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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 in 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 metal organic 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 

confmement 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 confmement 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 
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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 confmement 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 Si02 or Si3N4 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, 
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because it is possible to form high density nanometer-size quantum confmement 

structures without the introduction of damages in quantum confmement 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 (109 
- 10lD cm-2

) 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 muitiatomic steps has been 

proposed and partially demonstrated to realize two-dimensional quantum confmement 

structures such as QWRs. QWR structures using monoatomic steps on vicinal GaAs 

(001) substrates, which are well known as a "lateral sup erlattice" , 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 muitiatomic steps have also been demonstrated on vicinal 

GaAs (001) surfaces by MOVPE [10], on vicinal GaAs (1l0) surfaces by gas source 

MBE [ll, 1L.], on vicinal InP (001) surfaces by metalorganic molecular beam epitaxy 

(MOMBE) [13], on GaAs (l13)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 muitiatomic steps to electronic devices such as "electron wave 
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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 confmement structures, because novel devices based on quantum 

mechanical effects can be realized with such technology. Application of QWR 

structures on vicil1.al substrates to semiconductor lasers has also been reported [43,44], 

as well as other self-organized quantum stmctures. 

Objectives of the present work are to fabricate QWR structures using GaAs 

multiatoroic 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 multi atomic 

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 m 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 

confmement heterostructures and investigation of their characteristics. 
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1.3 Syn.opsis 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 GaAsl 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/AIGaAs 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/AIAs 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 multi atomic steps, 

GaAs multi atomic 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 (eL) 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 multi atomic 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 briefly 

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 Introdu.ction 

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 preVlous 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 (TMAl), 

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 (AsH3), and AsH3 (20 %) diluted with hydrogen (H2) 

is used in the present work. As the alternative of AsH3 in the future, the use of 

tertiary-butylarsine (TBA) as source materials for V column elements has been 

intensively investigated, because AsH3 is too toxic. Mono-silane (SiH4) 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. H2 was used as a carrier gas for source materials and the 

total gas flow rate was maintained at 3.0 IImin. 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) wisoriented by 5.00 toward the [-110] direction" means "(001) tilted by 

5.0 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 "mono atomic 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 Imown as "step bunching". Therefore, the relationship 

between average step height, h, and average inter-step separation, A, is described by 

the following equation; A = h· tan e, where e 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 multi atomic steps on MOVPE 

grown vicinal surfaces [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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grown strained InGaAs surlaces [12] and GaAs surlaces annealed in AsHiH2 

ambience [8,9]. In some reports, the mechanism of step bunching was also discussed. 

Although its universal mechaIlism has not been demonstrated yet, the migration of ad

atoms during the epitaxial grO\\lih, that is, the kinetic motion of ad-atoms on the 

surlaces seems to lead the mono atomic steps to the formation of multiatomic steps 

[10,13]. Figure 2.2 shows a step bunching mechanism of the surlace 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 r~tes 

between at the up-side and the dowl1-side step sites for surlace migrating ad-atoms. 

When the incorporation rate at the up-side step sites is larger than that at the dowl1-

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 surlaces [13,16]. Recently, on the 

MOVPE grown vicinal GaAs (001) surlaces, it has also been pointed out by the 

investigations using an ultra high vacuum scanning electron microscopy (UHV -S TM) 

that the anisotropy in the incorporation rates of the surlace migrating ad-atoms at the 

step edges may be due to the partial disordering of the surlace 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 surlace 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 

betw-een 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 IIIa system of Digital Instruments Inc. ~e 

used with pyramid-shaped Si3N4 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 destniction 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 is 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 confmement 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-l) ofHAMAMATSU -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, ~E, is usually called as a diamagnetic energy shift. ilE is well fitted by 

the parabolic relation to B of diamagnetic shift of excitons, that is, ilE = BB2, 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 confmement 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 

measunng. 

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

current were 10 ke V 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 confmement heterostructure 

(SCH) is formed as p-n junction diode structures. It is well known that, in laser 

structures with quantum confmement structures in active layers, optical confmement 

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 confmement layers, which have lower refractive indices than those of 

carrier confmement layers, are formed outside carrier confmement 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 III 

Formation of GaAs Multiatomic Steps and GaAs 
Quantum Wires 

3.1 Introduction 

The application of mono atomic and multiatomic steps formed on vicinal GaAs 

substrates to the realization of two-dimensional quantum confmement structures has 

been proposed and demonstrated. GaAs multi atomic 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 AsH3 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 is 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 

muitiatomic 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 

in 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 AsH3 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. AsH3 partial pressures were 1.7 x 10-4 atm for the GaAs buffer layer and 

6.7 x 10-5 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) I (group III) row materials, that is, V I 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)3 I (GaAs)3 superlattict; 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 mu/tiatomic steps. Details of mu/tiatomic step formation processes and 

mechanism were discussed elsewhere [3-6]. Thermal treatment in AsH3 I H2 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 

GaAsl AIGaAs QWR structure was grown on the GaAs multiatomic steps. Average 

thickness of QWL and AIGaAs 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 GaAsl AIGaAs quantum wire structures 
on GaAs multi atomic 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 on 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 ~m x 1. 7 ~m. 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 ~m. 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 5.00 -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 (c) 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 GaAsl AIGaAs interfaces were obtained, as 

shown in Fig. 3.4 (a). 

Figure 3.4 ( c) also shows that the thickness of AIGaAs 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 QvVR 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 011 the sLngular (001), 3.0°. and 

5.0°. misoriented substrates, was 1.654, 1.652 and 1.631 eY, respectively. The full 

width at half maximum (FWHIvI) 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 Lhe 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 groW-ill 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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Fig. 3.1, and compared with the result of the experiments. Two-dimensional 

Scmodinger equation (3.1) was numerically solved by a fInite difference method. 

- V'{p(x,y)V<j>(x,y)} +V(x,y)<j>(x,y) = E<j>(x,y) (3.1) 

tz2 
p(x,y) = ----

2m(x,y)mo 
(3.2) 

where m(x,y) is 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 (tplanar) 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, tplanar' This means that the GaAs growth thickness at the 

step bunching area, "tstep, equals to that on the terrace, 4errace and tplanar (tstep = tterrace = 

tplanar)' On the other hand, if the GaAs growth rate at the edge of the multi atomic steps, 

fstep, is much larger than on the (001) terraces, tterrace, the relation between such three 

kinds of the grown thickness is as follows; fstep > tplanar > 4errace, because the total 

amount of the grOWll 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 ratio, 4erracJtplanar' 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 AsH3 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, tterracJtplanar « 1). 

In this calculation, the values of 0.067Illo and 0.0914Illo were used as an electron 
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effective mass in the GaAs QWL and in the AlGaAs barrier layer, respectively, and 

0.34~ and 0.433~ as heavy hole effective mass, respectively, where ~ 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, ~Ec, and 150 meV for the 

valence band, ~Ev. 

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 QWRson 

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 me V toward the lower energy side at tterrac/tplanar = 0.75. 

Therefore, the experimental data, the energy shift of 23 me V 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 

multi atomic steps on the vicinal substrates were investigated by AFM. For the 5.0°

misoriented wafers, in particular, more coherent and straighter GaAs multi atomic 

steps could be formed 'on the surfaces than the other wafers. Average height and 

spacing of the multi atomic steps were 7.0 run (25 MLs) and 80 run, 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 confmed in the QWR regions at the edge of 

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

37 



Referen.ces 

[1] T. Fukui and H. Saito: Jpn. 1. Appl. Phys., 29, L483 (1990). 

[2] H. Saito, K. Uwai and N. Kobayashi: Jpn. 1. Appl. Phys., 32, 4440 (1993). 

[3] 1. Ishizaki, S. Goto, M. Kishida, T. Fukui and H. Hasegawa: Jpn. 1. Appl. Phys., 

33, 721 (1994). 

[4] 1. Ishizaki, K. Ohkuri and T. Fukui: Jpn. 1. Appl. Phys., 35, 1280 (1996). 

[5] 1. Ishizaki, Y. Ishikawa, K. Ohkuri, M. Kawase and T. Fukui: Appl. Surf. Sci., 

113/114, 343 (1997). 

[6] J. Ishizaki, Y. Ishikawa and T. Fukui: Mat. Res. Soc. Symp. Proc., 448, 95 (1997). 

[7] M. Kasu and N. Kobayashi: Appl. Phys. Lett., 62, 1262 (1993). 

[8] K. Ohkuri, 1. Ishizaki, S. Hara and T. Fukui: 1. Cryst. Growth, 160,235 (1996). 

[9] M. Kasu and N. Kobayashi: Jpn. 1. Appl. Phys., 33, 712 (1994). 

[10] M. Kasu, H. Saito and T. Fukui: 1. Cryst. Growth, 115, 406 (1991). 

[11] R. C. Miller, D. A. Kleinman and A. C. Gossard: Phys. Rev. B, 29, 7085 (1984). 

38 



Chapter IV 

Improvement Methods for Size Uniformity of GaAs 
Quantum Wires 

4.1 Introduction 

In preVIOUS chapter, the fabrication of GaAsl 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. 

GaAsl AIGaAs 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 

(lll)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/GaAsl 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 (TEAl), triethylgallium (TEGa) and AsH3 was 

used. AsH3 partial pressures were 4.2 x 10-4 atm for GaAs buffer layer and 6.7 x 10-5 

atm for GaAs QWR structures. Growth rates for GaAs buffer, AlAs lower barrier and 

GaAs single QWL layer were 1.1, 0.067 and 0.046 nm/s, respectively. 

A schematic of GaAs QWR structures is shown in Fig. 4.1, and the details of 

fabrication processes are as follows: First, a 40-period (AlAS)3 I (GaAS)3 supedattice 

buffer layer was grown on the vicinal substrate in order to form the initial surface with 

monoatomic steps. Then', a thick GaAs buffer layer was grown at 650°C to form 

multiatomic steps with a step height of about 22 monolayers (MLs) and the mean 

spacing of about 70 nm on the surfaces. Details of the multiatomic step formation 
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multiatomic steps 

GaAs:20nm 

AlxGa1-xAs : 150nm, x=0.35 
GaAs:5nm 
AlAs: 17nm 

thermal treatment: 600°C, 30min 

GaAs:200nm 

AIAs/GaAs superlattice : X 40 

vicinal GaAs (001) substrate 

Fig. 4.1 Schematic of AIGaAs/GaAsl AlAs quantum wire 
structures on GaAs multiatomic steps. 
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processes and mechanism were described in chapter 2, and have been investigated and 

reported elsewhere [4-7]. Thermal treatment in AsH) / H2 atmosphere was carried out 

for 30 min at 600°C after the GaAs multiatomic step formation in order to make the 

steps edges straighter. The temperature was 600°C, and the AsH) partial pressure was 

about 6.7 x 10-5 atm during the thermal treatment. Next, using AlAs as the lower 

barrier layer, single QWL structures were grown on GaAs multiatomic steps at 650°C. 

For the QWL growth using AlGaAs as the lower barrier layer, locally thick GaAs 

layers at the edge of AlGaAs multiatomic steps, that is, the formation of QWR 

structures, was aheady confmned with a cross-sectional transmission electron 

microscopy (TEM), as described in the previous chapter. Single QWL structures were 

simultaneously grown on a singular GaAs (001) substrate as a reference for QWRs. 

Average thickness of AlAs lower barrier layer, GaAs QWL layer (Lw), and AlGaAs 

upper barrier layer were 17, 5 and 150 TIm, respectively. Aluminum content of 

AlGaAs layers was about 0.35. 

Surface morphologies were analyzed by AFM in air. PL spectra were taken at 

20K using an Ar+ laser. Cross-sectional TEM images were taken with JEM-2010 at 

200 keY 

4.2.2 Surface ObservatioJa of Multiatomk Steps 

First, in order to obtain the optimum step structures prior to QWR fabrication, 

GaAs buffer layer surfaces were observed by AFM. Figure 4.2 (a) shows the surface 

morphology of GaAs buffer layer on the 5.0 o-misoriented substrate after 30 min

thermal treatment in AsH) / H2 atmosphere. The observation area was l. 7 /lm x l. 7 

/lm. The presence of coherent multi atomic steps with extremely straight edges was 

observed on the GaAs buffer layer surfaces over a wide area. Figure 4.2 (b) shows the 

histogram of the step period obtained by the cross-sectional line profiles of the AFM 

image in Fig. 4.2 (a). The average height and spacing of the multiatomic steps were 

about 5.5 TIm, which equals to 19 MLs, and 63 TIm, respectively, as schematically 
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Fig. 4.2 ( a) Atomic force microscopy image of GaAs multiatomic steps and (b) the histogram of 
step spacing. (c) AIGaAs surface morphology on GaAs multiatomic steps. Thiclmess 
of AIGaAs layers were about 20 nm. Misorientation angle and direction of vicinal 
substrates were 5.00 and in the [-110] direction. Growth temperatures were 650°C. 



shown in the figure. The fluctuation of step spacing was within ± 16 %. 

In the previous chapter, the line width of PL spectra from the GaAs QWRs was 

rather broad, nevertheless the distribution of the step period on the GaAs multiatomic 

steps was within ± 13 %. In Fig. 4.2 (c), it can be seen that the step edges of AlGaAs 

multiatomic steps tend to be disordered during the growih, and the step spacing of the 

multiatomic steps was smaller than that on the underlying GaAs buffer layer surfaces. 

In the current QWR structures, it is important to keep such coherent GaAs 

multiatomic steps even after the growth of the lower barrier layers. Figures 4.3 shows 

the AFM images of AlAs surface morphologies on the GaAs multiatomic steps shown 

in Fig. 4.2 (a). The misorientation angle and direction of the vicinal GaAs (001) 

substrates were 5.0° and the [-110] direction, respectively. For the surface 

observations of these samples by AFM in air, 3 nm-thick GaAs cap layers were grown 

after the AlAs layer growth because AlAs can be easily oxidized in air. Although the 

step edges of AlAs multiatomic steps began to be slightly disordered as the growth 

thickness of AlAs layers increases, it was found that the inter-step separation and the 

straightness of the step edges can be kept after the growth of AlAs layers. As shown 

in Fig. 4.4 (a), average height and spacing of the multiatomic steps were about 5.7 nm, 

which corresponds to 20 MLs, and 66 nm, respectively, and the distribution of the step 

spacing was within ± 14 %. Even after the AlAs layer growth at 600°C, the 

underlying GaAs multiatomic steps can be kept, and it can be seen that the step period 

was almost the same as that of the GaAs multi atomic steps. The straightness of the 

step edges was better than that on the AlAs layers grown at 650°C, although the 

crystal quality of AlAs layers may be much higher at 650 °C than at 600°C. 

Therefore, these results indicate that QWR structures can be uniformly fabricated by 

using AlAs at the lower barrier layer rather than using AlGaAs. 

4.2.3 Optical Characterization 

Figure 4.5 shows a cross-sectional TEM image and its schematic of GaAs QWR 
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Fig. 4.5 Transmission electron microscope image of GaAs QWR 
sructurtes on 5.00 misoriented GaAs (001) substrate. 
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structures fabricated at the edge of AlAs multiatomic steps grown at 650°C. This 

cross-sectional TEM image also supports that AlAs layers had the uniform thickness 

both at the edges and on the (001) terraces of GaAs multi atomic steps, and that the 

step period of AlAs multiatomic steps was the same as that of GaAs ones. The vertical 

thickness and the lateral width of GaAs QWR structures can be roughly estimated to 

be 10 nm and several 10 nm, respectively. 

In order to examine the effect of using AlAs lower barrier layer instead of 

AIGaAs on the improvement of size uniformity of QWRs, PL properties of QWR 

structures were characterized. PL spectra of QWRs were also compared with those of 

QWL on the singular GaAs (001) substrates. In the first place, Figure 4.6 shows PL 

spectra at 20 K. The upper spectra are from the QWR structures with AlAs lower 

barrier layers, and the lower ones are from those with AIGaAs lower barrier layers. 

The average QWL thickness (Lw) was about 5 nm (l.617 eV) for the sample with 

AlAs and about 4 nm (l.654 eV) for the sample with AIGaAs. PL peak positions of 

QWRs structures were 1.593 e V for the sample using AlAs as lower barrier layers and 

l.631 e V for that using AlGaAs. It was found that, in both cases, PL peak energies of 

QWRs were smaller than those ofQWL formed on the singular GaAs (001) substrates. 

Although the peak energy should shift toward higher energy side because of two

dimensional quantum confinement effects, these spectra show the energy shifts to 

lower energy side. This means that locally thick QWR structures are formed at the 

edge of multiatomic steps, as discussed in chapter 3. In these PL spectra, the full 

width at half-maximum (FWHM) of QWRs with AlAs as lower barrier layer was 

estimated to be 25 meV, which is about 16 meV smaller than that with AlGaAs. This 

means that the size uniformity of QWRs with AlAs lower barrier layer was much 

improved. Fine-area PL spectrum of QWRs with AlAs by using Au-Ge patterned 

mask, whose open area is 2 ~m-wide and 800 ~m-Iong, was also taken. Through this 

kind of patterned mask, PL spectrum originating from about thirty QWRs can be 

measured. It was found iliat the FWHM of PL spectrum from about thirty QWRs was 

17 me V, which was 8 me V smaller than that from the whole area, as shown in Fig. 4.7. 

This result implies that the size fluctuation of QWRs still remain for a wide area. 
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From the AFM observations of AlAs multi atomic steps, the distribution of their step 

spacing was estimated to be within ± 14 %. If the size fluctuation of QWR structures 

is almost the same as the distribution of the step spacing, ± 14 %, the fluctuation of 

the quantization energy in QWRs can be roughly estimated by the simple numerical 

calculation used in chapter 3. Strictly speaking, the uniformity of the step period does 

not completely equal to that of the QWRs' size because the cross-sectional shape of 

the QWRs can be changed by the fluctuation of the step period if the total amount of 

grown materials is independent of the substrate misorientation angle. In the current 

case, however, since the lateral width of the QWRs was about several times larger 

than the vertical thickness, the fluctuation of the vertical thickness of the QWRs, that 

is, the step height of the multiatomic steps, can be mainly affect the uniformity of the 

cross-sectional shape of the QWRs. Therefore, the assumption mentioned above can 

be appropriate to the calculation for the quantization energy fluctuation in the QWRs. 

This energy distribution was estimated to be about 16 me V, and was in good 

agreement with the FWHM of PL spectrum from about thirty QWRs. This implies 

that the size uniformity of QWRs depends on the spacing uniformity of AlAs 

multiatomic steps. Furthermore, in PL spectrum of the sample with AlAs as lower 

barrier layers, an additional weak spectrum at about 1.748 eV can be observed, as 

shown in Fig. 4.6. This spectrum probably corresponds to QWLs formed on the (001) 

terraces connecting with QWR areas. The result also supports that most of the photo

excited electrons and holes diffuses to the areas being lower energy states, that is, the 

QWRareas. 

Polarization dependence of the QWRs using AlAs as lower barrier layers was 

also measured at 20K, and the results are shown in Fig. 4.8. Since the misorientation 

direction is [-11 0] and the direction along the QWRs is [11 0], the degree of 

polarization was defined as (I[ 11 0] - 1[-11 0]) I (I[ 11 0] + 1[-11 0]), where "I" is PL 

intensity. The degree of polarization for the QWRs was found to be 0.12. For the 

QWL on the singular GaAs (001) substrate, it was estimated to be about 0.04, and no 

large effect due to the internal stress is expected in this material systems. Therefore, 

the observed polarization anisotropy supports the successful formation of QWRs at 
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the edge of the multi atomic steps. 

4.3 Fabrication of GaAs Multiatomic Steps on Patterned Vicinal Substrates 

4.3.1 Sample Preparation Procedure 

A horizontal low pressure MOVPE system was used with triethylgallium (TEGa), 

triethylaluminum (TEAl) and arsine (AsH3) as group III and V sources. Partial 

pressure of AsH3 was varied between 6.7 x 10-5 and 3.3 x 10-4 atm. Growth rate for 

GaAs and AlO.27Gao.73As multiatomic steps were 0.10 and 0.17 mnls, respectively, and 

that for GaAs well layers was 0.050 mnls. 

Two types of vicinal GaAs (001) substrates with the line and space pattern in the 

[110] direction, which is perpendicular to the misorientation direction. One is a 4 Ilm

period pattern formed on the surfaces by using a conventional photolithography and 

wet chemical etching, and the other is a 1 Ilm-period one prepared by using an 

electron beam lithography and wet chemical etching. In the case of the 4 Ilm-period 

patterns, etching depth was 0.10 ~ 0.12 Ilm, and its width was about 2 Ilm. In the 

substrates with the 1 Ilm-period ones, etching depth and width were 0.10 ~ 0.12 Ilm 

and about 0.23 Ilm, respectively. All patterned vicinal substrates were etched by using 

the HCI : H20 2 : H20 (= 160 1 1) chemical etching solution at room temperature. 

Misorientation angle of the vicinal substrates was 2.0°. 

Figure 4.9 shows a schematic illustration of the GaAs wire structures on 

patterned vicinal GaAs (001) substrates. First, GaAsl Alo.27Gao.73As multi-layer 

structures were grown on 4 Ilm-period line and space patterned substrates at 650°C, 

in order to form multi atomic steps with the exactly oriented (001) terraces. Next, 

GaAsl Alo.27Gao.73As single QWL structure and GaAs cap layer were grown on these 
, 

structures. Average thickness of GaAs and AIGaAs layers were about 5 and 60 nm, 

respectively. On the other hand, in the 1 Ilm-period patterned wafers, a thin GaAs 

buffer layer was initially grown on the substrate at 550°C, because the shape of mesa 
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Fig. 4.9 Schematic of GaAs wire structures grown on 

patterned vicinal GaAs (001) substrates. 
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structures of line and space patterns tends to be disordered by the thermal etching 

effect before the growth at 650°C. After that, GaAs and a 80-period (AJAS)3 I (GaAS)3 

superlat'"tl.ce were groV'm as buffer layers at 650°C. Next, in order to form multiatomic 

steps, Gai~.sl AlO.27Gao.73As multi-layer structures, followed by a single QWL structure 

grow1:h at 650°C. Average thickness of GaAs and AlGaAs of layers were 4 and 60 nm, 

respectively. QWL structures were simultaneously grown on un patterned singular 

(001) substrates in the same growth run as a reference. 

A scanning electron microscope (SEM) was used for observations of multiatomic 

steps and GaAs QWR structures. Cathodoluminescence (CL) was measured at 4.2 K 

for spectrum and spatial resolved luminescence image observations. The excitation 

electron beam energy and current were 10 keY and 250 pA, respectively. 

4.3.2 Formation of Multiatomic Steps on Patterned! Vicinal Substrates 

First, in order to clarify the formation process of multiatomic steps on line and 

space patterned substrates, the cleaved cross-sections of multi-layer structures were 

observed by SEM. Figure 4.10 (a) shows cross-sectional SEM image of a typical 

GaAsl AIGaAs multi-layer structure on the 4 ~m-period line and space patterned 

substrate. GaAs grow-ill rate around the edges was faster than on the flat areas of mesa 

stripes at the initial stage of GaAsl AIGaAs multi-layer growih. On the other hand, 

AlGaAs growih rate was always the same, both around the edges and on the flat areas. 

As the growth proceeded, etched trenches were buried, and the periodic multiatomic 

step structures were formed because of the lateral growth of GaAs layers. It was also 

confirmed that, even though only thick GaAs layers were grown, it was possible to 

form periodic multiatomic steps on the patterned vicinal smfaces, although E. Colas et 

al. reported that the for,mation of multiatomic steps had occurred only in thick 

AJGaAs growth [2,3]. The step period was estimated to be 4 ~m, which corresponds 

to the period of the initial line and space pattern on Lhe substrate. This result indicates 

the uniformity of multiatomic step period can be much improved by the patterning on 
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Fig. 4.10 (a) Cross-sectional scamling electron microscopy image of 
multiatomi'c steps on 4 ~m-period line and space patterned 
vicinal GaAs (001) substrates, and (b) its high magnification 
image and (c) schematic near the step edge. 
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the vicinal substrate. Figures 4.10 (b) and (c) show a high magnification image and its 

schematic near the multiatomic step area, which indicate local thickness variation of 

the QWL layers. QWL at the edge of multiatomic steps is about 1.3 times thicker than 

that on the terraces. Furthermore, the angle between the multiatomic step areas and 

(001) terraces was about 24°, which indicates the surface of multiatomic step areas is 

closely to the (113)B facet. Such multiatomic steps were formed at the early stage of 

GaAs I AlGaAs multi-layer growth, and were maintained during the following growth. 

After the multiatomic step structures were formed, the terrace region between step 

edges was oriented to exactly [001] direction. This means that the height of 

multiatomic steps can be controlled by varying the misorientation angle and the period 

of li.ne and space pattern on the vicinal substrates because no multi atomic steps 

existed on the (001) terrace regions. 

Figures 4.11 (a) and (b) show cross-sectional SEM image and its schematic of a 

typical GaAsl AlGaAs multi-layer structure on the 1 ~m-period line and space 

patterned substrate. Both AlGaAs and GaAs growth rates around the step edges were 

faster than on the flat areas of mesa stripes at the illitial stage of GaAsl AlGaAs multi

layer growth. Thickness of AlGaAs and GaAs around the edges was about 1.2 and 2.2 

times thicker t.han that on the terraces, respectively. Especially in the GaAs groVitrfu, 

the difference of growth rate between around the step edges and on the terraces was 

much larger than that on the 4 ~m-period patterned substrates. For the GaAs/AIGaAs 

multi-layer growth on 1 ~m-period patterned substrates, AsH3 partial pressure was 

about 3.3 x 10-4 atm, which was 5 times higher than that on the 4 ~m-period patterned 

substrate, because their etched trenches were buried immediately, fuid no multi atomic 

steps were formed under the low AsH3 partial pressure conditions. This result implies 

that the surface migration of Ga and Al atoms is enhanced 1m.der the low AsH3 partial 

pressure conditions. 

4.3.3 Optical Characterization 
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Fig. 4.11 (a) Cross-sectional scanning electron microscopy image 
near the step edge of multi atomic steps on 1 ~m-period 
line and space patterned vicinal GaAs (001) substrates and 
(b) its schematic. 

58 



In order to optically characterize the formation of the locally thick wire-like 

structures at the edge of multiatomic steps, CL was measured at 4.2 K. Figure 4.12 

shows CL spectrum of GaAsl AlGaAs QWL on 4 /lm-period patterned vicinal 

substrate. Two features of the CL spectrum can be seen, that is, a main peak at 1.634 

e V and a weak side peak at 1.611 e V In order to identify the origin of the peaks, 

cross-sectional and top view of spatial resolved CL images for these emission peak 

energies. Figures 4.13 (a) and (b) show CL images detected at the energy of weak side 

peak (l.611 eV) and main peak (1.634 eV), respectively. From these CL images, it 

was found that the weak side peak and the main peak of CL spectrum were from the 

QWLs at the edge of multiatomic steps and on the (001) terrace areas, respectively. 

The thickness of QWLs was estimated from the CL emission peak energies. The peak 

energies of l.611 and l.634 eV correspond to the emission from 5.2 and 4.2 nm-thick 

QWLs. This also means that the thickness of QWL at the edge of multiatomic steps 

was about 1.2 times thicker than that of QWL on the (001) terraces, which was 

consistent with the results of cross-sectional SEM observations. 

Figure 4.14 shows CL spectra of GaAsl AlGaAs QWLs on the 1 /lm-period 

patterned vicinal and un patterned singular (001) substrates at 4.2 K. CL spectrum 

from the QWL on patterned vicinal substrates had two peaks at l.586 and 1.666 eV 

On the other hand, that on un patterned singular (001) substrates had a single peak at 

1.643 eV Figures 4.15 (a) and (b) show CL images detected at the energy of these two 

peaks for the QWL on patterned vicinal substrates. From these CL observations, it 

was verified that lower and higher energy peaks of the CL spectrum were from the 

QWL at the edge of multiatomic steps (a) and on the (001) terrace areas (b), 

respectively. The thickness of the QWLs was estimated from the CL emission peak 

energy. The peak energy of 1.586 eV corresponds to the emission from 6.6 nm-thick 

QWL, and that of 1.666 eV corresponds to that from 3.3 nm-thick one. Similarly, on 

the singular (001) sub str;ate , that of 1.643 eV corresponds to that from 3.9 nm-thick 

QWL. The thickness of the QWL at the edge of multiatomic steps was about 2 times 

thicker than that of QWL on the (001) terraces. This result was also in good 

agreement with the results of cross-sectional SEM observations. 
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Fig. 4.13 Top (upper) and cross-sectional (lower) views of spatial 
resolved cathodoluminescence of QWL on 4 !lm-period 
line and space patterned vicinal GaAs (001) substrates. 
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Fig. 4.15 Top (upper) and cross-sectional (lower) views of spatial 
resolved cathodoluminescence of Q\VL on 111m-period 
line and space patterned vicinal GaAs (001 ) substrates. 
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In the previous chapter, it was confmned that PL peak energy shifts to lower 

energy side were due to the effects of both the two-dimensional quantum confmement 

in QWRs and the locally thick QWR formation at the edge of multiatomic steps. In 

the current investigations, however, although a direct evidence of the two-dimensional 

quantum confmement effects in QWRs could not be obtained, the results imply that 

the straightness, the continuity and the uniformity of multiatomic steps can be 

perfectly controlled by adjusting the growth conditions, the misorientation angle and 

the period of the line and space patterns. It should also be noted that larger in-plane 

thickness modulation of the QWL can be obtained by using these patterned vicinal 

substrates. Furthermore, uniform CL emissions both from the edge of multiatomic 

steps and the (001) terrace areas were clearly observed over a wide area more than 

thirty micrometers. This result suggests that the thickness of Q'iNL layers at the edge 

of multi atomic steps was unifonn, and that straight QWR structures with high 

continuity and uniformity along t.he multiatomic steps can be fabricated. 

4.4 Summary 

In this chapter, as the improvement methods for size wJifonnity of GaAs QWR 

structures, two specific attempts were introduced. GaAs QWR structures using thin 

AlAs layers as the lower barrier layers and GaAsl AlGaAs wire-like structures using 

GaAs multi atomic steps on patterned vicinal GaAs (001) substrates were investigated. 

Main results are summarized below. 

(1) SUlface morphologies of AlAs and AlGaAs layers, which were used as lower 

barrier layers of the QWR structures, on GaAs multiatomic steps were investigated by 

AFM. Coherent GaAs multiatormc steps with extremely straight edges over a wide 

area had the tendency to be disordered during the growth of AlGaAs layers on them. It 

was found that the underlying coherent GaAs multiatomic steps were well traced by 

AlAs rather than AlGaAs. 

(2) QWR structures using AlAs as lower barrier layers were fabricated and 
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characterized by PL at 20K. FWHM of PL spectrum from the QWRs using AlAs 

layers was about 16 meV smaller than that using AlGaAs, which originates from the 

much improvement of the size uniformity in QWR structures by using AlAs as lower 

barrier layers. 

(3) It was also observed that PL peak energies of the QWRs were smaller than those 

from the QWL formed on the singular (001) GaAs substrates, and that polarization 

anisotropy in PL spectra of the QWRs with AlAs was about 0.12. 

(4) GaAs layers grown on patterned vicinal GaAs (001) substrates by MOVPE formed 

extremely straight and coherent multi atomic steps. SEM observations revealed that 

such multiatomic steps can be formed in the same period with the underlying vicinal 

substrates' one. 

(5) Cross-sectional SEM images showed that coherent GaAs multiatomic steps were 

formed with the (001) terraces during GaAs/AlGaAs multi-layer growth on patterned 

vicinal substrates, and that GaAs well layer thickness at the edges of multiatomic 

steps was about 2 times thicker than that on the terraces for the wafers with the 1 /lm

period line and space pattern. 

(6) From cross-sectional CL image observations, two emission peaks in CL spectrum 

at 4.2 K were from QWL at the edges and on the (001) terraces of multi atomic steps. 

The thickness of GaAs well layers estimated from CL emission peak energy was 

consistent with that from SEM images. In the top view of CL images, uniform 

emissions both from the edge and the (001) terrace areas of multiatomic steps were 

also observed clearly over a wide area more than thirty micrometers. 
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Chapter V 

Fabrication and Characterization of InGaAs Quantum 
Wires 

5.1 Introduction 

Lattice mismatched material systems with strain between two types of compound 

semiconductor materials with difference lattice constants are very promising to 

improve the characteristics of semiconductor lasers. For example, because of the 

increased energy splitting of heavy hole (HH) and light hole (LH) bands in the 

valence band of the strained QWL structures, the threshold current density of QWL 

lasers cane be reduced, and the difference between IE (transverse electric) and 1M 

(transverse magnetic) mode gain can be increased. InAs/GaAs QDI lasers grown in 

Stranski-Krastanov mode have actually been fabricated, and their promising 

characteristics have also been demonstrated recently [1,2]. From the viewpoint of 

laser applications, the fabrication of semiconductor lasers operating in the infrared 

wavelength region has been more important; for example, the application to the 

excitation lasers, which have to be operated at around 980 nm, for an erbium (E2+)

doped fiber amplifier for the light-wave communication systems [3]. 

Locally thick GaAs QWR structures have been fabricated at the edge of AlAs 

multiatomic steps in the previous chapter. However, even though thin AlAs layers had 

been used as a lower barrier layer of the QWRs instead of AlGaAs, the uniformity of 

multiatomic steps on a GaAs buffer layer would have been slightly degraded during 

the AlAs growth, as observed in the fme-area PL characterizations through the 

patterned mask. That is probably due to the shorter migration length of Al ad-atoms 

on the GaAs surfaces than that of Ga ones. To introduce InGaAs layers into the well 

layers on the GaAs mu~tiatomic steps is beneficial to the fabrication of the QWRs 

because the coherent GaAs multiatomic steps can be directly used without slight 

disordering of the multiatomic step structures by Al-related alloy semiconductor 
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growth, and InGaAs/GaAs strained material systems become available even in the 

present QWR structures. 

In this chapter, the formation and characterization of locally thick self-organized 

InGaAs strained QWR structures at the edge of coherent GaAs multi atomic steps 

grown by MOVPE on vicinal (001) GaAs substrates are demonstrated. To form much 

uniform QWR structures and apply them to semiconductor lasers operating in the 

infrared wavelength region, InGaAs layers are directly grown on coherent GaAs 

multiatomic steps. The growth mode transition of InGaAs layers from step flow 

growth mode to the mixture of step flow growth and three-dimensional nucleation 

mode as increasing the indium content is observed by AFM. Such growth mode 

transition can be controlled by adjusting the crystal growth conditions of InGaAs 

layers. Optical properties of InGaAs/GaAs QWRs are also examined, and one

dimensional nature of the QWRs will be investigated. Finally, the formation of 

coherent and straight InGaAs wire structures over more than thirty micrometer areas 

on patterned vicinal GaAs (001) substrates are briefly demonstrated. 

5.2 Experimental procedure 

Basic scheme for the sample preparation and the substrates used here were the 

same as the previous chapters. A typical sample structures of InGaAs QWRs are 

schematically shown in Fig. 5.1. Although there were two types of the QWR samples 

used here, no significant differences between them were observed. After the formation 

of GaAs multiatomic steps, the thin InGaAs layers were grown at 600°C. Most of the 

samples were always grown at 600 °C unless otherwise specified, and the sample 

structures were as shown in Fig. 5.1 (a). AsH3 partial pressure and the growth rate for 

the InGaAs layer growth were fixed at 6.7 x 10-5 atm and 0.050 nm/s, respectively. As 

mentioned before, the low AsH3 partial pressure and the low growth rate are to 

enhance the surface migration of Ga and In atoms. Indium contents of InGaAs were 

0.1, 0.15, 0.2 and 0.3, and their average thickness was always 3 nm. 
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Fig. 5.1 Schematic of InGaAs QWR structures on vicinal 
GaAs (001) substrates. 
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AFM was used for observations of GaAs and InGaAs surface morphology in air. 

Cross-sectional images of QWRs and QWL structures were characterized by TEM. 

These cross-sectional TEM images were taken with JEM-2010 at 200 kV PL was 

measured at 77 K for the optical characterization of InGaAs/GaAs QWRs using an 

Ar+ and Ti: S laser. PLE spectra were also measured to study the polarization 

anisotropy in InGaAs QWRs at 77 K. A continuously working Ti: S laser was used as 

an excitation source. With the measurement configuration showed in Fig. 2.1, it was 

confIrmed that the polarization anisotropy in the present PLE system was almost 

negligible compared to that of the QWRs in the wavelength region measured in PLE. 

PL spectra of QWRs and QWL in magnetic fIelds were measured at 4.2 K in order to 

confIrm the lateral confmement effect in QWRs. Ar+ laser light of 514.5 nm was used 

for the excitation. 

5.3 Growth Mode Transition of InGaAs on GaAs Mllllitiatomic Steps 

Figures 5.2(a) and (b) show AFM images of underlying GaAs layer surfaces 

prior to the growth of InGaAs layers on the 2.0°_ and 5.00-misoriented substrates, 

respectively. Coherent multiatomic steps were observed over several micrometer areas 

especially on 5.00-misoriented substrates. Multiatomic steps on the 5.00-misoriented 

surfaces were straighter than those on the 2.00-misoriented ones. Moreover, the 

uniformity of the spacing of the multiatomic steps on the 5.00-misoriented surface was 

much better than that on the 2.00-misoriented one. Average heights and spacing of the 

multiatomic steps were 2.8 and 80 nm on the 2.00-misoriented surface, and 6.1 and 70 

nm on the 5.00-misoriented surface, respectively. Figures 5.2 (c) and (d) show AFM 

images of thin Ino.1 GaO.9As layer surfaces on coherent GaAs multiatomic steps. 

Spacing of the InGaAs multiatomic steps was almost the same as that of the 

underlying GaAs ones, and the surfaces of terrace regions were oriented to the exact 

[001] direction. Three-dimensional growth mode was not observed in the InGaAs 

growth even on the singular GaAs (001) surface. These results suggest that 
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Ino.lGao.9As layers were grown in "step flow growth mode", where this means the 

lateral growth from the step edges, rather than in Stranski-Krastanov growth mode, 

and locally thick QWR structures can be formed at the edge of GaAs multiatomic 

steps. 

Next, the variation of surface morphologies on the thin InGaAs layers with 

indium contents between 0.1 and 0.3 is shown in Fig. 5.3. The substrate 

misorientation angles were 5.0°. When indium contents were smaller than 0.15, 

InGaAs layers were grown in step flow growth mode. For the Ino.2Gao.8As growth, 

prominent undulations of multiatomic step front was partly observed due to the 

increase of the strain effect. The height of these undulation areas was about 10 nm. 

For the Ino.3Gao.7As growth, many three-dimensional InGaAs island structures were 

formed at the edge of GaAs multiatomic steps in order to reduce the stress by the 

difference of lattice constants between InGaAs and GaAs. For the Ino.3Gao.7As growth, 

it was also found that slight ordering of the island sizes and positions along the 

multiatomic steps. These island structures was always oval shaped, and it was 

confIrmed by scanning both parallel and perpendicular to the multiatomic steps with 

AFM. Their size of the base was about 65 nm x 80 nm, and the height was about 210 

nm. In the Stranski-Krastanov growth of InAs or InGaAs layers on the vicinal GaAs 

(001) surfaces grown by MOVPE, the ordering of three-dimensional islands at the 

step edges has been observed [4]. However, in order to control the size uniformity and 

the position of these three-dimensional InGaAs islands, further optimization of the 

growth condition is needed. 

In order to clarify the growth mode of InGaAs layers at the edge of GaAs 

multiatomic steps, the average inclination angles of multiatomic step areas to the 

(001) terraces as a function of indium contents of InGaAs layers was measured. 

Figure 5.4 shows the average inclination angles measured from the line scanned 

profiles of AFM images. The inset shows the definition of the average inclination 

angle, and the error bars 'indicate standard deviations of the inclination angles. These 

data exclude the three-dimensional island like areas for InO.2Gao.8As and InO.3GaO.7As 

wafers. As increasing the indium content of the InGaAs layer, the average inclination 
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angle of the multiatomic step areas to the (001) terrace increases for both 2.0°- and 

S.Oo-misoriented substrates. Since the inclination angle for the GaAs multiatomic 

steps was always smaller than that for InGaAs ones, these results suggest that InGaAs 

QWR structures were successfully formed at the edge of GaAs multiatomic steps 

when the indium content was smaller than 0.15. For the indium contents larger than 

0.2, three-dimensional island structures seemed to be connected with wire-like 

structures. 

In the InGaAs layers with 0.3 indium contents, the density of the three

dimensional InGaAs islands formed at the edge of GaAs multi atomic steps increases 

as the substrate inclination angle getting larger. Figure 5.5 shows AFM surface images 

of thin Inv.3G~.7As layers on the singular (001), 2.0°_ and 5.0°·misoriented (001) 

substrates. It was found that the density of the islands on the 5.0°·misoriented (001) 

substrates was about 10 times larger than on the 2.0 0 -misoriented ones. On the 

singular (001) substrates, which virtually incline by about 0.5° from the exact [001] 

direction, the step flow growth of InGaAs layers at the edge of GaAs monoatomic 

steps occurred and the stress originated from the lattice mismatch between InGaAs 

and GaAs was reduced uniformly, although two-dimensional growth nucleus could be 

formed. As increasing the misorientation angle, the multiatomic steps were formed 

and the step height and density also became larger. This means that the stress become 

larger and the growth rate of InGaAs increases at the edge of multiatomic steps as 

increasing the misorientation angle. 

To avoid the three-dimensional island formation at the edge of GaAs multiatomic 

steps and the undulation of step fronts, the growth conditions for the optimization 

were discussed. Specifically, the growth mode transitions of the thin InGaAs layer on 

GaAs multiatomic steps due to changing AsH3 partial pressures and growth 

temperatures were examined. Figure 5.6 shows surface morphologies of thin 

Ino.zGao.8As layers on the 2.0°- and 5.00 -misoriented (001) substrates grown under 

relatively high AsH3 partlal pressure (3.3 x 10-4 atm) compared with previous one, and 

Figure 5.7 shows those ofIllo.3G~.7As layers. The growth temperature was 600°C. In 

the case of InGaAs layers with 0.2 indium content, although no prominent undulations 
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remained at the step fronts, their straightness were a little poor. On the surfaces of 

Ino.3Gao.7As layers, there were still the three-dimensional islands, and their density 

was less than or comparable to that in the low AsH3 partial pressure. Next, Figure 5.8 

shows AFM images of the Ino.2Gao.8As layers on the 2.0°_ and 5.00 -misoriented (001) 

substrates grown at the relatively low temperatures, and Figure 5.9 is those for the 

Ino.3Gao.7As wafers. The AsH3 partial pressure was fixed in 6.7 x 10-5 atm. In both 

cases of Ino.2Gao.8As and Ino.3Gao.7As surfaces, the undulations and the three

dimensional islands at the step edges were clearly restrained, that is, "step flow 

growth" seemed to occur. At the growth temperature of 520°C, especially on the 5.0°

misoriented surfaces, the straightness of the step edges was fairly high. However, it 

can be seen in Fig. 5.10 that the average inclination angle of the multiatomic step 

areas to the (001) terraces, for example, in the case of 0.3 indium content, was getting 

lower as decreasing the growth temperatures, although the angle was still a little larger 

than that of the GaAs ones. These facts is probably due to the decrease in the 

migration length of In and Ga atoms on the vicinal surfaces. 

5.4 Fab:rication. of In.GaAs Quan.tum Wi:re St:ructu:res Usin.g Multiatomic 
Steps 

Figure 5.11 shows a cross-sectional TEM image and a schematic illustration of 

InGaAs QWR structures, whose indium content was about 0.1, on the 5.0°

misoriented substrate. It was found that the thin InGaAs layer (dark area) was thicker 

at the edge of GaAs (bright areas) multiatomic steps than on the (001) terrace regions. 

However, the corrugation of the multi atomic steps on the InGaAs top surface seems to 

decrease compared to the underlying GaAs multiatomic steps' one, which is probably 

due to a slight segregation of indium atoms during the upper GaAs barrier layer 

growth at 600°C. On the other hand, InGaAs/GaAs single QWL on the singular (001) 

substrate had flat heterointerfaces. From this TEM image, it was estimated that the 

lateral width and the vertical thickness of InGaAs QWR structures were about 25 and 
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Fig. 5.11 Transmission electron microscopy images and its schematic 
of InGa-As QWR structures on 5.0o-misoriented GaAs (001) 
substrates. Average well layer thickness and indium content 
were about 3 run and 0.1, respectively. 
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6 nm, respectively, and that the QWL thickness on the (001) terrace was about 1.3 run. 

5.S Optical Characterization of InGaAs Quantum Wires 

Photoluminescence Characterization 

PL spectra of Ina. 1 Gao.9As QWRs on the vicinal substrates and the reference 

QWL on the singular (001) substrate at 77 K are shown in Fig.S.l2 (a). The PL peak 

position of the reference QWL was 1.406 e V, which corresponds to the emission from 

the Ina.IGao.9As strained QWL with a well thickness of about 3 run. PL spectra of 

QWRs shift to a lower energy by 15 meV for the 2.0 0 -misoriented sample and 25 

meV for the 5.00 -misoriented sample with respect to that of the QWL. Full width at 

half maximum (FWHM) of the PL spectra were about 29, 28 and 7 meV for 2.0°, 

5.0 0 -misoriented and singular (001) samples, respectively. For the Ina.15Gao.85As 

QWRs sample, these lower energy shifts (red-shift) and FWHM of the PL spectra 

were 23 and 27 meV for the 2.00 -misoriented sample, and 31 and 28 meV for the 

5.00 -misoriented sample, respectively, as shown in Fig. 5.12 (b). 

In the chapter 3, GaAs QWRs formed at the edge of the multiatomic steps on the 

5.00 -misoriented substrate showed a lower energy shift (red-shift) by 23 meV with 

respect to that of the QWL, which agreed well with the numerical calculations for the 

QWR size obtaitled from the cross-sectional TEM images. Furthermore, it was 

reported that the average indium content of a MOVPE-gro"\\'ll InGaAs layer on a 

vicinal GaAs surface was smaller than that on a singular (001) surface, as investigated 

by an energy dispersive X-ray (EDX) analysis, and PL spectra of LnGaAs/GaAs 

QWLs on the misoriented surfaces shifted to the higher energy side with respect to 

that on the singular (001) surface, that is, PL spectra showed blue-shift [5]. Therefore, 

in the current work, lower energy shifts (red-shift) for the misoriented samples with 

respect to the singular (001) samples are mainly caused by the locally thick InGaAs 

QWR formation at the edge of GaAs multi atomic steps, although the lateral variations 

of the indium contents could not be measured. 
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As shown in Fig. 5.11, the top interfaces between InGaAs and GaAs tended to 

slightly flatten during the GaAs higher barrier layers growth probably because of 

slight segregation of indium atoms. To eliminate such flattening effect, a 40 nm-thick 

GaAs upper layer was grown at 480 °e after the growth of InGaAs layers, followed 

by GaAs layers grown at 600°C. Figure 5.13 shows PL spectra of Ino.lGao.9As and 

Ino.15Gao.85As QWRs fabricated by the scheme mentioned above, compared to the 

previous samples grown at 600°C. The red-shift of Ino.15Gao.85As QWR samples was 

about 45 me V FWHMs of PL spectra from QWRs with the 40 nm-thick GaAs upper 

layers at 480 °e were 20 ~ 22 me V at 77 1(, being 6 ~ 8 me V smaller than those of the 

previous results. On the other hand, in the QWL grown on the singular substrates, 

both the variations of PL peak positions and the reduction of FWHMs with respect to 

the previous results were only a few me V This means that the re-evaporation of In 

atoms can be negligible during the growth at 600°C. Therefore, these results indicate 

that the growth of 40 nm-thick GaAs upper layers at 480°C made it possible to 

eliminate such flattening effects, and the size uniformity of InGaAs QWRs can be 

improved in such growth scheme. 

In the section 5.3, it was found that, even on the 5.0 0 -misorieted InO.3GaO.7As 

surfaces, thin InGaAs layers could grow in "step flow growth mode", and QWR 

structures with the same period as that of underlying GaAs multiatornic steps could be 

formed. Figure 5.14 (a) and (b) show PL spectra of InO.3GaO.7As/GaAs quantum 

structures grown on the 5.0 0 -misorieted substrates at (a) 600 °e and (b) 520 °e, 

respectively. Sample structures were shown in the schematic of Fig. 5.1 (b), and 40 

nm-thick GaAs layers were grown at 480 °e after the InGaAs growth at 600 or 

520°C. In Fig. 5.14 (a), one can see two clear PL peaks at 1.305 and around 1.24 eV 

Although a PL peak around 1.24 e V may be originated from three-dimensional island 

structures at the edge of multiatomic steps, it has not been clarified yet. On the other 

hand, a single PL peak can be seen at 1.270 eV in Fig. 5.14 (b). FWHMs ofPL 

spectra of the 5.0 0 -misorieted and the singular (001) wafers were 27 and 22 meV, 

respectively, and PL spectrum of the 5.00 -misorieted wafers showed red-shift of 42 

me V with respect to that of the singular ones. These results also support that InGaAs 
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Fig.5.13 Photoluminescence spectra (thick line) of Ino.1GaO.9As 

(upper) and InO.lsGao.8sAs (lower) QWRs on 5.0°
misoriented substrates with 40 nm-thick GaAs upper 
layers grown at 480°C, followed by GaAs layers 
grown at 600°C, compared to the spectra (thin line) 
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QWR structures were fonned at the edge of GaAs multiatomic steps even on the 

1no.3G~.7As surfaces, as shown in Fig. 5.9. The energy difference of about 15 meV 

between PL peak positions of the QWL on the singular (001) substrates can be also 

seen. This fact implies that the surface segregation or the re-evaporation of In atoms 

occurs to some extent on the 600 DC-grown Inn.3G~.7As surfaces, and that it can be 

suppressed by the growth at 520°C. 

Polarization anisotropy in photoluminescence excitation spectra 

The PL and PLE spectra of QWRs were taken at 77 K and the results are shown 

in Fig. 5.15. In the PLE measurements, the detection energy was l.359 eV, which 

corresponded to the lower energy side of the PL spectrum of the QWRs as indicated 

by an arrow, and the electric field of the excitation is either parallel (thick line) or 

perpendicular (thin line) to the QWRs. Two peaks can be seen in PLE spectra at 10408 

eVand l.455 eV in either cases of polarizations. It seems that the peak at 10408 eV 

originates from heavy hole (HH)-electron excitons in the first subband in QWRs. On 

the other hand, the identification of the other peak is somewhat difficult because it is 

possible that it involves both the transition of light hole (LH)-electron excitons of the 

QWRs and that of the excitons in the excited states of the QWRs. The latter is more 

likely, because electroluminescence spectra at room temperature showed similar 

features in the energy difference between the ground and the excited states, as 

described in chapter 6. A large Stokes shift was also observed in the PLE spectra, and 

it can be estimated to be about 30 meV at 77 K. Although clear and detailed 

explanation for the origin of this Stokes shift cannot be given at present, it may arise 

from potential fluctuations along the wire axis, caused by size fluctuations and indium 

content variations of the InGaAs QWRs. Some fluctuations at the edge of InGaAs 

multiatomic steps, which can be shown in some AFM images in the section 5.3, also 

may imply the existence of indium content variations along the wire axis. 

One can see polarization anisotropy in HH exciton transition. Its peak intensity 

for perpendicular polarization was about 85 % of that for parallel polarization. 

Although the quantitative argument is difficult because of the complicated valence 
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band mixing and the strain distribution with such cross-sectional shape of the sample 

as described in section 5.4, this polarization anisotropy in PLE spectra probably 

reflects the one dimensional nature of the QWRs. 

Photoluminescence characterization in magnetic fields 

Figure 5.16 (a) shows PL spectra of InGaAs QWRs on the 5.0o-misoriented 

substrate and QWL on the singular (001) substrate measured at 4.2 K in magnetic 

fields (B) up to 10 T. The direction of applied magnetic fields was parallel to the 

growth direction. The PL peak energies show clear blue shifts for both samples as the 

magnetic field increases. The amount of the shift at lOT is 3.4 me V for the QWL 

sample, while it is 1. 6 me V for the QWR sample, as shown in Fig. 5.16 (b), where the 

peak energies are plotted as a function of magnitude of magnetic fields (B). In 

addition, the peak shift, ~E, is well fitted by the parabolic relation to B of diamagnetic 

shift of excitons, that is, ~E = /3B2, where /3 is the diamagnetic coefficient and is 16 

!leV/T2 for QWRs and 45 !leV/T2 for QWL, respectively. 

As shown in the cross-sectional TEM image of Fig 5.11, the InGaAs layer on 

multiatomic steps has in-plane thickness variation, and the thickest portion can be 

observed at the edge of GaAs multiatomic steps. Since its local thickness is larger 

than the width of InGaAs QWL on the singular substrate, the red shift of PL peak 

energy of the QWRs relative to the QWL is caused in the first order by such thickness 

difference. It is known, however, that the diamagnetic coefficient, /3, decreases as the 

well thickness of the QWL becomes narrower [6]. In addition, the diamagnetic 

coefficient of unstrained InGaAs QWL is calculated to be 19 !leV/T2 in the two 

dimensional limit (the reduced effective mass of excitons of 0.053lIlo was used here 

[7], somewhat larger than the experimental value for QWRs). Therefore, these 

magneto-luminescence results clearly demonstrate the existence of lateral quantum 

confmement and one dimensional state in the strained InGaAs QWRs at the edge of 

multiatomic steps. 
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5.6 Fabrication of lnGaAs Wire Structures on Patterned Vicinal Substrates 

In chapter 4, 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 the misorientation direction of vicinal substrates were demonstrated. It found that 

the formation of GaAs multiatomic steps can be controlled by a line and space pattern 

on vicinal substrates, as reported on the AlGaAs multiatomic steps formed on the 

patterned vicinal surfaces misoriented to the [11 0] direction [8]. In this chapter, 

InGaAs wire structures grown on patterned vicinal substrates are also demonstrated 

and characterized. 

Figure 5.17 shows the sample structure of InGaAs wire structures on patterned 

vicinal GaAs (001) substrates misoriented by 2.0 0 to the [-1l0] direction. Grooves 

with about 500 nm width were in the [110] direction, which was perpendicular to the 

misorientation direction, and their period was about 1 !lm. In the first place, 

AlGaAs/GaAs multi-layers were grown in order to form coherent multi atomic steps. 

Then, InGaAs/GaAs QWR structures, whose average well layer thickness is about 3 

nm, were fabricated at the edge of GaAs multiatomic steps. Indium content of thin 

InGaAs layers was always 0.15. In the case of the line and space pattern with 4 !lm

period, the surface morphologies after the growth of InGaAs layers on GaAs 

multiatomic steps tended to become rough, although there was no three-dimensional 

island formation anywhere. Such tendency were fairly remarkable in the multiatomic 

steps areas at the step edges. On the terrace regions, some mono atomic steps can be 

observed. On the other hand, a typical AFM image of InGaAs wire structures formed 

on GaAs multi atomic steps with 1 !lm-period is shown in Fig. 5.18. From the AFM 

characterizations, extremely straight InGaAs wire structures were formed with the 

same period with the substrate's one. Their continuity was also extremely high over 

thirty micrometer long. There were no three-dimensional island growth either at the 

edge of steps or on the terraces. The crystal orientation of terrace surfaces were the 

exact [001] direction, that is, no multiatomic steps were fonned, and the step height 
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was estimated to be about 35 nm. Although further optimization of the growth 

conditions especially on the line and space patterns with the long period, these results 

indicate that the uniformity of step period, the straightness and the continuity of 

multiatomic steps can be controlled by using the patterned vicinal GaAs (001) 

substrates for the fonnation of GaAs multi atomic steps. 

In Fig. 5.19, a cross-sectional SEM image and its schematic of InGaAs wire 

structures fonned at the edge of GaAs multiatomic steps are shown. Growth rate of 

InGaAs layers at the edge of steps was larger than on the (001) terraces, resulting in 

the fonnation of locally thick wire-like structures. These structures were also 

characterized by CL at 4.2 K. Figure 5.20 shows the CL spectrum of InGaAs/GaAs 

single QWL structure grown on the 2.0o-misoriented substrate. Two distinctive peaks 

can be observed at about 849 and 871 nm. To clarify the origin of these two peaks, 

spatial resolved CL images were observed, as shown in Fig. 5.21. It was found that 

the CL peak at 849 nm was of InGaAs QWLs on the (001) terraces and that at 871 nm 

was of InGaAs wire structures at the edge of multiatomic steps. This clearly indicates 

that locally thick InGaAs well layers were fonned at the edge of steps. Furthennore, 

unifonn emissions were observed over thirty micrometer area, and, as shown in CL 

spectrum, the peak intensity of CL spectrum from InGaAs wire structures was almost 

the same as that from QWLs on the (001) terraces, nevertheless the area of wire 

structures was much smaller than that of QWLs on the terraces. These results indicate 

that extremely straight and coherent InGaAs QWRs can be fabricated by using the 

line and space patterned vicinal substrates, although further optimization of the 

growth' conditions may be needed. 

5.7 Summary 

In this chapter, the growth mode transitions of strained InGaAs layers on 

multiatomic steps were investigated by AFM and were discussed. Moreover, the 

fabrication and the optical characterization of locally thick self-organized InGaAs 
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strained QWR structures at the edge of coherent GaAs multi atomic steps grovVll by 

MOVPE on vicinal and patterned vicinal GaAs (001) substrates were demonstrated. 

The main results in this chapter are summarized below. 

(1) According to the results of AFM observations, a thin InGaAs with less than 0.15 

indium contents grew in "step flow growth mode" at the edge of the GaAs 

multiatomic steps, and coherent multi atomic steps could be formed, while that with 

more than 0.2 indium contents grew three dimensionally due to the increase of the 

stress at the edge of multiatomic steps. By the optimization of epitaxial grovv-th 

conditions of InGaAs layers, wire-like structures could be formed even in the case of 

indium contents more than 0.2. 

(2) InGaAs/GaAs strained QWR structures with less than 0.15 indiu..~ content were 

fabricated at the edge of coherent GaAs multiatomic steps. As a result of cross

sectional TEM observation, it was confIrmed that the InGaAs layers at the edge of 

GaAs multiatomic steps was thicker than that on (001) terraces grown on 5.0°

misoriented substrates. 

(3) PL spectra of InGaAs QWR samples showed the lower energy shift (red-shift) by 

15 ~ 31 meV with respect to those of the QWL on the singular (001) substrate. These 

results indicate that the locally thick InGaAs strained QWRs were successfully 

formed at the edge of coherent GaAs multi atomic steps. 

(4) Their polarization anisotropy in PLE spectra at 77 K was observed for the 

excitation light with electric fIelds being parallel or perpendicular to the QWRs. Two 

peaks in PLE spectra were observed at 1.408 and 1.455 e V The peak at 1.408 e V is 

thought to originate from HH-electron excitons in the fIrst subband in QWRs. 

(5) PL properties in magnetic fIelds were also investigated at 4.2 K in order to 

examine the lateral confInement effect in the InGaAs QWRs. At the magnetic field of 

10 T, PL peak position for QWRs sbifted toward higher energy by 1. 6 me V, while the 

amount of energy shifts for QVIL on the singular (001) GaAs substrates was 3.4 me V . 
It was found that the di8J."'TIagnetic coefficient was 16 ~eV/T2, which was much smaller 

than that of QWL on the singular (001) GaAs substrates (45 ~eV/T2). These results 

indicate that the effect of lateral confmement exists in the QWRs. 
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(6) InGaAs wire structures grown on patterned vicinal substrates had extremely high 

continuity and straightness over thirty micrometers. Uniform CL emissions were also 

observed more than thirty micrometer area, and the peak intensity of CL spectrum 

from InGaAs wire structures was almost the same as that from QWLs on the (001) 

terraces, nevertheless the area of wire structures was much smaller than that of QWLs 

on the terraces. 
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Chapter VI 

InGaAs Quantum Wire Lasers 

6.1 Introduction 

In the preVIOUS chapter, the fabrication and optical properties of strained 

InGaAs/GaAs QWRs formed at the edge of GaAs multiatomic steps by MOVPE were 

demonstrated. So far, 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" [1,2]. Application of QWR structures using 

mono atomic steps on vicinal substrates to semiconductor lasers has been reported 

[3,4], as well as other self-organized quantum structures. Actual applications to the 

semiconductor lasers operating in the infrared wavelength region have been 

intensively demonstrated in the investigations of zero-dimensional QDT structures 

formed during the epitaxial growth of lattice-mismatched materials system [5-7]. 

Although most of semiconductor lasers with low-dimensional quantum 

confinement structures were a standard Fabry-Perot type diode laser with two sets of 

mirrors utilizing the cleaved facets, other types of semiconductor lasers can be 

fabricated by using in situ self-organized techniques in the epitaxial growth, especially 

in MOVPE. For example, vertical micro-cavity lasers with two sets of AlAs/ AlGaAs 

multi-layer distributed Bragg reflectors (DBR) were demonstrated by using the 

triangular shaped InGaAs QWRs grown by selective area MOVPE [8] and self

assembled InGaAs QDTs grown by Stranski-Krastanov growth mode [9]. In this type 

of lasers, it is possible to produce extremely high reflectivity, 99.9 %, only by using 

the multi-layers simultaneously formed during the epitaxial growth. As the other 

novel semiconductor lasers fabricated by using self-organized techniques, a hexagonal 

facet GaAs/ AlGaAs lasers has been demonstrated by selective area MOVPE growth 

on GaAs (l11)B substrates [10]. Although this type of lasers has basically the Fabry

Perot cavities, it is possible to form the {1l0} facet mirrors during the MOVPE 
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growth and various kinds of rectangular optical waveguides at the same time with the 

formation of laser structures [11]. 

In this chapter, the fIrst successful laser operation of InGaAs/GaAs QWRs on 

GaAs multiatomic steps by current injections are demonstrated. Following the section 

6.2, which describes the sample preparation procedures of laser chips, EL 

characterization results and actual lasing characteristics of InGaAs QWRs diode laser 

are summarized. 

6.2 Sample Preparation Procedure 

A vicinal n-GaAs (001) substrate, whose carrier concentration was more than l.0 

x 1018 cm-3, misoriented by 5.0° to the [-1l0] direction and a singular n-GaAs (001) 

substrate were used. Indium content of InGaAs layers was either 0.15 or 0.30. Growth 

temperature was 600°C for ~.15Gao.85As layers and 520°C for ~.3Gao.7As layers. In 

order to fabricate laser diode with InGaAs QWRs in its active layer, the separate 

confInement heterostructure (SCH) was grown, as shown in Fig. 6.1. SiH4 gas was 

used as n-type dopant for the growth of n-AlGaAs cladding layers, whereas p-type 

doping of p-AlGaAs cladding layers was achieved by an intentional incorporation of 

carbon (C) impurities under the growth condition of low V I III ratio (V I III = 29, 

using TMGa, TMAl and AsH3)' Carrier concentrations of n- and p- type AlGaAs 

cladding layers were between 2.0 x 10 17 cm-3 and 8.0 x 1017 cm-3
, and aluminum 

contents of AlGaAs layers were 0.32. After the growth of a thick AlGaAs layer, its 

surface morphology tends to be rough, that is, it is difficult to form coherent and 

straight AlGaAs multiatomic steps. Therefore, before the growth of non-doped GaAs 

layers in order to form the multiatomic steps, (GaAs)2 I (AlAs)l superlattice buffer 

layers were grown to form the surfaces with monoatomic steps. It was confrrmed by 
, 

AFM observations that GaAs multiatomic steps and InGaAs wire-like structures can 

be formed after the thick Si-doped AlGaAs cladding layers, followed by the growth of 
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Fig. 6.1 Sample structure of separate confinement heterostructure lasers. 
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Si-doped (GaAS)2 / (AlAs) 1 superlattice buffer layers. Furthermore, in order to 

eliminate the "flattening" of InGaAs layers on multiatomic steps, which was discussed 

in section 5.5, a 40 nm-thick non-doped GaAs upper layer was grown at 480 DC on 

InGaAs QWR layer, followed by a GaAs layers grown at 600 DC. Other growth 

conditions were the same as those described in chapter 5. 

After the MOVPE growth of a SCH structure, a standard Fabry-Perot type laser 

diode (LD) with as-cleaved {1l0} facet mirrors was fabricated. Figure 6.2 shows the 

flowchart of the sample preparation procedures. An alloy of gold (Au) - zinc (Zn) and 

that of Au - germanium (Ge) - nickel (Ni) were used as p- and n- type ohmic 

electrodes, respectively. Preparation procedures of laser chips are introduced in detail 

as follows: 

(1) The processes for the fabrication of electrodes are done on the p-type surfaces in 

the first place. After the conventional photo-lithography processes, Au-Zn 

electrode materials are evaporated on the surfaces. 

(2) 300 ~m-wide areas of Au-Zn layers, which have a 320 ~m-period, are remained 

by the lift off processes with a organic solvent. After that, to form the ohmic 

contact with p+-GaAs cap layers, samples are annealed at 430°C for 3 min, and 

Au-Zn are alloyed. 

(3) After the photo-lithography processes to cover the p-side electrodes with a positive 

photo-resist, 10 ~m-deep and 20 ~m-wide grooves, which are to divide samples 

into laser chips, are formed by etching. H3P04 : H20 2 : H20 (= 1 : 3 1) chemical 

etching solution was used at room temperature. After the etching, the photo-resists 

are removed. 

(4) Before t.h.e processes for the formation of n-type electrodes, n-type GaAs 

substrates, that is, the back of the samples, are thinned down until the thickness of 

about 150 ~ 180 ~m. 

(5) After the thinning and polishing processes, Ge-Au-Ni electrode materials are 

evaporated on the back of samples, and are alloyed by annealing at 400 DC for 2 

min 30 sec to form the ohmic contact. 

(6) In order to divide samples into the arrays of laser chips, they are cleaved 
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Fig. 6.2 Preparation procedures for laser diode chips. 
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perpendicular to the etched grooves between 300 !lm-wide Au-Zn electrodes. 

These cleavage processes are the most important because as-cleaved {II O} facet 

mirrors for the cavity are formed by the cleavages. Therefore, the cleavages are 

done from the back of samples carefully. 

(7) Finally, each laser chips is obtained by the cleavages using the etched grooves of 

the sample surfaces. These laser chips are fixed by indium (In) metal and wax 

dissolved by acetone on the sample holders made of copper (Cu) as the p-side 

surfaces of the samples are down, and gold wires are bonded to the n-side 

electrodes. 

Cavity length was about 600 !lm and its direction was in either the [110] or the [-110] 

direction, where the [110] direction is parallel to the QWRs and multi atomic steps and 

the [-110] direction is parallel to the misorientation direction of the vicinal substrates, 

that is, perpendicular to the QWRs. Width of electrodes was about 300 !lm. 

Electroluminescence (EL) and lasing operation were investigated by current injections 

under the pulsed bias conditions at room temperature and 77 K. Unless otherwise 

specified, the pulsed conditions were as follows: repetition rate of 12 kHz and pulse 

width of 1.0 !ls. 

6.3 Characterization of Laser Diode 

First, figure 6.3 shows EL spectra of QWL on the singular (001) substrate by 

pulsed currents injection at room temperature. Peak positions of EL spectra were 

1.350 eV, and the weak side peaks at around 1.385 eV could be observed. Figure 6.4 

also shows EL spectra of QWR-LD structure and their dependence on injection 

currents measured at room temperature plotted in logarithmic scale. In the sample, 

cavity direction was equ'al to the QWRs' one, that is, the [110] direction. The EL 

spectra have a peak at 1.312 e V and are also asymmetric even at the smallest injection 

current investigated here. This asymmetry is also caused by the feature around 1.36 
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e V, and it becomes more prominent at higher injection currents. The asymmetry is 

probably due to the thermal distribution in the ground subband of QWRs and to the 

population in the excited states, because the energy difference between 1.312 e V and 

around l.36 eV is comparable to that between tvllO peaks in PLE spectra shown in 

chapter 5. The weak feature at 1.422 e V can be ascribed to the EL from GaAs. At 77 

K, this SCH diode showed clear lasing operation by pulsed current injections. Figure 

6.5 shows EL and lasing spectra at 77 K. The spectra are fairly symmetric and become 

sharper and stronger as the current increases. FWHM of the lasing spectra was less 

than 3 meV, and the wavelength at lasing operation was around 896 nm (l.384 eV), 

which was almost the same as the peak position of PL spectra at 77 K as described in 

chapter 5. Figure 6.6 shows current -light output (I - L) characteristics at 77 K under 

the pulsed bias conditions. It was roughly estimated the threshold current to be 212 

rnA, which corresponds to the threshold current density of 118 Alcm2
. These results 

are the first demonstration of a laser diode using self-organized InGaAs QWRs on 

GaAs multiatomic steps in its active layer. Next, the behavior of InGaAs QWR-LDs 

emitting in the two directions, which mean that cavity directions are in the [110] and 

the [-110] direction, and the comparison of them with the behavior of QWL-LD were 

investigated at 77 K under the pulsed bias conditions. Figure 6.7 shows the emissions 

of InO.lSGaO.8SAs QWRs- and QWL-LDs below and above threshold at 77 K. The 

wavelength at lasing operation of the QWL-LD was around 864 nm, which 

corresponded to the emission energy of l.435 eV Emission peak energy of the QWR

LDs was always about 40 meV lower than that of the QWL-LD. This result is 

consistent with the results obtained in the PL measurements at 77 K, and the amount 

of these red-shifts is comparable to that in the PL spectra. The small energy difference 

between the two QWR-LD samples with the cavity in the direction parallel to QWRs 

array direction and perpendicular to it can probably be attributed to the growth 

thickness difference from wafer to wafer. Figure 6.8 also shows I - L characteristics 

of these LDs at 77 K. Threshold current (Ith) ofQWL-LD was estimated to be 150 rnA, 

and that of QWR-LDs with cavity parallel and perpendicular to the QWRs array 

direction was 212 and 105 rnA, respectively, which correspond to the threshold 
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current density (Jth) of 83, 118 and 58 Alcm2
. In QWRs lasers, the effect of anisotropy 

of the electronic dipole moment, which leads to the dependence of gain on the 

direction of QWRs against the light propagation, has been theoretically discussed, and 

it has been well known that maximum gain can be obtained for QWRs perpendicular 

to light propagation, that is, when electric field vector (E) of the light propagation 

becomes parallel to the direction of QWRs array [12]. Such phenomenon has also 

been experimentally confmned, for example, as described in Refs. 3,4 and 13. Figure 

6.9 shows schematic of the relationship between the QWRs array and the cavity 

direction, that is, the direction of the light propagation for the QWR-LDs investigated 

here. In the present work, when the cavity direction was perpendicular to the QWRs 

array direction, threshold current density of the QWR-LD was lower than that of the 

QWL-LD, as shown in Fig. 6.8. This result shows the first successful demonstration 

of self-organized InGaAs QWRs laser formed on GaAs multiatomic steps because the 

result obtained here may be attributed to one-dimensional characteristics of InGaAs 

QWRs. 

In the section 5.3, it was found that, even on the 5.0o-misoriented Ino.3Gao.7As 

surfaces, InGaAs QWR structures could be fabricated. Next, EL and lasing 

characteristics of SCH-LDs with Ino.3Gao.7As QWRs in their active layers are also 

investigated. Figures 6.10 and 6.11 show EL spectra at room temperature of QWR

LDs with cavity parallel and perpendicular to QWRs array direction, respectively. In 

Fig. 6.10, peak position ofEL spectra shifted to higher energy side as higher currents 

were injected. Additional peaks around 1.26 e V, which are ascribed to the population 

in the excited states, can also be observed under higher injection currents condition. In 

the current study, although the details of reasons could not be revealed, broadening of 

the line width in the main peaks of EL spectra can be probably due to the size 

distribution of the QWR structures or the carrier population in the excited states. 

These QWRs were also characterized at 77 K. Figures 6.12 and 6.13 show EL and 

lasing spectra at 77 K oftliese QWR-LDs. In both cases, clear lasing spectra can be 

observed at around l.0 ~m. Especially in Fig. 6.12, higher energy shifts of the peak 

position with increasing injection currents were also seen, as shown in EL spectra at 
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room temperature in Fig. 6.10. 1- L characteristics of ~.3Gao.7As QWR-LDs at 77 K 

are summarized in Fig. 6.14. Threshold currents of the sample with parallel and 

perpendicular to the QWRs array direction were about 103 and 135 rnA, respectively. 

These figures correspond to the threshold current density of 57 and 75 Alcm2
. There 

was only a slight difference between the threshold current densities of such two 

samples, being different from the result of ~.15Gao.85As QWR-LDs in Fig. 6.8. In the 

QWR-LDs used here, thin ~.3Gao.7As layers were grown on GaAs multiatomic steps 

at 520°C. As described in chapter 5.3, the average inclination angle at the edge of 

~.3Gao.7As multiatomic step areas becomes lower, as the thin InGaAs layers are 

grown at lower growth temperature. Therefore, in-plane thickness variations of 

~.3Gao.7As layers between at the edge of multi atomic steps and on the (001) terraces 

seems to be smaller than those of ~.15Gao.85As layers. This result means that lateral 

confinement effect of the ~.3Gao.7As QWRs at the edge of multiatomic steps 

becomes smaller than that of the ~.15Gao.85As QWRs because the thickness 

differences of ~.3Gao.7As layers between at the edge of GaAs multiatomic steps and 

on the (001) terraces tend to become smaller. It may lead to the small difference of the 

threshold current densities in the ~.3Gao.7As QWR-LDs. In the ~.3Gao.7As QWR-LD 

whose cavity direction is parallel to the QWRs' direction, EL spectra were also 

characterized at room temperature under the higher current injection conditions. 

Pulsed bias condition was different from the measurements in Fig. 6.10, that is, the 

repetition rate was 12 kHz and duty ratio was 90 %. As shown in Fig. 6.15, weak 

peaks, which had about 10 me V -energy separations each other, appeared in the main 

peak of EL spectra, and the highest energy peak of around 1.26 e V became clear and 

sharper, with increasing the injection currents. These results may indicate that the 

maximum gain can be obtained in the higher energy states of the InGaAs QWRs, and 

then, lasing of InGaAs QWR-LDs can operate even at room temperature. 

The self-organized InGaAs QWRs used here might be have the fluctuation of 

their size uniformity of ab6ut ± 13 %, and their continuity is not perfect, because the 

patterned vicinal substrates was not used. Since any attempts to reduce the threshold 

current density were not performed, of course, the values of the threshold current 
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density obtained here is not the smallest ones. In the current InGaAs QWR-LDs, 

however, it is also possible to reduce its threshold current density by introducing the 

current blocking layers and high reflection (HR) coated {II O} facet mirrors. Further 

improvement of lasing characteristics will be also expected by the optimization of 

epitaxial growth conditions, doping conditions of cladding layers, ohmic contact of p

or n- type electrodes, and so on. 

6.4 Su.mmary 

In this chapter, EL properties of the InGaAs QWRs were investigated at room 

temperatures, and the fIrst attempts to form SCH-LDs with the InGaAs QWRs in its 

active layers and to characterize them were demonstrated. The main results are 

summarized below. 

(1) EL spectra of the QWR-LDs at room temperature had the asymmetric shape 

probably because of the thermal distribution in the ground subband of the QWRs and 

to the population in the excited states. 

(2) For the fIrst time, the pulsed laser operation of the SCH-LDs using InGaAs QWRs 

in its active layers at 77 K by current injection was successfully demonstrated. 

Wavelength at the pulsed lasing operation was around 896 nm at 77 K, which was 

almost the same as the peak position of PL spectra and longer wavelength than that of 

the QWL-LD, 864 nm, at 77 K. It was roughly estimated the threshold current density 

to be ll8 Alcm2
. 

(3) In lasing operation of ~.15G~.85As QWR-LDs, when the direction of cavity was 

perpendicular to the QWRs array direction, the threshold current density of QWR-LD 

was lower than that of QWL-LD. It was roughly estimated to be 58 Alcm2 under the 

pulsed bias conditions at 77 K. 
, 

(4) ~.3G~.7As QWR-LDs were also fabricated by the growth of thin InGaAs layers at 

520°C on GaAs multiatomic steps. Emission wavelength of the QWR-LDs was 

around 1.0 MID at 77 K. By changing indium contents of InGaAs QWRs on GaAs 
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multiatomic steps, emission wavelength at lasing operation can be controlled from 

around 0.9 !-illl to 1.0 !-illl at 77 K. 
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Chapter VII 

Summary and Conclusions 

In the current work, self-organized GaAs and InGaAs QWRs have been 

fabricated on GaAs multiatomic steps grown by MOVPE, and their optical properties 

have been characterized. Furthermore, the fabrication and their characteristics of the 

laser diode using InGaAs QWRs in its active layers was demonstrated for the fIrst 

time. In this chapter, the main results in the present work are summarized. 

In chapter 3, the self-organizing fabrication of GaAs/AlGaAs QWRs utilizing 

coherent GaAs multiatomic steps, which can be naturally formed during the MOVPE 

growth, were demonstrated. As results of the cross-sectional TEM observations, it was 

confmned that GaAs layers at the edge of multiatomic steps on the 5.0°- misoriented 

surfaces, whose average height, average spacing and distribution of inter-step spacing 

were 7.0 run, 80 nm and within ± 13 %, respectively, was thicker than that on the 

(001) terraces. In PL spectra of such locally thick GaAs wire structures on the 5.0°

misoriented substrates, PL peak energy showed the energy shift of 23 me V to the 

lower energy side (red-shift) with respect to that of QWL on the singular GaAs (001) 

substrate. The result of PL energy shift in GaAs wire structures was also compared 

with a simple numerical calculation. It was shown that the PL peak energy· shift of the 

5.0°- misoriented wafer was in good agreement with the calculation results. This 

means that GaAs QWRs were formed by the lateral growth of GaAs layers at the edge 

of multiatomic steps. 

In chapter 4, as the improvement methods for size uniformity of QWR structures, 

the use of thin AlAs layers on coherent GaAs multiatomic steps as a lower barrier 

layers of QWR structures and GaAs multi atomic steps on patterned vicinal (001) 

substrates were demonstrated. According to the AFM observations, on the AlAs 

multiatomic steps, the average height, average spacing and the distribution of the step 

128 



spacing were 5.7 run, 66 run, and within ± 14 %, respectively, although AlGaAs 

surfaces tend to be disordered easily. Therefore, the underlying coherent GaAs 

multiatomic steps can be well traced by AlAs rather than AlGaAs. PL spectra of GaAs 

QWRs using AlAs also showed the red-shift, and their FWHM was about 16 meV 

smaller than those using AlGaAs. It was confmned that the reduction in FWHM 

originated from the much improvement of the size uniformity in QWR structures by 

using AlAs as a lower barrier layer. Polarization anisotropy in PL spectra, which was 

about 0.12, also supported the successful formation of the QWRs. 

GaAs layers grown on patterned vicinal GaAs (001) substrates by MOVPE 

formed extremely straight and coherent multiatomic steps. SEM observations revealed 

that such multiatomic steps can be formed in the same period with the underlying 

vicinal substrates' one. Cross-sectional SEM images showed that GaAs well layer 

thickness at the edges of multiatomic steps was about 2 times thicker than that on the 

terraces for the wafers with the 1 /lm-period line and space pattern. From cross

sectional CL image observations, two emission peaks in CL spectrum at 4.2 K were 

from QWL at the edges and on the (001) terraces of multi atomic steps. The thickness 

of GaAs well layers estimated from CL emission peak energy was consistent with that 

from SEM images. Top view of CL images, which showed uniform emissions both 

from the edge and the (001) terrace areas of multiatomic steps over a wide area more 

than thirty micrometers, also supported that it is possible to control the straightness 

and continuity of QWRs. 

In chapter 5, to form much uniform QWR structures directly at the edge of 

coherent GaAs multiatomic steps on vicinal GaAs (001) substrates, the formation of 

locally thick self-organized InGaAs wire structures was demonstrated. According to 

the results of AFM observations, a thin InGaAs layers with less than 0.15 indium 

contents can be grown in step flow growth mode at the edge of the GaAs multiatomic 

steps, and coherent multiatomic steps with almost the same period as underlying 

GaAs ones were formed. On the other hand, although InGaAs layers with more than 

0.2 indium contents grew three-dimensionally because of the increase of the strain 
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effect at the edge of multiatomic steps, by adjusting the epitaxial growth conditions of 

InGaAs layers, wire-like structures can be formed even in the case of indium contents 

more than 0.2. Cross-sectional TEM observations revealed that ~.lG8.0.9As layers at 

the edge of GaAs multiatomic steps was thicker than that on the (001) terraces groVYTI 

on S.Oo-misoriented substrates. 

PL spectra of InGaAs QWR samples also showed lower energy shifts by 15 ~ 31 

meV with respect to those of QWL on a singular (001) substrate. FWHM of PL 

spectrum from the QWRs was 28 me V at 77 K. Although the top interfaces between 

InGaAs and GaAs tended to slightly flatten during the GaAs higher barrier layers 

growth probably because of slight segregation of indium atoms, the growth of 40 nm

thick GaAs upper layers at 480°C made it possible to eliminate such flattening effects. 

The improvement of size uniformity can be seen in the reduction of FWHM of PL 

spectra, and the FWHMs were 20 ~ 22 me V at 77 K, being 6 ~ 8 me V smaller than 

those of the previous results. The polarization anisotropy in PLE spectra and PL 

properties in magnetic fields supported that the effect of lateral confinement exists in 

the QWRs. 

InGaAs WlIe structures were also demonstrated usmg coherent GaAs 

multiatomic steps on patterned vicinal substrates. Such wire structures showed 

uniform emissions over more than thirty micrometers, nevertheless their areas were 

much smaller than those of QWL on the (001) terraces and peak shifts to the lower 

energy side with respect to the QWLs. 

In chapter 6, the SCH-LD with InGaAs QWRs in its active layers was fabricated 

for the flISt time, and the pulsed laser operation at 77 K by current injections was 

successfully demonstrated. Wavelength at pulsed lasing operation was around 896 nm, 

which was almost the same as the peak position of PL spectra at 77 K, indicating the 

lasing spectrum was from the InGaAs QWRs. It was roughly estimated the threshold 

current density to be 118 A/cm2
. Lasing wavelength of the QWR-LDs was longer than 

that of the QWL-LD, 864 nm. In lasing operation of ~.l5G8.0.85As QWR-LDs, when 

the direction of cavity was perpendicular to the QWRs array direction, the threshold 
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current density of QWR-LD was lower than that of QWL-LD. These results may be 

ascribed to the one-dimensional characteristics InGaAs QWRs on GaAs multiatomic 

steps. 

lno.3G8.0.7As QWR-LDs were also fabricated by the growth of thin InGaAs layers 

at 520°C on GaAs multiatomic steps. Emission wavelength of the QWR-LDs was 

around 1.0 !illl at 77 K. It means that, by changing indium contents of InGaAs QWRs 

on GaAs multiatomic steps, emission wavelength at lasing operation can be controlled 

from around 0.9 !illl to 1.0 !illl at 77 K. 
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