, the thin QW lasers have higher differential

gain. However, the nonlinear gain is also enhanced in thinner
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QW lasers. The calculation results including these effect shown
in Fig. 10. 6 indicates that f,. in 50 A QW laser is still the highest of

‘all, which indicates that the effect of the high differential gain is

dominant compared with the nonlinearity in this case. Fig. 10. 7
shows the damping rates in the same lasers in Fig. 10. 6. As
shown in this figure, the damping rate in thinner quantum well
laser is higher than that in thick quantum well lasers, which
indicates that the nonlinearity is enhanced in thinner quantum
well lasers.

Then dependence of f;. on the optical confinement factor I'is
discussed. Fig. 10. 8 shows £, in 50 A InGaAsP/InP QW lasers
with various number of QWs. Since larger I' leads to lower
threshold bulk gain, the differential gain is higher and the
nonlinearity is stronger with large number of QW's, that is, large
I'. Fig. 10. 8 shows that f; increases with the increase of I', which
indicates again that the effect of the high differential gain is
dominant compared with the nonlinear gain effect.

In these calculations, the intraband relaxation time 7;, is
assumed to be constant. Therefore, dependence of fr on 1, should
be also notified. Longer 7;, enhances both the differential gain
and the gain nonlinearity under the single mode operation
because the gain broadening is suppressed. Fig. 10. 9 shows fr
with various 1, for 50 A QW lasers. This result shows that £, is
reduced with the increase of 7;,,, which indicates that the effect of
the nonlinearity is more dominant compared with the the

enhanced enhanced differential gain in this case. For more
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rigorous discussion, dependence of 7;,, on the QW structure
should be considered.

Fig. 10. 10 (a) and (b) show frequency responses in 200 A
and 50 A QW lasers, respectively, with two kinds of photon
density. As shown in these figures, in both lasers the frequency

response is damped at high photon density condition.
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Fig. 10. 3 Calculated differential gain g’ as a function of photon
density P in a InGaAsP/InP 50 A-QW laser
compared with a doublehetero (DH) laser.
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Fig. 10.4 Calculated resonant relaxation frequency f, and 3dB
bandwidth f3;p in the 50 A-InGaAsP/InP QW laser

as a function of square root of photon density \P.

117



Chapter X Optical Nonlinear Effects

(&)
o
~

A
I

O

w

w

o
N
K factor (nsec)

—r

Damping Rate (x10''s™)
N

o

E 2 1' 30
(Photon Density)2
(x108m™2)

Fig. 10.5 Damping rate I'p and K-factor in 50 A-InGaAsP/InP

QW laser as a function of square root of photon
density VP.

118




50

40

30

f.(GHz)

20

Fig. 10.6 Calculated fr as a function of square root of photon
density\/I—’ in InGaAsP/InP lasers with various well

10

Chapter X Optical Nonlinear Effects

| Ing.58Gag 42As0.9Pg.1/INP

50A x 12

- 100A x 6

600A x 1

Tin=0.1psec
] 1

0 1 2 3

1
(Photon Density)2

(x108m™2)

thickness.

119




Chapter X Optical Nonlinear Effects

» 5
— t Ino.s8Gap.42As0.9Po.1/INP
o _
© 4
< T
O 3 o
© | 100A x 6
£ |
£ I 600A x 1
Q q}
CD% 0 [ rinl=0.1psec
0 1 2 3

3

VP (x10%m2)

Fig. 10. 7 Damping rates as a function of square root of photon
density\/—l-’ in InGaAsP/InP lasers with various well
thickness.
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Fig. 10. 8 f,.' as a function of square root of photon density VP in

50 A-InGaAsP/InP QW lasers with various number
of wells, that is, various optical confinement factor.
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Fig. 10. 10 Frequency responses in 200 A and 50 A QW lasers,
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10. 3. 3. Spectral Properties

The nonlinear gain effect also affects the spectral dynamics
of the semiconductor lasers. In the semiconductor lasers, the

spectral linewidth Av is enhanced by a factor of (1+02) compared

to the well-known Schawlow-Townes linewidth Avgy:

Av = Avgr (1+02) (10-14)
Vo2hvIgR,,n
Avgp =& 7r1§0 = (10-15)
axR/Qn
a=G e, (10-16)

where Vg, hv, I, g, Ry, Pg and nsp are the group velocity, photon
energy, optical confinement factor, bulk gain coefficient, mirror
loss, output power intensity and spontaneous emission factor,
respectively. ygp and y; are the real and imaginary part of the
complex susceptibility, respectively, and n is the carrier density.
This o is called as the linewidth enhancement factor.

Reduction of o due to the quantum confinement effect has
been theoret‘ically predicted [11] and experimentally
demonstrated. It should be noted, however, o is also affected by
the nonlinear gain effect since « includes the complex
susceptibility as indicated in Eq. (10-16) [150], Therefore, the gain
nonlinearity enhanced by the quantum confinement suppresses

the improvement of « in the QW lasers. Fig. 10. 11 shows
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calculated o as a function of the photon density at the fixed
carrier density in a InGaAsP/InP QW laser whose well thickness
is 50 A. The results shown in Fig. 10. 11 indicate that « increases
with the increase of photon density, which is caused by the
nonlinear gain effect. The increase of o is mainly due to the
reduction of dy;/dn which is a denominator of Eq. (10-16). Since
the gain coefficient is proportional to y;, this reduction of dy;/on
corresponds to the reduction of differential gain due to the
nonlinear gain effect discussed above (in Fig. 10. 3).

The increase of o due to the nonlinear gain effect leads to
the degradation of lasing properties such as frequency chirping
and spectral linewidth. If o is a constant regardless of the photon
density P, the spectral linewidth Av should be inversely
proportional to P. However, since o depends on P due to the gain
nonlinearity, Av under a high photon density condition should be
larger than Av without considering the nonlinear gain effect.
Fig. 10. 12 shows Aw = nsp(1+a2)/P, which is proportional to the
spectral linewidth Av, as a function of inverse output power in
50 A-InGaAsP/InP QW lasers. For comparison, Aw of a
conventional DH laser is also indicated. As shown in this figure,
the broadening of spectral linewidth under the high power output
condition occurs in both lasers. Though the nonlineér gain effect
is enhanced in the QW laser, its effect on the spectral broadening
effect is still stronger in the DH laser. This is due to the fact that
the spectral linewidth depends on o which is much larger in the
DH laser than that in the QW laser.
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Fig. 10. 11 Calculated linewidth enhancement factor |l as a
function of photon density P in a InGaAsP/InP 50 A-
QW laser compared with a doublehetero (DH) laser.
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Fig. 10.12 Aw = Nsp (1+02)/P as a function of inverse of output
power in InGaAsP/InP 50 A-QW and DH lasers.
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10.4. Nonlinear Gain Effects in Quantum Well Wire and
Quantum Well Box

10. 4. 1. Nonlinear Gain Coefficients

In this section, the nonlinear gain effects in QWW and
QWB are discussed. Here, we assume the GaAs/AlGaAs QWW
and QWB lasers. Table X. I shows the band parameters of
GaAs/AlGaAs heterostructures used in this calculation compared
with InGaAsP/InP heterostructures. In spite of the difference of
the band parameters, the calculated results indicate that the
nonlinear gain coefficient € (E, n) in GaAs/AlGaAs lasers is almost
same as in InGaAsP/InP lasers. Fig. 10. 13 shows the nonlinear
gain coefficient £ as a function of quantum well thickness in QW,
QWW, and QWB lasers. As shown in this figure, the gain
nonlinearity is enhanced with the decrease of quantum well
thickness and the increase of the dimensionality of quantum
confinements. Fig. 10. 14 shows the nonlinear gain coefficient ¢
plotted as a function of linear bulk gain coefficient g1 of
GaAs/AlGaAs QW, QWW, and QWB lasers. The nonlinear gain
effect which results from reduction of the inverted carrier
population is enhanced in the QWW and QWB lasers compared
to the QW lasers. This is due to the fact that the nonlinear gain
effect is enhanced with the increase of the degree to which the
homogeneous broadening nature is pronounced in the laser
systems. In the QWB structures, as well known, the §-function-

like density of states leads to complete homogeneous broadening,
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which results in enhancement of the gain nonlinearity. As shown
in both Fig. 10. 13 and Fig. 10. 14, the QWB lasers have the
largest value of ¢, which demonstrates the nonlinear gain effect is
enhanced with the increase of the dimensionality of the quantum
confinement. Such dependence on the dimensionality of quantum
confinement can be explained as follows: In the single mode
theory, the width of spectral hole burning is determined by a
factor % /1;,. In the QW lasers, the carrier distribution width is
much wider than this factor % /T, and in the QWW lasers, the
carrier distribution width is rather wider than % /Tin. On the
other hand, in the QWB lasers, the carrier distribution is &-
function-like. Therefore, the gain spectral width is the exact
same as 7 /7;,. As a result, in the QWB lasers, the spectral hole
burning directly affects the saturation of gain properties.

Fig. 10. 14 also indicates that the nonlinearity in the QWW
and QWB lasers becomes stronger owing to the decrease of the
bulk gain, which is as same as in the QW lasers. Therefore, we
can also control the nonlinear gain effects by designing the

number of quantum well wires or boxes.
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Fig. 10. 13 Nonlinear gain coefficient & as a function of
quantum well thickness in QW, QWW, and QWB

lasers.

130




Chapter X Optical Nonlinear Effects

4.0
GaAs/AlGaAs
——~ 30 B
o™
-
&
o 20F
:>.</ QWB
WW
¥ o10r >
QW
0.0 —
0 500 1000

Bulk Gain (cm-1)

Fig. 10. 14 Nonlinear gain coefficient £ as a function of linear
bulk gain coefficient g; of GaAs/AlGaAs QW, QWW,

and QWB lasers.
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10. 4. 2. Modulation Dynamics and Spectral Properties

Fig. 10. 15 shows the differential gain as a function of
photon density in QW, QWW and QWB lasers, which indicates
that the suppression of the differential gain due to the nonlinear
gain effects is most remarkable in QWB laser but the differential
gain in QWB laser is still higher than those in QW and QWW
lasers. The calculated resonant relaxation frequency f, using
Eq. (10-10) in the GaAs/AlGaAs QW, QWW, and QWB lasers as a
function of square root of the photon density with considering the
nonlinear gain effects is shown in Fig. 10. 16. The well thickness
of each laser is assumed to be 50 A. The results indicate that frin
the QWB laser is still higher than those in QW and QWW lasers
though the QWB laser has the strongest nonlinear gain effects of
all. Therefore, the enhancement of the differential gain due to the
multi-quantum confinement is still dominant for the modulation
dynamics compared with the enhancement of the nonlinear gain
effect. |

It has been expected that a-parameter of 50 A-
GaAs/AlGaAs QWB lasers is almost zero, because the QWB lasers
can be considered as two-energy levels lasers. However, if the
nonlinear gain effect is included, o-parameter increases with the
increases of the photon density, which significantly degrades the
spectral properties under high photon density condition as shown
in Fig. 10. 17. It is indicated that the increase of « due to the

nonlinear gain effects is most remarkable in the QWB lasers.
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Fig. 10. 16 Calculated resonant relaxation frequency f, as a

function of square root of photon density VP in
GaAs/AlGaAs QW, QWW, and QWB lasers. The
well thickness of each laser is assumed to be 50 A.
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Fig. 10. 17 Calculated linewidth enhancement factor | al as a
function of photon density in 50 A-GaAs/AlGaAs
QW, QWW, and QWB lasers.
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10. 4. 3. Intraband Relaxation Time Dependence

In the discussion above of this section the intraband
relaxation time 7;, is assumed to be 0.1 psec. However, in the
QWB structures, since the energy levels are completely discrete
because of three dimensional quantum confinement, an intra-
band relaxation process becomes just same as an inter-subbands
transition process. Therefore, the intraband relaxation time 1;, in
QWB structures can be expected to become longer than in other
structures. We investigate 7;,, dependence of the nonlinear gain
coefficient in the QWB lasers. As shown in Fig. 10. 18, the
nonlinear gain coefficient drastically increases, that is, the
nonlinearity is enhanced with the increase of 7;,,. Thus, in the
QWB lasers the nonlinear gain effect may be more enhanced
than discussed above caused by the increase of the intraband

relaxation time.
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Fig. 10. 18 Nonlinear gain coefficient & as a function of
intraband relaxation time <7;, in a 50 A-

" GaAs/AlGaAs QWB laser.
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10. 5. Concluding Remarks

We investigate the nonlinear gain effect in GaAs/AlGaAs
and InGaAsP/InP QW, QWW, and QWB lasers theoretically,
considering design of QW structures for improving lasing
characteristics. The results indicate that the nonlinear gain is
enhanced with the increase of the quantum confinement effect
and its dimensionality. It is also shown that the gain nonlinearity
can be controlled by choosing the number of QWs. Using these
result, modulation dynamics and spectral properties are
discussed, indicating that the nonlinear gain significantly affects

these lasing characteristics.

138



Chapter XI Summary of Part II

Chapter XI Summary of Part II

In Part II, we reported the theoretical analysis of lasing
characteristics in quantum microstructure lasers such as
quantum well (QW), quantum well wire (QWW), and quantum
well box (QWB) lasers.

We investigated effects of the substrate-orientation on
lasing properties of QW lasers using the tight binding method. As
a result, the threshold current density in (111)-QW lasers can be
reduced compared to (100)-QW lasers. On the other hand, the
modulation dynamics and spectral properties are degraded in
(111)-QW lasers. These results are due to the reduction of the in-
plane effective masses of the QWs grown on (111)-orientated
substrate. It is important to choose the substrate-orientation
while considering which lasing property should be improved for a
given application.

We also investigated lasing characteristics of GaAs/AlGaAs
semiconductor lasers having QWB structures theoretically. The
results indicate that threshold current, modulation dynamics and
spectral properties are significantly improved by carefully
controlling the total number of QWBs as well as quantum box
dimensions. Furthermore, effects of the modulation doping and
the size fluctuation on the lasing characteristics are also
discussed.

In addition, we investigated nonlinear gain effects in
GaAs/AlGaAs and InGaAsP/InP QW, QWW, and QWB lasers
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theoretically, considering design of QW structures for lmproving
lasing characteristics. The results indicate the nonlinear gain is
enhanced with the increase of the quantum confinement. It is
also shown that the gain nonlinearity can be controlled by
choosing the number of QWs. Using these result, modulation
dynamics and spectral properties are discussed indicating that
the nonlinear gain significantly affects these lasing

characteristics.
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Chapter XII Conclusions

In this thesis, the author has studied fabrication

technologies. and device physics of quantum microstructure

lasers.

In Part I, the successful fabrication of GaAs wire structures
by an electron beam induced selective growth technique in a
metalorganic chemical vapor deposition (MOCVD) system is
reported.

In Chapter IV, a novel selective growth technique using
in situ irradiation of the electron beam in the EBI-MOCVD
system for the purpose to fabricate the quantum microstructures
is demonstrated. The results show successful fabrication of GaAs
quasi-quantum wire structures whose width is as narrow as
300 nm and GaAs dot structures. In addition, we discuss the
growth mechanisms of this selective growth, showing that the
electron beam irradiation affects the decomposition of TMG
adsorbed onto the substrate surface.

In Chapter V, an in situ processes for the fabrication
technology of semiconductor microstructures combining the
contamination resists formed by the electron beam irradiation
and MOCVD method is demonstrated. The results show
successful fabrication of GaAs quasi-quantum wire structures
whose width is as narrow as 700 nm.

Although our results are still at preliminary stage, these

techniques lead to potential applications to the fabrication of
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semiconductor quantum microstructures with real multi-

confinements effects.

In Part II, the theoretical analysis of lasing characteristics
in quantum microstructure lasers such as quantum well (QW),
quantum well wire (QWW), and quantum well box (QWB) lasers
are reported.

In Chapter VIII, effects of the substrate-orientation on
lasing properties of QW lasers using the tight binding method is
theoretically analyzed. As a result, the threshold current density
in (111)-QW lasers can be reduced compared to (100)-QW lasers.
On the other hand, the modulation dynamics and spectral
properties are degraded in (111)-QW lasers. These results are
due to the reduction of the in-plane effective masses of the QWs
grown on (111)-orientated substrate. It is important to choose the
substrate-orientation while considering which lasing property
should be improved for a given application.

In Chapter IX, lasing characteristics of GaAs/AlGaAs
semiconductor lasers having QWB structures are theoretically |
analyzed. The results indicate that threshold current, modulation
dynamics and spectral properties are significantly improved by
carefully controlling the total number of QWBs as well as
quantum box dimensions. Furthermore, effects of the modulation
doping and the size fluctuation on the lasing characteristics are
also discussed.

In Chapter X, nonlinear gain effects in GaAs/AlGaAs and
InGaAsP/InP QW, QWW, and QWB lasers are theoretically
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analyzed, considering design of QW structures for Improving
lasing characteristics. The results indicate the nonlinear gain is
enhanced with the increase of the quantum confinement. It is
also shown that the gain nonlinearity can be controlled by
choosing the number of QWs. Using these result, modulation
dynamics and spectral properties are discussed indicating that
the nonlinear gain significantly affects these lasing

characteristics.

The author hopes that the present study contributes to the
applications to the fabrication technologies of quantum
microstructures and the fundamental understanding of the

physics in quantum microstructure lasers.
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