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Chapter I

Introduction

1.1 Background

First proposal of one-dimensional periodic potential or superlattice structures
was reported by L. Esaki and R. Tsu imn 1970 [1]. Such superlattice structures are
obtained by a periodic variation of alloy composition achieved during an epitaxial
growth of compound semiconductors because of advances in techniques of an
epitaxial growth with the precise controllability of a thin semiconductor layer growth.
Particularly, so far, molecular beam epitaxy (MBE) and metalorganic vapor phase
epitaxy (MOVPE) have been demonstrating the realization of semiconductor
heterostructures with atomically smooth interfaces and have made it possible to
realize new optical and electronic devices based on quantum mechanical effects.
These epitaxial growth methods, for example, have realized low-dimensional quantum
confinement structures, such as quantum well (QWL), quantum wires (QWRs) and
quantum dots (QDTs), which have the size of "well" regions being comparable to de
Broglie wavelength of electrons ( ~ 10nm).

In the last fifteen years, novel properties of the new devices based on quantum
confinement structures have been theoretically predicted and reported, for example, in
optical devices such as semiconductor lasers. To utilize quantum confinement
structures as an active layer of the semiconductor laser is very promising for the
improvement of its characteristics. The improvement in the temperature dependence
of threshold current by multi-dimensional quantum confinement structures [2], the
increase of gain in QWR lasers [3] and the increase of gain and the reduction of
threshold current density in QDT lasers [4] have been theoretically investigated and
predicted.

At the same time, many fabrication methods of low-dimensional quantum

confinement structures have been intensively investigated and reported so far. There



have been two main streams of the research on them. One is on the modification by ex
situ processes, such as an anisotropic reactive ion etching [5] and an ion beam
implantation [6], after the epitaxial growth of GaAs/AlGaAs QWL structures. The
other is on in situ formation of low-dimensional quantum confinement structures
during the epitaxial growth. Because the former method has a possibility to introduce
damages by etching or ion beam implantation processes to QWR and QDT regions, in
order to avoid such problems originated from the disordering of surfaces or interfaces,
the in situ formation methods have been more intensively investigated in the last
fourteen years. To my knowledge, there are five main streams of the investigations as
follows:

(1) Self-organization growth of QWR structures on vicinal [7-13] and high Miller
indices substrates [14,15], which have no patterns fabricated with any lithography
and etching techniques on the substrates.

(2) Growth on patterned non-planar substrates, which are patterned with lithography
and etching techniques before the epitaxial growth, for example, QWR structures
at the bottom of V-grooves [16,17] and on top of mesa structures [18,19] and
QDT structures at the bottom of tetrahedral-shaped recesses [20].

(3) Selective area growth of QDT [21-24] and QWR [25-28] structures on the masked
substrates, which have thin Si0, or Si;N, layers patterned with lithography and
etching techniques on semiconductor substrates, and QWR structures using native
oxide masks on a cleaved plane of a superlattice [29].

(4) Self-assembling formation of QDT [30-33] based on Stranski-Krastanov growth
mode or quantum disk [34] structures based on strain-driven spontaneous
reorganization in lattice-mismatched materials system especially on high Miller
indices substrates.

(5) T-shaped QWR [35,36] and QDT [37] structures formed by an overgrowth of
QWL layer on a cleaved surface of multi-QWL layers, which are exposed by in
situ cleavage.

These in situ formation methods, which are sometimes called “self-organization” or

“self-assemble”, are very promising for new optical and electronic device applications,



because it is possible to form high density nanometer-size quantum confinement
structures without the introduction of damages in quantum confinement regions of
electrons and holes by any artificial processes such as a lithography, an etching and an
ion implantation. Furthermore, the size and the density of such quantum structures can
be controlled only by adjusting the epitaxial growth conditions. Extremely small (~ 10
nm) and high density (10° ~ 10'° cm™) quantum structures and their narrow size
distribution (£ 10 %) can be realized with the in situ “self-organization” techniques. In
particular, for the fabrication of semiconductor lasers with very low threshold current
density and extremely narrow line width, three-dimensional island-like structures
formed during the epitaxial growth of lattice-mismatched materials system have been
intensively used to realize coherent zero-dimensional QDT structures [30-33], and,
actually, semiconductor lasers with these kinds of QDTs in their active regions have
been demonstrated [38-40]. However, for device applications, precise position-control
of quantum structures seems to need a further optimization of their fabrication
processes.

On vicinal substrates, the use of monoatomic and multiatomic steps has been
proposed and partially demonstrated to realize two-dimensional quantum confinement
structures such as QWRs. QWR structures using monoatomic steps on vicinal GaAs
(001) substrates, which are well known as a “lateral superlattice”, and are usually
called a “tilted superlattice (TSL)” or a “fractional layer superlattice (FLS)”, have
been formed by both MBE [7,9] and MOVPE [8], and their applications to “quantum
wire transistors” [41], “electron wave interference transistors” [42] and semiconductor
lasers [43,44] have been proposed and partially demonstrated. On the other hand,
QWR structures using multiatomic steps have also been demonstrated on vicinal
GaAs (001) surfaces by MOVPE [10], on vicinal GaAs (110) surfaces by gas source
MBE [11,12], on vicinal InP (001) surfaces by metalorganic molecular beam epitaxy
(MOMBE) [13], on GaAs (113)A surfaces, which have macro steps comprised of two
sets of high-index facets, by MBE [14] and on GaAs (775)B surfaces by MBE [15].
However, there have been only a few reports on the application of these kinds of

QWR structures or multiatomic steps to electronic devices such as “electron wave



interference transistors™ [45,46].

1.2 Objective of the Present Work

As described in the previous section, self-organization technologies in the
epitaxial growth are very important and promising for the fabrication of nanometer-
scale quantum confinement structures, because novel devices based on quantum
mechanical effects can be realized with such technology. Application of QWR
structures on vicinal substrates to semiconductor lasers has also been reported [43,44],
as well as other self-organized quantum structures.

Objectives of the present work are to fabricate QWR structures using GaAs
multiatomic steps grown on vicinal GaAs (001) substrates by MOVPE and to apply
them to the active regions of semiconductor laser diodes. The following specific
points are investigated in detail in the present work:

(1) Fabrication of GaAs/AlGaAs QWR structures on GaAs multiatomic steps and
investigation of their photoluminescence properties, as the first trial.

(2) Investigation of the improvement methods for GaAs and InGaAs QWR structures
using thin AlAs layers as lower barrier layers of QWRs on GaAs multiatomic
steps and coherent GaAs multiatomic steps grown on patterned vicinal GaAs
(001) substrates with a line and space pattern perpendicular to misorientation
direction of substrates.

(3) Investigation of growth mode transition in thin InGaAs layers on GaAs
multiatomic steps, their application to InGaAs/GaAs QWR structures and
investigation of their optical properties.

(4) Fabrication of laser diodes with InGaAs QWRs in their active regions by separate

confinement heterostructures and investigation of their characteristics.



1.3 Synopsis of Chapters

Following the introduction in this chapter, in chapter 2, preparation and
characterization methods of samples, which are multiatomic steps on vicinal GaAs
(001) substrates and QWR structures using such multiatomic steps, are described.
First of all, the growth system of MOVPE, which is used for the formation of
multiatomic steps and QWR structures in this works, is described. Secondly, step
bunching phenomenon on vicinal substrates for the multiatomic step formation, which
is very important phenomenon in the present works, is explained. Finally,
characterization methods of multiatomic steps and QWR structures are introduced.
Atomic force microscopy (AFM) for the surface observation and analysis of
multiatomic steps grown by MOVPE and optical characterization methods based on
photoluminescence (PL) measurement for quantum structures are explained.

In chapter 3, the formation of GaAs multiatomic steps on vicinal GaAs (001)
substrates and the fabrication of GaAs/AlGaAs QWR structures are investigated.
Using AFM, MOVPE grown surfaces on vicinal GaAs (001) substrates are observed.
Then, GaAs/AlGaAs QWR structures are characterized by transmission electron
microscopy and PL method. The results of PL measurements are also discussed by the
comparison with a simple theoretical calculation.

In chapter 4, as the improvement methods for size uniformity of GaAs QWR
structures, two specific attempts are introduced. GaAs QWR structures using thin
AlAs layers as lower barrier layers and GaAs/AlGaAs wire-like structures using GaAs
multiatomic steps on patterned vicinal GaAs (001) substrates are investigated. In the
former half of this chapter, thin AlAs layer surfaces on GaAs multiatomic steps are
characterized by AFM and optical characterization of AlGaAs/GaAs/AlAs QWR
structures are also investigated. In the latter half, as a control method for the
uniformity of step period, the straightness and the continuity of multiatomic steps,
GaAs multiatomic steps grown on patterned vicinal GaAs (001) substrates with a line
and space pattern perpendicular to misorientation direction of the substrates are

characterized by AFM. GaAs/AlGaAs wire-like structures using these multiatomic
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steps are also characterized by cathodoluminescence (CL) measurements.

In chapter 5, growth mode transition of thin InGaAs layers on GaAs multiatomic
steps and fabrication of InGaAs/GaAs QWR structures are investigated. First of all, it
is described that growth mode of a thin InGaAs layer on GaAs multiatomic steps
changes from the step flow growth mode to the mixture of three-dimensional island
formation mode and the step flow growth mode at the edge of GaAs multiatomic steps
by controlling of epitaxial growth conditions. Secondly, optical properties of
InGaAs/GaAs QWRs are also examined by PL, photoluminescence excitation (PLE)
and photoluminescence in magnetic fields (MPL) measurements. Finally, the
formation of coherent and straight InGaAs wire structures over more than thirty
micrometer regions on patterned vicinal GaAs (001) substrates are brefly
demonstrated.

In chapter 6, fabrication of laser diode using InGaAs QWRs, which are grown on
GaAs multiatomic steps on vicinal GaAs (001) substrates by MOVPE, in its active
region is investigated. After the introduction of sample preparation procedures for the
laser diode, electroluminescence (EL) properties of InGaAs QWRs by pulsed current
injections are examined and their pulsed laser operation are also demonstrated.

In chapter 7, the present works are summarized and the conclusions of the works

are described.
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Chapter II

Metalorganic Vapor Phase Epitaxial Growth and
Characterization Methods of Samples

2.1 Introduction

In this chapter, preparation and characterization methods of samples in the
present work are described. First, as an epitaxial growth method, metalorganic vapor
phase epitaxy (MOVPE), which is one of the most useful methods for the formation
of semiconductor heterostructures with atomically smooth interfaces, is used here. In
the latter half of this chapter, atomic force microscopy (AFM), which is used as a
surface characterization method of GaAs multiatomic steps grown by MOVPE, and
photoluminescence (PL) and other related methods, which are used as optical

characterization methods of QWRs, are briefly introduced.

2.2 Metalorganic Vapor Phase Epitaxy

As mentioned in the previous chapter, metalorganic vapor phase epitaxy
(MOVPE) is one of the most important and useful methods for the formation of
semiconductor heterostructures with atomically smooth interfaces. In MOVPE, in
other words, there is the advantage in the capability to control the uniformity of
epitaxially grown layer thickness over much larger area than MBE. In MBE, because
the epitaxial growth proceeds in ultra high vacuum, its growth mechanism and surface
reconstruction on semiconductor surfaces has been intensively investigated by in situ
growth monitoring with reflection high energy electron diffraction (RHEED) method
using electron beam. On the other hand, in MOVPE, there have never been useful
methods for in situ growth monitoring, because the epitaxial growth proceeds in vapor

phase. Recently, however, such in situ growth monitoring techniques in MOVPE, for
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example, reflectance-difference spectroscopy (RDS) [1] and surface photo-absorption
(SPA) [2], have been developed, and the surface reconstruction has been intensively
examined [3,4].

In MOVPE, organometallic compound source materials are introduced into a
reactor in vapor phase using a carrier gas. These organometallic compound materials
with alkyl radicals are usually used as source materials for III column elements,
because they have high vapor pressure, for example, trimethylaluminum (TMALI),
trimethylgallium (TMGa), triethylaluminum (TEAl), triethylgallium (TEGa) and
trimethylindium (TMIn). These are generally in liquid or solid phase at working
temperatures. Source materials for V column elements are usually hydride compounds
in gas phase, for example, arsine (AsH;), and AsH; (20 %) diluted with hydrogen (H,)
is used in the present work. As the alternative of AsH; in the future, the use of
tertiary-butylarsine (TBA) as source materials for V column elements has been
intensively investigated, because AsH; is too toxic. Mono-silane (SiH,) in gas phase is
a source material conventionally used for a n-type doping. In MOVPE, epitaxial
growth on semiconductor substrates proceeds with thermal decomposition of these
organometallic and hydride compound materials, and is dominated by the diffusion of
III column elements in a boundary layer over the semiconductor substrates. In
conventional MOVPE growth conditions, arsenic molecules (or atoms) in vapor phase
and the semiconductor surfaces in solid phase are in the equilibrium state.

In the present work, a horizontal low-pressure MOVPE system with the "reactor"
made of quartz glass was used. GaAs substrates used in the present work were set on a
"susceptor” made of carbon graphite, which was heated by radio frequency (RF)
during the epitaxial growth. H, was used as a carrier gas for source materials and the
total gas flow rate was maintained at 3.0 //min. The working pressure was 76 Torr (0.1
atm), and was automatically controlled to within £ 0.1 Torr during the epitaxial
growth. Before the MOVPE growth, all vicinal and singular GaAs (001) substrates
were cleaned and etched-by chemical solution to remove the contamination and oxides
of the crystal surfaces. In these processes, it is very important to etch the surfaces

slowly with an alkaline etchant, SemicoClean 23 of Furu-uchi Chemical Co., Ltd., so
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as the vicinal surfaces may not be disordered by etching.

2.3 Epitaxial Growth on Vicinal Surfaces

Vicinal substrates used in the present work are usually tilted from a
crystallographic direction of the semiconductor crystal surfaces with low Miller
indices to a certain direction. Figure 2.1 shows the crystal orientation around (001)
plane and the definition of vicinal (001) substrates. As shown in a side view of Fig.
2.1, “(001) misoriented by 5.0° toward the [-110] direction” means “(001) tilted by
5.0° toward (111)B plane”.

The surfaces of vicinal substrates are usually the set of steps with atomic height.
Such atomic steps are generally called as “monoatomic steps”, and the steps
assembling more than two monoatomic steps are called as “multiatomic steps”.
During the epitaxial growth on the vicinal substrates, these surface steps gather each
other, resulting in the formation of multiatomic steps with atomically flat terraces.
This phenomenon is well known as “step bunching”. Therefore, the relationship
between average step height, A, and average inter-step separation, A, is described by
the following equation; A = h-tan 6, where 6 is the misorientation angle of vicinal
substrates. Epitaxial growth on vicinal substrates is based on the assumption that
crystal surfaces have terraces, steps and kinks during a crystal growth. Three
processes can be distinguished: (1) atoms or molecules diffusing in vapor phase attach
on the crystal surfaces (adsorption), (2) ad-atoms or ad-molecules migrate on the
surfaces (surface migration), and (3) they are incorporated into the crystal
(incorporation). There are some ad-atoms or ad-molecules re-evaporated from the
surfaces (desorption), which do not contribute to the crystal growth.

There have been some reports on the formation of multiatomic steps on MOVPE
grown vicinal surfaceé [5-12]. Step bunching phenomenon has been observed, for

example, on as-grown GaAs surfaces [5-7, 10], as-grown InGaP surfaces [11], as-
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Fig. 2.1 Crystal orientation around (001) plane
and definition of vicinal (001) substrate.
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grown strained InGaAs surfaces [12] and GaAs surfaces annealed in AsHi/H,
ambience [8,9]. In some reports, the mechanism of step bunching was also discussed.
Although its universal mechanism has not been demonstrated yet, the migration of ad-
atoms during the epitaxial growth, that is, the kinetic motion of ad-atoms on the
surfaces seems to lead the monoatomic steps to the formation of multiatomic steps
[10,13]. Figure 2.2 shows a step bunching mechanism of the surface steps based on
Schwoebel's model [14,15]. Schwoebel proposed a simple model that the step
bunching phenomenon was driven by the anisotropy of the incorporation rates
between at the up-side and the down-side step sites for surface migrating ad-atoms.
When the incorporation rate at the up-side step sites is larger than that at the down-
side ones, the ordering of the inter-step separations occurs, and vice versa, the
formation of multiatomic steps, that is, the step bunching, occurs. These results have
been discussed by comparing theoretical results using a simple simulation with
experimental ones in MOVPE grown GaAs surfaces [13,16]. Recently, on the
MOVPE grown vicinal GaAs (001) surfaces, it has also been pointed out by the
investigations using an ultra high vacuum scanning electron microscopy (UHV-STM)
that the anisotropy in the incorporation rates of the surface migrating ad-atoms at the
step edges may be due to the partial disordering of the surface reconstruction near the
multiatomic step edges [17].

2.4 Characterization Methods

2.4.1 Atomic Force Microscopy

Atomic force microscopy (AFM), which is developed by G. Binning et al. in
1986 [18], has atomic scale resolution both horizontally and vertically, and is useful
for surface observation and analysis of nanometer-scale structures. It has an advantage

to characterize surfaces of non-conductive materials being different from the fact that
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scanning tunneling microscopy (STM) can be used only for the characterization of
conductive materials. Sample surfaces can be observed without any destruction of
surface structures, because AFM based on "van der Waals' force" between two atoms
can be used without physical contact with sample surfaces. It means that, when
scanning tips are engaged and sample surfaces are scanned, there is the repulsion
between two atoms, that is, an atom on the scanning tip and on the sample surface,
and the distance between two atoms is maintained.

In the present work, NanoScope II or Illa system of Digital Instruments Inc. are
used with pyramid-shaped Si;N, scanning tips. The initial calibration of the relative
positions between the sample surfaces and the tips is done by the reflection of laser
light from the back of scanning tips. The position of sample stage is controlled by
piezoelectric materials, while scanning the sample surfaces. In the scanning mode
used here, which is a constant force mode, the sample height is varied by the
piezoelectric stage so as to keep the repulsive force between the scanning tip and the

sample surface. All sample surfaces were scanned in air.

2.4.2 Optical Characterization

In this section, optical characterization methods for QWR structures are briefly
summarized. All measurement methods are related to luminescence produced by
radiative recombination of electrons and holes excited by light, electron beam or

current injection.

photoluminescence

Photoluminescence (PL) measurement is one of the most useful characterization
methods for optical properties of quantum structures without any physical contact
with samples and destruction of sample structures. PL is the optical radiation emitted
by a physical system resulting from excitation to a non-equilibrium state irradiation by

light. Three processes can be distinguished: (1) creation of electron-hole pairs by
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absorption of the exciting light, (2) radiative recombination of electron-hole pairs and
(3) escape of the recombination radiation from the samples.

In the present work, argon ion (Ar") laser and titanium sapphire (Ti:S) laser,
which is pumped by Ar™ laser, are used as excitation sources in PL measurements.
Excitation wavelength 1s 514.5 nm for an Ar™ laser and around 840 nm for a Ti:S laser.
All samples are usually set in the cryostats to keep the measurement temperatures.
Polarization anisotropy of PL is measured through a polarization filter in front of a
grating monochromator. To avoid the polarization sensitivity of the monochromator,
the direction of QWRs was tilted by 45° relative to the gating direction of the
monochromator. PL. measurement set-up is a standard system with a lock-in amplifier

and a light chopper.

photoluminescence excitation

In photoluminescence excitation (PLE) spectroscopy, by varying wavelengths of
the excitation source, emissions by radiative recombination of electron-hole pairs,
which are strongly depended on the absorption efficiency in a physical system for a
wavelength, can be measured. Therefore, PLE spectroscopy is useful to examine the
information of the energy band structures in materials. PLE spectroscopy has been
used in the investigation of lattice mismatched material systems and low-dimensional
quantum confinement structures, because PLE spectra, in particular, reflect the
valence band profile of such materials and structures.

Figure 2.3 shows the experimental set-up used for the characterization of
polarization anisotropy in QWRs. Ti:S laser, which can be varied from about 830 nm
to 990 nm in the wavelength range, is used as an excitation source for PLE
measurements of InGaAs/GaAs QWR structures. The double monochromator, whose
focal length is 100 mm, of JOBIN-YVON is used in order to reduce the incidence of
stray light to the detectors. Luminescence is detected by photo-multiplier tubes, R316
(S-1) of HAMAMATSU Photonics. The polarization state of the output of Ti:S laser is
realized with a depolarizer and a Glan-Thomson prism. To avoid the polarization

sensitivity of the monochromator, the direction of QWRs was tilted by 45° relative to
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the gating direction of the monochromator. Excitation power in each wavelength was

monitored by a power meter, while measuring PLE.

photoluminescence in magnetic fields

Luminescence measurements in magnetic fields have been carried out for QWR
structures fabricated by etching of GaAs/AlGaAs QWL [19,20]. PL peak energy
positions generally shift to the higher energy side depending on the increase of
magnetic fields, B, because of the formation of Landau levels in magnetic fields. Such
energy shift, AE, is usually called as a diamagnetic energy shift. AE is well fitted by
the parabolic relation to B of diamagnetic shift of excitons, that is, AE = B2, where B
is the diamagnetic coefficient. However, when the direction of biased magnetic fields
is parallel to the normal direction of QWL plane, and the in-plane lateral potential
barrier exists in QWL, the in-plane cyclotron oscillation of electrons is restrained by
the lateral potential. Therefore, PL characterization of QWR structures in magnetic
fields is useful to evaluate the lateral confinement effect of QWRs.

Figure 2.4 shows the experimental set-up used for the characterization of PL
properties of QWR structures in magnetic fields. Excitation light is introduced
through an optical fiber to the sample surface set in a superconducting magnet, and
luminescence also comes out through the same optical fiber. Biased magnetic fields
was up to 10 T. Samples are maintained by liquid helium (LHe) at 4.2 K, while

measuring,.

cathodoluminescence

In cathodoluminescence (CL), excitation source of electrons and holes is electron
beam. Therefore, quantum structures are measured by using facilities combined
optical systems such as mirrors and monochromator with a conventional scanning
electron microscope (SEM) in high vacuum. Sample holders are made of copper and
are cooled down by liquid helium. In the present work, a grating monochromator,
whose focal length is 300 mm, of OXFORD Instruments and other optical systems are
combined with JSM-5410 of JEOL Ltd. CL was measured at 4.2 K for taking their

19



// @ Optical fiber

[ J L ]
QWRs j Samples ‘ Beam splitter %
Z = Filter e=m=
. / T
LHe S
Superconducting magnet
i
%)
Monochromator fj
+
<
N

Fig. 2.4 Optical set-up for PL. measurements in magnetic fields.

20



spectra and spatial resolved luminescent images. Excitation electron beam energy and

current were 10 keV and 250 pA, respectively.

electroluminescence

In electroluminescence (EL), electrons and holes are excited by current injections.
When light-emitting diode (LED) structures with a p-n junction are positively biased,
spontaneous emission resulting from recombination of electrons and holes occurs. In
the present work, because the fabrication of laser diodes with InGaAs QWRs in their
active layers is a main purpose, a conventional separate confinement heterostructure
(SCH) is formed as p-n junction diode structures. It is well known that, in laser
structures with quantum confinement structures in active layers, optical confinement
factors decrease as the thickness of well layers in QWL getting thinner, and that, as a
result, threshold current densities increase. To increase optical distribution in active
layers, optical confinement layers, which have lower refractive indices than those of
carrier confinement layers, are formed outside carrier confinement layers in SCH.

EL measurement set-up is the same as a conventional set-up for PL
measurements other than the carrier excitation by current injection with a

pulse/function generator.
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Chapter IIT

Formation of GaAs Multiatomic Steps and GaAs
Quantum Wires

3.1 Introduction

The application of monoatomic and multiatomic steps formed on vicinal GaAs
substrates to the realization of two-dimensional quantum confinement structures has
been proposed and demonstrated. GaAs multiatomic steps were formed during
AlAs/GaAs multi-layer growth by MOVPE on vicinal GaAs (001) substrates
misoriented by 2.0°, as demonstrated by T. Fukui and H. Saito [1]. Such step
bunching phenomenon occurred not in AlAs layers but during GaAs layer growth
under the low AsHj; partial pressures. These results was explained by the difference of
surface migration length between Ga and Al ad-atoms, that is, the migration length of
Ga atoms 1s much larger than that of Al ones and the width of enlarged terraces. Step
bunching in the GaAs layers leads to their lateral in-plane thickness variations,
although the thickness of AlAs layers is always the same anywhere. These locally
thick areas might show strong one-dimensional characteristics if their lateral
dimension become comparable to de Broglie wavelength of electrons ( ~ 10 nm).

In this chapter, the formation of GaAs/AlGaAs QWR structures utilizing
multiatomic steps self-organized by MOVPE on vicinal GaAs (001) substrates. Cross-
sectional transmission electron microscope (TEM) images show the formation of
locally thick QWR structures at the edge of multiatomic steps. The observed PL peak
energy of QWRs shifts to the lower energy side, and the amount of the energy shift is

i good agreement with a simple numerical calculation.

3.2 Experimental Procedure
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A horizontal low-pressure MOVPE system was used with triethylaluminum
(TEAL), triethylgallium (TEGa) and AsHj; as the source materials. Vicinal GaAs (001)
substrates misoriented by 3.0° and 5.0° towards [-110] direction and a singular GaAs
(001) substrate were used. These three types of substrates were used in the same
growth run. AsH; partial pressures were 1.7 x 10™ atm for the GaAs buffer layer and
6.7 x 107 atm for the formation of GaAs QWR structures. The growth rate of GaAs
was fixed at 0.048 nm/s in order to enhance the migration of Ga atoms on the surfaces.
Vapor pressure ratio of (group V) / (group III) row materials, that is, V / III ratio was
62 for the GaAs QWR growth. The growth temperature was 600°C.

Figure 3.1 shows a schematic of GaAs QWR structures. First, a 68 nm-thick,
which corresponds to 40-period, a (AlAs); / (GaAs); superlattice buffer layer was
grown on the vicinal substrate in order to form monoatomic steps with nearly equal
spacing on the surface [2]. Next, a 300 nm-thick GaAs buffer layer was grown to form
equally spaced multiatomic steps. Details of multiatomic step formation processes and
mechanism were discussed elsewhere [3-6]. Thermal treatment in AsH, / H, ambience
was carried out for 30 min at 600 °C after the GaAs multiatomic steps formation in
order to make the edge of multiatomic steps straighter. These thermal treatment
effects have been observed on vicinal GaAs (001) surfaces grown by MOVPE [7].
Furthermore, in the thermal treatment, evaporation of Ga atoms might be rare, and
step bunching phenomenon on vicinal GaAs (001) surfaces during the thermal
treatment seems to be mainly caused by the migration of Ga atoms detached from the
step edges and their re-incorporation to the step edges [8]. Next, a single
GaAs/AlGaAs QWR structure was grown on the GaAs multiatomic steps. Average
thickness of QWL and AlGaAs lower and upper barrier layers grown on the vicinal
GaAs substrate were 4, 20 and 120nm, respectively, followed by a 10 nm-thick GaAs
cap layer growth. Aluminum contents of AlGaAs layers was about 0.32. A similar
GaAs/AlGaAs QWL structure was also grown on the singular (001) substrate as a
reference.

AFM was used for the characterization of surface morphologies in air. Cross-

sectional images of the QWR and QWL structures were characterized by a
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Fig. 3.1 Schematic of GaAs/AlGaAs quantum wire structures
on GaAs multiatomic steps.
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transmission electron microscopy (TEM). These cross-sectional TEM images were
taken with JEM-3010 at 300kV. The optical properties of QWR structures on the

multiatomic steps were measured by PL at 20K, using an Ar” laser.

3.3 Formation of GaAs Multiatomic Steps om Vicinal GaAs (001) Surfaces

In order to obtain the optimum growth condition for the uniform QWR structures,
surface morphologies of the GaAs buffer layers were characterized by AFM. Figure
3.2 shows AFM images and the schematic of GaAs buffer layer surface after the
thermal treatment on the vicinal substrates with various misorientation angle. The
observed area was 1.7 pm x 1.7 um. The presence of coherent multiatomic steps with
extremely straight edges was observed over a wide observation area, although the
continuity of several steps was disordered in some places. It was found that most of
these steps were straight over 1.5 pm. On the average inter-step spacing, that is, the
average step period, of the multiatomic steps, any significant differences among all
misoriented surfaces could not be observed, and it was about 80 nm. This means that
the average inter-step spacing of the multiatomic steps on the GaAs surfaces is mainly
determined by the migration length of Ga ad-atoms and almost independent of the
misorientation angle [3]. On the other hand, the average step height of the multiatomic
steps increased as the misorientation angle of the vicinal substrates increases, as
described in Fig. 3.2. Therefore, the vertical thickness of GaAs QWRs formed at the
edge of the multiatomic steps can be controlled by changing the misorientation angle
of the vicinal substrates. On the vicinal surfaces misoriented by more than 5.0°, in
particular, the step edges can be straighter than on the surface misoriented by 2.0° and
3.0°. However, it was also found that the formation of GaAs multiatomic steps on the
6.0°- misoriented surfaces tended to be “unstable”, that is, straight and coherent
multiatomic steps were not always formed even under the same growth conditions,
although their reasons could not be clarified. Since M. Kasu and N. Kobayashi have

pointed out that step bunching phenomenon could be occurred when the
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misorientation angle of the GaAs (001) substrates was equal to or less than 7.0° at the
growth temperature between 575 °C and 650 °C, the phenomenon observed here may
be attributed to the stability of the 6.0°- misoriented surfaces [9]. Figure 3.3 shows the
histogram of the inter-step spacing obtained by the cross-sectional line profiles of the
AFM images. The distribution of inter-step spacing on the 5.0°-misoriented surfaces
was estimated to be within £+ 13 %. These results indicate that QWR structures can be

uniformly fabricated over a large area by controlling the epitaxial growth conditions.

3.4 Fabrication of GaAs Quantum Wire Structures Using Multiatomic
Steps

Figure 3.4 shows cross-sectional TEM images and schematic views of (a) the
QWL on the singular GaAs (001) substrate, and (b) the QWR structures on the 3.0°-
and (c) on the 5.0°- misoriented substrate. As shown in Fig. 3.4 (¢) for the 5.0°-
misoriented wafer, the GaAs layer was thicker at the edge of multiatomic steps than
on the terraces. It was estimated from this TEM image that the lateral GaAs width and
the QWL thickness on the terraces were 10.7 and 3.1 nm, respectively. These facts
imply that GaAs QWR structures can be formed at the edge of multiatomic steps. On
the other hand, on the 3.0°- misoriented wafer, the thickness of GaAs QWLs at the
edge of multiatomic steps was almost the same as on the terraces, and the GaAs QWL
layer looked wavy, because the average step height was low. For the QWL on the
singular (001) GaAs substrate, very abrupt GaAs/AlGaAs interfaces were obtained, as
shown in Fig. 3.4 (a).

Figure 3.4 (c) also shows that the thickness of A1GaAs layers was almost
constant even at the edge of multiatomic steps. These results can be explained by the
difference of surface migration length between Ga and Al ad-atoms [1]. The surface
migration length of Ga atoms is much larger than that of Al ones and the width of
enlarged terraces. On the other hand, that of Al ones is shorter than the enlarged

terrace width. These suggest that Al ad-atoms can be incorporated either on the
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terraces or at the step sites, although Ga ad-atoms easily can go down and up across
monolayer steps. Therefore, these features can be expected more likely for AlAs

layers on multiatomic steps than for AlGaAs layers that are ternary alloy.

3.5 Characterization of GaAs Quantum Wires

Photoluminescence Characterization

Figure 3.5 shows the PL spectra of the QWR structures on the misoriented
substrates at 20 K compared with that of the QWL formed on the singular (001)
substrate. PL peak energy corresponding to the QWL on the singular (001), 3.0°- and
5.0°- misoriented substrates, was 1.654, 1.652 and 1.631 eV, respectively. The full
width at half maximum (FWHM) of these PL spectra was 30, 42 and 41 meV,
respectively. Because of the fluctuation of QWL thickness, the FWHM of PL spectra
for the QWR structures on the misoriented substrates was larger than the QWL on the
singular (001) substrate. The PL peak energy of the QWR structures grown on the
3.0°- misoriented substrate was found to be almost the same as that of the QWL. On
the other hand, that of the QWR structures grown on the 5.0°- misoriented substrate
was 23 meV smaller than that of the QWL on the singular (001) substrate. In MOVPE
growth, the total amount of the grown materials is basically the same for these
structures, being independent of the substrate misorientation angle [10]. Furthermore,
it was verified that the growth thickness was almost the same between wafer to wafer
within the area of the carbon susceptor in the present MOVPE systems, and the
growth thickness difference from run to run was within 1 %. Therefore, this peak
energy shift indicates that locally thick areas are formed in GaAs QWL on the 5.0°-
misoriented substrate, that is, QWR structures are formed at the edge of multiatomic

steps as schematically shown in Fig. 3.4 (c).

Numerical Calculation of Photoluminescence Peak Energy

PL peak energy of the QWRs was calculated assuming the structure as shown in
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3

Fig. 3.1, and compared with the result of the experiments. Two-dimensional

Schrédinger equation (3.1) was numerically solved by a finite difference method.

=V A{p(x,)Vo(x,¥)} +V (x,»)0(x,y) = Ed(x, ) (3.1
A2 5
p(x.y) = m (3.2)

where m(x,y) 1s the position dependent effective mass. Electron and heavy hole energy
levels in the QWRs formed on the multiatomic steps were estimated by the numerical
calculations.

Main assumptions in this calculation are given as follows: First, it was assumed
that the average height and spacing of the multiatomic steps on the 5.0°- misoriented
substrate were 7.0 and 80 nm, respectively, and that the width of the step bunching
area was 35.5 nm. These values were estimated from the AFM images in Fig. 3.2. It
was also assumed the QWL thickness (t,,,) on the singular (001) substrates to be
constant, 4nm. If the thickness of the GaAs QWL layers on the AlGaAs lower barrier
layer are uniform, the GaAs thickness on the vicinal substrate is also equal to that on
the singular (001) substrates, ... This means that the GaAs growth thickness at the
step bunching area, ty.,, equals to that on the terrace, tigu. aNd thaner (fiep = tiomace =
thanar). ON the other hand, if the GaAs growth rate at the edge of the multiatomic steps,
tyep, 18 much larger than on the (001) terraces, t...., the relation between such three
kinds of the grown thickness is as follows; tye, > tyiuna > timee Decause the total
amount of the grown material is basically the same between on the singular GaAs
(001) surface and the vicinal surface. Thicker GaAs at the edge of multiatomic steps
corresponds to thinner GaAs layer on the terrace. Therefore, the cross-sectional shape
of the QWRs at the edge of multiatomic steps is uniquely determined by the growth
thickness 1atio, temace/tyana Since this parameter is a measure of the growth rates on
the terraces or that at the edge of the multiatomic steps in the lateral direction, it is
thought to be determined by the growth conditions such as AsH, partial pressures and
GaAs growth rates. Therefore, according to the facts as mentioned above, the energy
shifts were calculated as a function of the growth thickness ratio, tiemace/tpianar (< 1)

In this calculation, the values of 0.067m, and 0.0914m, were used as an electron

34



effective mass in the GaAs QWL and in the AlGaAs barrier layer, respectively, and
0.34m, and 0.433m, as heavy hole effective mass, respectively, where m, is electron
rest mass. According to the Miller's rule [11], the band offset between AlGaAs and
GaAs layers was 224 meV for the conduction band, AEc, and 150 meV for the
valence band, AEv.

PL peak energy of the QWRs at the edge of multiatomic steps and the peak
energy of the QWL on the singular GaAs (001) substrates were calculated as shown in
Fig. 3.6. In this figure, the solid line shows the quantization energy shift of QWRs on
the 5.0°- misoriented GaAs substrates, and the dashed line shows that of the QWLs on
the singular GaAs (001) substrates at 20K. The quantization energy shift for the
QWRs is always smaller than that for the QWL. The growth thickness ratio estimated
from the cross-sectional TEM images in Fig. 3.4 (c) is about 0.75. The closed circle
shows the experimental data from the result of PL characterizations at 20K. The
calculated energy shift with respect to the peak energy of the QWL on the singular
(001) substrates is 25.4 meV toward the lower energy side at tiqpuce/tyan, = 0.75.
Therefore, the experimental data, the energy shift of 23 meV to the lower energy side,

that is, the red shift, is in good agreement with the numerical calculation.

3.6 Summary

In this chapter, the self-organized fabrication of QWR structures utilizing

coherent GaAs multiatomic steps were demonstrated. The main results are
summarized as follows.
(1) To clarify the optimum conditions for the fabrication of QWR structures, GaAs
multiatomic steps on the vicinal substrates were investigated by AFM. For the 5.0°-
misoriented wafers, in particular, more coherent and straighter GaAs multiatomic
steps could be formed on the surfaces than the other wafers. Average height and
spacing of the multiatomic steps were 7.0 nm (25 MLs) and 80 nm, and the
distribution of inter-step spacing was estimated to be within + 13 %.
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(2) As results of the cross-sectional TEM observations, it was verified that GaAs
layers at the edge of multiatomic steps on the 5.0°- misoriented substrate was thicker
than that on the (001) terraces, on the other hand, the GaAs/AlGaAs interfaces on a
singular (001) substrates was abrupt.

(3) Such GaAs QWR structures were also investigated by PL at 20 K. PL peak energy
of the QWRs grown on the 5.0°- misoriented substrate was 23 meV smaller than that
of the QWL on a singular GaAs (001) substrate.

(4) The result of PL energy shift in GaAs QWRs was also compared with a simple
numerical calculation. It was shown that the PL peak energy shift of QWRs on the
5.0°- misoriented substrate was well fitted with the calculation results. This means
that electrons and holes should be confined in the QWR regions at the edge of

multiatomic steps, not in the QWL regions on the (001) terraces.
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Chapter IV

Improvement Methods for Size Uniformity of GaAs
Quantum Wires

4.1 Introduction

In previous chapter, the fabrication of GaAs/AlGaAs QWR structures was
demonstrated. In device applications of quantum nano-structures, their size fluctuation
can be a serious problem, especially in their application to semiconductor lasers.
GaAs/AlGaAs QWR structures fabricated in chapter 3 have the size distribution of
QWRs, as shown in the broadened line width of PL spectra, although the inter-step
spacing fluctuation of GaAs multiatomic steps was within + 13 %.

Patterned substrates with V-grooves formed by chemical etching have been
intensively utilized in the fabrication of quantum structures such as QWRs and QDTs
[1]. E. Colas et al. formed such V-grooves on the vicinal substrates, and utilized the
(111)A facets formed during AlGaAs layer growth on such patterned vicinal
substrates as the fabrication method for periodic quantum structures [2,3]. Since such
periodic AlGaAs facet structures were formed with the same period of the underlying
V-grooves on the vicinal substrates, by combining step bunching on the MOVPE-
grown vicinal GaAs surfaces investigated the present work with this phenomenon, the
formation of GaAs multiatomic steps can be controlled.

In this chapter, as the improvement methods for size uniformity of GaAs QWR
structures, two specific attempts are introduced. GaAs QWR structures using thin
AlAs layers as lower barrier layers and GaAs/AlGaAs wire-like structures using GaAs
multiatomic steps on patterned vicinal GaAs (001) substrates are investigated. In the
former half of this chapter, thin AlAs layer surfaces on GaAs multiatomic steps are
characterized by AFM .and optical characterization of AlGaAs/GaAs/AlAs QWR
structures are also investigated. In the latter half, as a control method for the
uniformity of step period, the straightness and the continuity of multiatomic steps,
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GaAs multiatomic steps grown on patterned vicinal GaAs (001) substrates with a line
and space pattern perpendicular to the misorientation direction of the substrates are
characterized by AFM. GaAs/AlGaAs wire-like structures using lateral growth of
GaAs from the edge of these multiatomic steps are also characterized by CL

measurements.

4.2 Fabrication of GaAs Quantum Wires Using AlAs on GaAs Multiatomic
Steps

In this section, the fabrication and characterization of QWR structures with thin
AlAs layers as lower barrier are introduced in the first place. Surface morphologies
of thin AlAs layers grown on coherent GaAs multiatomic steps are characterized by
AFM through thin GaAs cap layers, and QWR structures fabricated on the AlAs

multiatomic steps are also optically characterized.

4.2.1 Experimental Procedure

Samples were grown on both vicinal GaAs (001) substrates misoriented by 5.0°
towards the [-110] direction and singular (001) substrates. A horizontal low-pressure
MOVPE system with triethylaluminum (