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Chapter 1 

Introduction 

1.1 B ackgrounds 

Research on semiconductor superlattices and heterostructures was initiated with a pro

posal by Esaki and Tsu in 1969-1970 [1, 2). With the advancement of such fine epitaxial 

growth technologies as molecular beam epitaxy (MBE) and metal organic chemical va

por deposition (:vtOCVD), it becomes possible to confine electrons in ultra-thin films 

of semiconductors whose thicknesses are comparable to de Broglie wavelengths -'., of 

electrons (~10 nm). In such structures, electron motion perpendicular to the layer is 

quantized , while electron motion within the layer remains free. Electrons confined in 

heterostrucutres show a variety of unique properties which have never been observed 

in bulk semiconductors. Transport properties of two-dimensional electron gases have 

been exploited to invent such novel devices as high-mobility transistors [3) and resonant 

tunneling diodes [4, 5). 

Two-dimensional carriers confined in quantum wells also giYe rise to various new op

tical properties. Optical absorption shows step-like density of states with strong exciton 

resonance, which can be observed even at room temperature [6-10). In addition, large 

optical nonlinearity [ 11, 12) and quantum-confined Stark effect (QCSE) [13- 15) should 

be noted. These characteristics have been exploited to create such advanced optical 

de,·ices as quantum well lasers [16, 17), intersubband photodetectors [18, 19), and optical 

modulators [20). 

These acti,·ities on quantum effects were expanded into the study of semiconductor 

quantum "·ires. which was initiated by the proposal by Sakaki [21). Quantum wires 



arc ultrafine semiconductor wires whose cross sectional dimensions are comparable to 

de Broglie wavelengths of electrons. In such wires, electron motions are allowed only 

along the wires and electron motions in the other two directions are quantized. It 

was theoretically predicted by Sakaki in 1980 tbat the ionized impurity scattering of 

electrons in quantum wires can be drastically suppressed [21). This effect would lead to 

the ultrafast FET devices and new ballistic electron devices. 

In contrast, the study of optical properties of quantum wires is motivated by two 

expectations. First, the concentrated electronic density of states should make optical 

transition highly efficient, which would lead to high differential gain in semiconductor 

laser [22). Second, the Coulomb interaction should be very effect ive in quantum wires 

and create excitons with large binding energy and enhanced optical transition probability 

[23- 27). 

Much work has been done for the last two decade to realize prominent features of 

quantum wires and to apply them to electronic devices. At the first stage of such work 

[28 -31), quantum wires of the order of 100 urn were fabricated with ultrafine lithography 

techniques such as electron beam lithography, and a part of the theoretical predictions 

was demonstrated at low temperature less than 1 K [32). However, many difficulties were 

still left to fabricate smaller quantum wires under the quantum limit condition, since it 

was not trivial to prepare damage-free interfaces by the currently available lithography. 

Several alternative approaches to fabricate 10-nm-scale quantum wires were pro

posed and intensively investigated. In such approaches, defects and roughness at hetero

interfaces of quantum wires are avoided by making use of the advanced epitaxial growth 

technologies without resorting to the ultrafine lithography. For example, V-groove quan

tum wires were realized by selective growth with i\ IOCVD [33- 38), and ridge quantum 

wires were fabricated on patterned substrates with reverse-mesa structures by MBE 

[39, ~0). Tilted super lattices and their related structures were grown on vicinal sub

strates [41 - 45). T-shaped quantum wires [46, 47) were formed by overgrowing a quantum 

well layer on the edge surface of multi-quantum well layer, which is exposed by in situ 

cleavage [48). 

Then, the first demonstration of quantum wire lasers was done in 1989 by Kapon et 

al. [33) Although the confinement of carriers to one-dimensional states was observed in 

the optical emission sprctra. the relatively large size (80-100 by 10 nm) of quantum wires 
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results in the occupation of many one-dimensional subbands. To achieve the peculiar 

features predicted by the theory, it is essential to fabricate 10-nm-scale quantum wires 

and to accommodate most carriers in the ground sub bands of quantum wires. Wegschei

der et al. have successfully made lasers with 10-nm-scale T-shaped quantum wires and 

observed stimulated optical ernjssion from the lowest one-dimensional exciton states [47]. 

Compared with quantum wells, however, fabrication methods of quantum wires are 

still immature, and it is necessary to improve their uniformity, size, and purity. In addi

tion, so as to gain an insight into one-dimensional effects, one has to develop adequate 

spectroscopic techniques to characterize quantum wires, in which a high spatial resolu

tion, a high sensitivity, an analysis of polarization, an application of external fields, an 

experiment at low temperatures, and their combinat ions are important. 

1.2 Object ives 

The first objective of this study is "to fabricate high-quality quantum wires whose cross 

sectional dimensions are less than 10 nm". To demonstrate new features peculiar to 

one-dimensional systems, one has to realize strong lateral confinement in nanometer

scale quantum wires. In such wires, optical properties are strongly affected by hetero

interfaces. Thus, it is quite important to fabricate wires with smooth and damage-free 

interfaces. By modifying our MBE system, we will attempt to obtain high-quality T

shaped quantum wires with good controllability. 

The second objective is" to demonstrate optical properties of quantum wires predicted 

by the theory and to explore their unpredicated properties". The first step for the 

deY ice applications of quantum wires is to fabricate quantum wire samples and to certify 

theoretical predictions experimentally. Some predictions were so far confirmed with 

spectroscopic methods. In most of these works, however, the lateral confinement was 

so weak in quantum wires that one-dimensional effects might be easily obscured by 

the inhomogenious broadening and other factors. In this study, we will attempt to 

prepare a series ofT-shaped quantum wires with far stronger lateral confinement and to 

investigate their optical properties systematically. Especially, the adequate comparison 

with reference quantum wells will be made to evaluate quantitatively effects of lateral 

confinement. 

3 



1.3 Synopses of chapters 

In chapter 2, we describe the fabrication procedure of T-sbaped quantum wires (T

QWRs) by tbe cleaved-edge overgrowth method. To obtain sharp and sufficient photolu

minescence (PL) from T-QWRs, we refine the in situ cleavage process and the condition 

of overgrowth on (110) edge surfaces. We started from GaAs/ AlGaAs material systems, 

whose epitaxial growth on (llO) surfaces have been fairly established and thus favorable 

to obtain uniform T-QWRs. Then, we expand our efforts into various materials such as 

GaAs/ AlAs and InGaAs/ AlGaAs. 

In chapter 3, T -QWR.s are characterized with the spatially-resolved PL technique. 

To assign origins of PL peaks from T-QWR samples with such a technique, we design 

special sample structures. Then, by measuring PL spectra from a series of 5-nm-scale 

T-QWRs, we demonstrate the enhanced Coulomb interact ion energy and other distinct 

features peculiar to one-dimensional excitons. 

In chapter 4, we systematically investigated the polarization dependence of PL and 

PL excitation spectra on a series of 5-nm-scale T-QWRs. Compar ing with a reference 

quantum well grown on (110) surface, we evaluated the optical anisotropy induced by the 

lateral conf.nement in T -Q\VRs. Then, by carefu lly comparing intensities of PL excita

tion spectra among three different T-QWRs, we have evaluated the integrated absorption 

of one-dimensional excitons, and found that the oscillator strength is concentrated into 

one-dimensional exciton states with increas ing lateral confinement. 

In chapter 5, we measured PL spectra from a seri es of T-QWR.s in magnetic fields 

up to 12 T. Comparing energy sh ifts of T-Q\VRs with those of quantum wells , the 

effect of lateral confinement on exciton wave functions in quantum wires is clearly and 

quantitatively demonstrated. 

Chapter 6 is the summary and the conclusions of this study. 
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Chapter 2 

Fabrication ofT-shaped quantum . 
wires 

2.1 Introduction 

following the pioneering proposals by Sakaki and Arakawa [1, 2], a series of efforts have 

been made for the fabrication of quantum wires and remarkable developments have been 

witnessed. To realize predicated gains of quantum wires in dev ice applications, quantum 

wires must sat isfy the following three requirements . (1) S ize: electrons and/or holes 

must be strongly confined in nanometer scale quantum wires in order to accommodate all 

the carriers in the ground subband. (2) Uniformity: hetero-interfaces of quantum wires 

must be smooth in the atomic scale, so as to keep the fluctuation of quantum levels far 

smaller than the thermal energy kT or Fermi energy. (3) Purity: dislocations and other 

defect-complexes as well as residual impurities should be sufficiently reduced to ensure 

efficient photoluminescence and good electron mobilities. These three requirements had 

been difficult to meet for a long time becanse of the lack of control of epitaxial growth 

and/or damages induced during processing. 

Howe\'cr, recent ad,·anccs in the epitaxial growth technology have provided several 

new ways to fabricate quantum wires which arc about to meet the three requirements. 

Such acti,·ities were briefly reviewed in chapter 1. Especially, T-shaped quantum wires 

(T-Q\\'Rs) [3, 4) fabricated by intersecting two quantum well layers with the cleaved

edge O\'e rgro\\·th method [5[ have recently attracted wide attentions, since they exceed 

the other wires in the se,·eral points; structural uniformity, purity, and controllability of 

structural size. 
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In this chapter, we describe the method of cleavage and overgrowth, by which high

quality T-QWRs having sharp and efficient photoluminescence were obtained. First, we 

will introduce T-QWRs in the next section, where the mechanism of two-dimensional 

confinement in T-Q\VRs and unique features of T-QWRs are addressed. Next, we will 

present the fundamental scheme of the cleaved-edge overgrowth method, and then report 

our attempt to refine in situ cleavage process as well as to optimize the condition of 

overgrowth on (110) cleaved edge surfaces. 

2.2 T-shaped quantum wires 

T-shaped quantum wires (T-QWR~) which are schematically shown in F ig. 2.1 have 

been proposed for some years [1, 6] and their fabrications have become possible either by 

the cleaved edge overgrowth [5] or the facet edge overgrowth method [7, 8]. Using the 

cleaved-edge overgrowth method, it is possible to fabricate nanometer-scale T-QWR.s 

with the atomic scale precision and good controllability. Indeed, high-quality T-QWRs 

were successfully formed , and photoluminescence with small energy broadening compa

rable with that of quantum wells was obtained [4]. For later argument, two quantum 

wells in Fig. 2.1 are defined as QW1 and QW2, since QW1 and QW2 are formed in the 

first and the second growth in the cleaved-edge overgrowth method, respective ly. 

The two-dimensional confinement in T-QWRs is realized by locally modifying the ef

fective thickness of quantum wells in the T-junction part of the structures. The contours 

of constant probability for electrons confined at the T-Q\VR. state are shown in Fig. 

2.1. Similarly, holes arc also confined at T-sbaped intersections. The wave functions of 

wire states spread along the direction of weaker confinement, that is, along one of the 

quantum wells, Q\\"1 or Q\V2, which bas the lower energy level. Therefore, we define 

the confinement along this quantum well with lower energy as the lateral confinement of 

T-QWRs 

It is quite important to precisely determine the energy spacing between the lowest 

energy level of quantum wires and that of the adjacent quantum wells. Vve denote 

this quantity as the lateral confinement energy E10 _ 20 , which is a key parameter to 

characterize the lateral confinement of T-QWRs. For excitons or electron-hole pairs, 

we denote it as the effccti,·e lateral confinement energy Ej 0 _ 20 . Note that Ej 0 _ 2o 
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AIGaAs 

T-QWR 

QW1 
(GaAs) 

~ [110] 

[001] 

figure 2.1: The schematic diagram ofT-shaped quantum wires (T-Q\VR.s), where QWl 
and Q\\'2 arc defined. \\·c denote the well thickness of Q\V 1 by a, the well thickness of 
Q\\.2 by b, the barrier thickness of Q\Vl by c. 



is the energy difference between the one-dimensional exciton state in quantum wires 

and the two-dimensional exciton state in neighboring quantum wells and is, therefore, a 

key parameter to represent the stability and the one-dimensional nature of the excitons 

confined in T-QWR.s. It has been pointed out that the lateral confinement of most ofT

QWR.s is weak. Hence, it is important to precisely characterize Ej 0 _ 20 and to enhance it. 

We will describe in chapter 3 how to characterize Ej0 _ 20 and how to optimize Ej0 _ 20 . 

2.3 Cleaved-edge overgrowth method 

The cleaved-edge overgrowth method is capable of producing quantum wires with the 

atomic precision, which was initially demonstrated by Pfeiffer ct a!. [5] In this approach, 

the edge surface of quantum wells exposed by in situ cleavage is used as a template 

for quantum wires. For example, by the epi t~xial overgrowth of n-AlGaAs on the edge 

surface, two-dimensional confinement for electrons can be achieved. Similarly, by over

growing the second quantum well layer on the edge surface, T-shaped quantum wires 

(T-Q\VR.s) can be formed at the intersection of quantum wells, which confine both elec

trons and holes. 

Such fabrication schemes were proposed a long time ago [1, 6], but they have become 

possible only recently because the exposure of clean and damage-free edge surface of 

quantum wells and the su bsequent overgrown high-quality fi lms had not been trivial 

issues. Pfeiffer et a!. showed that the cleavage of quantum well structures offers high

quality (110) edge surface of quantum wells on which the overgrowth is possib le. In 1990, 

they have succeeded in fabricating two-dimensional electron gases on the cleaved (llO) 

edge of a GaAs wafer by \!BE [5]. Mobilities of the electron gas at the cleaved interface 

was as high as 6.1 x 105 cm 2/Y. Then, they expanded their efforts to demonstrate the 

capabilities of the clea,·ed-edge overgrowth method, developing several novel electronic 

dc,·ices. i\amely, (l) two-dimensional electron gas subjected to a lateral Kronig-Penney 

potential of 10 nm periodicity [9], (2) a field effect transistor with an ultra-thin gate of 

20 nm length [10] . and (3) a 25-nm-wide single quantum wire with a measured transpor t 

mean free path exccrding 10 JJ.m [ll]. 

The scheme of T-Q\\"Rs was firstly demonstrated by Giini eta!. in 1992 [3]. Then, 

\\"cgschcider et a!. demonstrated laser action in T-Q\\'Rs by optical pumping in 1993 
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Figure 2.2: The principle of cleaved edge overgrowth method developed originally by 
Pfcifrer ct al. After mounting the wafer with multi-quantum wells vertically on the 
special substrate holckr, in situ cleavage of the wafer is carried out. Then GaAs/ AIGaAs 
hctcro-structurcs arc ovcq;rown on the (110) cleaved surface. 
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[4j and by current injection in 1994 [12J. Now the cleaved-edge overgrowth method is 

widely recognized as a useful technique to produce high-quality quantum wires with 

good controllability [9-19J. Modifying our MBE system for the cleaved-edge overgrowth 

method, we started our study of T-QWR.s in 1993 and made a continuous effort to refine 

the cleaved-edge overgrowth method and to fabricate high-quality T-QWR.s. 

In the following, we will briefly describe fabrication procedure of T-QWR.s by the 

cleaved-edge overgrowth method, and then explain each step separately in detail. 

The schematic fabrication procedure is shown in Fig. 2.2. In the first growth, a 

multi-quantum well layer was formed on a GaAs (001) substrate by MBE. Then, the 

wafer was taken out from the MBE chamber, and cut into small pieces. These pieces 

of the wafer with multi-quantum well were carefully scratched at one side on the front 

surface, thinned from the backside, and then mounted vertically on the substrate holder, 

as shown in Fig. 2.3. The in situ cleavage was carried out to expose a fresh (110) edge 

surface, on which a quantum well layer and a barrier were overgrown. 

Fisrt growth 

We describe our procedure for the first growth, by which high-quality multi-quantum 

well layers with narrow photoluminescence linewidth were prepared by MBE on a GaAs 

(001) substrate . 

Since we needed multi-quantum well layers with narrow well width of 5~10 nm, wide 

barrier thickness of 50~200 nm, and a large number of periods of 10~50, as will be 

explained in the next sections, particular care was made to minimize interface roughness 

and inhomogeneity of well width. We obtained a very high uniformity with the following 

growth condition: the substrate temperature was set at 620 °C; the growth rate was 0.7 

1-'111/br for Ga.-\s; the arsenic pressure was kept low with the V / III flux ratio being about 

2; the substrate "·as rotated at about 10 rpm. The growth was interrupted for 90 sec after 

the growth of each GaAs layer and for 20 sec after the growth of each AIGaAs layer, to 

reduce the interface roughness significantly and to sharpen the photoluminescence lines. 

In addition, we sandwiched multi-quantum well layers with about 2 /-LID-thick GaAs 

cap and buffer layers in the first growth. The thick cap layer was introduced to reduce 

the edge effects and, therefore, to ensure the uniform OYcrgrowth at T-QWR and QW2 

regions. 
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Figure 2.4: The configuration of our in situ cleavage tools in the MBE growth chamber. 
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In situ cleavage 

In the cleaved-edge overgrowth method, edge surfaces of mult i-quantum well wafer should 

be exposed by in situ cleavage, which enables one to minimize contaminations adsorbed 

on fresh cleaved-edge surfaces. To perform in situ cleavage in our MBE system (Anelva-

831) , we installed a wabble stick (Vacuum Generators) in the growth chamber as shown 

in Fig. 2.4. At the top of the stick, we attached a rod of stainless steel (SUS304) of 3 

mm in diameter and 10 em in length. 

After the substrate temperature, the substrate orientation, and the molecular fluxes 

were all set properly for subsequent growth, a wafer was cleaved by the wabble stick. 

To obtain smooth and damage-free cleaved edge surfaces, it is crucial to softly push just 

the center of the wafer, which avoids inducing the stress into the wafer at the cleavage. 

At the cleavage, an operator handles a wabble stick and pushes the wafer, whereas the 

other operator who observes the substrate holder from the front viewing por t navigates 

the position of the wabble stick. For the navigator's convenience, a substrate holder was 

set by 15° lower than the normal growth position. 

\Ve normally cleaved only one wafer in one overgrowth run, but it is possible to mount 

a few wafers on the substrate holder at the same time and to cleave each wafer one after 

another. The overgrowth was started within a few seconds after the last cleavage. 

In order to obtain smooth and damage-free cleaved edge re liably, one should avoid 

inducing stress into substrates at cleavage. To minimize the force for cleavage, we cu t the 

wafer into small pieces of 3.5 mm by 10 mm , made small scratches to initiate cleavage, 

and lapped them down to a thickness of about 90!Lm from the backside. The samples 

were mounted vertically straight up on the L-shaped part of the substrate holder as 

shown in Fig. 2.3. To prc,·ent the sliding and inclination of the sample, each piece of 

the sample was placed side-by-side with additional pieces of clean GaAs wafer chip. 

Overgrowth on c leaved edge 

\\'e will present the overgrowth of high-quality films on edge surfaces. The epitaxial 

growth of AlGa:\s/GaAs heterost ructures on the (110) GaAs was previously investigated 

by Zhou et al. [20j and Pfeiffer et al. [21J They found that increasing As fl ux intensity 

and loweriug the substrate temperature arc quite cffecti,·c to obtain high-quality films 
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with uniform and flat hetero-interfaces and low densities of defects or dislocations. We 

have grown on (110) substrates under the similar growth condition and found that slower 

growth rates are desirable to reduce the photoluminescence linewidth. The overgrowth of 

Al(Ga)As/GaAs heterostructures was carried out at the growth rate of 0.3 ~ 0.5 p,m/hr 

for GaAs at the substrate temperature of 500 oc and the V /Ill flux ratio of 30. For 

In(Ga)As films on (llO) GaAs, we will describe the growth condition in the next section. 

A particular care was taken to reproduce precisely the temperature on the cleaved 

edge plane. Since we can not directly measure the temperature of cleaved edges, a 

(001) GaAs substrate was attached at the center of the substrate holder as shown in 

Fig. 2.3 and its temperature was monitored using infrared pyrometry. We calibrated 

the temperature of (001) substrate by watching the oxide desorption process, wh ich is 

known to take place at 580 °C. The temperature difference between the (llO) cleaved 

edge position and the reference (001) substrate was kept constant by introducing the 

small scratches on the front side of a wafer piece so that the cleavage takes place at 

the same position within the accuracy of 0.1 mm. The cleaved surface stood out by 0.4 

mm from the top of the substrate holder. In this case, the temperature of the cleaved 

edge position was lower by about 40 oc than the monitored (001) substrate. Since the 

temperature difference changed after several growth runs, we often checked it in the test 

growth runs; the (110) edge surfaces cleaved in the air were mounted at exactly the same 

position on the same substrate holder, and the oxide desorption process was monitored 

on (110) edge surfaces. In this way, the overgrowth was carried out at a substrate 

temperature of 500 °C, which corresponded to the reference substrate temperature of 

about 540 oc. 

2.4 MBE growth of InGaAs on (110) 

Heterostructures consisting of GaAs and AlGaAs have been grown on (llO) GaAs, as 

described in §2.3. Howe,·er, the growth of high-quality ln(Ga)As films on (110) GaAs, 

which will pro,·ide new possibilities for T-QWR.s, has not been established. In this 

section, w·e describe the :.1 BE growth of InGaAs/ AlGaAs quantum wells on (110) GaAs. 

To optimize the gro\\·th condition, we changed systematically the substrate temperature 

T,ub for the growth of InGa.-\s layers. We have found that T,ub of 430 oc is optimum to 
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achieve the good surface morphology and sharp photoluminescence linewidths of InGaAs 

quantum wells. Under this condition, surface was almost free from facet structures, and 

photoluminescence linewidth of a 7-nm-thick InGaAs quantum well was as small as 25 

mcV at 77 K. 

Sample preparation 

Six samples of Ino.JsGaos5As/ Al0.3Gao.7As quantum wells grown at different substrate 

temperatures were studied. We first describe the growth procedures. We prepared fresh 

(110) GaAs surfaces of identical quality by cleaving CrO-doped semi-insulating (001) 

GaAs substrates in air, which were mounted vertically on a substrate holder shown 

in Fig. 2.3. After being transferred to the MBE growth chamber, the (110) surface 

was thermally cleaned at Tsub of 580 °C. The temperature of (110) surface is calibrated 

accurately as described in §2 .3. Then, the substrate was cooled down to 500 °C, at 

which a 150-nm-thick GaAs buffer layer was grown. The growth rate of GaAs was 0.5 

J.lm/br, and the V /I II fltLx ratio was 30. We then grew a 10-nm-tbick Al0.3Ga0.7As layer 

and 2-monolayer-thick Ga:\s as a barrier layer. Next, the (110) samples were cooled to 

temperatures between 390 and 500 oc, at which a 7-nm-tbick In0 15 Gao.85 As well layer 

and a 2-monolayer-thick GaAs layer were grown. The role of the 2-monolayer-thick GaAs 

layers will be discussed later. Finally, the sample was heated up to 500 oc for deposition 

of a 10-nm-thick Al0.3Ga0.7 As barrier layer and a 10-nm-thick GaAs cap layer. 

Surface morphology 

\Ve examine by optical microscope the surface morphology of six samples. Their Nomars

ki micrographs are shown in Fig. 2.5. Note that very smooth surfaces with negligibly 

low density of facet structures were obtained, when InGaAs layer was grown at 430 °C. 

\Vben grown at temperatures other than 430 oc, the density of facets increased. The 

surface of samples grown at 500 oc bas arrow-like facet structures pointing along the 

[DOl] direction, "·hcrcas those grown at 390 oc have ,·cry large mound-like structures. 

Although similar arrow-like facets were reported on the surfaces of AlGaAs/GaAs het

crostrucutrcs grown on (110) substrates at 640 °C [22], the mechanism of facet formation 

ha.o not been clarified yet. 
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(a) soooc 

Figure 2.5: Nomarski micrographs showing the surface morphology of six 
lno.1sGao.s5As/ Alo.3Gao.7As heterostrucutres. The substrate temperature at which the 
lno.1sGa0.85 As well layer was grown is indicated. 

19 



Photoluminescence study 

We measured the photoluminescence from six InGaAs quantum wells at 77K Photolu

minescence was excited by the blue-green lines (488, 514 nm, etc.) of an Ar+ laser with 

an excitation intensity of 30 W /cm2 and detected by a GaAs photomultiplier. The ex

citation and the detection were performed on the (110) surface in a backward scattering 

geometry. 

\\'e show in Fig. 2.6 the photoluminescence spectra from six samples. The photolu

minescence peak in each cu rve is from the single 7-nm-thick InGaAs quantum well with 

barrier layers that consisted of 2-monolayer-thick GaAs and 10-nm-thick AlGaAs. The 

maximum photoluminescence intensity and the minimum photoluminescence linewid th 

of 25 me V were obtained in the sample grown at 430 °C. Samples grown at other tem

peratures show much weaker photoluminescence with the increased linewidth, including 

additional side peaks in lower energy of the main peale We speculate that the side peak 

in quantum well samples grown at 405 and 390 oc is related to acceptor impurities, since 

its energy is close to binding energies of acceptor in quantum wells [24). The origin of 

broad photoluminescence spectrum of sample grown at 500 oc is not specified, but might 

be related not only with impurities but also with local variation of indium content in the 

quantum well layer, as the incorporation rate of indium and gallium may be disturbed 

by the presence of arrow-like facet structures. Therefore, we conclude that the optimum 

substrate temperature for the growth of InGaAs quantum well on (110) GaAs is 430 oc, 
at which the best surface morphology and the sharp and intense photoluminescence can 

be obtained. 

Discussion 

\\ 'e should note here that the difference in surface morphologies and photoluminescence 

spectra of these samples is caused by the difference of substrate temperature during the 

deposition of 7-nm-thick InGaAs layers, s ince the growth condition for AIGaAs/GaAs 

hetcrostructures is identical. As described earlier, the optimum substrate temperature 

for obta ining high quality lnGaAs layers is 430 °C, whereas the substrate temperature for 

the growth of .-\!Ga.-\sjGa.-\s beteroslructu res on (110) GaAs is 500 oc [5]. This difference 

of optimum condition results from the fact that the desorption, surface migration, and/or 
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segregation processes of indium atoms are different from those of gallium or aluminum 

atoms. Indeed, the surface becomes quite rough and the photoluminescence broadens 

when 7-nm-thick InGaAs is deposited at 500 °C. Therefore, the growth condition should 

be always optimized even for the deposition of a very thin InGaAs layer. 

In the present samples, a 2-monolayer-thick GaAs layer was deposited on InGaAs 

surface before raising the substrate temperature to 500 °C, at which the top of A!GaAs 

layer was grown. When an InGaAs layer is heated to 500 °C without this GaAs capping 

layer, its surface became rough with facets . Hence, the GaAs capping layer is found 

to prevent the roughening of InGaAs surface at high temperatures. In addition, a 2-

monolayer-thick GaAs layer is inserted on the bottom side of InGaAs layer. This layer 

prevents the bottom AlGaAs layer from being exposed to contaminating species while the 

substrate temperature is lowered for the InGaAs layer deposition. Hence, it is effective 

to minimize the incorporation of contaminants on growth-interrupted surfaces [25]. 

2.5 Summary 

We described the history and the background for developing the cleaved-edge overgrowth 

method and T-shaped quantum wires (T-QWR.s). Then, we presented the fundamental 

scheme of the cleaved-edge overgrowth method, the refined in situ cleavage, and the 

optimized condition of overgrowth on (110) cleaved edge surfaces. 
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Chapter 3 

Spatially-resolved 
photoluminescence 

3.1 Introduction 

Optical spectroscopy is an important tool for the characterization of semiconductor mi

crostructures. Before the detailed spectroscopy, the first step to characterize a quantum 

wire is to determine its structure and its energy level precisely. For this purpose, one 

exploits advanced instruments to characterize structures with the resolution of several 

atomic layers or less, such as transmission electron microscope (TEM), scanning electron 

microscope (SE\1), scanning tunneling microscope (STJ\.1), and atomic force microscope 

(AF\1). From the observation of t he cross sectional views, structures (shape and size) 

of quantum wires, namely potential of quantum wi res, can be determined. However, 

for the structural characterization of T-shapcd quantum wires (T-QWRs) made by the 

cl aved-edge overgrowth method with high controllability, one needs only to determine 

energy levels of t"·o adjacent quantum wells; Q\Vl formed in the first growth and QW2 

formed in the second growth after cleavage. Hence, it is quite important to measure 

separately the energy Je,·els of quantum wires and those of two adjacent quantum wells. 

In addition, measurement of these three energy levels is also essential to determine the 

effecti,·e lateral confinement energy E; 0 _ 20 , as explained in chapter 2. 

Spatially-resoh·ed spectroscopy is suitable for such an optical characterization of 

quantum wires. Photoluminescence spectra from low-dimensional structures, contain

ing quantum wires or quantum dots, sometimes sho'" multiple peaks. In such a case, 

IJ,· picking up the local information with spatially-rrsoh·ed spectroscopy, each peak can 
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be assigned to the corresponding structure. In addition , spatially-resolved spectroscopy 

makes measurements insensitive to the inhomogeneity of structures, and therefore, an 

accurate and detailed spectroscopy becomes possible. Up to now, cathodoluminescence 

[1], near-field optical microscope [2, 3], and micro-photoluminescence [4- 6] are used for 

the spatially-resolved measurement of quantum confined structures. Especially, micro

photoluminescence have the following two advantages. (1) An experimental setup is 

simple, and a measurement is relatively easy even at low temperatures. (2) A variety of 

excitation laser source is avai lable, which provides various feasibility for spectroscopy. In 

this measurement, spatial resolut ions are limited by the refraction limi t of wavelength. 

Therefore, it seems fairly larger than those of the other sophisticated spatially-resolved 

spectroscopies. However, as will be explained in the following sections, a spat ial resolu

tion of a few 11m is sufficient in most cases, if sample structures arc devised, and provides 

various and useful possibilities for spectroscopy. 

In this chapter, we will present our specially- resolved photoluminescence measure

ments on various types of T-QWR.s, which reveal thei r novel one-dimensional properties 

such as large lateral confinement and enhanced exciton binding energy Eb. First, we 

describe the characterization method of T-QWR.s based on specially-resolved photolu

minescence technique, where special sample structures were designed. Then, we fabricate 

a series of nanometer-scale T-QWR samples whose structural parameters are changed 

systematically, and characteri ze their structures and energy levels via spatially-resolved 

photoluminescence measurements. 

3.2 Characteriztion by spatially-resolved photolu
minescence 

To characterize T-Q\\"fu; using the specially-resolved photoluminescence technique with 

a few JLm resolution, the particular care should be made on sample structures. We first 

describe in this section the des ign principle for our special sample structures, by which all 

photoluminescence lines from T-QWR.s, Q\Vl, and Q\\"2 can be detected and identified 

simply with spatially-resolved photoluminescence technique. Then, we prepare three 

types of T-Q\\"R samples and present the results of spatially-resolved photoluminescence 

stuclv. 
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Design of sample structures 

To realize the strong lateral confinement in T-QWRs, that is, to maximize the effective 

lateral confinement energy of excitons Ei0 _ 20 , the thickness a of QWl and the thickness 

b of QW2 must be sufficiently small ( < 10 nm) and set close to each other [7, 8]. Then, 

the interwire interval c, or the barrier thickness of QWl, must be carefully chosen. 

To prevent the quantum coupling of T-QWRs completely, c must be sufficiently thick 

and typically larger than 50 nm. Otherwise, T-QWR states and the continuum state 

corresponding to QW2 tend to merge or mix, which modifies the quantized energy of 

T-Q\VR and Q'vV2 states. 

If we prepare T-QWR samples with these parameters, photoluminescence spectra 

from the T-QWR and QWJ can be easily detected. However, the photoluminescence 

from QW2 is still difficult to observe because of the fast carrier diffusion from the QW2 

region to the T-QWR [2]. This situation is analogous to the familiar fact that photolu

minescence spectra from multi-quantum well structures are usually dominated by those 

from quantum wells since carriers generated in the barrier region are efficiently collected 

by the quantum "'ell region. As a result, special sample structures are required to detect 

photoluminescence from Q\V2. In the following, we will introduce two sample structures 

to allow the photoluminescence measurement of Q\V2 with the help of spatially-resolved 

photoluminescence spectroscopy. 

The first approach is to simply form in tbe first growth a very thick AlGaAs barrier 

layer (»111m) after the multiple QWllayers a5 shown in Fig. 3.1 (a); when we form the 

Q\\'2 layer by the cleaved-edge overgrO\\'th on the edge surface of such a wafer, a large 

Q\\'2 region is formed as denoted by QW2-s in Fig. 3.1 (a) and allows the detection of 

photoluminescence from Q\V2. 

The second approach is to deposit in the second gro\\'th a special structure which 

consists of not only the Q\\'2 layer to form T-Q\VRs but also an additional QW2 layer 

(deuoted as Q\\'2-u) a'i sho"'n in Fig. 3.1 (b). Of course, in this approach, the thickness of 

the second Q\\'2layer is set to be equal to that of the first Q\\'2layer. As photogenerated 

carriers do not migrate to T -QWRs, photoluminescence signal from QW2-u layer serves 

as a reference, as "'ill be discussed later. 
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Pigure 3.1: The structures of our samples specially designed for the present work. QW2-s 
or Q\\'2-u is prepared in the sample to determine the quantized energy of Q\\'2. 
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Sample preparation 

Following the design principle mentioned above, we prepared three different sample struc

tures A1, A2, and A3. As mentioned earlier, we denote the well thickness of QW1 by a, 

the well thickness of Q\V2 by b, the barrier thickness of Q\Vl by c, and the number of 

periods of Q\V1 by n. 

The structure of A l is shown in the inset of Fig. 3.2, for which a=6.0 nm, b=6.4 nm, 

c=100 nm, and n=50. The barrier layers are of Al0.3Ga0.7As. Note that a very thick (5 

J.Lm) A!GaAs layer was formed in the first growth on top of the multi-quantum well layer 

(Q\V l) of about 5 J.Lm thick. Hence, after the cleaved-edge overgrowth process, we got 

an array of 50 periods of T-QWRs and a 5-J.Lm-wide QW2-s layer which could be easily 

studied by a spatially-resolved photoluminescence measurement using normal objective 

lens optics. Extra AlAs layers grown on both sides of t he thick AIGaAs layer consisting 

of 5-period of 10-nm-AIAs/l-nm-GaAs superlattice were inserted to reduce the diffusion 

of carriers from Q\V2-s to T-QWRs. We formed the thick AIGaAs layer after the growth 

of the multi-quantum "·ell layer, since the growth of a thick AIGaAs grown before the 

multi-quantum well layer might degrade the interface quality. 

\\'e show the sample structure of A2 in the inset of Fig. 3.3. In this structure, we 

O\'ergrew, after cleavage, a 4.8-nm-thick GaAs Q\V2 layer and a 8-nm-thick AlAs barrier 

layer to form T-Q\VR.s, and further grew a 4.8-nm-thick GaAs QW2-u layer, a 8-nm

thick AlAs barrier layer, and a GaAs cap layer in order to form the second QW2 layer. 

Note that all barrier layers of A2 were made of AlAs and structural parameters were 

a=5.3 nm, b=.J.8 nm, c=50 nm, and n=50. 

The last sample (A3) had a s imple structure illustrated in the inset of Fig. 3.4, for 

which we set a=9.8 nrn, b=ll.6 nm, c=200 nm, and n=lO. An aluminum composition 

in r\IGaAs was 0.3. 

Photoluminesce n ce study 

\\'e measured photoluminescence spectra from these three samples with a convention

al micro-photoluminescence setup using a long-working-distance objective lens. T he 

photoluminescence was detected via the (110) surface in the backward scattering ge

ometry. The signal was measured with the lock-in detection technique with a GaAs 
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f.'igure 3.2: The schematic structure and photoluminescence spectra of Al measured 
at ·I 1\. Q\\'2-s ""as formed simu ltaneously in the overgrowth. AlAs layers work as the 
diffusion barrier of carriers. The excitation source was a fl c-:'-le laser with a spot d iameter 
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photo-multiplier. Detailed description of the experimental setup will be given in §4.2 

First, photoluminescence spectra of Al were studied at 4 K using He-Ne laser (-X=633 

nrn) as an excitation source. As shown in Fig. 3.2, three peaks were clearly observed 

in two photoluminescence spectra, when the excitation laser of 2 11-m in diameter was 

focused onto two different spots (a and b of the inset) of the sample. The highest en

ergy peak was attributed to QWl, since the multi-quantum well wafer (QWl) without 

overgrowth showed the same peak. On the other hand , the two lower energy peaks 

were ascribed to T-QWR and QW2, respectively. This assignment was confirmed by 

the spat ially-resolved photoluminescence. Curve a of Fig. 3.2 was obtained when the 

excitation laser beam was incident onto the T-QWR region (spot a of the inset) , indi

cating that the lower peak came from the T-QWRs. In contrast, curve b with a distinct 

photoluminescence peak in the middle was observed when the QW2-s region (spot b in 

the inset) was illuminated. This clearly proves that the middle photoluminescence peak 

originated from the Q\V2-s region grown on the thick AlGaAs part of the cleavage plane. 

The weak intensity of the middle peak in curve a indicates that photo-generated carriers 

diffuse efficiently from the QW2 regions to the neighboring wires. In this sample, QWl 

has a slightly higher energy than QW2. Hence, the effective lateral confinement energy 

Ej 0 _ 20 is gi,·en by the energy spacing between the T-Q\VR and the QW2 peak, which 

is 11 mcV. 

Then, Fig. 3.3 shows photoluminescence spectra of A2 measured at 4 K when excited 

by Il e-Ne laser with a spot. size of 2 Jl.m. We ha,·e identified the origin of each peak as 

indicated in the figure by performing the spatially-resolved photoluminescence measure

ment. Cun·e a of Fig. 3.3 was obtained when the laser beam was aligned primarily onto 

the T-Q\VR region (spot a of the inset), whereas curve b was obtained as the beam 

was moved towards the substrate (spot b of the inset), where only QW2-u was excited. 

Cun·e c is the photoluminescence spectrum observed from the multi-quantum well wafer 

(Q\n) without O\-crgrowth. Thus, the photoluminescence peak of curve b is attributed 

to Q\\.2-u, whereas the peak of curve cis to Q\VJ The higher energy peak of curve a is 

similar to the peak in cun·e c and, therefore, is attributed to Q\VJ. The lowest energy 

peak is finally ascribed to T-QWR. Since Q\\.2 has a sl ightly higher energy than QWl, 

the dfecti,·e lateral confinement energy Eio- w is equal to the energy spacing between 

the T-Q\nl. anclthc Q\\.1 peak. :'>Jote that the ,·a!uc of Eio-w in this sample is as large 
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as 35 meV. 

Finally, we studied photoluminescence from A3 at 4 K using the blue-green lines ( 488 

nm, 514 nm, etc) of an Ar+ laser. Three photoluminescence lines were clearly observed as 

shown in Fig. 3.4. \\'e have assigned the highest energy peak as the photoluminescence 

originating from QW1 as it coincides with the photoluminescence spectrum coming from 

the multi-quantum well sample before cleaved-edge overgrowth. The middle peak and 

the lowest peak were found to come from QW2 and T-QWR.s, respectively, which will be 

discussed in detail later. Since QWl is slightly thinner than QW2, photoluminescence 

from QW1 has higher energy than that from QW2 . Hence, the effective lateral confine

ment energy Ej 0 _ 20 of T-QWR is equal to the energy spacing between the T-QWR and 

the QW2 peak, and is found to be 6 meV in this sample. 

i\ote that photoluminescence from QW2 wa5 detected in spite of the fact that the 

wire-to-wire distance c was much less than the diffusion length L 0 of excitons along 

Q\V2 plane. Since Eio-w of this T-QWR is as small as 6 meV, carriers are activated 

from T-QWR to Q\V2 and contribute to photoluminescence from QW2 states. 

The validity of our assignment of two photoluminescence peaks from QW2 and T

Q\VR.s has been checked by performing several independent experiments, such as the 

dependence of photoluminescence spectra on magnetic fields and excitation density and 

also by the comparison with photoluminescence data of other samples. For example, 

the relative intensity of middle peak in Fig. 3.4 increases when the excitation intensity 

increases by a factor of 15, as shown by curves a and b. This is because the increase of 

excitation enhances carrier density, carrier temperature, and carrier-carrier scattering, 

which acti,·ates excitons from T-QWR to Q\V2. i\ote that the spat ial resolu tion of 

luminescence study with local excitation is generally limited by the diffusion length L 0 , 

and is not enough to resolve the luminescence from such a structure with the wire-to-wire 

distance c=200 nm. In fact , a cathodoluminescence measurement could not resolve the 

middle luminescence peak from the rest for this sample structure. 

Discussion 

\\"e discuss both advantages and disadvantages of three sample structures (A1~A3). 

Despite its simplicity. the sample structure of A3 has se,·eral drawbacks for spectroscopic 

studies. In T-Q\\.Rs with large Ej 0 _ 20 , the wire-to-wire distance c must be set larger 
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than the diffusion length L 0 along QW2 plane, which is typically 500 nm when £,=7 

nm and T=4 K [2). Otherwise, photoluminescence from QW2 can hardly be detected, 

since carriers generated in the QW2 region will be lost by the diffusion of carriers into 

T-QWRs and hardly activated from T-QWR to QW2. If cis set larger than the diffusion 

length L 0 , the spatially-resolved detection of photoluminescence spectra from T-QWR 

and QW2 becomes, in principle, possible. Even in such a case, however, one must still use 

advanced luminescence spectroscopy with very high spatial resolution better than c; for 

example, cathodoluminescence or near-field optical microscope is desirable. In addition, 

one must note that the growth of high-quality QW1 layers with c larger than 100 nm is 

not usually easy since the interface roughness tends to develop when we prepare thick 

AIGaAs layers. 

In contrast, sample structures of Al and A2 are free from these problems as dis

cussed earlier, and the identification of photoluminescence peaks can be made even with 

objective-lens-based photoluminescence setup having a moderate spatial resolution. Al

though the structures of Al and A2 are attractive, each has its own advantage and 

drawback. For example, in order to fabricate GaAs T-QWRs with AIGaAs barriers, the 

structure of A 1 is more preferable than that of A2. It is because the aluminum composi

tions in AIGaAs layers prepared in the first growth and those formed in the overgrowth 

may not be exactly the same. If such an error occurs, the quantized energy of QW2 

may be slightly different from that of QW2-u, which causes an error in the evaluation of 

Ej 0 _ 20 . Of course, an error can be automatically avoided in Al. 

\\'hen it comes to T-Q\\'Rs with AlAs barriers, structure of A2 is preferred over Al. 

It is because, to observe photoluminescence from Q\V2, a ,·cry thick AlAs layer must 

be grown on the top of multi-quantum well layer in the first growth, which is known to 

be ,·cry unstable and may lead to the degradation of the sample quality. Hence sample 

structures like A2 arc more favorable for the fabrication of GaAs T-QWRs with AlAs 

barriers. 

\\'e stress again the importance of detecting and identifying all photoluminescence 

lines from Q\\'1, Q\\'2, and T-QWRs. As we mentioned earlier, these identifications are 

indispensable to precisely determine Ej0 _ 20 , which is the key parameter to present the 

lateral confinement in T-Q\\'Rs. In addition, the photoluminescence signal from Q\V2 

is important lO c,·aluatc precisely the rate of the second growth and the thickness of 

35 



QW2. Furthermore, photoluminescence signal from QW2 is quite valuable as a reference 

signal, especially, when we investigate novel properties of one-dimensional excitons in 

T-QWR.s. For example, unique properties of one-dimensional excitons such as optical 

anisotropy of absorption [9), diamagnetic shifts [10), radiative lifetime of one-dimensional 

excitons [11-13), two-photon absorption [14-16] has been established unambiguously only 

by comparing them with two-dimensional natures of quantum well samples. 

3.3 Structure dependence of energy levels 

Using the cleaved edge overgrowth method , it is possible to change structural parameters 

of T-QWR~ with high controllabili ty. In add it ion, the shape of T-QWR.s is quite simple 

and described by two parameters; the t hickness a of QW 1 and the thickness b of QW2. 

As a result, by changing a and b systematically, a series of samplep with quantum wires 

are obtained, which enables one to gain an insight into the structure dependence of 

optical properties in one-dimensional systems. 

In this section, we fabricate a series of T-QWR samples whose structural parameters 

arc changed systematically, and then characterize their structures and energy levels via 

spatially-resolved photoluminescence measurements. Especially, we prepare 5-nm-scale 

T-Q\VR.s, since our interest is to magnify optical effects inherent to quantum wires. We 

should note that their structural size is set smaller than Bohr rad ius of excitons in bu lk 

(12 nm). 

Sample pre paration 

\\"e ha1·e fabricated two series of T-QWR.s (S1 and S2). Both series were specially 

designed for the subsequent spatially-resolved photoluminescence measurement. The 

structure of S1 is shown in the inset of Fig. 3.5 (a). A multi-quantum well (Q\Vl) 

layer and a 5-J.Lm-thick AI0 .3 Gao. 7As layer were formed in the first growth; The QWl 

layer contains 50 periods of GaAs quantum wells with thickness a=5.4 nm separated by 

.-\lo.JGao.7 As barriers with thickness c=100 nm. After cleavage, a GaAs quantum well 

layer (Q\\.2) 11·ith ,·arious thickness band a 20-nm-thick r\10.3Ga07 As barrier layer were 

deposited in the second growth onto a cleaved (110) surface. In this way, we got an 

array of 50 periods of T-Q\\"Rs and a 5-J.Lm-wide QW2 layer. Extra AlAs layers, which 
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consisted of 5 periods of 10-nm-AlAs/1-nm-GaAs superlattice, were inserted on both 

sides of the 5 I-'m AlGaAs layer to reduce the diffusion of photo-generated carriers from 

QW2 to T-QWRs. 

Next, we show the sample structure of 82 in the inset of Fig. 3.5 (b). In the 

first growth, we prepared a multi-quantum well layer, which consists of 10 periods of 

GaAs quantum wells (QW1) with thickness a=5.3 nm separated by AlAs barriers with 

thickness c=50 nm in between. After the cleavage, we overgrew on the (110) cleaved 

surface a GaAs quantum well layer (QW2) with thickness b, an 8 nm AlAs barrier layer, 

a GaAs quantum well layer (QW2) with thickness b, a 20 nm AlAs barrier layer, and 

then a GaAs cap layer. Since QW1 in each series was grown simultaneously, the QW1 

thickness a is constant, whereas the QW2 thickness b is changed around a. 

Characterization of structures and energy levels 

Photoluminescence spectra of these samples were measured with the micro-photolumi

nescence setup. \Ve studied photoluminescence from Sl at 4 I< using a He- e laser and 

photoluminescence from 82 at 8 I< using an Ar+ laser as an excitation source. Typical 

photoluminescence spectra of series 81 and 82 are shown in Figs. 3.5 (a) and (b), respec

tively, for three samples having the different thickness b of QW2. Three photolumines

cence peaks are clearly seen by the spatially-resolved photoluminescence measurement, 

and found to come from T-QWR, QW1, and QW2. In such a measurement, photolumi

nescence spectra shown by dashed curves in Fig. 3.5 were measured by exciting the QW2 

region, while those shown by solid curves were measured by exciting the T-QWR region. 

As a result, we can precisely determine potential profiles and quantized energies ofT

Q\\"Jls. All the photoluminescence peaks of Sl are sharp with linewidth of 5-10 meV, 

indicating the good uniformity of the structures. Although the photoluminescence peaks 

of 82 are broader due to the tighter confinement, photoluminescence from T-QWRs is 

still sharp with the linewidth of 14 meV. 

\\"e determined the energies of photoluminescence peaks from twenty samples in 81 

and ele1·en samples in 82. They are plotted in Fig. 3.6 against the QW2 thickness b, in 

which photoluminescence energies of T-QWR are shown by solid circles, those of QW1 

by blank squares. and those of QW2 by blank circles. Here, the QW2 thickness b is 

not nominal thickness, but is determined by comparing the observed photoluminescence 
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peak of QW2 with the theoretical value; for this purpose, we calculated the energy level 

of QW2 under the effective mass approximation, and the result is shown by broken 

curves in Fig. 3.6. Here, we used the following conventional parameters; tbe electron 

effective mass of 0.067m0 , the hole effective mass in the (001) quantum wells of 0.38m0 , 

the hole effective mass in the (llO) quantum wells of 0. 71 m 0 , the GaAs band gap with 

exciton binding energy of 1.519 eV, and the conduction (valence) band offset of 0.243 

(0.131) eV for Al0.3Ga0.7As and 1.036 (0.558) eV for AlAs, respectively. It has been 

empirically shown that the calculation of energy levels using this set of parameters and 

its comparison with photoluminescence energy allow us to estimate b accurately with an 

error less than one monolayer as long as b is in the range of 4-9 nm. We will discuss in 

§3.4 the possibility and effects of selecting other sets of material parameters [17, 18). In 

this way, we have precisely determined the dependence of the energy level of T-QWR.s 

on the QW2 thickness b. 

\Ne should point out in Fig. 3.6 that the energy level of T-QWR.s increases with 

reducing b. Note that the energy level of T-QWR.s gets close to the energy level of QW1 

as b decreases, while it approaches to that of QW2 when b increases. This tendency is 

reasonable, because the T-QWR state converges into QW1 or QW2 in the limit of thin 

QvV2 (b «a) or thick Q\V2 (b »a), respectively. 

Monolayer fluctuation 

lt is important to characterize the abruptness and the flatness of hetero-interfaces, since 

the quantized energy levels are directly affected by the effective structural size. In 

quantum wells, the quantized energy levels are given by (h2 /2m)(mr/L')2 , where L* is 

the effective well width. \Vhen the well width L ' varies due to the interface roughness, 

the fluctuation in energy levels is given as 

~E = (::.) ~L' 
~ (~) ~L' 
m L·3 

2~L· 
---y;:-(E- Eg), 

whrre Eg is the band gap of GaAs. Thus, energy broadening ~E induced by the 

fluctuation :-,.L· increases drastically when L' clecrea>es, leading to the degradation of 
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photoluminescence lincwidth. 

To sec such effects, we plot in Fig. 3. 7 energy broadening t:J.E as a function of 

confinement energy (E- Eg), where photoluminescence linewidths of QW2 and those 

of T-QWRs (S1 and S2) are shown by solid circles and blank squares, respectively. For 

comparison, we also show photoluminescence linewidths of (110) quantum wells reported 

by Gersboni et al. in 1991 by crosses and those of (001) quantum wells reported by 

Tanaka et al. in 1985 by blank triangles. Two dot lines indicate the calculated energy 

broadening induced by the fluctuation of well width t:J.L• of 1 and 2 monolayers (MLs) 

of GaAs . 

First, we wish to point out in Fig. 3. 7 that energy broadening t:J.E of (110) quan

tum wells is fitted by the theoret ical line for t:J.L · =2ML, indicating that fairly smooth 

interfaces were successfully formed on (110) surfaces by MBE. We should note that such 

fitting holds well in the wide range of (E- Eg) from 50 to 150 meV. In this range, 

t:J.E of (001) quantum wells is far below the theoretical line for 6£'=1ML, and it is not 

so sensitive to (E- Eg). This is because interface roughness of (001) quantum wells 

can be drastically suppressed by the growth interruption of MBE. Compared with (001) 

surface, many difficulties are still left to obtained high-quality thin films on (110) surface 

by \1BE, and further im·estigations are required to clarify its novel growth mechanism 

as well as to optimize its growth conditions. 

Then, we should compare t:J.E of T-QWRs with t:J.E of (110) quantum wells. Since 

each T-QWR sample (Sl and S2) have different structural parameters, it may not be 

adequate to compare its 6£ in terms of confinement energy (E- Eg). However, it is 

interesting to point out in Fig. 3.7 that T-QWRs show almost the same t:J.E as (110) 

quantum wells with the same confinement energy (E- Eg). 

i\ext, we will discuss energy broadening t:J.E as a function of QW2 thickness b. In 

Fig. 3.6, the slope of the energy level of T-Q\VRs and that of QW2 against b give the 

energy broadening 6£ induced by the fluctuation of the Q\V2 thickness b. The slope of 

T-Q\\.Rs is smaller than that of QW2 with the same thickness b, showing that T-QWRs 

arc less affected by b than Q\V2. Fitting the data points with a linear relation, we obtain 

th~ ~ncrgy broadening of T-QWRs at b =a to be 3.4 and 7.0 meV/ML (1 ML = 0.283 

nm) for S1 and S2, r~spcctively. These two values give the reasonable estimation that 

the obsen·cd photoluminescence linewidth of T-Q\VRs corresponds to about 2 monolayer 
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fluctuation of b. 

Lateral confinement energy 

The effective lateral confinement energy of excitons E;0 _ 20 is a key parameter to charac

terize lateral confinement of T-QWRs, as discussed in §2.2 and §3. 1. Note that E;0 _ 20 

represents the stability of excitons confined in T-QWRs. One can easily evaluate in Fig. 

3.6 the effective lateral confinement energy of excitons E;0 _ 20 as the spacing between 

photoluminescence energy of T-QWRs and that of QW1 and QW2. In Fig. 3.8, we plot 

Ej 0 _ 20 as a function of the QW2 thickness b. 

First, it is found in Fig. 3.8 that E;0 _ 20 of S1 reaches a maximum value of 18 meV 

at b=5.1 nm, where the energy levels of QW1 and QW2 arc the same, indicating that a 

well-stabilized one-dimensional state is realized. Then, E; 0 _ 20 decreases and approaches 

zero as the thickness b decreases or increases away from 5.1 nm. The decrease in E;0 _ 20 

demonstrates how the T-QWR states become deviated from the well-stabilized one

dimensional state and takes on a two-dimensional character. When the energy difference 

between QW1 and Q\\.2 is so large that E;0 _ 20 is close to zero, the influence of the 

higher energy quantum well can be regarded as a weak perturbation. In such regions, 

the T-QWR state is regarded as two-dimensional state. In this way, E;0 _ 20 represents 

the dimensionality of the excitons confined in T-QWRs. Hence, we conclude that the 

dimensional crosso,·er from one-dimensional states to two-dimensional states is observed 

in Fig. 3.8 via the effective lateral confinement energy Ej 0 _ 20 for T-QWRs with various 

b. 

Similar tendency is also observed in S2 . When the energy levels of QW1 and QW2 

coincide, Ej 0 _ 20 gets maximum and reaches as large as 38 mcV, which is beyond the 

thermal energy kT at 300 K. This result indicates some possibilities that most electrons 

and holes may be accommodated in the ground state of T-Q\\'Rs even at room tem

perature. Comparing S2 with S1, it is clear that the increase of E; 0 _ 20 in T-QWR is 

possible when one reduces the size of quantum wire and enlarges the barrier height at 

the same time. Thus, this large E; 0 _ 20 is due to the introduction of high AlAs barriers 

and shows the feasibility of stable one-dimensional stales at 300 I<. 
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Temperature dependence of photoluminescence 

To discuss the stability of quantum wire states and the quality of quantum wire samples, 

we should present the temperature dependence of photoluminescence spectra. We have 

shown in Fig. 3.9 photoluminescence spectra from T-QWRs of S2 with the maximized 

E; 0 _ 20 of 38 meV, which were measured at various temperatures from 10 to 240 K 

with an excitation source of a He-Ne laser. At temperature of more than 100 K, the 

excitation intensity was increased by a factor of 10. Then, we also plotted in Fig. 3.10 

peak intensities of photoluminescence spectra from T-QWR.s and QW1 as a function of 

the temperature. 

We should note that photoluminescence peak intensities ofT-QWR.s increase monoto

nously when temperature increases from 10 to 50 K, while those of QW1 decrease 

monotonously. This is because a carrier diffusion from QW1 to T-QWR becomes quite 

effective when temperature increases. In contrast, when the sample is heated up more 

than 50 K, both photoluminescence intensities of T-QWR.s and those of QW1 decrease. 

In particular, photoluminescence intensities of T-QWR.s degrade drastically. Such degra

dation of photoluminescence is caused by the nonradiative recombination in T-QWR.s. 

Since the overgrowth on (110) edge surfaces was carried out at much lower substrate 

temperature than the first growth of multi-quantum well wafer, it is likely that much 

residual contamination is incorporated in the overgrowth layers. Thus, to observe photo

luminescence from T-QWRs at room temperature, a further improvement of the quality 

of the overgrowth layers in T-QWR.s is required. 

3.4 Exciton binding energy 

The excitonic effect, or the electron-hole Coulomb interaction, is enhanced in quantum 

wells due to the quantum confinement. The binding energy Eb of two-dimensional ex

citons increases, with reducing the well thickness, up to four times as large as the bulk 

"alue (4.2 meV in Ga:\s) jl9-23). In quantum wires, the excitonic effect is potentially 

further enhanced [24) by laterally compressing wave functions into the nanometer-scale 

regime. Due to the good controllability of the cleaved-edge overgrowth method, we have 

fabricated a series of 5-nrn-scale T-QWR.s and precisely characterized their structures 

and energy le"els, a~ shown in Fig. 3.6. Based on such a systematic study, we investigate 
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in this section the enhanced Coulomb interaction in one-dimensional systems. 

Evaluation of exciton binding energy 

We will estimate the exciton binding energy Eb in T-QWRs by comparing experimental 

data in Fig. 3.6 with the calculation. For simplicity, we examine T-QWRs formed by 

two quantum wells with the identical well thickness (b = a), which we call balanced 

T-QWRs. Note that balanced T-QWRs are best suited to confine electrons efficiently. 

For the tighter confinement of holes, however, it is better to set b (the QW2 thickness) 

slightly smaller than a (the QW1 thickness). That is to compensate the anisotropy of 

the hole effective mass, which is heavier in QW2 than in QWl. These facts simplify the 

evaluation of the energy of balanced T-QWRs, as we discuss below. 

To calculate the energy levels of T-QWRs, we evaluate first the lateral confinement 

energy E10-2D of electrons, the energy difference between T-QWRs and quantum wells, 

by neglecting the Coulomb interaction and by using the single band effective mass ap

proximation. The lateral confinement energy of boles is estimated to be small (1-2 meV) 

in the balanced T-QWRs due to the heavy and anisotropic hole mass [7]. Thus, we can 

obtain the energy level of T-QWRs by simply subtracting E10 _ 20 of electrons from the 

energy level of Q\V2. The energies thus calculated neglecting the Coulomb interaction 

are denoted by two crosses in Fig. 3.6. Note that measured photoluminescence energy 

is lower than the calculated energy by 4 meV in S1 and by 14 meV in S2. These dis

crepancies should be mostly attributed to the additional enhancement of the Coulomb 

effect of one-dimensional cxcitons due to the lateral confinement. 

In evaluation of the enhancement of Eb in balanced T-QWRs, we should estimate 

that experimental errors caused by the broadening of photoluminescence spectra are 

about ±2 me V and theoretical errors caused by the neglected contribution of holes are 

-1±1 mcV. Therefore, we conclude that the additional enhancement of Eb due to the 

lateral confinement arc 3±3 meV for S1 and 13±3 mcV for S2. If we assume Eb in 

5-nm-thick Ga . .l.s quantum wells to be 14 me\' as reported, the binding energy Eb of 

one-dimensional excitons in balanced T-QWR.s is concluded to be 17±3 meV for S1, and 

27±3 mcV for S2. \ote that Eb of S2 is about 6-7 times larger than the bulk value. We 

belic,·e that this is the first clear demonstration of the enhanced Coulomb interaction in 

semiconductor quantum wires with the binding energy far exceeding that of quantum 
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wells. 

Here, we examine the validity of our calculation to evaluate E 1 0 _ 20 of electrons on 

the basis of the present material parameters. It is possible to select other sets of material 

parameters and/or more sophisticated models, including the band non-parabolicity and 

other effects, for the estimation of well thickness with one monolayer accuracy and for 

the succeeding calculation of Ew_20 . However, the evaluation of Ew-w of electrons is 

not sensitive to those variations of parameters. For example, E10 _ 20 of electrons in 82 

is changed only by less than 1 meV, when the electron mass changes from 0.067m0 to 

0.070mo, the conduction band offset varies from 1.036 to 1.116 eV, or the well thickness 

is altered from 5.30 to 5.44 nm. Note that effects of the valence-band parameters such 

as masses, offsets, and band-nonparabolicity are counted in the estimation of Ew- 2o of 

electrons only implicitly through the well thickness, as we have already discussed. Hence, 

the calculation of E 1 o-w of electrons is sufficiently accurate and the comparison with 

experiment can be done with the ±3 meV accuracy. 

Enhancem e n t of exciton binding energy 

We should note that the additional enhancement of Eb due to the lateral confinement is 

significant (13 me\') in 82, whereas it is rather small (3 meV) in Sl. Since 81 and 82 have 

almost the same well thickness (a= b =5 .3~5.4 nm), the difference in the enhancement 

of Eb is mainly due to the barrier height difference, indicating the importance of very 

tight confinement. 

To explain this situation more clearly, we plot in Fig. 3.11 the lateral confinement en

ergies as a function of the photoluminescence energy of Q\\'2. Two solid circles represent 

the effective lateral confinement energies Eio-w measured in our balanced T-QWRs of 

series 81 and S2. For comparison, we have shown by solid or broken lines in Fig. 3.11 

the theoretical lateral confinement energy E10 _ 20 of electrons, which is calculated by 

Pfeiffer et a!. for the barrier height of 245, 355, 500 me\' [7), and infinity. We show 

also by crosses the theoretical values of E10 _ 20 of electrons calculated for our samples. 

"'ate in Fig. 3.11 that calculated E 1 D-2D of electrons increases linearly when the barrier 

height is infinite (1'0 = oo), but it rises only sublinearly with the QW2 energy when 

I o is finite. The experimental data indicated by solid circles, however, show a super

linear dependence, which indicates that the Coulomb interaction becomes increasingly 
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important. 

In the case of infinite barriers, both the energy level of balanced T-QWRs and that 

of Q\V2 are scaled by b- 2 As a result, Ew-2v of electrons is scaled by the energy level 

of Q\V2, which gives the linear dependence as shown in Fig. 3.11. For finite barriers, the 

portion of wave function penetration into barriers becomes larger for T-QWR than for 

QW2 in the strong confinement regime, so that the sublinear dependence is obtained. 

In the weak confinement regime, however, all the energy levels are approximately scaled 

by the energy level of QW2, since the difference of the wave function penetration into 

barriers is negligible. 

Note in Fig. 3.11 that our theoretical values for Ew-2D of electrons represented by 

two crosses are very close to the solid line. This means that our balanced T -QWR samples 

are still in the regime where the scaling law should hold well. Thus, the contribution of 

the confinement energy without the Coulomb effect to Ej v-2D should be proportional to 

the energy level of Q\V2. Hence, the observed super linear dependence of Eiv-2v is a clear 

evidence of the substantial enhancement of the Coulomb interaction in one-dimensional 

excitons when they are tightly confined in quantum wire structures. 

We wish to stress that our work is accurate enough to draw a reliable conclusion on 

the enhancement of Eb· Firstly, Eiv- 2v is all determined directly from the measured 

energies ofT -QWRs, Q\ Vl, and QW2, and plotted in Fig. 3.11 as a function of measured 

photoluminescence energy of QW2. Secondly, the evaluation of Ew- 2v of electrons is 

almost independent of the calculation model, since the scaling law of Ew- 2v of elec

trons holds well in our T-Q\VR samples. Therefore, the enhancement of Eb is reliably 

determined as the difference between Eiv-2v and E1v-w of electrons. 

Finally, we comment on previous reports in which the binding energies Eb in several 

different quantum wires were discussed [25 29]. One must note first that Eb of excitons 

in large quantum wires was reported to be almost the same as that of two-dimensional 

excitons in quantum wells [25-27]; this is consistent with our results on series Sl of 

T-Q\\'Rs with .-\l0.3Gao_7 As barrier. In some work, the enhancement of Eb was said to 

be realized even when quantum wires are larger than our Sl samples. In these reports 

[28, 29], ho"·e,·er, the reduced diamagnetic shifts of photoluminescence were analyzed on 

the basis of the hydrogen-like exciton model assuming anisotropic reduced mass. Such 

an analysis has attributed the squeezing of exciton wa,·e function totally to the enhanced 
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Coulomb effect despite the importance of the lateral confinement, and has resulted in 

the overestimation of Eb· We emphasize here that tight one-dimensional confinement 

comparable with S2 is required to demonstrate the noticeable enhancement of Eb for 

one-dimensional excitons in semiconductor quantum wire st ructures. 

3.5 T-shaped InGaAs quantum wires 

So as to enhance the stability of one-dimensional states, it is essential to realize strong 

lateral confinement. We have shown in §3.3 that such strong confinement can be achieved 

in T-QWR.s when one reduces the size of quantum wire and enlarges the barrier height 

at the same time. Indeed, tightly confined one-dimensional states were demonstrated in 

5-nm-scale GaAs T-QWR.s with AlAs barriers, in which the effective lateral confinement 

energy Ej0 _ 20 reaches as large as 38 meV. One should note t hat this value goes beyond 

the thermal energy kT (~ 26 meV) at room temperature. However , to accommodate 

most electrons and holes in the ground state of T-QWR.s even at room temperature, it 

is desirable to further enhance the lateral confinement energy Ej0 _ 20 up to 2 ~ 3kT. 

Furthermore, AlxGa 1_xAs barriers with high aluminum composition x such as AlAs 

should be avoided for device applications. This is partly because thick AlAs layers 

tend to accumulate interface roughness and defects and mainly because AlAs has a low 

index of refraction. The active region of semiconductor laser is the narrow channel 

waveguide surrounded by a compositionally different material with a lower index of 

refraction. Therefore, T-Q\VR.s with AlAs barriers make it difficult to design the index

guided acti'e region of lasers. To avoid such problems, we fabricated T-QWR.s with 

ln(Ga)As/ Al(Ga).-\s material systems and characterized the effective lateral confinement 

energy Ej 0 _ 20 with the spatially-resolve photoluminescence technique. 

Sample preparation 

\\'e ha,·e prepared a set of three In0.07 Gao 93 As T-Q\\'R samples (B l ~ B3) and an 

ln0. 13Ga0 .87 As T-Q\\'R sample (B4), whose schematic structures are shown in the insets 

of Fig. 3.12. Wafers with QWl of Bl, B2 , and B3 were grown simultaneously in the 

first growth. "·here we grew a 500 nm GaAs buffer layer, a 5 J.Lm Al0.3Gao.7As layer, 

an lnGaAs multi-quantum well layer (Q\Vl) with Al0 .3 Gao.7 .-\s barriers, a 10 nm AlAs 

52 



layer, a 5 J.Lm AI0_3 G<l{)_7 As layer, a 10 nm AlAs layer, and a 500 nm GaAs cap layer. 

A multi-quantum well layer (QW1) consisted of 10 periods of 100 nm Al0.3G<l{)_7As and 

4.0 nm Ino.o7G<l{) 93 As. The thickness of quantum well is not nominal thickness, but is 

determined by comparing the observed photoluminescence peak with the calculation, 

whose details will be given in Appendix B. 

Then, we carried out in situ cleavage and grew on the edge surface In0.07 G<l{)_93 As 

quantum well layer of thickness band 2 monolayer Al0_3Ga0.7As at the substrate temper

ature of 430 °C. The growth rate of InGaAs was 0.5 J.Lm/hr, and the V /III flux ratio was 

30. The QW2 thickness b is 4.5 nm for B1, 4.0 nm for B2, and 3.6 nrn for B3. Finally, 

samples were heated up to 500 oc for deposition of a 10 nm A10.3 G<l{)_ 7As barrier layer 

and a 10 nm GaAs cap layer. 

In th is way, after the cleaved-edge overgrowth, we obtained an array of 10 periods 

of T-QWR.s and two 5-Jtm-wide QW2 layers which can be easily studied by a spatially

resolved photoluminescence measurement. The 10 nm AlAs layers, which are indeed 

5-nm-AIAs/1-nm-GaAs/5-nm-AlAs, were grown on both sides of the thick AlGaAs layer 

to reduce the carrier diffusion. 

The fundamental sample structure of B4 is the same as B1, but T-QWR.s of B4 were 

formed by 3.5-nm-thick ln 0.13 G<l{)_87 As QW1 and 3.5-nm-thick In0.13 G<l{).87 As QW2. 

Photoluminescence study 

\\'e performed spat ially-resolved photoluminescence measurements. Photoluminescence 

from B1 was studied at -1 K using a He-Ne laser (..\=633 nm) as an excitation source. 

\\'e obtained photoluminescence spectra as shown in Fig. 3.12 (a), when the excitation 

laser of 211-m in diameter was scanned from on the surface (spot d of the inset) to on the 

substrate (spot c of the inset) of the sample with a step of 1 J.Lm. Four photoluminescence 

peaks were clearly observed and their origins were determined as shown in Fig. 3.12 (a). 

The highest energy peak was attributed to Q\V1, since the multi-quantum well wafer 

(Q\V1) without o,·ergrowth showed the same peak. The lowest energy peak comes from 

lnGaAs quantum wells whose barrier layers consisted of an overgrown AIGaAs layer and 

a GaAs of the substrate (spot c of the inset). On the other hand, the two middle energy 

peaks were ascribed to T-Q\VR and Q\V2, respectively. Curve a of Fig. 3.12 (a) was 

obtained when the excitation laser beam was incident onto the T-Q\VR region (spot a of 
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Sample QWO QW1 QW2 QWR Eio-20 
number (nm) (nm) (nm) (nm) (meV) 

81 837.3 790.3 801.4 809.7 15 
82 833.0 791.1 791.1 805.1 28 
83 828.7 788.9 782.4 799.1 19 
84 853.7 815.7 812.9 835.2 34 

Table 3.1: Peak energies of photoluminescence spectra from samples 81 ~ B4 measured 
at 4K and their effective lateral confinement energy Ej0 _20 . QWO is the InGaAs quan
tum wells whose barrier layers consisted of an overgrown AlGaAs layer and a GaAs of 
the substrate. 

the inset), indicat ing that the lower middle peak came from the T-QWRs. In contrast, 

curve b was observed when the QW2 region (spot bin the inset) was illuminated. This 

clearly proves that the higher middle photoluminescence peak originated from the QW2 

region grown on the thick AlGaAs part of the cleavage plane. 

Similar measurements were performed on the other three samples and their photolu

minescence spectra were shown in Figs. 3.12 (b)- (d). Photoluminescence peak energies 

in each sam pie arc shown in Table 3.1. Thus, we can determine the effective lateral 

confinement energy Ej 0 _20 as the energy difference between the quantum wire and the 

quantum well, which is 15 meV for B1, 28 meV for 82, 19 meV for B3, and 34 meV 

for 84, respectively. 'iote that the energy levels of QW1 and QW2 coincide in B2 and 

B~. Therefore, their Ej 0 _ 20 should be maximized in a set of samples where the QW1 

thickness a is constant. 

Then, we should compared lateral confinement energy Ej0 _20 between InGaAs T

QWRs (82 and 84) and GaAs T-QWRs (Sl and S2 in §3.3). The maximized lateral 

confinement energy Ej0 _20 was 18 meV for Sl (GaAs T-QWRs with AlGaAs barriers) 

and 38 meV for S2 (GaAs T-QWRs with AlAs barriers). Since S2 and 82 have the same 

aluminum composition x = 0.3 in Al,Ga1_,As barrier layers, the difference of Ej0 _ 20 is 

due to the structural size as well as due to the effects of indium in InGaAs well layers; 

First, large barrier height should enhance Ej0 _2D, a.s such an effect has been already 

demonstrated in Sl and S2. Second, the strain effect is also considered to enhance 

EiD- 2D. Since the lattice constant of InGaAs is slightly larger than that of GaAs, 

bandgap of the o,·ergrown lnGaAs layer is smaller on the cleaved edge of InGaAs well 
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layers than on the cleaved edge of AlGaAs barrier layers. Such a local modulation due to 

the strain contributes to realize stronger lateral confinement. However, the quantitative 

analysis to separate the effect of barrier height and that of strain needs the sophisticated 

theoretical treatment of local strains, which should be the important subject of the future 

study. 

Next point to be noted is that lateral confinement energy Ej0 _ 20 of B4 (34 meV) 

is larger than Ej0 _ 20 of B2 (28 meV). This enhancement is caused by reducing the 

structural size from a=4.0 to 3.5 nm as well as by increasing the indium composition x in 

lnxGa1_xAs well layers from 0.07 to 0.13. In this way, we have successfully demonstrated 

large Ej 0 _ 20 beyond thermal energy at room temperature without AlAs barriers, which 

would make it possible to exploit the stable one-dimensional states for the advanced 

optical devices. However, lateral confinement energy Ej 0 _ 20 of 34 meV obtained in B4 

is still comparable to Ej 0 _ 20 of S2 (38 meV). Thus, continuous efforts are required to 

further enhance Ej0 _ 20 up to 2~3kT. 

3.6 Summary 

v\'e presented our spatially-resolved photoluminescence study ofT-QWRs in this chapter. 

Especially, we emphasized the importance of characterizing photoluminescence spectra 

not only from T-Q\\'Rs but also from the adjacent quantum wells, QWl and QW2. 

First, novel sample structures were designed and fabricated to detect the photolumi

nescence from the o,·ergrown quantum wells in spite of the efficient carrier diffusion from 

Q\\'2 to T-Q\VRs. On two types of such samples, spatially-resolved photoluminescence 

measurements were performed, and the energy levels of QWl, QW2, and T-QWRs were 

precisely determined. As a result, we determined the effective lateral confinement energy 

of excitons Ej 0 _ 20 as energy difference between quantum wires and quantum wells. 

Then, we prepared a series of 5-nm-scale T-QWRs and characterize them from 

spatially-resolved photoluminescence. It is demonstrated that the effective lateral con

finement energy of excitons Ej0 _ 20 becomes as large as 38 meV in T-QWRs with AlAs 

barriers. \Ve have found that such a strong lateral confinement enhances the binding 

energy Eb of one-dimensional excitons up to 27±3 mcV, which is far beyond the theoret

ical limit for two-dimensional excitons in GaAs quantum wells (17 meV), and becomes 
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6-7 times larger than the bulk value (4.2 meV). 
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Chapter 4 

Polarization properties and 
oscillator strength 

4.1 Introduction 

Polarization properties and oscillator strength of one-dimensional states have been im

portant subjects in the optical properties of quantum wires. It is expected that such 

properties are drastically and favorably modulated by lateral confinement. Reflecting 

the anisotropic electronic states induced by lateral confinement, quantum wire states 

should be polarized more along the wire, which can be measured via the polarization de

pendence of optical absorption and/or emission. Oscillator strength of one-dimensional 

excitons should be concentrated into the lowest exciton state in quantum wi res due to 

the one-dimensional electronic density-of-states . 

We present, in this chapter, our detailed measurements of photoluminescence and 

photoluminescence excitation spectra, where polarization and relative intensit ies are 

carefully analyzed. First, the polarization dependence of photoluminescence and photo

luminescence excitation spectra was measured on 5-nm-scale T-shaped quantum wires 

(T-Q\VR.s) and a reference quantum well grown on a (llO) surface. Comparing the ob

scn·ed optical anisotropy for the T-QWRs and the refe rence quantum well, we evaluated 

the optical anisotropy induced by the lateral confinement iu T-QWRs. Next, measuring 

the polarization-dependent photoluminescence on a series of T-QWRs, we investigate 

how the optical anisotropy in T-QWRs changes when the lateral confinement is sys

tematically ch;mged. Then, we present the structure dependence of photoluminescence 

excitation spectra for three typical T-Q'vVR samples, from which oscillator strength of 
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one-dimensional exciton states is evaluated. 

4.2 Optical anisotropy 

Optical anisotropy has been one of the main subjects in quantum wires and other mod

ulated semiconductor structures, because it directly reflects the anisotropic electronic 

states inherent to each structure. In fact , for most types of GaAs quantum wires so 

far reported, the polarization dependence of photoluminescence and photoluminescence 

excitation spectra has been presented as a proof of the electronic states resulting from 

lateral confinement [1 - 9). However, the optical anisotropy introduced purely by the later

al confinement in quantum wires has hardly been evaluated nor theoretically reproduced 

[10- 12). 

First, the valence band anisotropy is sensitive to many factors; warping distortion, 

uniaxial strain, and anisotropic perturbation potential of anisotropic interface rough

ness [13). In some quantum wires grown on patterned substrates, the anisotropy in 

macroscopic sample geometry also induces add itional polarization dependence of their 

photoluminescence and photoluminescence excitation spectra. Furthermore, the spec

tral peaks tend to broaden and overlap with other spectral structures in nanometer-scale 

quantum wires, which makes it difficult to quantify the optical anisotropy from the pho

toluminescence and photoluminescence excitation spectra. For quantitative analysis of 

the observed an isotropy, one must accurately characterize both the potential profile and 

the quantized energy le,·els of quantum wires, which is often difficult . For such reason

s, the quantitati,·e invest igation of the optical anisotropy ha.5 never been accomplished 

completely in nanometer-scale quantum wires "·bose potential were characterized well. 

\\'e present in this section the optical anisotropy measured in terms of the polarization 

dependence of photoluminescence and photoluminescence excitation spectra in 5-nm

scale T-shaped quantum wires (T-QWR.s) and a reference quantum well grown on a 

(110) surface. Clear optical anisotropy was observed for the T-QWR.s as well as for 

the constituent adjacent quantum wells forming T-structures and the reference (llO) 

quantum well. Comparing the T-QWR.s with the reference quantum well, we evaluated 

the optical anisotropy induced by the lateral confinement in T-QWR.s. 

61 



Theory 

In the III-V compound semiconductors like GaAs, the optical anisotropy is caused main

ly by the anisotropic electronic states at the top of valence bands, which have total 

angular momentum of j=3/2 [14). In quantum wires and quantum wells, the j=3/2 hole 

states are separated into heavy hole (HH) and light hole (LH) states to give pair optical 

transition with different energy into a conduction electron state. We use the term heavy 

hole (light hole) in the sense that it has heavier (lighter) effective mass than the other 

in the direction of the confinement of quantum wells and quantum wires. 

Neglecting spin indices, the conduction-band Bloch function is expressed as Js), 

whereas the valence-band Bloch function Jv) is expressed as 

)v) = Cx)X) + Cy)Y) + Cz)Z), 

where IX), )Y), and )Z) have p-orbital symmetry. The optical transition probability is 

given by 

w 

(4.1) 

where A=A0 e is the vector potential, and p is the momentum operator. Thus, the 

squared optical matrix clement for transition between conduction states and valence 

states, which takes the form 

(4.2) 

describes the optical anisotropy. For example, when the polarization is parallel to x

direction, the photoluminescence intensity fx is proportional to J(s)x]v)J2 = )Cx )2 

\\'e will start to consider the optical anisotropy from the simplest model neglecting 

the crystal anisotropy. ln a quantum well with confinement in z-direction, the heavy 

bole states are mainly of Bloch states 

-~)(X+ iY) T) 

~I(X- iY) l) 
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with z-component of angular momentum j,=±3/2, while the light hole states are mainly 

of Bloch states 

-~)(X+ iY) 1) + ~)Z T) 

~)(X- iY) T) + ~)Z 1) 

with j,=±1/2. As a result, the relative optical transition intensities of heavy hole states 

in quantum wells are calculated as 0 : 3 for I, : Ix. 

In an ideal quantum wire with axial symmetry along x-direction neglecting crystal 

band anisotropy and asymmetric shape of a quantum wire, the heavy hole state in a 

quantum wire is of Bloch states 

~)X T) + ~)(Y + iZ) l) 

~)X 1) - ~)(Y- iZ) T) 

with x-component of angular momentum ix=±1/2, which gives the relative optical tran

sition intensities of 1 : 4 for I, : Ix, that is I,/ I.=25%. 

'v\'hcn crystallographic anisotropy is introduced, the other states are mixed, which 

modifies the optical anisotropy. To see such effect, the crystal band anisotropy should 

be taken into account. F'or this purpose, Yamaguchi et al. calculated optical anisotropy 

of cylindrical quantum wires with infinite barriers [15). When the quantum wire has 

axial symmetry along the [l-10) direction, the optical anisotropy ratio Ijoo1J/ Ip _10J is 

calculated to be 3-1%. In contrast, it is I[ooq/ I11 _,01=86% for (110) quantum well, as will 

be given in Appendix C. 

Experiment 

To study optical anisotropy, we prepared two samples; a T-QWR sample and a reference 

quantum well sample. The T-QWR sample is r\2 described in §3.2 . The multi-quantum 

well layer consists of n=50 periods of GaAs quantum wells (QWl; thickness a=5.3 n

m) and AlAs barriers (thickness c=50 nm). The m-crgrown quantum well is of a GaAs 

layer (Q\\'2; thickness 6=~.8 nm), covered by an AlAs barrier layer. From the micro

photoluminescence measurements, the energy levels of those structures were well char-
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acterized and precisely determined as photoluminescence photon energy of respective 

peaks; They were 1.633 eV for T-QWR, 1.668 eV for QW1, and 1.680 eV for QW2. 

We also prepared a reference quantum well on a ( llO) surface, which was consisted 

of a 5.4-nm-thick GaAs well layer and an Al0.3Gao.7As barrier layer. 

In this chapter, we define the [001] (the first growth direction) as the z-direction, 

the [110] (the overgrowth direction) as they-direct ion, and the [1-10] (the quantum wire 

direction) as the x-direction. We also denote polarization along [1-10] ([001]) as II (..L), 

since [1-10] ([001]) is parallel (perpendicular) to the T-QWRs and the QW1 layers. 

Then, we present our experimental setup to measure polarization-dependent pho

toluminescence and photoluminescence excitation spectra with a cw titanium sapphire 

laser, as shown in Fig. 4.1. The photoluminescence was detected via the (llO) surface 

in the backward scattering geometry. The output light of the titanium sapphire laser 

was horizontally or perpendicularly polarized with a Fresnel-rhomb half-wave retarder 

and a Clan-Thomson prism. It was then partly reflected by a beam-splitter placed at 

45', and focused, in the normal incidence configuration, into less-than-2/Lm spot on the 

sample at 4 K in a cryostat (Oxford Instruments CF2102), which was ·monitored by 

CCD camera system. An objective lens for near-infrared region (Mitsutoyo M Plan NIR 

50x), with nominal magnification factor of 50, working distance of 17 mm, and numerical 

aperture of 0.42, was used. The photoluminescence was collected by the same objective 

lens, partly reflected by another beam-splitter placed at nearly 0', and led to a 10-cm 

double monochromator with a GaAs photo-multiplier. The signal was measured with 

the lock-in detection technique. A polarizer and a depolarizer were placed in front of the 

monochromator to analyze the polarization of the photoluminescence. The polarization 

dependence of photoluminescence and photoluminescence excitation was measurable by 

the usage of the depolarizer, near-infrared broad-band optics for all the polarization

sensitive elements, and the normal incidence configuration both at the sample and the 

second beam-splitter. 

Results 

Figure 4.2 (a) shows photoluminescence spectra of the T-QWR sample measured at 4 K 

with the photon energy of the excitation laser of 1.72 eV and the excitation power of 0.2 

mW. The solid (broken) cun·e shows photoluminescence "·ith II (..L), that is, polarization 
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Figme ·1.1: ,\n experimental setup to measure spatially-resolved photolnminescence and 
photolnlllincscence excitation spectra in which polarizat ion can be accurately analyzed. 
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parallel (perpendicular) to the T-QWRs and the QW1layers. The two peaks are assigned 

to the lowest energy excitons in T-QWR and QWL The photoluminescence signal ratio 

h/ In between the two polarization was 20% for T-QWRs, and was 6% for QWl. When 

the polarization of the excitation light was changed from parallel to perpendicular to the 

quantum wire, there was no change in the photoluminescence spectral shape, that is, no 

polarization memory, at this excitation energy. 

Figure 4.2 (b) shows photoluminescence excitation spectra of the T-QWR sample, 

which were measured by setting the detection energy at the low energy tail (1.625 eV) 

of T-Q\VR photoluminescence for the polarization of excitation light parallel (II, solid 

curves) and perpendicular (l., broken curves) to the quantum wires. The overall spectra 

were measured with the excitation power of 0. 2 m W, whereas the magnified spectra near 

the detection energy were of 2 m W. We observed a photoluminescence excitation peak 

from the quantum wire as well as the large structures above 1.66 eV, which were the 

heavy hole and light hole excitons in QWl. This result indicates that the excitation light 

is partly absorbed in T-Q\VR and QW2 and mostly in QWl. Then, a plentiful carrier 

flow from QW1 to T -Q\VR.. As a result, the photoluminescence intensity of T-QWRs 

is comparable with that of QWl. The structure of QW2 was not observed since it is 

located at a higher energy region than that of QW1 and is overlapped with the structure 

of Q\Vl. 

For both polarization. the detection sensitivity and the excitation intensity were kep

t constant. Thus, we can compare the relative peak intensity for both polarization to 

evaluate the optical anisotropy. The photoluminescence excitation signal ratio h/ In is 

39% for T-Q\VR.s and 14% for QW1, respectively. We expect that the possible experi

mental error in determining relative signal intensity I is about 10% or less. In addition, 

the (110) surfaces through which photoluminescence was detected were smooth and flat 

without patterns causing the additional macroscopic geometrical effect . Therefore, the 

signal ratio h/ J shows the anisotropic electronic states in the lowest energy excitons 

in T-Q\VR.s and in Q\\.1, as will be discussed later. 

Here, we should note the small Stokes shift and the sharp spectral linewidth. The 

values of the photoluminescence linewidth and the Stokes shift are 15 meV and 5 meV 

for T-Q\\"R.s, respectiYely, and 10 meV and 7 meV for Q\\'1. These small values demon

strate the high quality of the sample, and thus support the reliability of the following 
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sample PLE (%) PL (%) theory1 (%) theory2 (%) 
(isotropic) (anisotropic) 

QWR 39 20 25 34 
(110) QW 67 60 100 86 
QW1 14 6 0 0 

Table 4.1: Optical anisotropy h/ln, that is I jooq/I J1_ 10J, for heavy hole exciton transition 
in T-QWR, reference (110) quantum well, and QW1 evaluated via photoluminescence, 
photoluminescence excitation, and theories assuming isotropic and anisotropic valence 
band structures. 

quantitative discussion. 

Figure 4.3 shows photoluminescence (a) and photoluminescence excitation spectra 

(b) at 4 K of 5.4-nm-thick GaAs quantum well with A10 .3Gao.7 As barrier formed on a 

(110) surface. The solid and broken curves are for polarization II (along [1-10]) and l_ 

(along [001]), respectively. The peak in the photoluminescence spectra is of heavy hole 

cxcitons, whereas the two photoluminescence excitation peaks are of heavy hole excitons 

and light hole excitons. Optical anisotropy was observed in the heavy hole exciton 

transitions between II and _!_ polarization [17[. The signal ratio h/ 111 was 60% in the 

photoluminescence peaks, and was 67% in the photoluminescence excitation, showing 

good agreement with each other. The results of optical anisotropy obtained from Figs. 

4.2 and 4.3 arc summarized in Table 4.1. 

Discu ss io n 

We will discuss the optical anisotropy of quantum wells and quantum wires. The optical 

anisotropy of Q\Vl should be given by the well-known optical anisotropy of standard 

(001) quantum \\·ells obscn·ecl from the (110) cleaved surface [22[. In reality, the forbidden 

transition of hea,·y hole with l_ polarization can be weakly observed. The observed 

photoluminescence excitation intensity ! 1111 ,1. was about 14% of lu 11 ,11 , which is in fair 

agreement with the photoluminescence data of 6%. Rca>onablc agreement was obtained 

among the previous reports, the model calculation, and the present observation for the 

(001) quantum well. which supports the validity and the reliability of the following 

quantitative stucly on optical anisotropy in quantum wires. 
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T-QWRs shows the strong polarization dependence. As shown in Table 4.1, the pho

toluminescence excitation signal ratio h/ In was 39%. Since there is some contribution 

of the smearing tail structures of the QW1 and the stray light, the estimation requires 

a proper extraction of these contribution. The value is obtained from the comparison 

of the peak intensity ratio, because peak heights are least affected by the additional 

contribution of the tail structures. The value is again in fair agreement with the photo

luminescence data of 20%. 

To look into the effect of the crystallographic anisotropy, we compare the optical 

anisotropy of quantum wires and that of quantum wells. As summarized in Table 4.1, 

though the values of I 1./ In tend to be smaller for the photoluminescence data than for 

the photoluminescence excitation data, we found a clear difference between the results 

for the T-QWR and the reference (llO) quantum well, which is ascribed to the optical 

anisotropy resulting purely from the lateral confinement in quantum wires. 

Then, we compare experimental results with some model calculations in cylindrical 

quantum wires, which was given by Yamauchi et al. [15] The optical anisotropy ratio 

h/ln is expected to be 34% for the cylindrical quantum wire, whereas it is h/Iu(= 

ljooq/ lp -Joj)=81% for the reference (llO) quantum well. In spite of the obvious difference 

in the shape between cylindrical rods and the T-QWRs, we find a good agreement 

between the model calculation and the experiment. This may be because of a comparable 

confinement in y- and z-directions in the T-QWRs. To reproduce the optical anisotropy 

precisely, a more rigorous theory is required. 

4.3 Structure dependence of optical anisotropy 

We study systematically the polarization-dependent photoluminescence on a series of 

GaAs T-Q\\'Rs. \\"e \\"ill present how the optical anisotropy in T-QWR.s changes when 

the lateral confinement is gradually weakened from the quantum wire regime to the 

quantum well regime. 

Experime nt 

A series of samples studied here are S1, whose details arc described in §3.3. The inset 

of Fig. 4.4 sho"·s the schematic structure of our T-QWR samples. The multiple quan-
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tum well structure consists of n=50 periods of GaAs quantum wells (QW1; thickness 

a=5.4 nm) and Al0 .3 Gao.1As barriers (thickness c=50 nm), which is about 5-Mm-thick 

all together. An additional 5-Mm-thick Al0.3Ga.o.7 As layer is formed in the first growth, 

which results in a 5-Mm-wide area of QW2 after cleavage and overgrowth. The over

grown quantum well is of a GaAs layer (QW2; thickness b=4.6~8.3 nm), covered with 

an Al0.3 Gao. 7As barrier layer. 

As mentioned earlie r, we defined the [001] (the first growth direction) as the z

direction, the [110] (the overgrowth direction) as the y-direction, and the [1-10] (the 

quantum wire direction) as the x-direction. We also denoted polarization along [1-10] 

([001]) as II (J.), since [1-10] ([001]) is parallel (perpendicular) to the T-QWR.s and the 

QW1 layers. 

The spat ially-resolved polarization-dependent photoluminescence spectra were mea

sured at 4 K with a He-Ne laser. The spatial resolution was Jess than 2 /-LID. The 

photoluminescence was detected via the (110) surface in the backward scattering geom

etry under normal incidence. A polarizer and a depolarizer were placed in front of a 

monochromator to analyze the polarization. 

Results 

Figure 4.4 shows the spatially-resolved polarization-dependent photoluminescence spec

tra of four T-QWR samples with the different QW2 thickness b=4.8 nm, 5.3 nm, 5.9 

nm, and 8.1 nm. Solid (dashed) curves show the photoluminescence intensity In (h) 

"'ith polarization parallel (perpendicular) to the T-Q\VRs and the Q\V1 layers. Thick 

(thin) curves show the photoluminescence for the region with T-QWRs (5!-Lm-wide QW2) 

indicated by a thick (thin) arrow in the inset. Then, we also measured the photolumines

cence peak intensity ratio h/In for T-QWR, Q\V1, a nd Q\V2 in various samples with 

different b, and plotted it in Fig. 4.5. 

Strong polarization anisotropy was observed in the photoluminescence from T-QWR, 

Q\\'1, and Q\\'2. The photoluminescence intensities with parallel polarization shown by 

solid curves in fig. 4.~ were always larger than the photoluminescence intensities with 

perpendicular polarization shown by dashed curves. Although some data are scattered 

in Fig. ~.5, the optical anisotropy for QW1 and Q\V2 is close to the predicted values of 

0% and 86%, respectiYely. On the other hand, the optical anisotropy h/ In for T-Q\VR 
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increases from the value close to that of QW1 to the value identical to that of QW2 with 

increasing the QW2 thickness b. 

Discussions 

We will discuss the confinement-induced optical anisotropy of T-QWR.s in Fig. 4.5 in 

terms of the dimensional crossover from QW1, via well-stabilized T-QWR, to QW2. 

When we take the crystal anisotropy into account, the signal ratio h/ In is calculated 

to be 0%, 34%, and 86% in (001) quantum wells (QW1), the symmetric quantum wires, 

and (llO) quantum wells (QW2), respectively [15, 18]. Therefore, as b is increased from 

zero to b » a, we expect that h/ In should vary from 0%, passing 34% when the 

confinement in the two directions is balanced, to 86%. This theoretical consideration is 

in good agreement with the experimental result in Fig. 4.5. Such increase of h/In shows 

the increase of IZ)-component as well as the decrease of IX)-component in the valence

band Bloch function of T-QWR.s with the reduced confinement in the z-direction. In 

this way, the change in the valence-band anisotropy induced by the varied confinement 

~ras demonstrated under the dimensional crossover regime. 

1\ote that the scatter of the T-QWR data is small compared with those of QW2. For 

quantum wells, it has been pointed out that the optical anisotropy is also caused very 

sensitively by the valence-band anisotropy with mixing due to the warping distortion, 

the unia:xial strain, or the anisotropic perturbation potential of anisotropic interface 

roughness. The deviation of the experimental data from the theoretical values of 86% 

for Q\\'2 is most likely caused by these factors. In contrast, the small scatter of the 

T-Q\VR data supports that the differences in optical anisotropy among the series of 

samples in Fig. 4.5 arc dominated by the confinement-induced valence-band anisotropy. 

The next point to be noted is that the optical anisotropy of 34% corresponding to 

the symmetric confinement in quantum wire was achieved at around b = a in Fig. 4.5. 

At b =a, the energy levels of the conduction electrons in Q\Vl and QW2 become equal 

due to the identical effective masses. Such structures arc suitable to obtain a well

stabilized one-dimensional electron state is formed in the T-Q\VRs. On the other hand, 

the energy level of holes in QW2 is lower than that in Q\Vl at b = a. This is due 

to the different cffcctiYc masses of the valence bands in Q\Vl on the (001) surface and 

in Q\\"2 on the (110) surface, which are 0.38m0 (m0 ; free-electron mass) and 0.7lmo, 

73 



1 
0 

_ ::::::. 
0 0 ........... 0.8 00 0 

_--1 0 OW2 
0 ~ >. co : ~ . coo 0.. 0.6 0 0 ~ •• 0 

~ oo +-' 
0 •• 
(f) 

T-QWR c 0.4 • <( 

m ... ~ u 
+-' 0.2 0 0.. 
0 oCb 

OW1 
0 0 

4 5 6 7 8 9 
OW2 thickness b [nm] 

Pigurc ·1.5: The optical anisotropy, defined as the photoluminescence peak intensity ratio 
f1/!u between the perpendicular and parallel polarizations, for T-QWR (solid circles), 
QWJ (open squares) , and QW2 (open circles) plotted against the QW2 thickness b. 
The solid curve is drawn to guide the eye. The results arc to be compared with the 
theoretically predicted values of 0%, 86%, and 3·1% for Q\Vl, QW2, and the symmetric 
quantum wires, rcspcctivrh·, which are shown by the horizontal lines. 

74 



respectively. Therefore, the hole state in T-QWR.s should be close to that of QW2, and 

thus two-dimensional-like states. One should note that the symmetric confinement for 

holes in T-QWR.s was achieved at around b = a, in spite of the fact that the optical 

anisotropy is sensitive to the valence-band anisotropy. We believe that this is caused by 

the electron-hole Coulomb interaction; the holes in the excitons in T-QWR.s are confined 

not only by the T-shaped potential, but also by the attractive Coulomb interaction with 

the electrons which are well stabilized in the T-shaped potential at b = a. 

In contrast to quantum wells, the calculated wave functions of electrons and holes 

in the T-QWR.s without the Coulomb interaction have very different shapes due to the 

different effective masses of valence bands in QWl and QW2. As mentioned earlier, the 

T-QWR state tends to spread toward the lower energy quantum wells between QWl 

and QW2, and the most stable T-shaped one-dimensional states are realized when the 

energy levels in QvVl and in QW2 are equal. However, this is realized at b=4.0 nm 

for holes, whereas it is at b=a=5.4 nm for electrons. Thus, for 4.0 nm< b <5.4 nm, 

the electron (hole) wave funct ion locates mainly on QWl (QW2), since QWl (QW2) 

has lower energy for electrons (holes). Therefore, the electron and hole states in the 

T-QWR.s are supposed to be more or less spatially-displaced, wh ich should be affected 

by the Coulomb interaction. The above experimental resu lt is an important evidence to 

support such a prediction. 

4.4 Oscillator strength 

Oscillator strength of one-dimensional excitons in quantum wires has been one of the 

main subjects in the optical properties of semiconductor low dimensional structures. 

These studies arc particularly motivated by such an expectation that oscillator strength 

might be concentrated into the lowest exciton state in quantum wires because of the 

one-dimensional electronic density-of-states [19] and the efficient Coulomb interaction 

among carriers [20, 21]. 

Oscillator strength can be directly evaluated by measuring absorption and/or re

flection intensity of quantum wires, which are difficult due to the small volume of the 

quantum wires. In contrast, photoluminescence excitation spectroscopy provides us only 

rchlli,·e intensities of the oscillator strength. Thus, to evaluate oscillator strength from 
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photoluminescence excitation spectra, careful comparison among systematic series of 

quantum wires is required. We present in this section the structure dependence of pho

toluminescence excitation spectra for three quantum wire samples, in which the lateral 

confinement is systematically changed. We have found the concentration of oscillator 

strength into one-dimensional exciton states with increasing lateral confinement. 

Experiments 

We prepared three T-QWR samples (Cl - C3) by the cleaved-edge overgrowth method. 

All the quantum well layers are of GaAs, while the barrier layers are of Al0.3 Gao.7As, 

which is shortly denoted as the GaAs/ Al0 .3Gao.7As structure. In making this series of 

samples, we performed the first growth simultaneously on one wafer and cut it into small 

pieces, on which three overgrowth runs were done changing the overgrown-quantum well 

thickness. Therefore, the three samples have the identical multi-quantum well layer, 

which consists of 200 periods of QWl of thickness a=5.2 nm and barriers of thickness 

c=31 nm. On the other band, the thickness b of the overgrown quantum wells (QW2) is 

changed as b=4.8 nm in Cl, b=5.9 nm in C2, and b=lO nm in C3. 

For these samples, we performed polarization-dependent pbotolurnlnescence and pho

toluminescence excitation measurements at 4K with a cw titanium sapphire laser and 

a conventional micro-photoluminescence setup. The photo-excitation and the detection 

was made along [110] direction via the (110) surface in the backward scattering geom

etry under the normal incidence condition. Note that the polarization of detected light 

was analyzed in the photoluminescence measurements, while that of excitation light was 

selected in the photoluminescence excitation measurements. 

Results 

Figures 4.5- ~.8 show photoluminescence and photoluminescence excitation spectra of 

samples CJ - C3 with tbe different QW2 thickness b. In each figure, a pair of peaks 

shown by thin cun·es in the low energy region show the photoluminescence spectra of 

the one-dimensional excitons confined in T-QWRs, and a pair of thick curves in the 

higher energy region sho"· tbeir photoluminescence excitation spectra. The low energy 

part of the photoluminescence excitation spectra magnified by a factor of 20 are also 

shown. In each pair of spectra, the solid curve is obtained for the polarization parallel 
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to the T-Q\VRs, whereas the broken curve is for the polarization perpendicular to the 

T-Q\VRs. In the measurements for both polarizations, the detection sensitivity and the 

excitation intensity were kept constant. Furthermore, we set the scale of photolumines

cence excitation spectra common among Figs. 4.6- 4.8, as will be discussed later. Thus, 

we can compare all the photoluminescence excitation intensities among Figs. 4.6- 4.8. 

Figure 4.6 shows the photoluminescence and photoluminescence excitation spectra of 

C1 (GaAs/ Alo.JGao.7As T-QWR.s, a=5.2 nm , b=4.8 nm). As indicated in the figure, the 

photoluminescence peaks at 1.602 eV and the lowest-energy photoluminescence excita

tion peaks at 1.606 eV are from the lowest exciton state at T-QWR.s, while the larger 

photoluminescence excitation peaks at 1.627 eV and 1.651 eV are the heavy-hole (H

H) and light-bole (LH) exciton states in QW1, respectively. Such large contribu tions of 

QW1 to the photoluminescence excitation spectra of T-QWRs indicate a plentiful carrier 

flow from Q\V1 to T -QWR.s. Structures associated with Q\V2 were not observed since 

they are located in the energy region higher than that of QW1 and are overshadowed 

by the much larger contributions of QWl. The polarization anisotropy in QW1 agrees 

with the well-known optical anisotropy in (001) quantum wells observed from the (llO) 

cleaved su rface [22j. 

Note here that such general features in Fig. 4.6 are similar to those of the GaAs/ AlAs 

T-Q\VR sample (A2) in §4.2. This is because of the similarity in the parameters a and 

b, though the confinement is weaker due to the lower barriers in Cl. Due to the better 

hctcro-interface quality in C1, however, its spectral linewidths and the Stokes shift are 

smaller than :\2. The photoluminescence linewidth (full width of half maximum) was 8.5 

me\· and the Stokes shift was 4 meV, representing the high quality of the sample. The 

cffecti,·e lateral confinement energy of excitons Ei0 _ 20 , the energy difference between 

T-Q\VRs and Q\\'1, is found to be 21 meV in photoluminescence excitation spectra. 

Figure 4. 7 shows the photoluminescence and photoluminescence excitation spectra 

of C2 (GaAs/A I03 Gao 7As T-QWR.s, a=5.2 nm, b=6.9 nm). The photoluminescence 

peaks at 1.575 e\· and the lowest-energy photoluminescence excitation peaks at 1.578 

c\ · arc from the hea,·y hole exciton state in T-Q\VR.s, while the structure above 1.620 

c\' with two photoluminescence excitation peaks arc from the heavy hole and light 

hole exciton states in Q\\'1. The photoluminescence linewidth and the Stokes shift 

of T-Q\\'R~ arc G.2 me\· and 3 meV, respectively, which are smaller than those of 
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Cl. The photoluminescence excitation peaks of heavy bole excitons in QW2 and the 

light bole excitons in T-QWR.s are also observed in C2. Thus, the effective lateral 

confinement energy of excitons Ei0 _ 20 is given by the energy distance between QW2 

and T-QWRs, and decreases to be 14 meV, which shows that the T-QWR states take 

on two-dimensional character. 

The photoluminescence and photoluminescence excitation intensities of heavy hole 

excitons in T-QWR.s are stronger for the parallel polarization. The photoluminescence 

excitation of light hole excitons in T-QWR.s shows opposite polarization dependence. 

These tendencies in optical anisotropy in T-QWR.s are as expected and close to that in 

QWl, since the directions of confinement and free motion are common between T-QWR.s 

and QWl. 

Figure 4.8 shows the photoluminescence and photoluminescence excitation spectra 

of C3 (GaAs/ A10.3 Ga.o 7 As T-QWR.s, a=5.2 nm, b=10 nm). Since the QW2 thickness 

b is further increased, the photoluminescence excitation peaks of heavy hole and light 

hole excitons in T-QWRs, QW2, and QW1 are all observed. Both the photolumines

cence linewidth and the Stokes shift of this T-QWR are smaller, 5.1 meV and 3 meV, 

respectively. For the structures marked as QW2, they are attributed to the excitons 

delocalized over QW2; the lower two peaks at 1.563 eV and 1.566 eV to heavy hole exci

tons, while the upper unclear structures marked at 1.585 eV and 1.592 eV to light hole 

excitons. Details of their origin and their polarization dependence are not known. The 

effective lateral confinement energy of excitons Ei0 _ 20 is further decreased to 6 meV in 

photoluminescence excitation spectra, which shows that the T-QWR states are getting 

closer to Q\V2 states in their energy as well as in wave function. 

Discussions 

We discuss oscillator strength of one-dimensional excitons from our detailed photolu

minescence excitation measurements on three T-Q\VRs. \\'e should first note in Fig. 

4. 7 that the photoluminescence excitation intensity of hca,·y hole excitons in T-QWR.s 

is comparable with that of QW2, where their area-intensity ratio is about 1:2. This 

ratio is to be compared with the foll owing geometrical factors. The period of quantum 

wires is given by a+c=36 nm, in which the wave functions of one-dimensional excitons 

in T-Q\\'Rs arc bounded at the T-junction parts to ha,·c some reduced lateral size. On 
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the other hand, the two-dimensional excitons denoted as QW2 are not hounded, but are 

extended over the period of 36 nm. Since the lateral size of one-dimensional exciton is 

Jess than 18 nm, the photoluminescence excitation area-intensity ratio of 1/2 is larger 

than the geometrical size ratio for the one-dimensional and two-dimensional excitons. 

Also note that the period of 36 nm is much smaUer than the carrier diffusion length in 

quantum weJJs (~ J.Lm), so that all the carriers generated at Q\V2 are quickly captured 

into T-QWR.s. In such a case, the photoluminescence excitation intensity is proportional 

to the absorption intensity, and their energy-integrated area-intensities are proportional 

to the osciJJator strength. Therefore, the enhanced (reduced) photoluminescence excita

tion area-intensities of T-QWRs (QW2) compared with the geometrical factors suggest 

that the oscillator strength of excitons in QW2 is transferred to those in T-QWRs [23]. 

Next, it is interesting to point out in Fig. 4.8 that the photoluminescence excitation 

structure below 1.620 e V is from the step-function-like two-dimensional density-of-states 

of QW2 except for the excitonic peaks at the low energy edges, where the weakened 

excitonic peaks of Q\V2 and the strong excitonic peaks of T-QWRs are observed. This 

again demonstrates that the osciUator strength of excitons in QW2 is transferred to those 

in T-QWRs. As for the continuum state showing two-dimensional density-of-states of 

QW2, the absorption probability is known to be 1.3% [24], which is indicated by an 

arrow in the figure. As already mentioned above, all the carriers absorbed by T-QWR 

and QW2 states are supposed to flow into the lowest exc iton state in T-QWRs by the 

same efficiency, the photoluminescence excitation intensities of T-QWR and QW2 are 

proportional to the absorption probabi lity. Therefore, the absorption probability of 

1.3% for the continuum state of QW2 is a useful standard in evaluating the absorption 

probability at T-Q\\'Fts. 

Then, by comparing the photoluminescence excitation peak intensities of T-QWRs 

amoug the Figs. 4.6- 4.8, we wiJJ evaluate absorption area-intensities of T-QWRs. Pho

toluminescence excitation signal intensities depend on so many factors; the absorption, 

energy relaxation, carrier migration processes, and the detection condition of photolu

minescence, which may be different in the three figures. In the present case, however, 

the first growth parts with QW1 in C1 - C3 are cut from the same wafer and have iden

tical properties, and hence that the carrier supply from Q\V1 to T-QWRs is identical 

for the three samples. Thus, we can compare the relati,·c photoluminescence excitation 
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intensities of the overgrown parts in the three samples, by setting the scale of photolumi

nescence excitation spectra in Figs. 4.6- 4.8 such that the photoluminescence excitation 

structures of QW1 have common amplitude. Then, the photoluminescence excitation 

intensity for the continuum state of QW2 indicated by an arrow in Fig. 4.8 gives the 

standard of the absorption probability of 1.3%. Therefore, we can evaluate absolute 

absorption probabilities at T-QWRs from the photoluminescence excitation intensities 

in Figs. 4.6- 4.8. 

The peak absorption probabilities of heavy hole excitons in T-QWRs in the three 

figures are evaluated to be 2.7%, 2.9%, and 3.0% for C1, C2, and C3, respectively. 

Multiplying the linewidth, we obtain the absorption area-intensities of three samples, 

which are 23 %meV, 18 %meV, and 15 %meV, respectively, and are plotted in Fig. 4.9. 

This shows that the oscillator strength is largest in C1, which has the strongest lateral 

confinement among the three samples. Note that t:he lateral size of the exciton wave 

function is smallest in C1, or that the cross sectional area for the incident light is smallest, 

which should contribute to reduce the photoluminescence excitation intensity. That is to 

say, if we normalize the obtained relative oscillator strength by the cross sectional area 

for the incident light, we obtain significant enhancement of the local oscillator strength 

in Cl. \Ve can conclude that the oscillator strength is not only enhanced, but also 

concentrated spatially at the T-junction part, when the lateral confinement is strong. 

The lateral sizes of exciton wave functions in T-QWRs and QW2 in respective samples 

arc not yet quantitatively evaluated. Thus, we are not able to normalize the observed 

oscillator strength with the sizes to quantify the local oscillator strength concentrated 

to the T-Q\VRs and to compare it with that of QW2. In addition, no theoretical model 

is currently a,·ailablc to quantitatively explain the increased oscillator strength with 

lateral confinement and the oscillator strength transfer from Q\V2 to T-QWRs. Hence, 

the quantitati,·c analyses as well as the physical interpretation on the concentration of 

oscillator strength are the subject of future study. 

4.5 Summary 

Polarization and oscillator strength of one-dimensional states were systematically investi

gated from photolumincscrnce and photoluminescence excitation spectra from T-Q\VRs. 
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First, we mea~urcd the optical anisotropy of the 5-nm-scale GaAs/ AlAs T-QWR sam

ple. The photoluminescence and photoluminescence excitation signals for T-QWRs were 

found to be more polarized along the T-QWRs. The optical anisotropy induced purely 

by the confinement potential in T-QWRs wa.s evaluated via the comparison between the 

T-QWRs and the reference (1 10) quantum well. These results showed good agreement 

with a simple theory consider ing only the crystal band anisotropy. Next, we measured 

the polarization-dependent photoluminescence on a series of T-QWRs with various QW2 

thickness band demonstrated bow the optical anisotropy in T -Q\VRs changes when the 

lateral confinement changes from the quantum wire regime to the quantum well regime. 

Then, we studied three T-QWR samples, in which the lateral confinement is sys

tematically changed, with photoluminescence excitation spectroscopy, and found that 

the oscillator strength of the one-dimensional exciton states is enhanced and spatially 

concentrated with increa~ing lateral confinement. The absorption area-intensity wa.s 23 

%meV for the lo"·est hea,·y bole excitons in GaAs/ AI 0_3 Ga.o. 7 As T-QWRs formed by the 

5.2-n:n and ~.8-nm-thick quantum wells with the period of 36 nm. 
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Chapter 5 

Magneto-photoluminesce 

5.1 Introduction 

The spatial overlap of electron-hole wave functions is enhanced in quantum wells due to 

quantum confinement and enhanced electron-hole Coulomb interaction. The well-known 

room temperature excitonic absorption [1) and the enhancement of optical transition 

probability in quantum wells are caused by this enhanced overlap of wave functions. 

Quantum wires are attracting increasing interest since the wave functions can be further 

compressed by lateral confinement. Such compression of wave functions may lead to a 

substantial enhancement of the optical transition probability. Indeed, enhancement of 

binding energy of one-dimensional excitons was demonstrated in chapter 3 from the de

tailed photluminescence study on nanometer-scale T-shaped quantum wires (T-QWR.s). 

Thus, it is very important to clarify the effect of lateral confinement on the effective size 

of exciton wave functions. In addition, such characterization of envelop parts of wave 

functions is complementary to the characterization of Bloch parts of wave functions via 

polarization properties described in chapter 4. 

The effective size of excitons can be evaluated by studying the energy shift of pho

toluminescence under a magnetic field (diamagnetic shift). In this chapter, we present 

the systematic study on diamagnetic shifts of a series of high-quality nanometer-scale T

Q\\'Rs. \Ve compared diamagnetic shifts among T-QWRs as well as between T-QWR.s 

and reference quantum wells having the same thickness in the normal direction. As a 

result, the effect of lateral confinement on exciton wave fun ct ions in T-QWR.s is quantita

tively evaluated. In addition, since our T-QWR.s were characterized by spatially-resolved 
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phtoluminescence before measuring diamagnetic shifts, it was possible to discuss the ef

fective size of excitons in connection with the strucutral parameters. 

5.2 Lateral size of one-dimensional excitons 

To probe into the effect of lateral confinement in quantum wires, the effective size of 

exciton wave functions was evaluated from diamagnetic shifts . In such study, it is im

portant to compare their diamagnetic shifts with those of quantum wells having the 

same normal thickness, since the Coulomb interaction enhanced by the confinement in 

the normal direction has already reduced the diamagnetic shift of two-dimensional exci

tons in quantum wells. We have to note that the Bohr radius of two-dimensional excitons 

decreases substantially, when the well thickness Lw is reduced, especially, down below 

10 nm [2]. 

Although the diamagnetic shift was studied in several different quantum wires, this 

point was missing in the previous reports [3-7]. In some work [3-5], the lateral con

finement is quite weak, and the measured diamagnetic shifts were almost the same as 

that of two-dimensional excitons in quantum wells. In other cases [6, 7], where the con

finement was strong, the photoluminescence linewidth or the fluctuation of energy level 

was rather large (> 10 meV), which made it difficult to examine small diamagnetic shifts 

with a sufficient accuracy less than 1 meV. Hence, for the quantitative evaluation of 

two-dimensional confinement, it is important to prepare very narrow quantum wires 

with good uniformity having the spectrum linewidth of less than 10 meV, and study 

their diamagnetic shifts in comparison with those of quantum wells. 

In this chapter, we im·estigate photoluminescence properties of a series ofT-QWRs in 

magnetic fields. We first show that their photoluminescence lines are always very sharp 

with the linewidths of 4~7 meV, and then examine their diamagnetic shifts in magnetic 

fields up to 12 T, comparing them with those of reference quantum wells having the 

same thickness in the normal direction. The effect of lateral confinement on exciton 

wa,·e functions in T-Q\\'lls is quantitatively evaluated, separately from the enhanced 

two-dimensional excitonic effect caused by the confinement in the normal direction. 
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Experiment 

We prepared four different T-QWRs (01, 02, 03, and 04) by the cleaved-edge over

growth method. As shown in the inset of Fig. 5.2, multi-quantum wells were prepared 

in the first growth; they contain n periods of GaAs quantum wells (QW1) of thickness a 

separated by Al0.3 G<lD.7 As barriers of thickness c. After the cleavage, a GaAs quantum 

well layer (QW2) of thickness band an Al0.3 G<lD.7As barrier were overgrown on the (llO) 

cleaved surface to form the wire structures. Since QW1 is set to have higher energy than 

QW2, the confinement of quantum wire state is slightly stronger along the [110] (normal) 

direction than that along the [001] (lateral) direction. The geometry parameters of each 

sample are as follows; a=9.8 nm, b=11.6 nm, c=200 nm, and n=35 for 01, a=6.0 nm, 

b=6.4 nm, c=lOO nm, and n=50 for 02, a=5.2 nm, b=5.3 nm, c=31 nm, and n=200 for 

03, and a=5.2 nm, b=4.9 nm, c=31 nm, and n=200 for 04 [8]. 

Photoluminescence spectra of each sample were measured through an optical fiber 

with 100 11m core-diameter, which was attached to the (110) cleaved edge surface of the 

sample in the geometry shown in Fig. 5.1. The sample was directly immersed in liquid 

helium, and placed in the bore of a superconducting magnet to apply a magnetic field 

up to 12 T perpendicularly to the (llO) surface. The sample mounted on the fiber was 

then excited by Ar+ laser. Photoluminescence from the sample was collected through 

the same fiber, and was dispersed into 0.32 m grating monochromator. 

Results a nd a n a lyses 

The solid lines (a), (b), (c), and (d) in Fig. 5.2 are photoluminescence spectra of 01, 

02 , 03, and 04 measured at 0 T. For 01 and 02, three photoluminescence lines are 

clearly seeu. Their origins are identified from the spatially-resolved photoluminescence, 

and found to come from T-QWR, QW1, and QW2, respectively. In 03 and 04, no 

photoluminescence peak was observed from QW2, because the inter-wire separation c 

(31 nm) is so small that most of the photo-generated carriers are efficiently collected 

by T-Q\VRs. l\ote that all the peaks are clearly observed with linewidths of 4~7 meV, 

indicating the good uniformity of the structures. From the photoluminescence spectra of 

Pig. 5.2 (a) and (b), we have found that the effective lateral confinement energy Eiv-2v 

of excitons for T-Q\\"R is 6 rneV for 01 and 11 meV for 02, respectively. Since the 
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Figme 5.1: ..\n experimental setup to measure photoluminescence in the magentic fields. 
For later argument, we define the z-direction as the first growth direction of [001], the 
y-clircction as the second growth (overgrowth) direction of [I 10], and x-direction as [1-10[ 
parallel to the T-Q\VRs. 
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energy of Q\V1 is equal to that of QW2 in 04, Ej 0 _ 20 can be estimated from the energy 

difference of two photoluminescence peaks, T-QWR and QW1, in Fig. 5.2 (d), which is 

16 meV. Note that, as the size quantum wire is reduced , Ej 0 _ 20 is enhanced from 6, 11 

meV up to 16 meV. 

When magnetic fields were applied, all the photoluminescence peaks shifted towards 

higher energy, as shown by dashed lines in Fig. 5.2. We plot in Fig. 5.3 the position 

of all the photoluminescence peaks as a function of magnetic fields B. Note that t he 

amount of shifts is only a few to several meV even at 12 T. The usc of higher magnetic 

fields enhances the shift but complicates the physical picture as will be discussed later. 

Hence the systematic and accurate evaluation of the diamagnetic sh ift can only be made 

on those T-QWR samples with photoluminescence linewidths comparable to or less than 

the shift. We believe that this condition was clearly met for the first time in this work. 

When the Landau orbit. is far larger than the exciton diameter, the effect of magnetic 

field B is treated as perturbation. In such a case, the energy shifts 6.E = {3B 2 can 

he obtained as the second order perturbation of B. Here, we assume that this energy 

shift 6.E is regarded as the diamagnetic shift, though its adequacy will be discussed 

at the end of this chapter. In such an approximation, the coefficient {3 is identified as 

the diamagnetic coefficient, which is expressed as {3 = (e2(z2 + x 2 )/8tJ.), where tJ. is the 

reduced mass of electrons and holes, r = (x, y, z) is the electron-hole relative coordinates 

in cxcitons[9]. 1\ote that (z 2 + x2 ) shows the effect ive area of cxcitons in the plane 

perpendicular to the magnetic field. 

r\s sho~Yn by the solid lines in Fig. 5.3, all the data are well fitted by parabolic 

relations in the low magnetic fields. The coefficient {3 is found to be 31, 23, 18, and 

13 Jte V /T2 for 01, 02, 03, and 04, respectively. r\t this point we wish to remark 

that this parabolic relation starts to break down at high fields, once the Landau orbit 

gets comparable with or smaller than the exciton diameter. Hence the experimental 

determination of {3 must be carefully made using the data in the region of relat ively 

low field. ln most of the previous work, this point was m·crlooked, which seems to have 

resulted in a rclati,·ely wide spread of data points [10]. 

In Fig. 5.4, "'e ba,·c plotted by solid circles the diamagnetic coefficient {3 of four 

T-Q\\'Rs a.s a function of the well thickness b of QW2. For comparison, we collected the 

coefficients i3 of nine Ga.-\sf A10.3Ga0.7r\s quantum \\'ells having different well thicknesses 
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Lw, and have plotted them by blank circles and blank squares in Fig. 5.4. The blank 

circles are for quantum wells grown on (110) substrate, while blank squares are for 

quantum wells on (001) substrate. The data points of 12.5-nm-thick quantum wells and 

6.8-nm-thick quantum wells are for QW2 of D1 and D2, respectively. For the quantitative 

discussion of the lateral confinement, we have defined the effective exciton diameter d 

as J < z2 + x 2 > and deduced d from /3 to introduce the scale of d in Fig. 5.4. In this 

process, the bulk reduced mass f.l = 0.057m0 is assumed, because the reduced mass, or 

the exciton wave function, is usually dominated by the electron effective mass rather than 

the anisotropic hole mass, as suggested by the small difference of /3 for (001) quantum 

wells and (110) quantum wells. 

Discussion 

Now, we discuss data points in Fig. 5.4 to evaluate quantitatively the effect of lateral 

confinement in the T-Q\VRs. We should first point out in Fig. 5.4 that the diamag

netic coefficients /3 of quantum wells get smaller, as the 11·ell-thickness Lw is reduced, 

and that the coefficients /3 of four T-QWRs are all substantially smaller than those of 

corresponding quantum wells. 

r\s for the quantum wells, the reduction of /3, or the effective area of excitons, is 

caused by the enhanced Coulomb interaction between two-dimensional electrons and 

holes, which is reflected also in the enhancement of exciton binding energy. As Lw 

is reduced, and as the confinement in the normal direction becomes stronger, /3 gets 

smaller from the bulk value to the two-dimensional quantum limit value: for the bulk, 

(J30=e2a1/41L =107 11eV /T2 and d30=J2a8 =16.9 nm; for the two-dimensional quantum 

limit, /320 =(3/16)e2a1/.JJL =20 J.LeV /T2 and d20=( v'3/4)d30 =7.3 nm. Here, we used 

the GaAs parameters of the effective Bohr radius a8 of 12 nm and the reduced mass of 

0057m0 [11). 

This decrease of /3 for t11·o-dimensional excitons in quantum wells indicates that 

the reduction of /3 in T-QWRs below the level of its bulk value is caused partly by 

the confinement along the thickness direction and partly by lateral confinement. By 

comparing the values of /3 or din T-QWRs with those of quantum "·ells with the same 

Lw, we can separate these contributions and e,·aluate the effect of lateral confinement 

separately from the confinement only along the normal direction which enhances two-
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dimensional excitonic effect. For example, in 01 where a=9.8 nm and b=11.6 nm, the 

effective exciton diameter d is 10.7 nm for quantum wells, but is slightly reduced to 9.0 

nm in T-QWR.s because of its lateral confinement. In 02 where a=6.0 nm and b=6.4nm, 

d in quantum wells is reduced to 9.7 nm whereas d in T-Q\VR.s is further squeezed to 

7.7 nm. In sample 04 where a=5.2 nm and b=4.9 nm, din quantum wells is 8.6 nm but 

d in T-QWR.s becomes as small as 5.8 nm. These data clearly show that excitons are 

all laterally squeezed by the T-shaped potential profile in these quantum wire samples 

with feature sizes ranging from 5 nm to 12 urn . Note that the comparison of quantum 

wires with quantum wells is quite precise for 01 and 02, since the array of T-QWR.s and 

the reference quantum wells (QW2) were prepared simu ltaneously to give the identical 

thickness for quantum wires and quantum wells. 

We stress here that this systematic and accurate comparison of {3 between quantum 

wires and quantum wells is the only effective way to evaluate the effect of lateral confine

ment separately from the enhanced two-dimensional excitonic effect . On the contrary, 

the comparison of {3 in wires or dots with the bulk value (107 fl.eV /T2) does not provide 

any proof for the lateral confinement, although such is sometimes claimed. In this sense, 

the present work provides the first reliable evidence of the lateral confinement of excitons 

in quantum wires by means of diamagnetic shift measurements. 

The next point to be noted in Fig. 5.4 is that {3 of T-QWR.s in 01 is still larger than 

those of very thin quantum wells (Lw <5 urn). In this quantum wire, the introduction 

of the T-shaped potential is effective in confining the two-dimensional exciton laterally 

and reduces the effecti"e diameter from 10.7 nm to 9.0 urn. However, the same level 

of squeezing is seen in 5-nm-thick quantum wells where the enhanced two-dimensional 

excitonic effect reduces the exciton diameter. This again shows that the simple reduction 

of {3 or d does not always provide as a proof for the lateral confinement. 

The third point clarified by Fig. 5.4 is that the effective diameter of excitons in 

T-Q\\'R.s of 0-1 goes below that of two-dimensional quantum limit. i'iote in 04 that {3 is 

as small as 13 fteV /T 2 and dis squeezed to 5.8 nrn. We must compare these values with 

those of two-dimensional excitons. In the limit of thin quantum wells (two-dimensional 

quantum limit), {320 is predicted to get as small as 20 ftCV /T2 and d shrinks to 7.3 

nm. In reality, as the thickness of wave function in GaAs quantum wells remains finite, 

one expects that {3 becomes saturated at around 22 ftC\' /T2 and d=7.6 urn, which is 
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indeed demonstrated in 3-nm-thick quantum well. Therefore, we can conclude that the 

exciton wave function in the smallest T-QWR is squeezed more strongly than those of 

two-dimensional excitons in GaAs quantum wells under the two-dimensional quantum 

limit. 

We wish to remark here the significance of the reduction in (J, or the exciton diameter, 

in the context of optical device application. The optical transition probability of excitons 

is proportional to the squared amplitude 14>(0)12 of the exciton wave function at the 

center position, which is the probability that an electron and a hole locate at the same 

position. Since 14>(0)12 increases inversely proportional to the exciton effective area, and 

thus to the diamagnetic coefficient (J, the observed reduction of (J in T-QWRs indicates 

the possibility of enhancing an optical transition process to a level that has never been 

achieved in any GaAs quantum wells. 

5.3 Shape of one-dimensional excitons 

To gain an insight into lateral confinement effects, we evaluated in §5.2 the lateral size of 

one-dimensional excitons in T-QWRs by measuring diamagnetic shifts. However, such 

study clarified the spread of wave functions only along one direction (the lateral direc

tion). Now our interest is to elucidate stereoscopic shapes of one-dimensional excitons 

in the three-dimensional space. For this purpose, applying magnetic fields in the three 

directions, we measured energy shifts of photoluminescence from a series of nanometer

scale T-Q\\'R.s, where lateral confinement was changed systematically. Based on the 

perturbation theory in the low magnetic field regime, the energy shifts were analyzed 

to evaluate the effectiYe size of excitons. We have demonstrated that t hree-dimensional 

shapes of one-dimensional excitons are consistent ly deformed by changing lateral con

finement. Short discussion wi ll be given at the end of this section to examine adequacy 

of the simple perturbation theory used in the present study. 

Exp e rime n t 

\Ve studied three different T-QWRs (E2 ~ E4), which were selected from series Sl in 

§3.3, and a reference quanwm well (El). Figure 5.1 shows the schematic sample structure 

of T-Q\\'Rs. The multi-quantum well layer consists of GaAs quantum wells (QWl) and 
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Alo3Gao.1As barriers. All T-QWR samples have the same Q\V1 thickness a=5.4 nm. 

The overgrown quantum well (QW2) is of a GaAs layer (thickness b), covered with an 

AI03Gao.7 As barrier layer. We changed bas 5.0 nm for E2, 6.0 nm for E3, and 7.6 nm 

for E4. Sample El is Q\V1 in the first growth wafer without overgrowth, which will be 

referred as a T-QWR with b=O nm. A more detailed description of sample design and 

preparation was given in §3.3. For later argument, we define the z-direction as the first 

growth direction of [001], the y-direction as the second growth (overgrowth) direction of 

[110), and x-direction as [1-10) parallel to the T-QWRs, as shown in Fig. 5.1. 

To measure photoluminescence spectra under magnetic fields , we attached an optical 

fiber with 100 f.Lm core-diameter to the (110) edge surface of the sample. Then, the sam

ple was directly immersed in liquid helium, and placed in the bore of a superconducting 

magnet. The excitation and the detection of photoluminescence were performed through 

the same fiber. 

Results and analyses 

The solid lines (a) and (b) in Fig. 5.5 are typical photoluminescence spectra measured at 

0 T for two T -QWR. samples having the QW2 thickness b=5.0 nm in E2 and 6.0 nm in E3, 

respectively. Each photoluminescence peak was assigned with the spatially-resolved pho

toluminescence measurement, as described in chapter 3. The photoluminescence peaks 

of T-Q\Vlls are sharp with linewidth of about 8-10 mcV, indicating the good uniformity 

of the structures. The photoluminescence peaks of Q'vV1 and QW2 are overlapped with 

each other, resulting in a broad peak shown in the solid line (a). 

For these samples, we applied magnetic fields B up to 12.5 T in the x-, y-, and 

z-dircct ions. As B increased, all the photoluminescence peaks shifted towards higher 

energy. The three fine lines in Fig. 5.5 show the photoluminescence spectra at B =12.5 

T applied along the three directions . To investigate the amounts of shifts, we plot in 

Fig. 5.6 the positions of all the photoluminescence peaks of T-QWRs as a function 

of squares of magnetic fields B 2 In the present samples, the measurement error of 

photoluminescence peak energy is less than 1 meV. 

:\ote that energy sh ifts !'J.E are proportional to B2 like !'J.E = {3B 2 in the regime 

from 2 to 12.5 T, where the slopes {3 depend both on sample structures and directions 

of magnetic fields. Some data points in the low magnetic field regime below 2 T are 
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scattered from the fitted lines, whose origins will be discussed later. 

The observed B 2-dependence shows that the magnetic field can be considered as a 

weak perturbation for the excitons in T-QWRs. If magnetic field B is so strong that the 

Landau orbit is far smaller than the exciton diameter, the effect of Coulomb interaction 

is treated as perturbation for the electrons and holes in the Landau orbits. In such a 

case, the energy shift of photoluminescence should be proportional to magnetic field B 

(Landau quantization). ln the weak magnetic fi eld regime, however, the magnetic field 

is in turn regarded as perturbation for the excitons. Then, the energy shift t:,E = {3B 2 

can be obtained as the second order perturbation of B. Fignre 5.6 shows that our 

measurement is still in the low magnetic field regime. 

Here, we assume that this energy shift /:;E is regarded as the diamagnetic shift, 

though its adequacy will be discussed later. In this approximation, denoted hereafter as 

diamagnetic approximation, the coefficient {3 is identified as the diamagnetic coefficient. 

When the magnetic field is applied along the z-direction, the diamagnetic coefficient 

is expressed as, {3 = {3, = (e2(x2 + y2)/8f.t), where 1-' is the reduced mass of electrons 

and holes, r = (x, y, z) is the electron-hole relative coordinates in excitons . Note that 

(x2 + y2 ) shows the effective area of excitons in the plane perpendicular to the magnetic 

field. Similar expressions for f3x and /3yare obtained for magnetic fields applied along the 

x- and y-directions. 

In Fig. 5.7, \\'e have plotted the coefficients {3 of T-QWR.s as a function of t he QW2 

thickness b, in \\'hich f3x are shown by the crosses, /3y by the open circles, and {3, by 

the solid squares. The coefficients {3 of sample El are also plotted as {3 of T-QWRs at 

b=O. In addition, to confirm reproducibilities of our experiments, we also evaluated and 

plotted in Fig. 5.7 {3 of T-QWRs having almost the same QW2 thickness as E2 (b ~5.0 

nm). On the basis of the diamagnetic approximation, we can qualitatively considered 

that Fig. 5. 7 represents the effective area of exciton wave functions projected along 

the three directions, and hence the shape of the wave functions , in the samples with 

systematically changed confinement. 

Discussion 

first, \\'e will discuss data points of samples El and E4. In E4, the QW2 thickness 

b ~7.6 nrn is much larger than the Q\Vl thickness a ~5.~ nm. Thus, the T-QWR. states 
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in E4 are close to the two-dimensional states of QW2 in wave functions. In Fig. 5.7, 

coefficients (3 of El and E4 in the three directions are much smaller than the bulk value 

of (3 (107 J.LeV /T2 ). Such reduction of (3 is caused by the enhanced Coulomb interaction 

between two-dimensional electrons and holes . Therefore, the comparison of (3 in wires 

or dots with the bulk value does not provide any proof for the lateral confinement. We 

should stress again that systematic and accurate comparison of (3 between quantum wires 

and quantum wells is essential to evaluate the effect of lateral confinement separately 

from the enhanced two-dimensional excitonic effect . 

Next, we should point out in Fig. 5. 7 that, with reducing the QW2 thickness b, the 

diamagnetic coefficients (Jy decrease, while (3, increase and get larger than (Jy. Here, (Jy 

and (3, correspond to (z2 + x2) and (x2 + y2), which are the effective areas of exciton wave 

functions along QWl plane and those along QW2 plane, respectively. Therefore, this 

experimental result represents that the spreads of exciton wave functions are transferred 

from along the QW2 plane to along QWl plane with reducing b. 

This tendency is well understood by comparing energies of QWl and those of QW2. 

In T-QWRs, the wave functions of T-QWR states spread more along the weaker con

finement direction, that is, the lower-energy-quantum well between QWl and QW2. In 

our series of samples, energy levels of QWl are constant, since the QWl thickness a is 

set constant. In contrast, the QW2 thickness b is changed around a. As a result, when 

b is reduced, the weaker confinement direction is changed from along the QW2 plane to 

along QWl plane, resulting in the monotonous increase of (3, and decrease of (Jy. 

Here, "·e will discuss the diamagnetic approximation. ln almost all the previous 

reports, the reduced (3 in quantum wires or dots was interpreted on the basis of the 

diamagnetic approximation. However, since we have accurately measured energy shifts 

on a systematic series of samples, we wish to examine the validity of such approximation. 

First, we check that the low magnetic field approximation holds well in our experi

ment. In some previous work, energy shifts b.E of quantum wells were analyzed beyond 

the range described by perturbation theory, which results in the serious discrepancy 

between measurements and theories. However, such discrepancy should be less in quan

tum wires because the extra confinement makes perturbation theory applicable to higher 

magnetic fields B. Indeed, the energy shifts b.E of our T-Q\VRs were well fitted with 

the parabolic relations in the range from 2 to 12.5 T. Thus, we can conclude that our 
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measurement is still in the low magnetic field regime. 

Some data points in the low magnetic field regime less than 2 T are deviated from 

the fitted lines, as shown in Fig. 5.6. We speculate that it was caused by the effect of 

localization and/or the first order perturbation of Zeeman term. However, we should 

note that such discrepancy between our experimental data and the fitted lines is less 

than 0.5 meV, and therefore its effect on our evaluation of (J should be quite small. 

Then, we will discuss the van Vleck-type paramagnetic contribution for energy shifts, 

which is deduced as the second order perturbation of Zeeman term. The paramagnetic 

term will vanish when wave functions remain invariant under rotation as an axis of 

the magnetic fie ld direction. However, in quantum wires, where the wave functions are 

squeezed by the lateral confinement, the paramagnetic term may contribu te to energy 

shifts under the magnetic fields. 

Here, we will roughly estimate such contribution in Fig. 5.7. In QW1, the spread 

of the wave function along the x- and y-directions are much larger than that along the 

z-direction, whose contribution to fJx or /Jy is less than 1 JJeV /T2 as will be given in Ap

pendix D. Hence, the difference between /Jx and a half of (J, in QW1 should be attributed 

to paramagnetic coefficient, that is about 6 JJeV /T2 In our T-QWR.s, paramagnetic con

tribution in (J, should be less than 6 JJeV /T2 and get small when lateral confinement 

decreases with increasing the QW2 thickness b. 

Coefficients (J are reduced by the paramagnetic term as well as by the diamagnetic 

term. Effects of both terms appear with increasing lateral confinement, and therefore 

it seems adequate to interpret the reduction of (J as the realization of strong lateral 

confinement. However, to quantitatively evaluate the effective areas of one-dimensional 

excitons in Fig. 5. 7, the paramagnetic term has to be accurately determined in each 

T-Q\\'Il sample. For this purpose, some model calculations may be useful. 

5.4 Summary 

Diamagnetic shifts have been studied on a series of high-quality nanometer-scale T

Q\\'Jls in careful comparison with reference quantum wells. It is demonstrated that 

diamagnetic coefficients (J, which represent the lateral size of exciton wave function, 

are consistently smaller than those of two-dimensional cxcitons with the same thick-
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ness, proving the effectiveness of lateral confinement in T-QWR structures. In T-QWRs 

formed by intersecting 5-nm-thick quantum wells, (3 is found to get as small as 13 p,eV /T2 , 

which is below the theoretical limit for two-dimensional excitons in GaAs quantum wells. 

Then, to clarify stereoscopic shapes of one-dimensional excitons, we measured dia

magnetic shifts of T-QWRs by applying magnetic fields in the three directions. It is 

demonstrated that shapes of one-dimensional excitons are consistently and systemati

cally deformed by changing lateral confinement. 
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Chapter 6 

Summary and conclusion 

6.1 Summary 

We summarize main results in the present work. Fi rst, we optimized the condition of 

the cleaved edge overgrowth method to produce high-quality T-shaped quantum wires 

(T-QWRs). 

• We presented the refined method of in-situ cleavage, by which we can prepare 

smooth and damage-free edge surface with good reproducibility. 

• We optimized the growth condition of GaAs, AlGaAs, AlAs, and InGaAs on (110) 

GaAs. 

Next, based on such methods, we have fabr icated various T-QWRs. 

• We have made a series of 5-nm-scale T-QWRs with GaAs/ AlGaAs, GaAs/ AlAs, 

l nGaAs/ AlGaAs material systems. 

• We have made T-QWRs with various structural sizes from 5 to 12 nm. 

Then, we investigated optical properties on a series of T-QWRs. To comprehensively 

elucidate lateral confinement effects, the same series of T-QWRs were measured with 

various spectroscopic methods. All the experimental results proved consistently the 

effectiveness of lateral confinement in T-QWRs. 

• We have characterized quantum wires with spatially-resolved photoluminescence 

technique and determined the structure dependence of energy levels in T-shaped 

quantum wires. 
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• In 5-nm-scale T-shaped GaAs quantum wires with AlAs barriers, the effective 

lateral confinement energy E;v- 2v becomes as large as 38 meV, which is beyond 

the thermal energy kT at 300 K. 

• With increasing lateral confinement, binding energy of one-dimensional excitons 

increases and reaches 27 meV, which is 6-7 times as large as the bulk value. 

• From a systematic measurement of optical anisotropy in quantum wires and quan

tum wells, we characterized quantitatively the effect of lateral confinement on va

lence band structures. 

• We studied photoluminescence excitation spectra of T-QWR samples, in which 

the lateral confinement is systematically changed, and found that the oscillator 

strength of the one-dimensional exciton states is enhanced with increasing lateral 

confinement. 

• We have demonstrated that diamagnetic coefficients {3, which represent the lateral 

size of exciton wave function, are consistently smaller than those of two-dimensional 

excitons with the same thickness, proving the effectiveness of lateral confinement 

in T-Q\VRs. 

6.2 Prospects m the future 

\\'e have realized strong lateral confinement in T-shaped quantum wires (T-QWRs) and 

demonstrated various no,·el properties of one-dimensional states. However, it is still very 

important to further enhance lateral confinement in quantum wires. We believe that 

such strong lateral confinement leads to discovery of new optical phenomena in quantum 

Wires. 

To exploit unique features of one-dimensional states for such device applications as 

quantum wire lasers, modulators, and intersubband detectors, it is important to realize 

optical waveguides where one-dimensional electronic states interact strongly with photon 

and to investigate effects of electric fie lds in doped quantum wires. 
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Appendix A 

Sample list 

Sample Well Barrier a b c n Type 
number material material (nm) (nm) (nm) (period) 

A1 GaAs Alo.JGao.,As 6.0 6.4 100 50 -
A2 GaAs AlAs 5.3 4.8 50 50 -
A3 GaAs Alo.JGao.,As 9.8 11.6 200 20 -
S1 GaAs Alo.3Ga0 7As 5.4 - 100 50 A1 
S2 GaAs AlAs . 5.3 - 50 50 A2 
B1 lnoo,Gao 93As Alo.JGao.,As 4.0 45 100 10 A1 
B2 I no_o,G ao.9J As Alo.JGao.7 As 4.0 4.0 100 10 A1 
B3 lno.o,Gao.93As Alo.JGao.,As 4.0 3.G 100 10 A1 
B4 I no ,JGaos,.\s Alo.3Ga0 7As 35 3.5 100 10 A1 
C1 GaAs Alo.JGao ,As 5.2 4 8 31 200 A3 
C2 GaAs Alo.3Gao.7 As 5.2 69 31 200 A3 
C3 Ga.\s A10.3Ga0 ,As 5.2 10 31 200 A3 
01 GaAs Alo3Gao. 7As 9.8 11.6 200 20 A3 
02 GaAs Alo.JGao.7 As G.O G.4 100 50 A1 
03 Gai\s Alo.JGao.7As 5.2 53 31 200 A3 
04 GaAs Alo.JGao.,As 5.2 4 9 31 200 A3 
E1 GaAs Alo.JGao.7 As 5.4 - 100 50 -
E2 Ga.-\s Alo.3Ga0 7 As 5.4 5.0 100 50 A1 
E3 Ga.-\~ Alo.JGao.,As 5.4 G.O 100 50 Al 
E4 Ga.-\s Alo.JGao.rAs 5.4 7.G 100 50 A1 

Table A.l: Sample list studied in the present work. \Vc denoted the well thickness of 
Q\Vl by a, the well thickness of QW2 by b, the barrier thickness of QWl by c, and the 
number of periods of Q\V 1 by n. Samples E2~E-I arc sclcctcd from series Sl. 
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Appendix B 

Calculated energy levels 
quantum wells 

. 
Ill 

In the present study, the QW1 thickness a and the QW2 thickness b were determined by 

comparing the observed photoluminescence peak of quantum wells with the theoretical 

value. For this purpose, we calculated the energy level of quantum well under the effective 

mass approximation. 

GaAs quantum wells 

\\·e summarize the material parameters used in our calculation in Table 8 .1 and show 

the calculated energy levels in GaAs quantum wells in Fig. 8.1. Using the Luttinger 

parameters of GaAs, the heavy hole effective mass and light hole effective mass in (001) 

quantum wells were detemined as 

(OOI) 
mhh 

(OOI) 
mlh 

mo 
/'I - 2')'2 , 

mo 
/'I + 2')'2, 

while those in ( 110) quantum wells were give by 

(IIO) 
mhh 

(OOI) 
mlh 

mo 

/'I- bi +3}'( 
mo 

/'I+ bi + 3}'( 

respectively. \\'c used the same effective masses in Al0.3G<4uAs and AlAs as those in 

Ga:\s in our calculation. 
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Parameteres GaAs Al0.3G<l{).7As AlAs 
Electron effective mass 0.067m0 - -

HH effective mass in (001) QWs 0.38m0 - -
HH effective mass in (llO) QWs 0.71m0 - -

Conduction band offsets ( e V) - 0.243 1.036 
Valence band offsets ( e V) - 0.131 0 558 

Band gap at 4K (eV) 1.519 1.893 3.ll3 

/I 6.85 - -
/2 2.10 - -

/3 2.90 - -

Table 8.1: The material parameters of III-V semiconductors used in our calculation. The 
free-electron mass is represented by m0 and Luttinger parameters are given by /r ~ 13 . 

The band gap includes exciton binding energy in the bulk. 

For the band gap of GaAs and AlxGa1-xAs, we use the experimantal equations of 

Eg(GaAs) 

Eg(AlxGar-xAs) 

1.519- 0 ~~~~~Tz 
Eg(GaAs) + 1.247x, 

respectively. Then, the conduction band offset t:.Ec and the valence band offset t:.Ev are 

determined by 

t:.Ec 0.65t:.Eg, 

t:.E. 0.35t:.Eg, 

where t:.Eg = Eg(AlGaA s)- Eg(GaAs). 

InGaA s quantum wells 

\Ve calculated the energy levels of lnxGar -xAs quantum wells under the effective mass 

approximation. In Fig. 13.2, the energy levels in In007 G<l{) 93 As/ Al0.3Ga0.7As quantum 

wells and In0.13 G<l{) s7As/Al0.3G<l{).7As quantum weUs were plotted as a function of weU 

thickness. 

The electron effective mass me and the heavy hole effective mass mhh were given by 

me 0.0665 - 0.044x, 

mhh 0.45 - 0.07x, 

ll2 



which were used for the calculation in (110) quantum well as well as in (001) quantum 

wells. The band gap of lnxGa1_xAs was determined as 

Eg(InxGal-xAs) = Eg(GaAs)- 1.5837x + 0.475x2 

Then, the conduction band offset .6.E, and the valence band offset .6.Ev are determined 

by 

.6.E, 0.7.6.Eg, 

.6.Ev 0.3.6.Eg, 

where .6.Eg = Eg(AlGaAs)- Eg(InGaAs). 
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Appendix C 

Optical anisotropy in quantum 
wells 

In this appendix, we present the theory to calculate optical anisotropy in quantum wells. 

We first introduce Luttinger-Kohn Hamiltonian and then calculate optical anisotropy in 

(001) and (110) quantum wells. 

Luttinger-Kohn Hamiltonian 

In Ill-V materials, the top of valence bands is sixfold degenerate at the center of the 

Brillouin zone (r point) in the absence of the spin-orbit interaction. Then, the spin

orbit interaction splits this degeneracy into a doublet which corresponds to j=1/2 and 

a quadruprct which corresponds to j=3/2, where j is the total angular momentum. 

However, the spin-orbit splitting in GaAs is so large that it is adequate to neglect the 

effect of the spin-off bands with j=1/2 in most cases. Thus, the dispersion of the upper 

four valence bands is described by the Luttinger-Kohn Hamiltonian ; 

h
2 

{ 2 [( 2 1 2 2 2 1 2) 2 2 1 2 2 H =- 2mo /Ik - 212 Jx- 3J )kx + (Jy - 3] ky + (J, - 3J )k,] 

-~!J[{Jxly}{kxky} + {JyJ,}{kyk,} + {J,Jx}{k,kx}]}, (C.1) 

where m 0 is the free electron mass, coefficients II, 12 , and 13 are Luttinger parameters, 

]2 = J; + ]; + ]; ' 

{Jxly} = lxly- lylx. 
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(001) quantum wells 

We choose such coodinates as xj /[100), yj /[010), and z/ /[001]. Then, we express J., Jy, 

and Jz for the total angular momentum j=3/2 in the matrix formulation as 

0 i-/3/2 0 0 

Jx = 
-i-/3/2 0 0 

0 -z 0 i-/3/2 
0 0 -i-/3/2 0 

0 -/3/2 0 0 

Jy -/3/2 0 1 0 
0 1 0 -/3/2 
0 0 -/3/2 0 

['f 
0 

o o I 
Jz = 

1/2 0 0 
0 -1/2 0 , 
0 0 -3/2 

where bases Jj, mi) for j=3/2 are taken as 

3 3 
12,+2) 

3 1 
12,+2) 

3 1 
12,-2) 
3 3 
12' -2) 

In such a case, Luttinger-I<ohn Hamiltonian is expressed as 

where 

p 

Q 

L 

tP L 
H = L· kP+ N 

M· 0 
0 M· 
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M 0 l 0 M 
tP + ~Q -L ' 

-L" tP 

, (C.5) 

(C.6) 

(C.7) 

(C.S) 

(C.9) 

(C.lO) 

(C.ll) 

(C.l2) 

(C.l3) 

(C.l4) 

(C.l5) 

(C.l5) 



Setting kx = ky = 0 and k, = -if,, the effective mass equation at the center of the 

Brillouin zone is written as 

_ ~ [ /I ~ 
212 

II :212 ~ ~ ].!!__¢ = EI/J 
2m0 0 0 11 + 212 0 dz 2 · 

0 0 0 /I - 2/2 

The eigenfunctions Jhh~0 1)) and Jlh~01 )) of Eq. C.16 are given by 

Jhh~01)) 

Jlh~0 1)) 

(C.17) 

(C.18) 

(C.19) 

"t The squared optical matrix elements for transition between the conduction band and the 

valence band takes the form 

Using such relations as 

JMJ 2 
= J(sJe · p JhhW, 

JMJ 2 = J(sJe · pJlhW. 

(sJpxJX) = (sJpvJY) = (sJp,JZ) = P, 

P = J3JMbJ, 

(C.20) 

(C.21) 

(C.22) 

(C.23) 

where JMbJ is the optical matrix elements in bulk, we obtained JMJ 2 for (001) quantum 

wells as shown in Table C.l. 

(110) quantum wells 

We change coodinates from the old ones xj /[100], yj /[010], and z/ /[001] to the new 

ones a/ /[110], b/ /[001], and c/ /[110] . In such a transformation, the wavevector k and 

the angular momentum J are given by 

1 1 
- ,fl" + Jikc, 

1 1 
Jika + Jikc, 

-kb, 
1 1 

- .,fija + .,fiJC, 
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(C.25) 
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(C.27) 



ly 
l l 

.Jj.J" + .Jj.Jc, 

Jz -Jb, 

where we use new matrix J., Jb, and lc such as 

0 i../3/2 0 0 

J. 
-i../3/2 0 0 

0 -i 0 i../3/2 
0 0 -i../3/2 0 

0 ../3/2 0 0 

Jb 
../3/2 0 l 0 

0 l 0 ../3/2 
0 0 ../3/2 0 

3/2 0 0 

0 l lc 
0 l/2 0 0 
0 0 -l/2 0 . 

0 0 0 -3/2 

Then, we obtained Luttinger-Kohn Hamiltonian in the matrix formulation; 

where 

R 

s 
T 

- - !i:_ [ : _sR ~ 
H- 2m T' 0 -R 

o -T' s· 

2 (l 3 ) ( 2 3 . ( 2 2) Ilk + 412 + 413 k+k_ + 2kz) + S(/3 -12) k+-\- k_ , 

../3[(12 + l3)k+ + (12 -I3)L[kz. 

.j3 [ 2 (3 l ) ? 2 --:J ("12 _,3)(k+k_ + 2kzl- 2'2 + 2'3 (k:;. + k_) 

+ 2!3(k! - k:.) l ' 
k;+k~+k;, 

kx ± iky. 
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(C.28) 

(C.29) 

(C.30) 

(C.31) 

(C.32) 

(C.33) 

(C.34) 

(C.35) 

(C.36) 

(C.37) 

(C.38) 



Setting ka = kb = 0 and kc = -ifc, the effective mass equation at the center of the 

Brillouin zone is given by 

/1- h2- h3 0 -Y,}-(12 -/3) 0 
ft2 

0 ll + h2 + h3 0 -Y,}-(12 -13) d2 
2mo - Y,}-(12- /3) 0 /1 + h2 + h3 0 dc2¢ = E¢. 

0 -Y,}-(12 -/3) 0 /1- h2- h3 
(C.39) 

The eigenfunctions lhhf; 10)) and llhf; 10)) of Eq. C.38 are written as 

± ~ ( 1 _ h2 - h3) lA) ± 
3 hi+ 3!5 

~(1+ 12 }B) 3 hi+ 315 
(C.41) 

± ~ ( 1 - h2 + h3 }c), 
3 hi+ 3!5 

I 3 3 
llhf; 10l) 1 2'12 + 2'131- ±~) (C.42) 

+ li + 3!5 2 ' 2 ' 

± ~ ( 1 + b2 - h }A) ± 
3 hi+ 3!5 

(C.43) 

± ~ ( 1 + h2 + h3) IC). 
3 hi+ 3!5 

As a reuslt, "·e obtained l.\!1 2 for (110) quantum wells as shown in Table C.l. 
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(001) QW (110) QW 
HH LH HH LH 

IM[I!Of 
Mol· 1.5 0.5 1.606 0.394 

IMr f 
iMhi · 1.5 0.5 0.08 1.992 

JM!o'f 0 2 1.386 0.614 

Table C.l: Squared optical matrix elements for (001) and (110) quantum wells. 
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Appendix D 

Effective mass equation under a 
magnetic field 

In this appendix, we first present an effective mass equation of excitons under a magnetic 

field and, then, calculate the effective areas of excitons and diamagnetic coefficients fJ in 

several typical cases. 

Theoretical formula 

The effective mass equation of excitons is written as 

[ 
1 2 1 } 2 e

2 
( ] -2 -{p. + eA(r.)} + -2 -{ph- eA (r h) - I I + v.(r.) + vh rh ) 7j; = c:'lj;, 

1nc mn £ r e - r h 

(D.l) 

where r . and r h arc the coodinates of electrons and holes , respectively, pis the momen

tum operator, A is the ,·ector potential, V is the confinement potential, c: is the static 

dielectric constant , and e (> 0) is the electron charge. First, we transform Eq. D.1 to 

the relative coordinates r and center-of-mass coordinates R , using 

and 
R = mer e-mh r n, 

m.+mh 
respectively. Second, we choose the wave functions as 
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Then, taking the vector potential as 

1 
A(r) = 2Bo x r , (0.5) 

inserting Eqs. 0.2- 0.5 into Eq. 0.1 yields 

[-~'i12 -~-=(_2_ _ _2_) B o ·L + 
2J.i. E:T 2 me mh 

where J.L = (1/me - 1/mh)- 1 is the exciton reduced mass and L = r x (li/i)\7 is the 

angular momentum operator. 

The third term of the Hamiltonian in Eq. 0.6 represnts the Zeeman effect. The forth 

term is so called the diamagnetic term, which is expressed as f3B5 with diamagnetic 

coefficient {3 being equal to 

(0.7) 

In the following, we will calculate the diamagnetic coefficients {3 or effective areas (x2 +y2 ) 

in the several typical cases. 

The bulk case 

In the bulk material without confinement potential, the wave function is obtained by 

so lving 

(0.8) 

which is refered to as the \Vannier equation; it is the Schriidinger equation for excitonic 

envelope function describing the relative motion of the electron-hole pairs . For an n = 1 

exciton, the eigenfunction is given by 

where 

A, ( ) 1 -c/aa 
¥'ls r = c:Je 1 

v1faa 
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is the exciton Bohr radius. In GaAs, the exciton Bohr radius a8 is 12 nm, if the following 

matarial parameters are used; m.=0.067m0 , mh=0.38m0 , and c=13.1c0 . Then, using ¢1, 

the effective area of excitons is given as 

(x2 + y2) 

J r 2 sin2 
(} [-

1-e-rl•a] 
2 

sin 2 Odrdcpd(} 
Pa 

Thus, the diamagnetic coefficient of excitons in bulk becomes 

e2a1 
(J = 4;;' 

which is 107 f.LeV/T2 in GaAs. 

The thin limit of quantum wells 

(0.11) 

(0.12) 

We will study two-dimenaional excitons confined in quantum wells. In the thin limit of 

well width (Lw ~ 0), the envelop functions of excitons arc eigenfunctions of the following 

Schriidinger equation; 

[-~~: (::2 + ::2)- ck] ¢ = E¢. (0.13) 

The wave function in the ground state of excitons is given by 

¢oo = rs: exp (-
2r). 

v~ aa 
(0.14) 

Then, using ¢00 , the effective area of excitons is given by 

(0.15) 

Thus, the diamagnetic coefficient of two-dimensional excitons in the thin limit of well 

width becomes 

= ]._ (e2a1) 
(J 16 4j.t ' 

(0.16) 

which is 20 tte\' /T2 in Ga:\s quantum wells. 
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Quantum wells with finite width 

We have studied on two-dimensional excitons confined in quantum wells in the thin limit 

of well width (Lw ~ 0), where the wave functions are analytically obtained. Next, we 

will consider excitons in quantum wells whose well width L is not zero but finite. Here, 

we assume the exciton wave function of 

1fZe 1fZh ( x2+y2) if>= N cos L cos L exp ---,\- , (0 .17) 

where N is the normalization constant and ,\ is t he trial parameter. Using such a wave 

function, the effective areas of excitons are given by 

(x2 +y2) ~,\2, (0 .1 8) 

(y2+z2) ~,\2+(i-:2 )£2, (0.19) 

(z2 + x2) ~,\2 + (~ _ ]__) £2 
4 6 1f2 (0.20) 

Square quantum wires 

If one considers square quantum wires whose cross sectional dimensions are Lx by Ly 

with infinite barriers, it is adequate to assume the exciton wave function of 

if> = N cos - cos -cos - cos - exp -- , 1fZe 1fZh 1fZe 1fZh ( lrl) 
Lx Lx Ly Ly K 

(0.21) 

where N is the normalization constant and K is the trial parameter. Then, we obtain 

the effecti\'e areas of excitons as 

(x2 + y2) c 1) 2, 2 6 - ;2 (LX T Ly), (0.22) 

(y2 + z2) ( ~ _ ]__) £2 + ~K2 
6 7[2 X 2 > 

(0. 23) 

(z2 + x2) (~-!_)L2+~K2 
6 7f2 y 2 (0.24) 
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