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ABSTRACT 

Transmission electron microscopy, cathodoluminescence and 

photoluminescence spectroscopy and TEM-CL imaging technique have been 

employed in this work in order to investigate the microstructure and optical 

properties of GaAs/AlGaAs and InGaAs/InP multilayer structures. 

LACBED patterns, obtained from plan view specimens of the 

GaAs/AIGaAs and InGaAs/InP multiple quantum well structures, were 

explained qualitatively by a kinematic theory. A linear contrast feature was 

observed in a GaAs/AIGaAs multiple quantum well structure along one in- 

plane [110] direction in dark field image formed by multilayer structure 

reflections and was related to the fluctuations of the quantum well thickness. 

By applying LACBED to [001] and [011] cross-section specimens of an 

InGaAs/InP single QW structure, residual misfit strain in the quantum well 

was measured based on a tetragonal distortion model. This misfit strain was 

also illustrated in a diffraction contrast analysis of the interface fringes 

observed from inclined interfaces of the structure. 

A degradation of CL spectra, induced in long period air exposure and 

in the specimen preparation process, was observed from a GaAs/AIGaAs 

MQW structure. TEM-CL spectra and images were first obtained from thin 

cross-section specimens of the structure and revealed an uneven distribution 

of impurities in the structure. Carrier capture and confinement effects in the 

QW structures were studied by the dependence of CL spectra on the barrier 

layer thickness and quantum well width. 

Interface smoothing effect due to growth interruption was investigated 

by CL spectroscopy from a series MBE grown GaAs/AlGaAs SQW samples. 

High resolution TEM-CL images were obtained from a SQW structure grown 



with interruptions and showed local bright and dark contrast resulting from 

monolayer changes in the thickness of the QW. We also noted a decreasing 

Stokes shift of the QW luminescence as a result of growth interruption in a 

temperature dependent PL experiment. 

Impurity distributions were investigated around a particular type of 

oval defect in a GaAs/AIGaAs SQW structure by TEM and TEM-CL. 

The characterisation of free-standing quantum dots was carried out by 

applying the STEM-CL spectroscopy and imaging technique. 
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Chapter 1 introduction and Experimental Principles 

1-1 Introduction 

The advancement of modern growth techniques, such as molecular 

beam epitaxy (MBE) and metal organic chemical vapour deposition (MOCVD), 

opened the way to the growth of semiconductors atomic layer upon atomic 

layer. As a result, a new class of artificial layer materials, called 

semiconductor quantum wells (QW's) or superlattices, with unique electronic 

and optical properties emerged and have attracted the attention for both basic 

physics research and also for exploiting new or high performance devices. The 

most common QW structure is of undoped, lattice matched layers which 

consist of alternating layers with different composition. Modulation doped 

QWs are prepared by selective doping of certain layers in an otherwise 

undoped QW structures. Strain layer superlattices are formed by alternating 

layers with both different composition and lattice constant, where the 

mismatch strain is accommodated by the crystal lattice relaxation, rather then 

by nucleation of misfit dislocations. There are many potential devices which 

are based on the quasi-two dimensional carrier motion in QW structures, 

charge transfer in modulation doped QW structures and the tunnelling effect 

in superlattice structures. These include QW lasers, high electron mobility 
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transistors (HEMT), two-dimensional electron gas FETs (TEGFETs) and 

negative differential resistance (NDR) tunnelling diodes (W. T. Tsang 1987; 

M. Abe 1987; N. T. Linh 1987; T. C. L. G. Sollner 1983). Motivated by the device 

applications and seeking a good understanding of basic physics of the 

structures, studies of the electronic, optical and electrical properties of QW 

structures there has been a dramatic increase of both theoretical and 

experimental investigation of quantum wells during last decade. The early 

interests in QW structures were summarized by Dingle (R. Dingle 1975). The 

recent progress has been reviewed by Weisbuch, Bastard and Ploog 

(C. Weisbuch 1987; G. Bastard 1988; K. Ploog 1983). 

In this work transmission electron microscopy, cathodoluminescence 

and photoluminescence were employed for investigations of microstructure 

and optical properties of GaAs/AIGaAs and InGaAs/InP quantum well 

structures. 'The radiative transition processes in semiconductor materials, the 

fundamental properties of semiconductor multilayer structures and 

cathodoluminescence' mechanisms are discussed in this chapter. The 

experimental techniques and equipment are introduced in the next chapter. 

Chapter 3,4 and 5 contain the results obtained and their evaluation. Finally 

the achievements of this work are summarized in chapter 6. 

1-2 Radiative Transitions in Semiconductors 

In semiconductors light is emitted as a result of electronic transitions 

from high energy states to low energy states, while optical absorption 

corresponds electronic transitions from low energy states to high energy states. 

Detailed discussions of optical absorption and emission processes in 
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semiconductors can be found in many semiconductor physics textbooks ( 

J. I. Pankove 1971; S. H. Smith 1978; M. Balkanki 1980) 

One unavoidable requirement for light emission at room temperature 

or lower is that the system must not be in equilibrium, i. e. there must be 

excess carriers in the system. Recombination of these excess carriers may be 

accompanied by many types of radiative and non-radiative transitions. In 

Fig. l-l, the transitions which commonly lead to light emission are numbered 

1-5. 

Process 1 is a band to band transition, electrons in the conduction band 

recombine with holes in the valence band. For a direct gap semiconductor, 

emitted photon energy is hV=Eg, where Eg is the band gap energy of the 

semiconductor. For a indirect gap semiconductor, the participation of one or 

more phonons is necessary in order to conserve momentum in the transition 

and the emitted photon has energy hVEg-n-Epn where n-1,2, ---- and Epn is 

phonon energy. 

Process 2 is an excitonic transition. The Coulombic interaction between 

a free electron in the conduction band and a free hole in the valence band can 

result in a series of bound states EXn just below the conduction band called 

excitons. The ground state ionization energy of an exciton may be obtained by 

analogy with the hydrogen atom as 

mr*q4 
EX 1-1 

Zýi2E2 

***** 
where mr (=me mh /(me +mh )) is the reduced mass for exciton, me* is the 

effective mass of electrons in the conduction band and mh* is the effective 

mass of holes in the valence band, E is the material dielectric constant, q is the 
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electron charge and h is Planck's constant. Excitonic levels are observable at 

low temperatures where kT is smaller than exciton ionization energy, k is 

Boltzmann's constant. Excitonic recombination emission from a free exciton 

produces a photon with energy by-Eg-Ex. In the presence of impurities and 

defects in a semiconductor, free excitons can be bound by them to form 

bound excitons. The emission energy of a bound exciton is then equal to Eg- 

Ex-Exb, Exb is the binding energy of a free exciton to the impurity or a 

defect. 

Processes 4 and 3 are transitions which start or finish on localized 

states of impurities in the energy gap. These include the recombination of 

electrons at shallow donor levels with holes in the valence band and the 

recombination of electrons in the conduction band with holes at acceptor 

levels. The photon energy in these processes is given by Eg-ED ( or EA ), 

where ED and EA are the ionization energies of do nors and acceptors 

respectively. Deep donor and deep acceptor levels can introduce radiative 

transitions with emitted photon energies well below the energy of the band 

gap. Apart from the above impurity related transitions, lattice defects 

introduce localized levels into the band gap which can also be involved in 

light emission processes. 

Process 5 is the recombination between electrons on donor levels and 

holes on acceptor levels. When donors and acceptors occur in a semiconductor 

at the same time, they can form pairs due to the Coulombic interaction 

between them. This interaction also results in a lowering of their ionization 

energy by an amount AE, where 

2 
AE =Q 1-2 

er 



5 

r is the distance between them. So the emitted photon energy becomes by=Eg- 

ED-EA+AE 

Apart from the phonon assistant transitions in the indirect gap 

semiconductors, one or more phonon replacas of excitonic emission and 

impurity related emissions are also observed in some direct gap 

semiconductors. For those impurity related emissions with large binding 

energies, phonon repl$cas are especially strong due to the strong interaction 

between those impurities and crystal lattice. 

It is worth mentioning that it is not always possible to observe all these 

radiative transitions in one material at the same time and under the same 

conditions of excitation and temperature. Further these transitions can also be 

quenched by non-radiative recombination processes such as multiple phonon 

recombination and Auger electron emission, including defect Auger processes. 

1-3 Semiconductor Multilauer Structures 

Semiconductor multilayer structures are composed of periodic 

sequences of ultrathin layers of alternating composition, or of alternating 

doping, or of the combination of both. In the case of compositional multilayer 

structures, the materials with different compositions can either be lattice 

matched to form common multilayer structures, or mismatched to form strain 

layer superlattices. The band structures of these multilayers are modulated 

along the direction normal to the layers ( often referred to as the z direction 

since the band discontinuity or bending occurs at the interfaces of the layers 

due to the different band gaps of the materials with different compositions, or 

the different Fermi levels in the materials with different doping types. As a 

result, the potential wells and barriers are formed along the z direction and 
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the movement of electrons are modulated in these multilayer structures. The 

electron movement parallel to the layers is unchanged while the motion along 

the z direction is confined within the potential wells. A quantum size effect 

emerges when the widths of the potential wells are comparable to the 

DeBroglie wavelength of an electron. The quantization creates changes in the 

macroscopic properties of the layers and produces new effects which are not 

present in the bulk materials. 

1-3-1 Tvpes of Semiconductor Multilaver Structures 

Generally speaking, there are three basic types of semiconductor 

multilayer structures. These are widely referred to as Type-I and Type-II 

compositional multilayer structures and doping multilayer structures (K. Ploog 

1983). Fig. 1-2 shows the real space band structures along z direction for these 

three types of multilayers. 

In Type-I multilayer structures, the band structure is modulated such 

that both electrons in the conduction band and holes in the valence band are 

confined in the material with smaller energy gap. Both GaAs/AIGaAs and 

InGaAs/InP systems belong to this type (see Fig. 1-2(a)). 

The Type-II multilayer structure is shown in Fig. 1-2(b) taking the 

Gaxln 1 _xAs/GaAsySb 1 _y multilayer structure as an example. In this case, the 

electrons in the conduction band and holes in the valence band are confined 

separately in Gaxlnl_XAs layers and GaAs ySbl_y 
layers respectively. The 

effective energy gap of this system is indirect in real space. In the case of x 

and y being sufficiently small, the top of valence band of GaAs 
ySbl_y 

is even 

higher than the bottom of conduction band of GaXIni_XAs. 

Both Type-I and Type-II multilayers shown in the figure are undoped. 

The doping can be applied to all of the layers or some of the layers of these 
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multilayer structures. In modulation doped multilayer structures, impurities are 

deliberately kept away from the quantum wells, where the extrinsic carriers 

are gathered, in order to improve carrier mobility. 

Fig. 1-2(c) shows the doping multilayer structure taking GaAs as an 

example. The carrier confinement is similar to that of the Type-II multilayer 

structures. 

Semiconductor multilayer structures are usually called quantum wells 

(QWs) when the potential barrier layer thickness is large enough to prevent 

carriers tunnelling across. When this is not the case the structures are simply 

called superlattices. 

1-3-2 Enerev Levels of Quantum Well Structures 

The restriction of electronic carrier motion in the z direction can be 

considered as carrier confining in a one dimensional potential well. For 

simplicity, considering a one dimensional Type-I single QW structure (see 

Fig. l-3), a single layer of A is embedded between two thick layers of material 

B where B has a band gap large than that of A. In the approximation of an 

infinitely deep well, the carriers are strictly confined to the well. The 

confining energy En is given as ( C. Weisbuch 1987 ) 

'ßi2 na 
En )2 ins 1,2,3, -... ) 1-3 

2m LZ 

where m* is the carrier effective mass in well material A, LZ is well width. 

In reality, the carrier potential wells formed by the band 

discontinuities are finite. The confining energy E is then determined by the 

expression (H. Jung 1984) 
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2mA* E 2mA*E LZ 2mB*(VO-E) 
( )1/2tan[(_ý)1ý2 ]_[ 11/2 1-4 

112 22 

where mA* and mB* are the carrier effective mass in material A and B 

respectively, VO is the potential barrier height and is Voc for electrons in the 

conduction band or Vov for holes in the valence band ( see Fig: l-3 ). There is 

always one bound state in the well for electrons or holes. The total number of 

bound states for electrons or holes is equal to 

2mA*VOLZ2 
1+ Int. [( )1/2] 1-5 

ß. 
2h2 

where Int. [x] indicates the integer part of x. 

For electrons in the conduction band, their motion parallel to the layer 

( in the x, y plane ) is unchanged from bulk with EXOyst2kx, 
y2/2mA*" 

Therefore the electron energy levels in the conduction band can be expressed 

as E=Exly+EZ where EZ is determined by Equation 1-4. The discrete values of 

EZ indicate that a serie 
stwo 

dimensional sub-bands are formed in the QW 

instead of one continuous band. Similar results are obtained for the heavy 

holes ( hh ) and light holes ( Ih ) of the valence band. As a result, the band to 

band luminescence transition, which is usually between n=1 electrons and n=1 

heavy holes, produces photons with energy hv=Eg+Ele+Elhh, where Eg is the 

band gap of material A and Ele, Elhh are the confining energies for n=1 

electrons and n=1 heavy holes respectively. This QW emission energy is greater 

than the band gap of bulk material with the quantum well composition and 

lower than the band gap of bulk material with the barrier composition. The 
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exact value of the emission energy is controlled by the well width and 

increases with well width decreases. 

1-3-3 Excitons and Shallow Impurities in OW 

In the bulk, the exciton states and shallow impurity states in the 

effective mass approximation resemble hydrogen atoms and have a 

characteristic radius ( Bohr radius ) of aB (C. Weisbuch 1987) where 

aB=eti/(m# e2)a 100A 1-6 

m* is either the reduced mass for the excitons or the effective mass for 

impurities, e is the dielectric constant. In QW structures, because the well 

width is usually of the order of or smaller than the Bohr diameter 2aB the 

wave function and the energy levels of excitons and impurities are modified 

(C. Weisbuch 1987; R. L. Greene 1984; C. Delalande 1987; B. V. Sharabrook 1987; 

L. E. Oliveira 1988,1989). 

In Fig. l-4 exciton binding energy as a function of well thickness is 

shown ( R. L. Greene 1984 ). In the case of excitons in an infinite well, the 

ground state binding energy increases when the well width LZ decreases and 

reaches a limited value of Ex2D=4Ex3D when Lz=O. In the case of finite well, 

exciton binding energy increases with the decreasing of LZ until it reaches a 

maximum and then decreases rapidly as LZ decreases. 

In the case of shallow impurities, the problem is somewhat more 

complicated since the impurity energy levels not only depend on the well 

width but also on the impurities positions in the well. When Lz>2aB, well 

centre impurities have enough space to display I-s bulk-like hydrogenic wave 

functions. When LZ decreases the impurity binding energy Eb increases 

because the electron is held close to the impurity centre by QW barrier. As is 

shown in Fig. 1-5 ( B. V. Shanabrook 1987 ), if the barrier is infinitely high, 
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this increase will last until LZ-O where a two dimensional binding energy 

Eb2Da4Eb3D would be attained, and in the case of finite barrier, instead of 

monotonically increasing with decreasing LZ, Eb reaches a maximum value, 

then decreases with decreasing L. At LZ=0, the binding energy is reached of 

an impurity in bulk material with barrier composition. Off-centre impurities 

have qualitatively similar behaviour with LZ variation as well centre impurities 

the binding energies are lower. At a fixed L2, the impurity binding energy 

decreases monotonically with the increasing distance from the centre of the 

well, as is shown in Fig. l-6 ( B. V. Shanabrook 1987 ). 

N 

1-4 Cathodoluminescence 

The emission of light from a semiconductor results from electron hole 

recombination. To excite luminescence, the generation of high concentration 

excess electron-hole pairs is required. According to the different excitation 

forms, luminescence is sometimes called electroluminescence (EL) if it is 

excited by carrier injection at a p-n junction, or photoluminescence (PL) if 

the electron-hole pairs are produced by optical excitation, or 

cathodoluminescence (CL) if the electron-hole pairs are generated by energetic 

electron beam' bombardment. For the different excitation forms, the 

mechanisms leading to the emission of light are similar and their results are 

broadly compatible. 

Interaction of highly energetic electrons with a semiconductor produces 

many useful signals for material characterization such as backscattered 

electrons, 'secondary electrons, x-rays and photons ( or CL ). The main 

advantages of CL analysis are its high spatial resolution, its ability to obtain 

depth resolved information and the possibility to correlate its results with the 



information obtained from other analysis available in a electron microscope. 

The CL analysis can be performed either in a scanning electron microscope 

(SEM) or a transmission electron microscope (TEM). The SEM-CL study and 

its application to semiconductors have been thoroughly reviewed by Spivak 

and Yacobi (G. V. Spivak 1986; B. G. Yacobi 1986). In SEM-CL the collection of 

emitted light from a sample is more efficient and the sample cooling system is 

relatively easy to install since there is more space in the SEM chamber, but 

only a bulk specimen can be used. The advantage of a TEM-CL system is that 

it can use a thin electron transparent specimen so that the spatial resolution of 

CL is improved and the direct correlation study of crystal defects with their 

luminescence properties can be carried out. For thin specimens, the surface 

recombination effect is much larger than for a bulk specimen and the 

electron-hole pair generation volume is greatly reduced. 

1-4-1 The Formation of CL Signal 

The formation of a CL signal is determined by three fundamental 

processes. These are the generation, diffusion and recombination of electron- 

hole pairs. In principle all material properties which are related to these 

processes can be investigated through CL characterization. A general 

descriptions of these processes can be found in many references (see 

B. G. Yacobi 1986 and D. B. Holt 1980 for example). Most efforts have been 

devoted to the CL contrast formation at localized defects (C. Schiller 1975; 

M. Dupuy 1983; K. Uhnert 1984; A. Jakubowicz 1986) and the determination of 

semiconductor parameters (W. Hergert 1987, i984; C. Opdorp 1977) from a 

semi-infinite (bulk) sample. More recently, the effect of thickness on the CL 

signal generated in thin film has been discussed by Yuan et. al. (J. Yuan 1989). 
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For continuous electron beam bombardment of a fixed position, a 

stationary excess carrier distribution can be reached by the actions of the 

processes mentioned above. The distribution function of the excess carrier 

concentration An(r) can be evaluated from the continuity equation with 

appropriate boundary conditions, 

D 02An(r) - 
L(r)+ 

g(r) -0 1-7 

r is the carrier lifetime after taking into account both non-radiative and 

radiative recombinations, i. e. 

T Tr n rrl 1r2 Tn1 Tn2 

where rr is the total radiative recombination lifetime and rn is the total non- 

radiative recombination lifetime. D is the electron diffusion coefficient or 

hole diffusion coefficient for doped p-type or n-type materials or is equal to 

2De"Dh/(De+Dh) for intrinsic material as given by Leamy (H. J. Leamy 1982). 

g(r) is the carrier generation function determined by electron beam parameters 

and the energy dissipation process. The carrier diffusion length LD is defined 

as LD2=(D r). According to recombination mechanism, the excess carrier 

distribution is determined by minority carrier behaviours for the doped 

materials. The recombination efficiency nr for a certain radiative transition rr 

Is 

nr=r/Tr 1-9 

The local intensity of this radiative luminescence ICL can then be written as 

(D. B. Holt 1980) 
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ICL a An'r 1-10 

This is a simplified expression. Many factors such as surface recombination, 

optical reabsorption inside the material, surface reflection etc. have to be take 

into account for. a truly quantitative analysis. It may be noted that 17r also 

varies with many factors such as temperature, the presence of lattice defects 

and impurities, their concentrations and the excess carrier concentration An. 

As a result, the quantitative analysis of CL results is very complicated. 

Equation 1-9 also indicates that the non-radiative transitions compete with the 

light emission process so that information about non-radiative recombination 

processes in the material is very important in determining the CL intensity. 

Lack of the information about non-radiative recombination in the material 

under study and lack of an accurate form of generation function for electron- 

hole pairs further adds to the difficulty of performing quantitative analysis of 

CL results. 

1-4-2 The St)atial Resolution of CL 

The spatial resolution of CL is related to three factors; the electron 

beam probe size dp, the diameter of the electron-hole pair generation volume 

dg, and the carrier diffusion length LD. The over-all spatial resolution of CL 

is then given by (S. J. Pennycook 1981) 

d-(dp2+dg2+LD2)1/2 1-11 

For a bulk specimen, the incident electron undergoes a series of elastic 

and inelastic scattering events before it loses all of its energy. To describe this 
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process, we suppose that the electrons penetrate to a depth ZD in the 

specimen without loss of energy, and then scatter in all direction within a 

sphere of radius Re-ZD, where Re is the range of the electron penetration. 

We have (C. Schiller 1975; B. G. Yacobi 1986) 

4 Re 
ZD= 1-12 

Z+4 

0.0276 A 
Rea Eb1.67 (um) 1-13 

p20.89 

where A is the atomic weight in g/ml, p is the density of the material in 

g/cm3, Z is the atomic number and Eb is the electron beam energy in keV. 

For GaAs, we have Rea2. Sµm for Eb=20keV. 

In practice the spatial resolution of CL may be determined by one 

particular factor of these described or by a combination of these factors 

depending on material under study and the electron beam energy. For a bulk 

sample it is often given by Re. 

For a thin, electron transparent specimen, the electron beam spreads as 

it passes through the specimen. The diameter of the electron beam at bottom 

of a specimen ( averaging atomic number Z) with thickness t is given 

(L. M. Brown 1981; J. I. Goldstein 1977) 

Z NI/2 t3/2 

= 6*10-6 (µm) 1-14 
Eb a03/2 



15 

where N is the number of atoms in a unit cell, a0 is the lattice parameter of 

that unit cell and Eb is electron beam energy in keV. For a 2000A thick GaAs 

film, if the primary electron beam energy is 120keV, the beam spreading 0 is 

about 300A. The high surface non-radiative recombination velocity of a thin 

film also reduces the carrier diffusion length to LDmt/2.2 (S. J. Pennycook 

1981). Therefore the spatial resolution of CL can be improved by reducing 

specimen thickness. However this improvement is accompanied by a reduction 

in CL intensity which is proportional to t2. A suitable compromise has to be 

made in the analysis of TEM-CL 

1-4-3 The CL from Multilauer Structures 

The discussion given above is based on homogeneous semiconductor 

specimens. For the semiconductor multilayer structures studied here, the 

excess carrier distribution will be modified due to the band structure 

modification of the material. The transfer of excess carriers from the barrier 

layers to the well layers and the effect of carrier confinement in the well 

layers lead to a great enhancement of the electron-hole recombination rate in 

the quantum wells in plan view specimens. The existence of barrier layers 

reduces the effect of surface recombination on the well emission. The 

reabsorption effect is also decreased since the wells are usually located within 

a distance of less than Ijum from the surfaces and the well emission energy js 

less than the band gap energy of barrier material. The restriction of carrier 

movement along the z direction also reduces the exciton diffusion coefficient 

D, following the relation of H. Hillmer (1988) * 

DocLZ5/2 1-15 
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where Lz is the well width. As a result, the spatial resolution of CL is 

improved for multilayer structures. 
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Chapter 2 Experimental Techniques 

14 The principle techniques employed in this work are TEM and TEM- 

CL. Such techniques require thin, electron transparent specimens. The outline 

of this chapter is to describe the specimen preparation from an as-grown 

sample and to introduce the main techniques and equipments used. A simple 

account of all as-grown samples investigated is also given. 

2-1 Sample Preparation 

All sample studied here are GaAs/AlGaAs, InGaAs/InP multilayer 

structures. They were grown by either molecular beam epitaxy (MBE) or 

metal-organic chemical vapour deposition (MOCVD) on [100] substrates and 

were supplied by different growers. 

Both MBE and MOCVD are newly developed growth techniques and 

allow very low growth rates, thus providing good control for desired layer 

thickness, abrupt changes and exact compositions. MBE is carried out in a 

UHV chamber with the implementation of powerful in situ analytical 

techniques, such as SIMS, AES, and RHEED in order to precisely control the 

crystal growth. So far it has successfully grown flat interfaces to within one 

atomic layer. The MOCVD process is based on the pyrolysis of alkyls of group 
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three elements in a atmosphere of hydrides of group five elements. Although 

it is not as well monitored as that of MBE, recent progress shows that 

MOCVD has similar control of crystal growth. Detailed description and 

information of them can be found in many articles ( see L. L. Chang 1980; 

P. D. Dapkus 1982; K. Ploog 1982; M. Razeghi 1985; W. T. Tsang 1985 ). ý 

In Table 2-1, the number of samples used in this work, their growth 

methods and growers are listed. Other details of these samples will be given in 

later discussions. 

2-2 Specimen Preparation 

Three types, plan view, cross section and cleavage specimens were 

used. The descriptions of preparation procedures of these specimens and the 

further treatments of them are given below. All specimens ready for 

observation in electron microscope were mounted into brass cups which are 

suitable for use either in a helium cold specimen holder or a normal tilt-rotate 

holder. Impurity contamination due to the epoxy was first found in the cross 

section specimen preparation. Full discussion of this will be presented in 

Chapter 4. 

2-2-1 Plan View Soecimen 

Plan view specimens are most widely used in this work. Its advantages 

are large observable area, even thickness, a relatively easy controllable process 

and less surface damage. 

Full accounts of preparation procedures for the GaAs/AlGaAs system 

plan view specimen have been given by Bailey ( S. J. Bailey 1987 ). For other 

systems the procedure is the same except different etchants are applied. The 
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usual procedure is simply shown in Fig. 2-1. The as-grown sample is cleaved 

into 2mm by 2mm pieces, and mechanically thinned to 50pm-70, um thickness 

at the centre from the substrate side by a Gatan model 656 precision dimple 

grinder. After being thoroughly cleaned, the specimen is chemical polished 

down to 1014m-20pm thickness at the centre. The remaining substrate is 

removed by a selective etchant, which attacks one material more rapidly than 

another. The etching will stop at a certain epitaxial layer where the selective 

etchant does not attack effectively. Usually the specimen is thin enough at this 

stage for TEM analysis, but sometimes further thinning is needed depending 

on the remaining film thickness and can be carried out by etching from' either 

side of the film according to the specific structure of the original sample. 

For the GaAs/AlGaAs system, H2SO4: H202: H20 at 3: 1: 1 is an 

excellent polishing etchant, which can also be used as' a further thinning 

etchant and NH40H : H202 at 1: 19 is a selective etchant which removes GaAs 

much more rapidly than AlGaAs and allows the etching process to stop at the 

AlGaAs layer. 

Corresponding etchants have been found for the InGaAs/InP system. 

5% Br in methanol is a good polishing etchant and HCI: H20 at 1: 3 is a good 

selective etchant for stopping at the InGaAs layer. Bromine methanol is highly 

volatile and a newly mixed etchant has to be used each time in order to keep 

a proper polishing speed and surface quality. 

For Aie-systemsthich no suitable selective etchant has been found, a 

plan view specimen containing a reasonable thin area can be obtained with 

great care and constant watching by following the same procedure and using a 

proper polishing etchant. A few seconds distraction can cause a loss of a 

whole thin area in the specimen. 
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A properly made plan view specimen usually contains a quite big thin 

area of a few hundreds micrometers in diameter and should always be handled 

very carefully. Square 50 mesh copper grids are recommended, especially for 

the lnGaAs/InP specimen, since it is easier to crack than the GaAs/AlGaAs 

one. 

2-2-2 Cross Section Specimen 

Although the cross section specimen preparation is a time consuming 

procedure and its observation area is small compared with the plan view 

specimen, it contains information which is not available from the other and 

allows the direct observations of growth profile and interfaces. In this study, 

all samples were grown along the [100) direction and two cross section view 

directions, [001] and 1011]. are available. Fig. 2-2 illustrates the cross section 

specimen preparation procedure used in this work. It is given in detail as 

below: 

1. Depending on the cross section view direction required, as-grown 

samples are cleaved or cut into rectangular strips. The usual size of a strip is 

about 6mm by Imm and can be smaller if the sample supply is short, but this 

may cause difficulty in handling it. The strips are cleaned by acetone solvent 

in an ultrasonic bath to insure that no dust and particles are left on their 

growth surfaces before being stuck together, see Fig. 2-2. 

2. The tools employed to hold the strips tightly together are either a 

pair of heat sink, cross-over pattern tweezers dr a home-made press as shown 

in Fig. 2-3(a)&(b). The latter is only used for standard strips while the former 

is good for smaller strips. The glue used here is, 5 minutes fast epoxy but 

anything similar can be used instead. According to availability, two more 
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strips of similar size from the same material as the sample substrates are often 

stuck to the sides in order to support the sample strips during the following 

mechanical thinning. To stick strips onto one specimen, first take all strips 

needed out of solvent, let them dry in air, make sure that the growth surfaces 

of sample strips are free from dust and particles visible to the naked eyes. 

Then mix some fresh epoxy, stack the strips with a little epoxy on their 

surfaces one by one into the press or between the tips of the tweezers, note 

that the growth surfaces of the sample strips must be face to face and in the 

middle when supporting strips are used, and they must be pressed tightly 

together to let any extra epoxy be squeezed out without breaking them. This 

process has to be finished quickly so that the epoxy does not get sticky and 

can be squeezed out easily. To let the epoxy dry and'reach full strength, the 

strips are kept in the press or tweezers at about 100*C for about 10 minutes. 

After cooling in air the strips are freed from the holders as one specimen and 

are ready for mechanical thinning, see Fig. 2-2. In order to save time and 

energy, two strips from the two samples, which should have the same 

substrate materials and can be easily identified in a microscope according to 

information given by growers, are usually stuck together face to face to form 

one specimen. - 

3. A home made specimen polishing stage, as is shown in Fig. 2-3(c), is 

used to carry out mechanical thinning. The stage 'k consis 
S 

of a big flat 

cylinder with a hole in the middle and a small stub fitted into the hole. The 

heights of the cylinder and stub are the same and their horizontal surfaces are 

flat and very well polished. The specimen is laid on one surface of the stub 

and is fixed by using white wax and the gap of the strips is kept vertical to 

the stub surface. Then put the stub into the hole and let the side with 
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specimen down, hold the cylinder by hand with one finger pushing on the 

stub and grind on water proof silicon carbide paper back and forth. The 

specimen is thinned evenly since the cylinder around acts like a balance. 

P40OC-PI200C silicon carbide papers are used in turn. After the zigzag 

surface of the specimen has become smooth. transfer to a polishing unit to 

polish the specimen surface and start, with 6jum diamond paste then go down 

to 114m until the surface is shining. During each transfer process, the cylinder 

and the stub with the specimen must be washed thoroughly by water to 

prevent the mixing of particles and pastes of different grades. The specimen is 

then turned over and thinned down to 20-50pm by grinding on silicon carbide 

paper. The minimum thickness which can be reached in this way depends on 

the specimen material. Great care must be taken when the specimen gets 

thinner during this final grinding process since many micrometers thickness 

material can be ground away by each back and forth movement. After being 

well polished, the specimen is glued, depending on its length, on one or more 

slot nickoý grids. After rinsing in solvents like acetone and ethonal, the 

specimen or specimens-are ready for ion thinning. 

4. The ion thinners used here are Gatan Model 600 Dual Ion Mill with 

argon ion beam and liquid nitrogen cold specimen stage and Ion Tech Iodine 

Ion Thinner. For GaAs based specimens, using a cold stage and under proper 

milling conditions the argon ion beam thinning quality is good enough to 

carry out TEM and TEM-CL study. The best results are achieved by using the 

Gatan Mill at 4kV beam energy and 0.5mA gun current with incident beam 

angles of 20 degrees for the first few hours and 10 degrees for the rest, 

depending on the specimen thickness. The close watching of every 20 minutes 

is necessary during the final stage in order to turn off the ion beam at the 
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right moment. For InP based specimens, the severe surface damage due to- 

argon ions cannot be ignored. To eliminate this damage, the Ion Tech iodine 

ion thinner is employed. There are two ways to produce a good InP based 

specimen. One is to carry out iodine ion thinning directly after the mechanical 

thinning of the specimen. Another is to apply iodine ion milling after the 

specimen has already been thinned by argon ions. For the latter, the first stage 

of the argon ion milling is the same as the GaAs one. The specimen taken out 

from the Gatan Mill is then put into the Ion Tech Thinner to continue milling 

using the iodine ion beam for about 10 minutes so that the surface ion damage 

created by argon ion can be wiped out. The preferred iodine ion milling is at 

6kV in energy and 0.8mA of gun current and the incident angle of the ion 

beam is 15 degrees. 

It is important to emphasize here that the gap between two sample 

strips -must be made as narrow as possible, and the specimen thickness left 

after mechanical grinding should be as thin as possible, especially in the cases 

where the sample's epitaxial 'layer is softer or harder 'than its substrata. 

Otherwise, the epitaxial layer region in the specimen may be thinned away 

first to leave the thick substrata behind, or a bridge or a needle may be 

formed at the region of the epitaxial layer, resulting in a very limited or even 

no view area in the specimen. 

2-2-3 Cleavage Specimen 

A schematic illustration of a wedge-shaped specimen used for TEM 

observation and the geometry of its imaging condition is shown in Fig. 2-4. 

The growth profile of the sample and interface abruptness can be evaluated 

by dependence of thickness fringe on composition. The thickness of the 
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observed region can be determined geometrically. i. e. thickness d is equal to 2t 

where t is distance from the region to the edge. Comparison with standard 

cross section specimen preparation, the preparation of the 90* wedge-shaped 

specimen by the cleavage of (100) wafers along (011) planes is relatively easy. 

Basically a piece of the sample of 2mm by 2mm is ground down to about 

50jurn thickness which is then cleaved by placing the sample on a flexible 

surface and applying pressure at the edge of the sample with the tip of a 

sharp knife. The sample is split into two pieces. In this way a few pieces of 

the specimens can be produced and then are mounted on the modified slot 

grids with the self-cleaved edge over the slot, see Fig. 2-5. The modified slot 

grid is made by cutting off one third of the grid and bending the edge of 

about 0.5mm'width, to 90% 

2-2-4 Na S-SD-e-(nimen- Surface Treatment For TEM-CL 

The TEM-CL investigation requires a low recombination velocity of 

the specimen surfaces, i. e. a low density of the surface states which locate in 

the middle of the energy gap as the carrier trap centres. Recently, - a dramatic 

reduction of the surface states and a great increasing of PL spectral intensity 

due to a Na2S: 9H20 chemical passivation treatment of the GaAs (100) surface 

were reported (C. J. Sandroff 1987; R. S. Besser 1988; C. J. Spindt 1989). In their 

work, the Na2S: 9H20 solution was dropped on the wafer surface and spin 

dried. A colourless Na2S film with the even thickness was left on the wafer 

surface. They found that the surface passivation effect was sensitive to the 

Na2S film thickness. In this work, the Na2S surface passivation experiment 

was done by immersing the specimens, which have already been thinned, in 

the Na2S solutions of various concentrations for the different time from a few 
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seconds to a few minutes. The specimens were dried in air, and then the 

TEM-CL investigations were carried out right away and later up to 20 hours. 

The results are variable perhaps due to the uncontrollable and uneven 

thickness of the Na2S films being left on the specimens surfaces. No great 

improvement of the CL spectral intensity has been observed. The best 

improvement was obtained on a GaAs based cross section specimen where the 

CL spectral intensity was doubled, but it has not been possible to repeat this 

on the other specimens. So far the way to control the Na2S layer thickness and 

to get a even film over the thin specimens has not been found yet. 

2-2-5 PIMS 

A Gatan model 645 Precision Ion Milling System(PIMS) enables a 

desired area in a specimen to be thinned by the argon ion beam with a 

considerable accuracy. The'minimum ion beam -size of the PIMS can be as 

small as 2pm. The standard specimen holder of a Philips electron microscope 

can be used directly in the PIMS. So it is convenient to transfer the specimen 

between the microscope and the PIMS and to carry out further thinning or 

surface cleaning over a certain area in the specimen. 

2-3 Transmission Electron Microscor)e 

In this study, a Philips EM430 and a Philips EM400 transmission 

electron microscopes were used. The EM430 microscope is a medium voltage 

TEM, the operating voltage of the electron probe is from 50kV to 300kV and 

the minimum probe size which can be obtained is 20A. The Bristol EM430 is 

implemented with a Link AN 10000 energy dispersive X-ray (EDS) analysis 
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system and a Gatan model 607 electron energy loss (EELS) spectrometer. The 

operating voltage of the EM400 is from 20kV to 120kV. The Bristol EM400 is 

constructed with a TEM-CL system and also equipped with a EDS detector 

controlled by a Link systems 860 minicomputer, a scanning unit, and a 

secondary electron detector. The microscope can be operated in both TEM and 

STEM modes. Most -of the microscopy and analysis was carried out on the 

EM430 while the TEM-CL investigation was done on the EM400 with its 

associated CL system. 

The general descriptions of, the microscope construction and the 

conventional TEM diffraction and image analysis can be found in many books 

on electron microscopy ( see M. H. Loretto; J. W. Edington; P. B. Hirsch and 

G. Thomas for example). Here only a description of the large angle convergent 

beam electron diffraction (LACBED) technique is given. 

The LACBED technique used was first proposed by M. Tanaka and 

coworkers in 1980 ( M. Tanaka 1980 ). A ray diagram of LACBED is shown in 

Fig. 2-6. To get a LACBED (Tanaka) pattern on EM430, a specimen'is placed 

at the eucentric height s and a highly converged electron beam is obtained in 

the nanoprobe mode. The excitation current of the second condenser lens was 

set at about 0.8A, the beam focussed using the image focus control and the 

specimen raised to the position s' by using the height control of the gonýneter. 

The transmitted and diffracted images split from each other in the image 

plane. Dark field deflection and tilt controls were used to obtain a symmetric 

transmitted image. Then a bright field or a dark field LACBED pattern could 

be formed without disturbance from the other beams by choosing the 

transmitted image or a particular diffracted image using the selected area 

aperture and finally switching the microscope to the diffraction mode. in a 
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LACBED pattern, real space information about the specimen is displayed as a 

shadow image simultaneously with reciprocal space information. The spatial 

resolution is of the order of the probe size. A LACBED pattern is formally 

equivalent to a bend contour image. 

2-4 CL System And Experiment 

All CL investigations in this work were performed on a TEM-CL 

system constructed in 1981 and later modified in 1983 and 1997 by the 

researchers in this group ( S. Roberts 1981; P. Aplin 1983; S. Myhajlenko 1984; 

J. C. C. Day 1988 ). The optical arrangement of the system is shown in Fig. 2-7. 

A retractable and adjustable ellipsoidal mirror, with a small hole to allow the 

electron beam pass through, is used to collect the light, which is generated by 

the specimen when the electron beam impinges, at one focus above the 

specimen. The light is then deflected out of the microscope and can be 

detected directly by a S20 photomultiplier to form an integrated CL image 

displayed on the scanning unit video screen of the microscope, or can be 

detected by one of three detectors after passing through a spectrometer to 

form a CL spectrum, a monochromatic line scan and a monochromatic image. 

The three detectors used here are a RCA 31034A photomultiplier with a GaAs 

photocathode, a liquid nitrogen cooled North Coast EO 817 Germanium 

photodiode and a CCD parallel detection system. Three of them are all 

interfaced to the Link 860 computer for the controlling of data acquisition. 

The data acquired by the Link 860 computer can be transferred to a VAX 

11/750 computer for manipulating. It should be note that the data has been 

rescaled during the transfer. The operating energy range is about 300nm- 
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880nm for the RCA photomultiplier. 900nm-1800nm for the Ge photodiode, 

and 400nm-1100nm for the CCD parallel detection system. 

In CL study, a liquid helium cooled specimen holder is usually used in 

order to get the maximum possible light out of a specimen and to get high 

resolution spectra. The specimen is cooled by pumping a continuous flow of 

liquid helium through the holder from a container. It was noticed that when 

the container was full, very unstable helium flow could occur which would 

cause severe vibration of the specimen and make the CL experiments 

impossible. To minimize such effects, a very slow cooling rate was usually 

taken of more than one and half hours in duration. The minimum temperature 

of the specimen normally reached was found to be approximately 40*K by 

comparing CL experimental results with those obtained by PL of the same 

sample. 

- The operating voltage of the electron beam is usually 12OkV for thin 

specimens and 20kV for bulk specimens. Irregular deteriorations of CL spectra 

and images sometimes appeared during this work. Some of the factors which 

may be responsible are electron beam damage, ion damage or specimen 

contamination. Ion damage occurs when ions come down from the microscope 

1A 
gun area under conditions of poor gun vacr. Specimen contamination occurs 

1k 
as a result of poor specimen vacir or as a result of specimen preparation. 

However it is unlikely that electron beam damage is responsible since the 

operating voltage was below the radiation damage threshold for the material 

and the deteriorations only happened occasionally. A test of the ions in the 

microscope was carried out by using TASTRAK (CR39) plastic supplied by 

Track Analysis Group in this Department. No traces of the ions were 

observed, but the possibility remains of temporary ion damage, due to poor 
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vacuum condition in the gun area caused by filament changes or by filament 

instabilities at near the end of its life. Specimen contamination is another 

possibility. The irregular and' unpredictable character of the deteriorations 

makes it difficulty find the real causes. 

During the study of CL emitted from thin film it has to be 

remembey-, ed that the intensity of CL emission is film thickness -dependent. 

Fig. 2-8 shows the monochromatic CL images acquired with different emission 

wavelengths at the edge of a thin specimen. The film thickness incraeses away 

from the edge. Optical interference fringes are clearly seen in these images. 

We note that the intensity oscillations of these fringes are also emission 

wavelength dependent, so the care must be taken in comparing the intensities 

of different images obtained from different peaks of the spectrum. Apart 

from optical interference effect, thickness dependence of the diffusion length 

of electron-hole pairs generated by the electron beam in the specimen can 

affect the CL emission intensity as well. A recent account of this is given by 

Yuan ( J. Yuan 1989). 
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Fig. 2-1 The schematic picture showing the procedure of 
plan view specimen preparation. (a) multilayer struture 
(b) after dimpler ground (c) after chemical polished 
and selective etched (d) further thinning from either 
sides. 
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Fig. 2-2 The schematic picture of the procedure of croos 
section specimen preparation 
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Fig. 2-3 The tools for cross section specimen preparation: 
(a) crossover pattern tweezers (b) the press (c) the 
polishing stage 
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Fig. 2-4 The schematic picture illustrating the geometry 
arrangement of the cleavaged specimen in TEM 

Fig. 2-5 The modified slot grid with a cleavaged specimen 

silver epoxy 
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with diff-.. Pc, nt wavelength as indicated. 



30 

Cbapter 3 TEM Studies OF GaAs/AlGaAs and InGaAsjTnP 

Multilaler Structures 

The structure information of semiconductor multilayers is very 

important in their technology applications and physics studies. A few 

techniques based on transmission electron microscopy (TEM) are often used to 

study the structure of semiconductor multilayers. The techniques employed in 

this work include cross sectional transmission electron microscopy (XTEM), 

composition analysis by thickness-fringe (CAT), large angle convergent beam 

electron diffraction (LACBED) and imaging from multilayer structure 

reflections. 

For the conventional cross sectional observations, the specimens are 

generally viewed along the interfaces, where the interface defects, growth 

steps, and composition profiles can be examined by diffraction contrast images 

and lattice images (W. M. Stobbs 1988; A. Ourmazd 1987), but in this work we 

studied the interfaces of multilayer structure from a cross section specimen by 

applying LACBED technique and we also studied the inclined interfaces of 

multilayer structure by using fringe contrast analysis. The CAT is a new 

technique proposed by Kakibayshi and Nagata (H. Kakibayshi 1985), in which 

a wedge-shaped specimen is made by a cleavage method and the composition 
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dependence on the thickness fringe is used to evaluate the interface 

abruptness. In both XTEM and CAT, the suitable observation areas are 

sometimes rather small. In contrast, the plan view specimens, which are often 

prepared by a selected etching, contain a larger transparent area with uniform 

thickness and are convenient for defect analysis. But conventional diffraction 

contrast fails to reveal the interface steps and composition modulation. A 

method based on LACBED for diffraction and imaging from multilayer 

structure reflections offers a possible way to evaluate structure information 

W r, 
from plan view specimen. The method was introduced by Vincent and b: 

Q 

developed in this group (R. Vincent 1987[11&[2]). 

In this chapter, some preliminary work of LACBED pattern and 

imaging from multilayer structures reflections is presented first. A simple 

qualitative kinematic explanation of the diffraction pattern is presented with 

applications to GaAs/AlGaAs and InGaAs/InP multilayer structures. Imaging 

from GaAs/AlGaAs multilayer reflections is also described. Then, in Section 

3-3, studies of InGaAs/InP interfaces by LACBED and XTEM of inclined 

interfaces are discussed. Finally an example of the applications of CAT is 

given. 

The samples investigated here include G43, OE6113,5902A and 

NU210S. Their structures are sketched in Fig. 3-1. The details of specimen 

preparation can be found in Chapter 2. 

3-1 LACBED Patterns of GaAs/AlGaAs. InGaAs/InP ultilaver -Structures 

Semiconductor multilayer structures considered here are formed by a 

series of alternating layers with different compositions and thickness but with 
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matching lattice parameters. If the repeat period of these layers is d, such a 

periodic composition modulation acts like a diffraction grating and results in 

the reciprocal lattice vector g. being decorated with sets of satellite reflections 

g. +na(tz-± 1, ±2 ...... ), where (Z is parallel to the growth direction with magnitude 

11d. X-ray diffraction has been successfully used to reveal the existence of 

such artificial superstructures and to determine their characteristic parameters 

such as the period and composition (J. Kervarec 1983; M. A. G. Halliwell 1984; 

W. J. Bartels 1986), but the parameters obtained by X-ray diffraction are 

average values and unable to show fine' scale variations. In this aspect, 

transmission electron diffraction is an attractive candidate to approach this 

problem. 

In a conventional electron diffraction pattern obtained with parallel 

illumination of a tilted plan view specimen, the evidence of composition 

modulation is invisible due to the geometrical arrangement. In the case of a 

thin film specimen with thickness t, all reflections g which are in the growth 

plane are accompanied by decaying intensity oscillations which are 

perpendicular to g. and the growth plane (see Fig. 3-2(a)). The composition 

modulation in the thin film adds extra maxima at g±n. .a 
to the oscillations (see 

Fig. 3-2(b)). By tilting the specimen around Bragg condition for g, the Ewald 

sphere is able to intersect these lines of intensity oscillation (the rocking 

curve). By taking a series diffraction patterns it is possible to examine the 

intensity oscillation and the measured intensities are, td a first approximation, 

related to the structure factor F g* In reality, the bending of the thin films, 

inelastic scattering around the Bragg reflections, and multiple diffraction 

effects broaden and distort the intensity oscillations making them completely 

unobservable. 
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However in LACBED, as described in Chapter 2, the convergent 

incident electron beam makes the intensity distribution of a Bragg reflection 

directly available in its diffraction disk. The defocused probe i. e. lifted 

specimen, permits the isolation of the direct or a chosen diffracted beam by 

insertion of a small aperture in the area selecting plane and a LACBED 

pattern can be formed from one beam without disturbance of others. The 

higher is the specimen lifted, the larger is the splitting of beams and the more 

is the inelastic diffuse scattering excluded. So in dark field LACBED patterns 

of 200 satellites the composition modulation is clearly visible as sidebands in 

the rocking curves; see Fig. 3-5 for an example. 

The appearance of sidebands and their behaviour can, be modelled 

qualitatively by a simple kinematic phased sum of the scattered amplitudes 

along a column parallel to growth direction z, which is [001) here. For a slab 

of thickness t and for any composition modulation along z, the amplitude 

diffracted around g can be written as 

09 oc fot F9 (z) exp(-2risz) dz 3-1 

according to the usual kinematic rocking curve theory. s is the deviation from 

Bragg condition and is approximately equal to q at the limit of small tilting 

angle away from [00 1 ], F9 (z) is the structure factor function. For the 

zincblende structure, F9 (z) is determined by a phased sum of the scattering 

from the two fcc sublattices, which adds in phase for reflections such as 400 

and 220 and in antiphase for 200. For the GaAs/AlGaAs and InGaAs/InP 

multilayers considered here, the relative amplitudes of structure factors fjz) 

and fc(z) of the anion and cation sublattices modulations along z are sketched 
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in Fig. 3-3 and Fig. 34 respectively, where the values of f(z) are taken at 

s=0.2A-1 and a relative phase shift of 7r is represented by changing the sign of 

f(z) for one sublattice. In Fig. 3-3 the resultant Af of F9 (z) is similar for 

both in-phase reflections like 400 and anti-phase reflections like 200. We 

therefore expect that the sidebands to both types of reflections will be similar 

too. Fig. 3-7 and Fig. 3-8 show the LACBED patterns obtained from a 

GaAs/AlGaAs structure (sample G43) for 200 and 400 reflections. As can be 

seen, the extent of the sidebands is up to 3q in both case. However the 

resultant Af of F9 (z) from the InGaAs/InP structure in Fig. 3-4 is obviously 

small for 400 reflections and large for 200 reflections. Experimentally, 

sidebands extending to 17q were visible from a InGaAs/InP structure (sample 

OE61B) around 200 reflections as is shown in Fig. 3-5, whereas around 400 

reflections only a few sidebands were visible, (see Fig. 3-6). For this reason 

LACBED patterns of 200 reflections were often chosen to carry out more 

detailed analysis. 

Equation (3-1) is a Fourier transform of the structure factor function 

F9 (z). Consider a rectangular variation of composition modulation along z i. e. 

a rectangular variation of scattered amplitude Af with period d and 

components d, and d2, where d-dl+d2. Then for reflections g±nq, the nth 

Fourier component of equation(3-1) with s=nq (n: tO) is 

sin(nrd I /d) 3-2 On 
nr 

which is proportional to the modulation structure factor. If d1d, or d1d2 is 

an exact integer m, then On with n satisfying ? zlm=i (i=1,2,3,.... ) are 

identically zero. A good illustration of this effect is shown in Fig. 3-5 for the 
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InGaAs/InP multilayer sample OE61B with djux95A (InGaAs) and d2,350A 

(InP). As ni; tsS, although the sidebands are visible up to 17q (n-17) n-5,10 & 

15 are missing. 

Look at Fig. 3-7, which is a 200 reflection LACBED pattern obtained 

from sample G43. It contains 5 GaAs quantum wells of 55A width separated 

by 175A AlGaAs barriers and enclosed by 1500A cladding layers of AlGaAs. 

The principle sidebands of n=1,2&3 are clearly shown, and between q and 2q 

three fine subsidiary bands are visible. These bands are related to the 5 layer 

structure as was proved by experiment described below. A plan view specimen 

was made by selective etching, and then put into the PIMS (precise ion milling 

system) to further thin it locally until a small hole was created. In the area 

around the hole the thickness of the 5 layer structure was reduced gradually to 

zero. Taking 200 LACBED pattern from such an area, we expected that the 

fine subsidiary bands should be reduced from 3 to 2 to I as the edge of the 

hole was approached, this result is shown in Fig. 3-9, indicated by arrows. The 

appearance of these fine bands can also be understood by elementary theory 

of diffraction gratings. Due to the limited number of repeats in the modulated 

structure, we should multiply Equation 3-2 by the term sinNV/sinV, where N 

is the number of repeats in the modulated structure and V is related to s. 

Between q and nq the term creates N-1 minima, in other word N-2 maxima. 

In the case above, N-5, so three fine subsidiary bands appear. 

I This simple kinematic analysis is successful in understanding 

qualitatively the details of the LACBED patterns of multilayer structures, 

more rigorous theoretical analysis should take into account deviations of the 

actual multilayer structure from a rectangular modulation, the effects of the 

cladding layers, and the perturbations caused by dynamical diffraction. Such 
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factors have to be taken into account in order to obtain useful quantitative 

information from the experimental results and to explain the detailed structure 

of LACBED patterns such as splitting of the q lines, deviations from the exact 

Bragg positions and the relative intensities of the q lines. Such work has not 

been undertaken for the purposes of this thesis but is now under investigation 

by others. 

3-2 Tmaging Of Multilaver Sidebands From GaAs/AlGaAs QW 

Apart from LACBED patterns, the DF images of bend contours from 

any lattice reflection g. contain composition modulation sidebands as well, as 

long as the objective aperture is large enough for them to pass through. By 

comparison with LACBED pattern, the sidebands; may be distinguished from 

dynamical diffraction into higher order systematic Bragg reflections and used 

to form DF images. In some GaAs/AlGaAs samples the DF images from 

sidebands of 200 reflections show an unusual linear contrast along a single 

[110] direction. Fig. 3-10 is a'example of such contrast taken from the sample 

with 5 QW"s described above. To indicate that this is not a surface effect, the 

PIMS technique was applied to both surfaces, to produce the results shown in 

Fig. 3-11; the linear contrast remained unchanged although ion damaged 

surface contrast appeared after 115 minutes ion thinning of both surfaces. It 

was also noticed that no similar linear contrast appeared in DF images formed 

from regular lattice reflections. it may be inferred that the linear contrast 

must be related to the multilayer structure itself. The fact that the contrast 

only appeared in the DF images formed from multilayer sideband reflections 

implies that layer thickness fluctuations with associated interface steps are 
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responsible. Moreover the sidebands are directly related to the layer thickness. 

The fact that the contrast was only observed along one of the two possible 

[110] directions is possibly due to the polar GaAs subcell. The CL imaging 

technique has been used repeatedly in an effort to observe similar linear 

contrast effects in this sample without success. This failure may be due to 

carrier diffusion resulting in limited spatial resolution -of CL images and the 

limited energy resolution of CL spectrum since the change of the emission 

energy caused by monolayer fluctuation in well thickness is very small in this 

case. For a single'QW sample with growth interruption, we have observed the 

interface step contrast in CL images, but failed to observe similar contrast in 

sideband reflection images, the detailed results will be discussed in Chapter 5. 

So far the contrast in sideband reflection images has only been observed in 

two samples (for the result of another sample see R. Vincent 198711]). The 

complicated structure of these samples with the overlap of many interfaces on 

projection along the zone axis direction adds ambiguity to the final 

explanation of the contrast. However the relative simplicity of making these 

observations and the importance of interface sharpness makes these new 

results of considerable potential interest as a way to complement information 

obtained by cross sectional TEM. 

3-3 TEM Study oL Lnj 
_xQa 

A nP W 

For the In, 
-, 

Ga., As/InP system, a perfect lattice match can be 

achieved for an alloy composition with X=0.47, but a variation of 1% from 

this value will cause a lattice mismatch of 0.07%. As has been studied by other 

researchers (P. Franzosi 1986; N. G. Chew 1987), in lnl_xGaxAs layers with 
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X<0.47, where the lattice constant ao' of lnl_xGaxAs layer is larger than that 

of InP layers ( ao ), a compressing stress is applied to lnl_xGaxAs layer. In 

this case interface misfit dislocations were observed which relieved part of the 

misfit strain. However, with X>0.47, ao'<ao and a tensile stress is applied to 

lnl_xGaxAs layer. No misfit dislocations were observed but cracking of In, 
_ 

xGaxAs 
layer occurred as a strain relieving mechanism. 

In - this work, In I _xGaxAs/InP single quantum well samples were 

supplied -by RSRE. The typical structure of the samples is shown in 

Fig. 3-1(c). The lnl_xGaxAs wells had widths varying from 100A to 800A and 

were sandwiched between the InP substrate and a 2000A InP capping layer. 

PL studies of these samples have been carried out by RSRE researchers. Their 

results revealed that in these samples the variation from the composition 

X=0.47 of lnl_xGaxAs was less than 1%. They also deduced that small 

subsidiary peaks in the PL spectra from these samples were the result of 

phonon replication caused by the presence of alloy clusters in the material. 

Here, [001] and [0111 cross-section specimens were prepared together with 

plan view specimens to investigate the microstructure of the samples and to 

correlate the observations with the RSRE PL studies. Our experimental results 

were rather similar for all the samples and no definite microstructural 

differences have been observed. We can not therefore confirm that the phonon 

assisted emission, evident in PL, is related to alloy clusters. Here only the 

experimental results for sample 5902A are given. An investigation was made 

of the strain measurement in the lnl_xGaxAs layer by applying the LACBED 

technique to the [001] and [0111 cross-sections. The results are discussed first 

and then a diffraction contrast analysis of the interfaces fringes observed in 
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the same specimens is presented. Finally, a discussion of these experiment 

results is given. 

3-3-1 The AiDt)lication of LACBED to Samr)le 5902A 

The technique of LACBED has been described in Section 2-3.020 and 

220 BF LACBED patterns, which were taken from a [001] orientation cross- 

section specimen, together with a'021 BF LACBED pattern, which was taken 

from a [011] orientation cross section specimen, are shown in Fig. 3-12. The 

InGaAs/InP sandwich structure is clearly seen in the shadow images of the 

patterns. As we can see in these figures, those contours, which correspond 

groups of planes perpendicular to the InGaAs/InP interface such as 020,040, 

etc. and 022,044, etc., pass rather smoothly through InGaAs layer from the 

InP substrate to the InP capping layer. On the other hand, those contours, 

which correspond groups of planes inclined to the InGaAs/InP interface such 

as 220,440, etc., and oblique lines in 020 and 022 LACBED patterns are 

displaced on crossing InGaAs layer from the InP substrate to the InP capping 

layer. This effect is caused by the rotation of the same planes in the InGaAs 

layer. These observations indicate that lattice misfit strain exists between the 

InP and InGaAs layers in the sample. This strain causes tetragonal distortion 

of the InGaAs layer which results in planes inclined to the interface being 

rotated and planes perpendicular or parallel to the interface remaining 

unrotated. 

For simplicity, we suppose that all misfit strain Aa/ao is 

accommodated by tetragonal distortion in lnl_xGaxAs layer and the InP layers 

remain undistorted, where ao is lattice constant of InP (=5.87A) and Aa is the 

difference of lattice constant between the InP and the unstrained lnl_xGaxAs 
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i. e. Aa=ao-ao'. The lnl_xGaxAs can be in tension or "in compressi6n 

depending on whether'' Aa is positive or negative. The projection 

of tetragonal distortions of the InP/Inl_xGaxAs/InP sandwich structure along 

a [001] direction with InGaAs layer in compression are shown schematically in 

Fig. 3-13(a). The cubic lattice of InP remains with a-b-c-aO, while the cubic 

lattice of In, 
-xGaxAs 

has changed into a tetragonal lattice with b-c-aO, 

a-ao-(1-3-f) for [100] growth direction, where f-Aa/aO. The angle between the 

plane (h, k, l) and the interface plane (100) is given by 

,h 
coso = 3-3 

I (h2+k2+12 ) 1/2 

for cubic lattice'of InP layers; and given by 

h 

coso, 3-4 
[h2+(k2+j2)(j-6-f)1 1 /2 

for a tetragonal lattice in the InGaAs layer. If the plane (h, k, l) is parallel or 

perpendicular to the interface plane, we have 0=6', and there is no rotation for 

such planes of the InGaAs with respect to the equivalent InP planes. If the 

plane (h, k, l) is inclined to the interface plane, we have 0*0', and the plane 

(h, k, l) of InGaAs layer is rotated corresponding to the equivalent InP planes. 

The distortion changes the interplanar distance as well and as a result the 

correspondant Bragg angles. Hence the contours which correspond the plane 
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(h, k, l) of the InP layers in the LACBED patterns are rotated and displaced on 

crossing the InGaAs' layer. According to the direction of the rotation which # 

occurrs, we can work out whether the strain in InGaAs layer is compressive or 

tensile, see Fig. 3-13(b). Both the displacement and the rotation are in turn 

related to the misfit strain 

In the case of sample 5902A with an InGaAs well width of 

500A, and by studying the 220 LACBEDD pattern shown in Fig. 3-12(b), we 

conclude that the InGaAs layer was in compression. From measuring the 

displacement of the 280 contour (as indicated in Fig. 3-12(b)) we estimate that 

the misfit strain is about 9.10-3, which is larger than that being estimated 

from PL studies. 

Moreover we observed that the contours corresponding to 

inclined planes displaced in two InP layers. This can be result from the 

relative rotation between the TO capping layer and InP substrate due to the 

misfit strain, since the distortion model descrided above is rather simplified. 

3-3-2 The Analvsis of Interface Fringe Contrast 

Usually there are four principal types of fringe contrast which can 

arise at interfaces inclined to a specimen surface. They are thickness fringes, 6 

fringes, displacement fringes and Moire fringes. The detailed discussion of 

these in the framework of the dynamic theory of electron diffraction can be 

found in the review article by R. C. Pond (R. C. Pond 1984). A brief summary of 

the main features of these fringe contrasts is given below. 

1. Thickness Fringes: The origin of thickness fringes is due to the 

oscillation of the direct and diffracted wave amplitudes with depth in 

diffracting crystals. The fringes can be commonly observed at interfaces 
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inclined to the specimen surface when one side of the crystal is strongly 

diffracting while the other side is only diffracting weakly, or when the 

structure factors of the crystals are very different for a particular diffraction. 

2.6 Fringes: 6 fringes arise in specimens having correlated lattices but 

different deviation parameters s gC9 for the common planes in each crystal. 

The fringes display characteristic contrast behaviour. the outer fringes are 

asymmetric in bright field and symmetric in dark field. 

- 3. Displacement Fringes: Displacement fringes are closely related to 6 

fringe contrast, but arises as a result of a different scattering mechanism at 

the interface. The scattering mechanism leading to displacement fringes is the 

-same as that responsible for stacking fault fringes in single crystals. The 

general features of displacement fringes are the same as those of stacking fault 

fringes i. e. the fringe pattern is symmetric in bright field and asymmetric in 

dark field, and the fringe contrast disappears if &-E, -O, where g is operating 

diffraction vector and R is displacement vector ( this is not necessarily 

restricted to specific values derived from the crystal structure). 

4. Moire Fringes: Moire fringe patterns are a type of lattice image. The 

characteristic features distinguishing them from other types of fringes are that 

the fringes are not necessarily parallel to the intersection of the interface 

with the foil surface and the fringe contrast does not depend on the 

wavelength of the incident radiation. 

In this study, fringe contrast analysis was performed on inclined 

heterostructure interfaces of a cross-section of an InGaAs/InP single quantum 

well structure. The specimen structure is clearly displayed in Fig. 3-14, which 

was taken with the interfaces edge-on. There are two hete ro -structure 

interfaces, A and B, and one homogeneous interface, C, as indicated in the 
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figure. In the observations of inclined interfaces, the specimen was tilted 

around operating vectors about 10* away from the edge on condition i. e. tool] 

or [011] zone axis. The observation geometry is shown in Fig. 3-15, where the 

incident electron beam is either near an [00 1] direction or an [0 11 ] direction. 

As is shown in Fig. 3-16 the interface fringes arise at all three 

interfaces. Both micrographs were taken from an [001] cross-section with s-0 

in the InP layer at a F20 two-beam condition. The fringe contrasts of the 

interfaces A and C have characteristic features typical of stacking fault 

fringes i. e. the fringes are symmetric in bright field images and asymmetric in 

dark field images, The fringe contrast of interface B does not show any very 

clear features and cannot be characterised as any particular simple type of 

fringe. Similar results were obtained at 220,220 and 220 reflections under 

two-beam conditions with s-0. This means that the lattices h simply displaced 

at the interfaces A and C, but that a more complicated situation exists at the 

interface B. 

However, a different type of fringe contrast was observed at the 

interfaces A and B for BF images taken in the 020 reflection of the same 

specimen. Fig. 3-17(a) shows results for s-0 in the 020 two-beam condition. 

The fringes which are visible are likely to be thickness fringes since the 

structure factors of the InP and the InGaAs layers are very different in this 

case ( see Section 3-2). No such fringes were observed at the interface C. 

Moreover, as is shown in Fig. 3-17(b), no fringe contrast appeared at any of 

the interfaces in 02ý two-beam BF images taken with s=O from an [0 111 cross- 

section specimen. The disappearance of the displacement fringe contrast when 

the operating reflection vectors were perpendicular to the growth direction 

[100] indicates that the displacement occurred parallel to the growth direction. 



44 

3-3-3 Discussion 

The experiment results obtained by the LACBED technique are highly 

compatible with those obtained by fringe contrast analysis. Both studies were 

carried out in the dislocation free areas and indicated that the lattice 

distortion existed in InGaAs layer due to misfit strain. A simple model of 

tetragonal distortion along the growth direction due to the lattice misfit is 

proposed to estimate the strain in InGaAs layer. However, the actual situation 

is much more complicated than this. A dislocation network was observed in 

the sample which was restricted to interface B only. The actual lattice misfit 

of the system can be higher than that estimated from a simple model since the 

dislocation network releases some of the lattice misfit strain in the system. On 

the other hand, accumulation of impurities at the interface could also give rise 

to extra strain in addition to the lattice misfit strain of the system and 

facilitate the nucleation of misfit dislocations at the interface. In this case, 

growth interruption occurred at interface B in order to change to a lower 

growth temperature for growth of the InP capping layer. As a result there 

exists a possibility of a very high impurity density at interface B compared 

with interface A. Hence the appearance of misfit dislocations at interface B is 

quite likely to be the result of a high impurity density. The obvious 

inequivalence of the interfaces A and B observed by fringe contrast analysis is 

possibly due to a difference of impurity density at the two interfaces. 

impurity accumulation is also almost certainly responsible for the lattice 

displacement at the homogeneous interface C. 

Differences between the interfaces A and B may cause uneven 

distributions of the strain in InGaAs layer so that the lattice distortion is 
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asymmetric at the interfaces A and B. As is shown in Fig. 3-18, which is a 

CBED pattern taken from the InGaAs layer at the 1001] zone axis (the central 

disk is indicated by letter T) we noticed that the pattern is asymmetric. The 

asymmetry may be seen between the growth direction [100] and the opposite 

direction [100] although the pattern is accurately oriented according to the 

Kikuchi line pattern. The above mentioned asymmetry is perhaps responsible. 

In the LACBED experiment, a loss of symmetry for the -g and +g sides of an 

020 BF pattern was also noticed. The displacements of the inclined planes are 

larger for the +g side. A lattice surface relaxation effect may be responsible 

since the specimen thickness changes in the area of observation, getting 

thinner towards the +g side. Such effects complicate the estimation of the 

strain in the system. 

The failure to detect very small residual strains in the sample by PL 

may be explained -as follows. The PL peak position of the InGaAs QW 

emission corresponds to the energy gap in the quantum well. From the 

LACBED experiments we deduced that the InGaAs layer was in compression. 

This means that ao'>ao or x<0.47 which in turn leads to a decrease of the 

energy gap of the quantum well. On the other hand, the compressing stress 

introduced by the misfit strain in the system tends to increase the energy gap 

of the quantum well. The two opposite effects may compensate so that the PL 

peak position does not show a detectable change. 

3-4 The CAT of GaAs/AlGaAS QW 

The composition analysis of thickness- fringe(CAT) was performed on 

a wedge-shaped specimen, which was prepared by the cleavage method 
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described in Section 2-2-3. The analysis was based on the shift of equal 

thickness fringes as a function of the composition. An detailed experimental 

and theoretical investigation of this method have been done (H. Kakibayshi 

1985,1986,1987; D. J. Eaglesharn 1987; A. F. de Jong 1988). The geometry of 

CAT observation is shown schematically in Fig. 2-4. The electron beam is 

incident along [0011 and parallel to the interface. The exact 10011 zone axis 

condition is preferred in order to get high resolution CAT images. The 

advantages of CAT observation are the quick and simple specimen 

preparation, the straightforward evaluation of the results about interface 

abruptness and composition uniformity of the multilayer structures. These are 

very helpful in finding the proper growth conditions. Fig. 3-19(a) is a CAT 

image taken from a GaAs/AlGaAs QW sample NU210S. As we can see, the 

detailed structure of the sample is clearly shown. Three sets of QW's, each 

containing five wells, are separated respectively by thick AlGaAs and GaAs 

layers. A periodic fluctuation of the thickness fringes in individual AlGaAs 

layers is just apparent in an enlarged picture shown in Fig. 3-19(b). On the 

other hand, the fringes remain undisturbed in the GaAs layers. The 

fluctuation of thickness fringes i. e. the fluctuation of composition of the 

AlGaAs layer is a result substrate holder rotation during MBE growth. It can 

be eliminated by adjusting the rotation speed. 

CAT observations were routinely performed on specimens studied in 

this work. 
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FIg. 3-3The schematic diagram of structure factor modulation in 
GaAs/AlGaAs multilayer structure, z is growth direction (s=0.2). 
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Fig. 3-4 The schematic diagram of structure factor modulaton in 
InGaAs/InP multilayer structure, z is growth direction (s=0.2). 
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Fig. 3-5 200 DF LACBED pattern from InGaAs/InP OW sample OE61 

Fig, 3-6 400 DF LACBED pattern from the same sample as above. 
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Fig. 3-7 200 DF LACBED pattern from GaAs/AlGaAs QW sample G43 

Fig. 3-8 400 DF LACBED pattern from the same sample as above 



Fig, 3-9 200 DF LACBED pattern from the edge of a hole 
created by PIMS in GaAs/AlGaAs QW sample G43. 
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Fig. 3-10 The DF image of QW reflection shows the 
I inear contrast along aI 10 direction 
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Fig. 3-1 1 a) DF image of OW reflection from sample G43 
before thinning by PIMS 

b) DF image of OW reflection from the same 
area as above after 1 15 minutes thinning by PIMS 



'N 

6b- 

I 

(a) 

igo 

2-Alo 

I r)(5, jAs OW 

I nGaAs OW 

-%, (3aAs Ow 

(C) 

Fig. 3-12 a) 020 BF LACBED pattern from [00 1 cross section specimen, 
b) 220 BF LACBED pattern from [00 1 cross section specimen, 
d 027 BF LACBED pattern from [0 1 11 cross section specimen. 
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Fig. 3-13 The schematic diagram showing tetragonal distortion 
of InP/InGaAs/InP sandwich structure, a) InGaAs layer in 
compress. b) 
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Fig. 3-14 A 200 BF image showing the structure of the 
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Fig 3-15 The geometry of the interfaces in a microscope 
after the specimen being tilted. 
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Fig. 3-17 a) 020 two beam BF image with s=O, inclined angle of about 
10, trom [0011 cross section specimen of sample 5902A. b) 022 two 
beam BF image with s=O, inclined angle of about 10' from [01 11 cross 
section specimen of sample 5902A. 
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Fig. 3-19 a) TEM image from a wedge-shaped specimen of 
sample NU210S shows the layout of the sample 
structure, b) Enlarged image of the above picture from 
the area around QW-2. 
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Chapter 4 The 5tudieS of MBE-grown GaAsjAIGaAs MQW 

itructures by CL 

Low temperature CL has been applied to study MBE grown 

GaAs/AlGaAs MQW samples NU210S and NU305. The extrinsic luminescence 

properties of as-grown and thin cross section specimens of sample NU210S are 

discussed. The experimental results, which include the CL spectra, excitation 

power dependent and electron beam accelerating voltage dependent CL 

spectra, and monochromatic CL images and line scan profile analysis, are 

explained based on the discussions in Chapter 1. The effects of the AlGaAs 

barrier layer thickness and GaAs QW well width on the luminescence 

efficiency are discussed depending on the carrier capture and confinement 

effects. 

4-I. Extrinsic Luminescence of SamDle NU210S 

It is well known that in high quality unintentionally doped 

GaAs/AlGaAs QW structures optical spectroscopies display mainly excitonic 

features partly due to the enhancement of the exciton binding energy 

(C. Weisbuch 1981 1987; G. Bastard 1988). The luminescence spectrum appears 

to be essentially intrinsic, in remarkable contrast with thick GaAs of 

UNNETUIV 
CF BR: 3TOL 
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comparable purity in which the transitions due to bound excitons, electron to 

neutral acceptors (e-A*), holes to neutral donors (DO-h) and donor-acceptor 

pairs (D*-A*) are usually dominant. The simpler QW luminescence may be the 

result of trapping of excitons at interface defects, which prevents the excitons 

from reaching the impurities, or from the decrease of the exciton lifetime due 

to the increase of the overlap of electron and hole wavefunction in QW, which 

increases the exciton recombination efficiency and implies that unless the 

impurity separation in the QW is comparable with the free exciton diameter, 

the free exciton recombines before it is captured by a impurity. - 

However experimental observations of acceptor related features in PL 

spectra of non-intentionally doped MBE grown GaAs/AlGaAs QW's have been 

reported. It is believed that the impurities were randomly distributed 

throughout the wells in MQW structures (R. C. Miller 1982[1]&[2] 1983; 

P. M. Pet- roff 1984), or were segregated near the invert interfaces (AlGaAs- 

GaAs interface) in the case of single and double QW structures (W. T. Masselink 

1984; M. H. Meynadier 1985). An explanation of the origin of the impurities is 

that the impurities are probably carbon which is less soluble in AlGaAs than 

in GaAs and is well known background impurity in MBE grown GaAs 

(G. B. Scott 1978). Thus , as the AlGaAs grows, an ever increasing amount of 

carbon floats at the AlGaAs-vacuum. interface. After the growth of a thick 

AlGaAs layer, a great amount of these impurities is trapped in the first few 

QW's in a MQW structure or in the first few monolayers of GaAs and results 

in interface roughness. 

Donor related emission in PL spectra has also been reported in 

nominally undoped MBE grown GaAs/AlGaAs MQW structures (B. Lambert 

1982, D. C. Reynolds 1984; P. W. Yu 1985). Very sharp extrinsic emissions of 
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donor bound excitons (D*-X) and hole to neutral donors (D*-h) were 

identified in the thick MQW structures ( LzýIOOA ) in their work. 

In this work, AMBE grown) - unintentionahy doped GaAs/AlGaAs 

MQW sample (NU210S) was examined by the low temperature CL technique. 

The layout of the sample is shown in Fig. 3-19(a). Three sets of QW's, each 

containing five wells, are separated respectively by thick AlGaAs and GaAs 

layers. The intentionally grown GaAs well widths and AlGaAs barrier 

thickness were both 51A and the Al concentration in all of AlGaAs layers was 

33%. The initial aim of studying this particular sample was to investigate the 

effect of different growth sequences on QW luminescence properties. 

4-1-1 The observation of as-itrown samt)le 

Bulk as-grown specimens were prepared by cleaving the sample along 

(110) planes. The CL observations were carried out either in the plan view 

specimens with the incident electron beam perpendicular to the sample growth 

surface or in the cross-section specimens with the incident electron beam 

perpendicular to the cleavage surface. 

A typical low temperature CL spectrum of this GaAs MQW sample, 

observed from as-grown specimens with the electron beam accelerating voltage 

at 20kV and within a period of one year after MBE growth, is shown in 

Fig. 4-1(a). One line luminescence structure, as is well understood (C. Weisbuch 

1981,1987; G. Bastard 1988), corresponds to an n-I electron-heavy hole (e-hh) 

exciton transition with the emission energy at 1.617eV. The FWHM (full width 

at half maximum) of the emission is 6meV and can be explained as a result of 

the interface roughness of one monolayer step-like islands with lateral size 

about IOOA in the QW (J. Singh 1984 and 1985). A change of QW emission 
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energy of about 10meV was observed during the study. Fluctuations of the 

GaAs QW width and AlGaAs barrier composition from place to place are 

possibly responsible. Some evidence of the latter can be deduced from CAT 

analysis in Section 3-4, where the CAT fringe fluctuation in the AlGaAs 

layers along growth direction can just be seen in Fig. 3-19(b). The fact that 

CAT fringes are related to the substrate rotation during growth implies that an 

in-plane composition fluctuation exists at the AlGaAs growth front. 

Apart from the e-hh exciton emission, we note that at the energy 

region below the QW emission there is additional luminescence. To make this 

feature clear, a spectrum was acquired at low excitation level and is displayed 

in Fig. 4-1(b). A very broad extrinsic emission band with the intensity maxima 

at energies of 21meV and 32meV below the QW emission can just be 

recognized. The energy positions, the breadth and the saturation of the 

emission at high excitation level suggest that the emission is impurity related. 

The impurity binding energy E, B can be estimated from the expression 

E, B. Exe-hh _ E, + ExB where ExB is the ground state heavy hole exciton 

binding energy, Exe-hh is the n-I e-hh exciton emission energy and Ei is the 

impurity emission energy. In this case the heavy hole exciton binding energy 

is about 9meV (G. Bastard 1989), so the impurity binding energies 

corresponding to the two intensity maxima are 30meV and 41meV 

respectively. Comparison with the theoretical predictions (see references listed 

in Section 1-3-3) and experimental results (R. C. Miller 1982[1]; R. L. Greene 

1985) of shallow impurities in QW's reported by other researchers, leads us to 

conclude that these extrinsic emissions correspond to e-A* transitions and that 

the acceptor-like impurities are situated at the interfaces and the centres of 

the wells with binding energy of 30meV and 41meV respectively. 
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For a uniform distribution of impurities in the QW, we expect that a 

peak will appear with its maximum intensity at the energy corresponding to 

an impurity at the well centre according to the density of states effect 

(G. Bastard 1981) and the high non-radiative recombination efficiency at the 

interfaces as a result of interface defects. Therefore, the fact that in this 

experiment interface impurity-related emission appeared as well as the well- 

centre impurity related emission indicates that impurity segregation to the 

interfaces occurs.. 

Substantial changes of the impurity related emission intensity and 

shape were observed after the as-grown bulk sample was left in air for more 

than a year. As is shown in Fig. 4-2, the integrated intensity of the impurity 

related emission in the CL spectrum increased from about one tenth of the 

intrinsic excitonic emission in the - previous experiment (see Fig. 4- I (a)) to 

about twice the intrinsic value. Only one peak was observed with its energy at 

33meV below the QW intrinsic emission instead of the two-peak structure in 

earlier observations. According to the above discussion, we can conclude that 

this peak energy corresponds to e-A* transitions with acceptors which are 

located at the centre of the wells. This implies that the impurity related 

emission line now resulted from a random distribution of impurities in the 

wells. 

In Fig. 4-3(a), the CL spectra of the sample for three different 

excitation powers, increasing from spectrum I to 3, are displayed. The QW 

intrinsic emission energy moved slightly towards low energy side as the 

excitation power increased probably due to an electron beam heating effect, 

while the FWIIM of the emission remained unchanged. The relationship 

between the ratio of the integrated intensity of impurity-related emission and 
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the integrated intensity of excitonic emission and the excitation power is 

shown in Fig. 4-3(b). As described in Section 1-4, the ratio is proportional to 

-rer/rir according to Equations 1-9 and 1-10, where Tir and rer are the carrier 

lifetime determined respectively by impurity related transitions and intrinsic 

transitions. The reduction of the ratio with increase of the excitation power in 

this case is due to an increase of rir as the impurity related transition centres 

become saturated at high excitation levels. As a result, the integrated intensity 

of the excitonic emission increases superlinearly with the excitation power 

see Fig. 4-3(c)). 

The reason for impurity redistribution in the wells and for the great 

enhancement in the intensity of impurity luminescence is still unknown. 

Moreover, in the observations described so far, it is impossible to distinguish 

the luminescence of each of the three sets QW's from each and hence deduce 

the impurity distribution among them since the generation volume of the 

20kV electron beam used is much larger than the QWs separations and it is 

impossible to operate the TEM at a lower accelerating voltage in our 

equipments. A lower operating voltage would reduce the generation volume 

and hence permit spatial and depth resolved CL analysis at an appropriate 

resolution. However, monochromatic CL images were acquired from a bulk 

cross section specimen and are shown in Fig. 4-4. The left half of the image 

was acquired at the impurity related emission energy 1.576eV while the right 

half was acquired at the QW excitonic emission energy 1.607eV. As you can 

see, although the three sets of QW's cannot be resolved individually, the 

impurity related emission profile is much narrower than that of the QW 

emission. Moreover the impurity related emission is concentrated at the area 

near to the surface. No conclusions can be made at this stage, but it seems 
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that the most of impurity related emission may be attributed to QW-1, which 

was grown after a thick AlGaAs layer and near to the surface (see Fig. 3- 

19(a)). High resolution CL from the cross section thin specimens has been 

done to improve the spatial resolution as will be discussed below. 

4-1-2 The Observation of Thin Cross-section SDecimens 

Thin cross-section specimens were prepared by the method described 

in Section 2-2-2. The electron beam with an accelerating voltage of l20kV 

and a probe size of about 1-0. lpm in diameter was used in the investigations. 

All observations were carried out on the thin cross-section specimens which 

were prepared before luminescence degradation occurred in the as-grown bulk 

sample. 

As is shown in Fig. 4-5, the luminescence spectrum of a thin cross- 

section specimen included both the bulk AlGaAs emission at about 1.965eV 

and the bulk GaAs emission at about 1.516eV but was dominated by the QW 

emission at about 1.607eV. This situation contrasts with what was obtained 

from bulk specimens where the bulk GaAs emission was dominant. This 

difference may result from the reduction of relative generation volume of the 

bulk GaAs layers (including the GaAs separation layer, the buffer layer and 

substrate) to the GaAs QWs for thin cross-section specimens as compared 

with bulk specimens. An additional contribution comes from the serious 

surface ion damage, introduced during specimen preparation, which almost 

quenched the CL emission from the GaAs buffer layer and substrate. We 

found that the CL intensity of the GaAs separation layer was more than three 

times higher than that of the GaAs buffer layer and substrate as a result of 

the presence of QWs on both sides of the GaAs separation layer. These QWs 
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act like potential barriers and result in a smaller effective lateral carrier 

diffusion length in the GaAs separation layer. In other words, because the 

carrier confinement effect in multilayer regions reduces the effective lateral 

carrier diffusion length and prevents carriers from reaching the surface, the 

effect of high surface non-radiative recombination, is decreased greatly. 

Another feature of the spectrum in Fig. 4-5 is that the QW intrinsic 

emission is also accompanied by a high intensity of impurity related emission. 

The impurity emission intensity is about 1.5 times that of the QW intrinsic 

emission, similar to what was obtained from the degraded, as-grown, bulk 

specimens (see Fig. 4-2). It follows that the enhancement of the impurity level 

and of the redistribution of impurities in the sample had occurred during the 

process of cross-section specimen preparation. Unfortunately, this degradation 

effect eliminates the possibility of investigation by this method the effect of 

different growth sequences on the luminescence properties of QW's. However, 

some aspects of the native quality of the QVrs can be deduced from the study 

of the degraded specimens. 

To determine the distribution of impurities among the QW's, we 

obtained three CL spectra by pointing a focused electron beam at each of the 

three sets QW's in turn. In Fig. 4-6, spectrum(a) corresponds the CL emission 

acquired from QW3 which was grown immediately after the GaAs buffer 

layer and separated from QW2 by a thick GaAs layer. As -a result of the lower 

potential energy in the GaAs none of the excess carriers, which were 

generated in the GaAs adjoining QW3 by the electron beam were able to spill 

over into the QWs. Hence the luminescence from QW3 shown in spectrum(a) 

was uncontaminated by carrier diffusion from else where in the structure. The 

integrated intensity of the impurity emission for QW3 is about one tenth of 
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the value of the intrinsic emission. This is consistent with the average 

impurity level in the un-degraded, as-grown, bulk sample and indicates that 

no degradation occurred in QW3. The origin of these impurities may be 

residual impurities in the growth chamber or on the substrate surface. 

Spectrum(b) and spectrum(c) in Fig. 4-6 correspond respectively to the CL 

emission acquired by directing the electron beam at QW2, which was grown 

immediately after the GaAs separation layer, and to QWI, which was grown 

immediately after a thick AlGaAs separation layer. The degradation of the 

QW luminescence is obvious and the integrated intensity of impurity emission 

is about one and half times the value of the intrinsic emission from QW2 and 

three times the value of the intrinsic emission from QWL However, since the 

two sets of QW's were separated by a thick AlGaAs layer where the carriers 

have a higher potential energy some of the excess carriers created in this 

region are likely to diffuse into the adjoining quantum wells where they will 

recombine. Considering this effect, it is possible that a considerable proportion 

of the impurity emission apparent in spectrum(b) from QW2 is in fact a spill 

over from QWL When the beam is directed at QW2 a certain amount of the 

excitation is inevitably created in the AlGaAs separation layer. Some of this 

excitation will diffuse to QWl giving luminescence characteristic of QWI 

although apparently arising from QW2. On the other hand, the intrinsic 

emission shown in spectrum-(c) for QWI can be partly from the QW2 intrinsic 

emission. This assumption also explains why no significant FWHM broadening 

of QW intrinsic emission accompanying X4 the high impurity emission was 

detected in our experiments, which is in contrast to the general results 

reported by other researchers. Therefore, the above discussions may lead us to 

conclude that the luminescence degradation mainly occurs in QWL 
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The uneven distribution of impurity emission among the QW's rules 

out the possibility that it results from, contamination of the free surfaces 

during thinning. Both room temperature and liquid nitrogen temperature ion 

thinning were applied in specimen preparation and only slight differences in 

the impurity emission intensity were observed. This result implies the 

specimen heating effect due to ion beam bombardment was negligible. * The 

effect of epoxy used in specimen preparation was tested by spreading it over 

the growth surface of an as-grown bulk specimen prior to low temperature CL 

observations. Due to surface tension, many epoxy droplets were formed on the 

specimen, surface and were easily recognized in secondary electron images. A 

typical CL spectrum from a droplet free area is shown in Fig. 4-7. It is 

undoubtedly the case that the luminescence degradation occurred ý because of 

application of the epoxy. By pointing the electron beam towards droplets. a 

series of spectra similar to Fig. 4-6 have been obtained. This can be explained 

by consideration of the electron penetration. As is schematically shown in 

Fig. 4-8, the increased epoxy thickness on the specimen surface decreased the 

penetration depth of the electron beam into the sample. This conclusion was 

confirmed experimentally by investigating the electron beam energy 

dependence of this phenomenon. No further degradation was observed after 

the specimens were left in air for more than one year. 

4-1-3 Discussion 

As described above, the greatest increase of impurity emission 

intensity was observed in QWl of the sample. It is natural to conclude that 

this increase was the consequence of an increase of the number of impurities 

in the QW's. Since the QW1 was 
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situated near to the sample surface, impurity diffusion from the sample 

surface is the most likely explanation for the increase in the number of 

impurities in the QWs. However, it is hard to believe that the impurity 

diffusion could occur to a depth of 1000A in a perfect crystal which had been 

maintained at room temperature for about one year apart from a few minutes 

of exposure to the epoxy at 100*C. On the other hand, this increase could also 

be explained by an increase of the intrinsic recombination lifetime in 

comparison with the extrinsic one in the QWs. It has been reported that 

electric field induced band bending reduces the overlap between the electron 

and hole wavefunctions in QWs. This will decrease the intrinsic recombination 

efficiency of the QWs (H. J. Polland 1985 [1] [2]; G. Bastard 1988). In this case, 

it is possible that the surface fields were induced by the presence of the 

epoxy, and created band bending penetrating into the QWl region. This would 

cause a quenching effect on the intrinsic emission thereby enhancing the 

impurity emission, providing that there are impurities in the QWs. Since the 

QW1 was grown after a thick AlGaAs layer, a high impurity level was 

expected according to the discussion at the beginning of this section. 

Whatever is the real reason for the enhanced impurity emission, the 

fact that it was not observed in other different samples which were subjected 

to exactly similar preparation procedures implies that there must have been 

some native lack of quality of the QWI which was responsible for this 

enhancement of impurity emission. 
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4-2 CL Images and Line-scans of Samgle NU210S 

A monochromatic CL image acquired from a thin cross-section 

specimen of sample NU210S at the energy corresponding to the QW exciton 

emission is displayed in Fig. 4-9 (a) together with the TEM image of the same 

sample for comparison in Fig. 4-9 (b). Due to the effect of carrier confinement 

in the separate sets of quantum well, which was essential in achieving the 

high resolution of the CL image, the three sets of QW's are clearly resolved. 

As is shown in the CL line scan profile parallel to the growth direction in 

Fig. 4-9(c),, the QW2 and QW3 are very well resolved since they are separated 

by a thick GaAs layer ( 3500A ) and the intensity of the QW emission almost 

reached zero at the middle of the GaAs separation layer. In this case, the CL 

image resolution was determined only by the electron beam probe size and 

beam broadening; carrier diffusion does not need to be considered, since the 

band gap of bulk GaAs is less than that of the QWs. However, as QWl and 

QW2 were separated by a thick AlGaAs layer, a low level of QW emission was 

detected even when the electron beam was directed at the middle of the 

AlGaAs separation layer. Note that the thickness of the AlGaAs layer was the 

same as that of the GaAs layer but in this case, the C1 image resolution was 

affected by the carrier diffusion length as well as the beam size and beam 

broadening. 

Note that the apparent distance between the QW1 and QW2 in the CL 

image was less than that between QW2 and QW3 although they were in fact 

equally separated as was evident from the TEM image. This apparent 

discrepancy is a consequence of the fact that the carriers created in the 
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AlGaAs separation layer diffused into and were captured by the adjacent QWs 

where they recombined. This effect is further confirmed by the shrinkage of 

the CL image of the AlGaAs separation layer ( see Fig. 4-10(a) ) in comparison 

with that of the GaAs separation layer ( see Fig. 4-10(b) ). In the point source 

approximation it is possible to calculate the expected CL line scan profile 

between QW1 and QW2 as shown in Fig. 4-9(c) as dashed line. An exponential 

distribution of. the excess carriers and the linear relationship of the CL 

intensity to the excess carrier concentration was assumed. The carrier 

diffusion length was taken as 1000A. For a more accurate fit, a more realistic 

generation function has to be taken into account. The weak image intensity in 

CL image for QWI is due to its high extrinsic emission. 

Fig. 4-11 shows the beam accelerating voltage dependences of the CL 

integrated intensity of the AlGaAs bulk emission, GaAs QW emission and 

GaAs bulk emission for voltages between 20kV and lOOkV. As you can see, 

the increases of the emission intensity of the AlGaAs bulk and the GaAs QW 

with the increase of the voltage were very slow in comparison with the 

emission intensity of the GaAs bulk. This may be because the increase in the 

number of excess carriers resulting from the increase of electron voltage was 

largely compensated by the decrease of generation dose within the surface 

layers of GaAs and AlGaAs- 

4-3 CL of Samole NU305 

The capture of electrons and holes by the quantum wells from their 

barriers is shown by the usually small luminescence from the barrier layers as 

compared to the QW luminescence. The carrier capture processes have been 
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studied both experimentally ( E. O. G6bel 1983; H. J. Polland 1988; B. Deveaud 

1988; U. Cebulla 1989 ) and theoretically (I. A. Brurn 1986,1987 ). The most 

commonly'used technique was time resolved measurements. 

in this experiment, the dependence of the luminescence efficiency, 

related to the capture of carriers by the QW, on barrier thickness was studied 

using the double QW structure shown in Fig. 4-12. The sample used ( NU305 ) 

contained a series of GaAs/AlGaAs double QW's with well widths of 59A and 

barrierthickness varying from 25A-305A separated by thick GaAs layers ( 

3000A ). Low temperature CL observation was carried out in a thin cross 

section specimen. The typical CL spectrum from these double QW structures is 

shown in Fig. 4-13, which was acquired from the double QW with barrier 

thickness of 305A. The exciton emission peak is at 1.583eV and FWHM of the 

peak is 6meV. No significant variations of peak position or FWHM were 

detected for the double QW's with different barrier thickness. 

However, the CL integrated intensities of these double QWs increase 

superlinearly with increasing barrier thickness, as is displayed by open circles 

in Fig. 4-14(a) . If the capture of carriers by each of these QW's from their 

barriers were the same, then the CL emission intensities of these QW's should 

increase linearly with increasing barrier thickness since the number of carriers 

available for capture is proportional to the barrier thickness ( see the solid line 

in Fig. 4-14(a) ), i. e. the volume effect. Hence, deviation from a linear 

relationship between the CL emission intensity and barrier thickness implies 

that the capture of carriers by QW's changes with barrier thickness. In Fig. 4- 

14(b), the evaluated CL intensity of these double QW structures after 

excluding the volume effect is plotted as a function of the barrier thickness. 

The low luminescence intensities from the QW's with thin barriers is due to 
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the onset of tunnelling of carriers across the barriers. This causes the reduced 

carrier capture by the QWs and the increase of the carriers captured by the 

separation layers. It is evident that some carriers generated within the wells or 

the central barrier were able to tunnel across the outer barriers to be captured 

by the GaAs separation layers. The tunnelling phenomenon across barriers, 

when the barriers were thin enough, was also demonstrated in the CL line 

scan profile of the GaAs bulk emission taken from a thin cross section 

specimen prepared from another sample (NU210S). As can be seen from 

Fig. 4-15, the emission intensity reaches a maximum in the GaAs separation 

layer and towards the right of the profile it decreases to reach a plateau as the 

electron beam scans into the GaAs buffer layer and substrate. Towards the 

left of the profile, instead of a smooth exponential decrease to zero, it forms a 

little shoulder at a position corresponding to the AlGaAs separation layer. 

Since the region between the AlGaAs and GaAs separation layers was 

occupied by a set of 5 QW's with both well widths and barrier thickness of 

50A, the only reason for the appearance this shoulder is that carriers 

generated in the AlGaAs layer tunnelled across the set of QWs ( QW2 ) and 

were captured by the GaAs layer leading to GaAs bulk emission. 

The effect of changing well width on luminescence efficiency has also 

been studied in a sample which contains four single quantum wells with 

barrier thickness of 300A and well widths varying from ISA to 100A. As is 

shown in Fig. 4-16(a), the open circles indicate the measured integrated CL 

intensities for the single QWs of different well width while the solid line 

represents the volume effect on the CL intensity taking no account of the 

effect of carrier confinement on luminescence efficiency. Excluding the 

volume effect, the dependence of the modified CL intensity, which is related 
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to the luminescence efficiency, on well width is shown in Fig. 4-16(b). A great 

increase of CL intensity was observed with decreasing well width. Due to the 

carrier confinement effect the overlap of electron and hole wavefunctions 

increases as the well width decreases and this results in the enhancement of 

carrier recombination efficiency which is responsible for the remarkable 

increase of CL intensity. 

In conclusion, by studying the dependencies of the CL intensity on the 

barrier thickness and the well widths in QW structures we have demonstrated 

that the capture ability of carriers by QWs from the barriers is increased with 

increasing barrier thickness and that the carrier recombination efficiency is 

enhanced as the well width is reduced. 
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Fig. 4-1 Typical CL spectrum from a bulk a5-grown specimen of 
sample NU210S acquired at normal electron beam excitation level 
(a) and lower electron beam excitation level within a period of one 
year after NBE growth. 
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Fig. 4-2 A CL spectrum from a bulk as-grown sample (NU21 OS) 
acquired after it was left in air for more than one year. 
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Fig. 4-3 (a) The CL spectra of sample NU210S for three different 
electron beam excitation power, increasing from spectrum I to3. 

(b) The dependence of the ratio of the integrated intensity of 
impurity-related emission and intrinsic emission on electron beam 
excitation power. 

(c) The dependence of the integrated intensity of the intrinsic 
emission on electron beam excitation power. 
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Fig. 4-4 Monochromatic CL image from a bulk cross-section 
specimen of sample NU2 1 OS. The left half of the image was acquired 
at the impurity-related emission (I 

. 
576eV) and the right half of the 

image was acquired at intrinsic emission (1 b07eV). 
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Fig-4-5 CL spectrum from a thin cross-section specimen of sample 
NU210S, including bulk AlGaAs emission at high energy side of the 
spectrum and bulk GaAs emission at low energy side. 
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Fig. 4-6 CL spectra from QW3 (a), QW2 (b) and QW1 (c) of a thin 
cross-section specimen of sample NU2 I OS. 
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bulk specimen (sample NU210S) with its surface being contaminated 
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Chapter 5 The CL Study. of GaAsIAIGnAs SOW 

In this chapter, the effects are discussed of growth interruption on the 

interface smoothness of MBE grown GaAs/AlGaAs 'single quantum well 

structures. High resolution TEM-CL images were obtained from the SQW 

structure grown with interruptions which showed local bright and dark 

regions. This contrast effect is the result of monolayer changes in the 

thickness of the QW. Studies of the dependence of the PL spectra on the 

sample temperature were also carried out on the SQW structures with and 

without growth interruption and the experimental results are reported in 

Section 5-2. Then in Section 5-3, an investigation is presented of the impurity 

distribution around a particular type of oval defect by TEM and TEM-CL. 

Finally, the results are described of examination of free standing quantum 

dots samples by STEM-CL. 

CL of GaAs/AlGaAs SQWs Grown With and Without Interrut)tion 

Interfaces play an important role in many heterostructure devices that 

require thin layers and abrupt interfaces, such as quantum well lasers and 

quantum well light emitting diodes. In the MBE growth technique, which is 

widely used in growing GaAs/AlGaAs QW structures, it is well-known that 
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the growth is principally a two-dimensional monolayer-by-monolayer process, 

but irregularities occur. In Fig. 5-1 the formation of the first two monolayers 

of GaAs (left) with the corresponding reflection high energy electron 

diffraction (RHEED) oscillations (right) is presented in real space (B. A. Joyce 

1997). According to an over simplified interpretation there are maxima in 

reflectivity for the initial and successive smooth surfaces and minima for the 

intermediate stage when the growing monolayer is approximately half 

complete. As growth continues, a gradually damping of the maximum 

amplitude of the oscillation occurs due to im-perfect two-dimensional 

monolayer growth which results in a surface roughness statistically distributed 

over two or more incomplete monolayers. As a result, an interface formed on 

such a surface by continuous growth is not atomically abrupt. It is therefore 

expected that by introducing interruption in the growth prior to initiation of 

the interface formation, so as to provide sufficient time for surface atom 

migration, more smooth surfaces and more abrupt interfaces can be obtained. 

This has been directly shown by the studies of RHEED and PL 

spectroscopy. In RHEED, the recovery of the diffraction intensity upon 

growth interruption has been observed and indicates the smoothing out of 

local roughness of the surface (J. H. Neave 1983; A. Madhukar 1985; H. Sakaki 

1985; F. Voillot 1987; M. Tanaka 1988). Compared with the structures grown 

without interruption, the line-shape obtained by PL spectroscopy of 

GaAs/AlGaAs QW structures grown with interruption exhibited important 

changes (T. Fukunaga 1985; H. Sakaki 1985; D. Bimberg 1986; R. C. Miller 1986; 

B. A. Wilson 1986). The changes, which take the form of fine structure or the 

splitting of PL peaks, are related to the formation of the regions with well 

widths differing by one monolayer (ML, 2.83A) steps, with lateral size large 
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compared to the exciton diameter, as is schematically shown in Fig. 5-2 

(D. Bimberg 1986). In Fig. 5-2(a), the average interface terrace size is smaller 

than the exciton diameter at both interfaces so that an unresolved emission 

peak is obtained corresponding to the well-width which is not an integral 

number of MLs. In Fig. 5-2(b) the interface terrace size is larger than the 

exciton diameter, due to the growth interruption, so that three discrete 

emission peaks are obtained corresponding to well widths differing by one ML 

step and smoothing of both interfaces is assumed. In fact the smoothing 

process at the GaAs surfaces and AlGaAs surfaces are not equivalent due to 

less efficient migration-of Al atoms on the AlGaAs surface (M. Tanaka 1988; 

D. Bimberg 1987). Increased impurity incorporation in the QVs was also 

reported (D. Bimberg 1987), as a result of growth interruption. 

In these experiments, a series of four samples were studied by CL and 

PL. All samples were grown in a MBE system on an undoped SI GaAs (100) 

substrate and they each contain four single quantum-wells. As is shown in 

Fig. 5-3, 'four SQWs with different well widths (Lz) were grown between 

iOOOA AlGaAs cladding layers over a 5000A GaAs buffer layer. The nominal 

Lz's were 15A, 25A, 50A and 100A. The wells were separated by 300A 

AlGaAs barriers and the Al content of all the AlGaAs layers was 37%. The 

four samples 86004,86005,86048 and 86049 were grown respectively without 

growth interruption, with growth interruption at each interface, with growth 

interruption at the AlGaAs-GaAs interface i. e. AlGaAs surface and at the 

GaAs-AlGaAs interface i. e. GaAs surface only. The duration of interruption 

was 2min. PL and PLE experiments of these samples have been carried out by 

others (C. W. Tu 1987; B. A. Wilson 1986; R. C. Miller 1986), here we report CL 
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spectra results from both bulk and thin specimens of these samples and the 

temperature dependent PL experimental results (see Section 5-2). 

Fig. 5-4 shows a CL spectrum of the sample 86004 which was grown 

continuously. Corresponding to the four single quantum wells with nominal 

well-widths of 15,25,50 and IOOA, four unresolved peaks'were observed at 

1.821.1.726,1.614 and 1.55leV. These peaks come from n-I e-hh exciton 

emission and indicate that the interface terrace sizes were smaller than the 

exciton diameter (Pj300A). The FWHM of these peaks are 15,12,6 and 2meV 

respectively. The increase of the FWHM with the decrease of well-width 

results from the comparatively larger effects of well width fluctuation and 

barrier layer alloy composition disorder for narrower wells (J. Singh 1984, 

1985). For the sample 86005, which was grown with interruption at both 

interfaces, significant changes in the CL spectrum were observed, as is 

displayed in Fig. 5-5. For the well with nominal width of IOOA and major 

emission peak at 1.548eV, no visible changes were noted since interface 

roughness - has little effect on the luminescence line-shape at the present 

spectral resolution. For the well with nominal width of 50A. apart from the 

main emission peak at 1.602eV, fine structures appeared on both high and low 

energy sides of the main peak due to growth interruption. A dramatic 

decrease of FWHM from 6meV in the case of continuous growth to 2meV was 

obtained. The fine structures are poorly resolved and are difficult to analyze. 

However, as the change of the exciton emission energy due to the difference 

of well width by one monolayer step increases with decreasing well width, we 

will concentrate on studies of the spectra obtained from the narrower wells 

with nominal widths of 25A and 15A. The dominant emission peak at 1.696 

and its FWHM of 5meV was observed for the well with nominal width of 
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25A. The FWHM was reduced greatly in comparison with 12meV for the 

continuously grown quantum-well. On the high energy side of the main 

emission line a' well resolved, weak emission peak appeared at 1.73leV while 

on the low energy side the additional structure was relatively poorly 

resolved. A temperature dependent PL study revealed that increased 

impurity incorporation within the quantum-well, due to growth interruption, 

was mainly responsible; this will be discussed in next section. For the well 

with nominal width of 15A, the single emission peak of the continuously 

grown sample split into two discrete peaks (at 1.803eV and 1.775eV) in the 

case of growth interruption. The FWHMs were reduced from l5meV to 

10meV. A careful study of the energy differences between these split peaks 

by PL and PLE determined that the corresponding well widths differed by 

one monolayer step (C. W. Tu 1987; B. A. Wilson 1986; R. C. Miller 1986). The 

appearance of the additional emission peaks and the reduction of FWHM of 

the main emission lines in growth interrupted samples indicate that smoothing 

of the interfaces occurred and that the interface terrace lengths were larger 

than the exciton diameter. The splitting of the emission lines into doublets 

rather than triplets (Fig. 5-2) suggests that the terrace length is larger than the 

exciton size at only one of the two QW interfaces. This interface is very likely 

to be the GaAs-AlGaAs interface, as it is well known that the inverted 

interface, i. e. the AlGaAs-GaAs interface, is much rougher than the GaAs- 

AlGaAs interface. 

By the comparison of the luminescence results from the two specimens, 

the model of the AlGaAs-GaAs interfaces as much more smooth after growth 

interruption than the same interfaces during continuous growth is confirmed. 

Apart from a slight decrease of FWHM of the emission peaks the sample 
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(86049) which was grown with interruption only at the GaAs surface revealed 

no other changes of CL spectrum in comparison with the results from the 

sample without growth interruption. In contrast, the sample (86048) which was 

grown with interruption only at the AlGaAs surfaces revealed noticeable fine 

structure in the CL spectrum, as is shown in Fig. 5-11. The smaller effect of 

growth interruption at the GaAs-AlGaAs interface rather than at the AlGaAs- 

GaAs interface suggests that the GaAs-AlGaAs interface may be atomically 

smooth even in the case of continuous growth. Failure to observe any fine 

structure from sample 86049 is the result of rather rough AlGaAs-GaAs 

interfaces leading to very broad overlapping emission lines. The reduction of 

the roughness of the AlGaAs-GaAs interfaces as a result of the interrupted 

growth of sample 86048 decreases the FWHM of the emission lines so that the 

fine structures resulting from the well-width fluctuations can possibly be 

distinguished. 

For the PL and CL spectra from a very large area of the sample with 

growth interruption at each interface, if the exciton thermalization effect were 

excluded, the relative intensity of the split peaks would reflect the average 

ratio of the regions of different well-width of monolayer differences 

thickness. No important changes in relative intensiiy of the split peaks were 

observed during bulk CL experiments on specimens of the sample 86005. This 

implies that the interface terrace size is much smaller than the dimensions of 

the generation volume which was about 5jum or more. On the other hand, 

significant changes in relative intensities of the -split peaks were observed by 

moving a focused electron beam from place to place while performing CL 

experiments on thin specimens, from which the substrate and the buffer layer 

had been etched away by selective etching. This phenomenon suggests that the 
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interface terrace size was comparable with the generation volume size which 

was about Ipm in this case. 

The spectral resolved CL imaging technique was also employed in 

these experiment to further develop and explore the work of others 

(P. M. Petroff 1987; D. Bimburg 1987). By this means it is possible to show 

direct images of regions where the interface terraces are approximately flat on 

the monolayer scale in the sample with growth interruption at both interfaces. 

The difference between our experiments and the others is the relatively high 

spatial resolution of our CL images, as we performed them on electron- 

transparent thin specimens. As discussed the two discrete peaks from the 

growth interrupted well with nominal thickness of 15A correspond to regions 

where its well-width varies by one monolayer. The highly complementary 

nature of the images obtained is shown in Fig. 5-6. Image (a) was acquired at 

an emission energy of 1.803eV, corresponding to a well-width of LZ-a/2 

(a/2=2.83A is the thickness of one monolayer); image (b) was acquired at an 

emission energy of 1.775eV, showing the regions with well width of Lz, 

image (c) in Fig. 5-6 is displayed as the reversed contrast of image (a) to bring 

out the similarities. The sharper contrast of the image (a), bright regions of 

which correspond to regions with narrower well width than in image (b), 

indicates that there is more efficient carrier confinement in the thicker 

regions of the single quantum well. In an attempt to estimate the dimensions 

of the interface terraces, the width of the bright regions observed in image (b) 

in Fig. 5-6 on a scale of sýslprn give an upper limit since the image resolution 

is affected by the carrier diffusion length. Less contrast and less 

complementary images were obtained for the well with nominal width of 25A, 

as is shown in Fig. 5-7. The more uniform contrast of image (b) in Fig. 5-7, 
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which was formed from the strongest emission line corresponding to regions 

with wider well width LZ9 may be the consequence of a large predominance 

of thick regions. Because of the limitation of spectral resolution the CL images 

for the well with nominal width of 50A failed to show any similar contrast 

effect. 

LACBED patterns and quantum well diffraction contrast images, as 

described in Chapter 3, have been used in an attempt to correlate these results 

with the images obtained by CL. A typical LACBED pattern from a plan- 

view thin specimen of the sample which was grown with interruption at both 

interfaces (86005) is shown in Fig. 5-8. Unfortunately we failed to observe any 

contrast in dark field 200 images which resembled the interface terraces 

observed in CL images. As the pattern in Fig. 5-8 cannot be explained by the 

simple discussion based on kinematic diffraction presented in Chapter 3 the 

quantum well diffraction sidebands cannot be identified with diffraction from 

the single quantum wells. The failure to see relevant dark field contrast might 

be due to this difficulty. 

5-2 Temerature-Degendent PL of the GaAs/AlGaAs SQWs Grown With and 

Without InterruDtion 

Standard PL experiments were performed on the samples 86004 and 

86005 of which detailed structures were described in the previous section. The 

samples were mounted in a variable temperature He gas cryostat. The PL 

spectra were measured in the temperature range of 4- 150*K by use of a 514.5 

nm (2.4leV) line from an Ar+ ion laser with an excitation density of about 

3rnvl/cm? - and a probe size of about I mnI2 diameter. 
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Examples of the PL spectra obtained in the temperature range of 4- 

100*K from the 15A and 25A single QW's in growth interrupted sample are 

presented in Fig. 5-9. A significant change of the spectra occurred as the 

temperature was increased in steps up to 100*K. The spectra obtained at 

temperatures lower than 40*K were qualitatively similar to the low 

temperature CL spectra from the same sample. For the higher temperatures, 

although the total PL intensity decreased with increasing temperature, the 

relative intensity of the high energy peaks, at 1.792eV for the 15A well and 

1.699eV for the 25A well, increased substantially. The high energy peak 

started to dominate the well emission at 60*K for the 15A well and at IOOOK 

for the 25A well became comparable with that of , the major peak at low 

temperature. This effect was caused by the thermalization of carriers from 

thicker regions of the wells to the narrower regions. In contrast, the intensity 

of the weak low energy side- structure in the 25A well emission decreased 

slowly with increasing temperature and completely disappeared 'at IOOOK. 

This different thermalization behaviour indicates an extrinsic nature since if 

the emission were intrinsic, its intensity, due to the carrier thermalization 

effect, should decrease rapidly when the temperature was increased. We also 

notice that the shape of the main emission peak at 1.766eV for 15A well is 

asymmetric and that it has a large FWHM. The extrinsic component of the 

high energy peak at 1.792eV may be responsible. Similar results have also 

been'obtained by others (E. S. Koteles 1986; D. Bimberg 1986). 

The temperature dependence of the PL peak energy of QW structures 

has been compared with that of bulk GaAs (T. Hayakawa 1988), with the band 

gap of GaAs (D. S. Jiang 1988, W. K. Ge 1987) and with that of excitation ( or 

absorption ) spectrum. The difference between the PL peak energy and its 
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corresponding excitation ( or absorption ) peak, which is commonly known as 

a Stokes shift, is attributed to the trapping of free excitons at interface 

defects. This shift is often used as a quality standard during QW structure 

characterization. Because the Stokes shift decreases as the temperature 

increases due to the thermalization of bound excitons and the change of the 

excitation peak energy with temperature simply follows the GaAs band gap 

(Eg), temperature dependent PL experiments can be used for evaluating the 

quality of QWs if the temperature dependence of Eg is taken as a reference. 

In Fig. 5-10 the temperature dependencies of the n-l e-hh exciton emission 

energies of the four single QWs in sample 86004 are plotted. The variation of 

Eg with temperature is also presented in the same figure as curve e (S. M. Sze 

1981). At temperatures above 40*K, the behaviour of the peak energies of the 

four QWs followed Eg quite closely. But 0-5meV blue shifts of these peak 

energies were observed as the temperature increased from 4*K to 20'K. This 

results are similar to those obtained by Delalande (1985). These blue shifts are 

associated with the thermalization of bound excitons. At very low temperature 

free excitons are trapped at the interface defects before they recombine so 

that bound-exciton emission peaks are obtained. When the temperature 

increases detrapping of these bound excitons occurs and higher energy free 

exciton emission is observed. Moreover, we notice that the blue shift was 

well-width dependent and increased as the well width decreased. Since these 

well were grown under almost identical conditions so that wells of very similar 

quality would have resulted, this well- width dependent phenomenon indicates 

that the binding energy of free excitons at interface defect was well-width 

dependent. Similar, results were obtained for sample 86005, but the value of 



73 

the blue shift was decreased for all the wells. This result is evidence of the 

improvement of interface quality by introducing growth interruption. 

5-3 The Study of Oval Defect in GaAs/AlGaAs SQW 

Microscopic surface defects, so called *oval defects" are commonly 

observed in GaAs and AlGaAs layers grown by MBE. So far, studies have 

been focused on the characterization of such defects, and the determination 

of their origins. These observations show that defects are generally elongated 

along the (110) directions. It is known that the origin of these defects are 

related to a number of factors arising out of the systems employed and the 

growth conditions used (S. Matteson 1986; K. Nanbu 1986). As a result, there 

are a number of different oval defects and many of these have now been 

identified. A recent thorough classification has been given by K. Fujiwara et al 

( K. Fujiwara 1987). However, in this work we have studied a particular type 

of oval defect in an MBE grown SQW sample (86048) with the detailed 

structure shown in Fig. 5-3. TEM-CL and TEM investigations were carried out 

on a selectively etched, thin, plan-view specimen. The four single quantum 

wells contained in the specimen, which have well-distinguished emissions, 

allowed us to study each separately by CL. 

Fig. 5-11 shows the CL emission from an unfaulted area. The four 

peaks at 1.800eV, 1.70eV, 1.65OeV and 1.540eV in the spectrum are attributed 

to the four single quantum-wells with nominal widths of 15A, 25A, 50A and 

100A respectively. The line widths for the narrower wells are greater than 

those for the wider wells due to the larger effects of interface roughness and 

barrier composition fluctuations for the narrower wells as has been discussed 
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in previous section. The TEM bright field image of a typical oval defect 

observed in our experiment is shown in Fig. 5-12. Detailed studies show that 

the core area of the defect is misorientation crystal and the longer oval axis is 

along the [100] direction. This is not the usual sense of elongation for oval 

defects found by other researchers (S. Matteson 1986; K. Nanbu 1986; 

K. Fujiwara 1987). As we can see, some twins and dislocations surround the 

core of the defect. At the core of the oval defect, the CL emission is totally 

quenched due to the high concentration of non-radiative recombination 

centres created by the highly faulted crystal. The CL emission from the area 

around the core of the defect (faulted area) where the crystal structure is 

unfaulted is shown in Fig. 5-13. The relative intensities of the spectra in 

Fig. 5-11 and Fig. 5-13 have been adjusted for easy comparison. The 

differences between the spectrum from the unfaulted area and the spectrum 

from the faulted area are obvious. The studies of the differences for the four 

single QW's have been performed separately. The results show a gradual 

decrease of the differences in going from the 100A well, which was grown 

first, to the 50A well, the 25A well and the 15A well, which was grown last. 

In particular the emission of the 15A well was almost unchanged between the 

unfaulted and faulted areas, as is shown in Fig. 5-14 where spectrum (a) was 

obtained from the unfaulted area and spectrum (b) was from the faulted area. 

However, significant changes have been observed between the 

emissions of the IOOA well acquired from unfaulted and faulted areas, as is 

shown in Fig. 5-15. Spectrum (a) in Fig. 5-15 is from an unfaulted area. The 

main peak at 1.54leV corresponds to the QW n=1 (hh-e) excitonic emission; 

the smaller peak on the high energy side of the main peak is from the 

recombination of (lh-e) excitons. Spectrum (b) is from the faulted area. The 
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dramatic decrease of intrinsic emission intensity in the spectrum is due to the 

appearance of impurities and non-radiative recombination centres in the area. 

A slight shift of the intrinsic emission towards the low energy side may result 

from defect-related strain, or distortion of the well-width or the barrier layer 

composition at the vicinity of the defect. Some extra structure also appears on 

the low energy side of the main QW emission. The broad continuous line 

shape of, extra structure is considered to be related to the distribution of 

impurities along the growth direction rather than different species of 

impurities as has been discussed in Chapter I and 4. The position of the low 

energy end and 'high energy end of the broad structure correspond to 

impurities with ionization energy of about 29meV and 18meV respectively. 

According to previously detailed discussions, we believe that this broad 

structure is acceptor-like impurity related emission and the impurities with 

ionization energy of 18meV were sitting at interfaces while the impurities 

with ionization energy of 29meV were distributed near the centre of the wells. 

The fact that emission associated with interface impurities is present in the 

broad impurity-related emission band implies that segregation to the interfaces 

has occurred. The results indicate a considerable accumulation of impurities in 

the IOOA well around the core of the defect. This uneven distribution of 

impurities along the growth direction implies that the residual impurities in 

the growth system were mainly trapped in the first well to be grown. These 

experiments were not able to address the question of whether the impurities 

came from the core of the defect or rather by general accumulation at the 

defect. 

By applying the CL monochromatic image technique, we have studied 

the lateral distribution of impurities in the wells around the defect. The 
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results for the IOOA well are presented in Flg. 5-16. The TEM image of the 

same area is shown in Fig. 5-16(d). The CL image in Fig. 5-16(a) was formed 

by choosing the QW intrinsic emission. The strong emission only appeared at 

regions (bottom left) remote from the defect. Fig. 5-16(b) and Fig. 5-16(c) 

show respectively the CL images formed from the interface impurity emission 

and well centre impurity emission. As we can see, the impurities sitting at the 

centre of the well are restricted to the area very near to the core of the 

defect, whereas those sitting at the interfaces have a much wider distribution 

around the defect. This suggests that interfaces are possible channels for 

impurity diffusion while the well centre position only becomes occupied when 

the impurity concentration increases no matter how the impurity- diffusion 

occurs. 

5-4 Studies of A]GaAs/GaAs Quantum Dots 

As described previously, large changes of the optical and transport 

properties have been observed between three-dimensional bulk materials and 

two-dimensional quantum well structures. One expects new physical 

phenomena to emerge if the dimension of the materials can be reduced 

further. In Fig. 5-17 the changes of the energy dependent density of states in 

going from a three-dimensional bulk system to a two-dimensional quantum 

well structure, a one-dimensional quantum wire and a zero- dimensional 

quantum dot are shown ( A. Forchel 1988 ). In contrast to the parabolic density 

of states function for the three-dimensional system, a discrete series of states 

is obtained for the extreme case of a zero dimensional quantum dot. At the 

approximation of infinite potential barriers, the confinement energies for an 
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electron or a hole in a rectangular shape quantum dot can be given as 

W. Y. Wu 1987 ) 

7r2 h2 n12 n2 2 n3 2 

E= --+-+-) ni= 1,2,3,5-1 
2 m* LX2 Ly2 LZ2 

where m* is the effective mass of an electron or a hole; E is the 

confinement energy measured upward from the bottom of the conduction 

band or downward from the top of the valence band and Lx9 Ly and Lz are 

the lateral sizes and the vertical size of the quantum dot respectively. The 

ground state sub-band of the electrons in the conduction band or the holes in 

the valence band corresponds n, -I. 

Generally speaking, two different methods have been applied to 

produce the quantum dots from quantum well structures. By a combination of 

ion -implantation -induced interdiffusion in QW structures with high resolution 

electron beam lithography, buried quantum dots can be formed (J. Cibert 1986, 

1987; P. M. Petroff 1987; A. Forchel 1988), as is schematically shown in Fig. 5- 

18. On the other hand, by the application to the quantum well structures of 

electron-beam lithography patterning and dry etching free-standing quantum 

dots can be fabricated (see Fig. 5-19). The results of luminescence studies of 

etched AlGaAs/GaAs quantum dots are inconsistent so far. Due to the 

sidewall surface damage induced during the etching process, a high surface 

recombination velocity is expected. In addition there will be a surface layer 

depleted of carriers. A degradation of luminescence efficiency was observed as 

the lateral size of the dots approached the carrier diffusion length (sulpm) 

(A. Forchel 1988; E. M. Clausen 1999) and a depletion layer with depth of 100- 
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150nm at the sidewall surface was obtained by optical measurements 

(A. Forchel 1988) and magnetotransport measurements (T. Demel 1989). 

However, another study has claimed no degradation of luminescence 

efficiency occurred in etched quantum dot structures with the lateral sizes of 

the dots as small as 40nm (K. Kash 1986; H. Arnot 1988). 

In this experiment, the AlGaAs/GaAs quantum dots were formed from 

the quantum well structure shown in Fig. 5-20. This contained four single 

quantum wells with GaAs well widths of 50A, 100A, 200A and SOOA and 

AlGaAs barrier thickness of 340A. The free-standing quantum dots were 

produced by electron beam lithography patterning and reactive ion-etching 

using either silicon tetrachloride (S'C'4) or methane/hydrogen (CH4/H2). The 

etching depth was varied from 800A to 1200A, whichiensured that the 50A 

and IOOA wells were formed into dots. Dots with diameters between 60nm and 

0.5pm have been studied. When the dots were examined in an SEM patterning 

defects were discovered. Fig. 5-21 shows some examples for the case of the 

300nm dot array. In STEM the dots could also be recognized in secondary 

electron images, although the image quality was very poor in comparison with 

the SEM images. The STEM images enabled us to identify the dot areas so 

that individual dots could be studied by low temperature CL. 

Each sample it contained a large unetched area (50; im-100pm in size). 

The luminescence spectrum from such areas is shown in Fig. 5-22. This 

represents the QW emission from the structure prior to etching. The peaks at 

1.59leV, 1.543eV and 1.52leV correspond to the-QW excitonic emission from 

the 50A, IOOA and 200A wells respectively. Emission from 800A well 

overlapped the GaAs bulk emission at 1.514eV from the buffer layer and 

substrate. The low energy tail of this emission may have resulted from the 
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impurities in the GaAs buffer and substrate. After the fabrication of the 

quantum dots, the luminescence spectrum from the etched area, which still 

contained the ýOOA and 800A quantum-wells, had changed greatly. As shown 

in Fig. 5-23, the low-energy tails in Fig. 5-22 from the bulk GaAs layers 

dominated the whole spectrum. The high energy shoulder at 1.517 and 

1.513eV may correspond to the 200A and 800A well emissions but with their 

energies both shifted from the values prior to etching. By acquiring CL 

monochromatic images at the energies corresponding the supposed 200A and 

800A well emissions from a region which included both etched and unetched 

areas, from a sample with an etching depth of 800A, we noticed a great 

decrease of CL intensity in the etched area, see Fig. 5-24 (a) & (b). The 

rectangular shaped frames are the unetched areas. These changes in emission 

line shape and intensity from etched areas suggest that the 'process of 

fabrication of the quantum dots induced surface damage, probably during the 

ion etching process. 

Quantum-dots produced from the 50A and IOOA quantum wells with 

diameters of 60nm, 90nm, 100nm, 150nm, 250nm, 300nm and 500nm were 

examined by STEM-CL. No luminescence signal corresponding the 50A or 

IOOA well-emissions was detected in our experiments for dot diameters equal 

to or less than 300nm. The spectra obtained from these dots are similar to one 

shown in Fig. 5-23. This result' indicates that severe sidewall surface damage 

occurred due to ion etching and a carrier depletion layer i. e. luminescence 

dead layer formed with a depth of more than 150nm. These results are 

reasonably consistent with those of A. Forchel (A. Forchel 1988) and T. Demel 

(T. Demel 1988) who'estimated a carrier depletion layer thickness of 100nm- 
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150nm at the sidewall surface. This depletion layer width determines the 

smallest dot size that will still emit light. 

However, for the quantum dots with diameters of 500nm the 

luminescence signal corresponding to the 50A and 100A wells was obtained 

from individual dots. As is shown in Fig. 5-25, no changes in the emission 

energies and FWHM were'detected in comparison with the quantum-well 

emissions of Fig. 5-22. According to Equation 5-1, the changes of the effective 

energy gap caused by lateral confinement of carriers for quantum dots with 

diameters larger than 120nm are less than lmeV, so for 500nm dots the energy 

shift would be unobservable. Moreover, we observed a degradation of 

luminescence efficiency for these quantum wells. After taken into account of 

volume effect, there was a decrease by a factor of 0.5 for the 50A wells and 

of 0.2 for the 100A well in comparison with the luminescence efficiency of 

the unetched structures. This degradation was due to the very high non- 

radiative recombination velocity at the sidewalls. The different degradation 

factors for the 50A and IOOA wells may be explained by the lower carrier 

diffusion coefficient for the narrower quantum wells due to the carrier 

confinement effect. This means that the narrower the QW, the smaller the 

number of carriers which could reach the sidewall surface, so the weaker the 

surface effect. The integrated CL intensities from the dots formed by 100A 

wells was also weak as compared with that of the 50A wells, as is shown by 

the CL monochromatic images in Fig. 5-26. Image (a) in Fig. 5-26 was taken at 

an energy corresponding to the emission of the dots formed by the 50A wells 

while image (b) was taken from the emission of the dots formed by the 100A 

wells. The ratio of the dot image intensity to the background is much higher 

for the dots formed by the 50A wells than that for the 100A wells as is 
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indicated by the corresponding line scan curves. The bright patch at the left 

of the images is a processing fault and there is a dot missing in image (a) but 

not in image (b). This study indicates that high resolution STEM-CL is very 

useful for studying the performance of individual dots. 

In integrated CL images of the quantum-dot samples we observed 

some irregularly scattered bright spots here and there. Apart from the same 

broad peak shown in Fig. 5-23 on the low energy side of the spectra, the CL 

spectra obtained from these bright spots all contained a group of two or three 

peaks with energies falling between 1.642eV and 1.85leV. These energies are 

much higher than any quantum well emission from the structures. Fig. 5-27 

gives a example of such spectra. If these energy shifts were caused by carrier 

confinement effects in a lateral direction, then these bright spots must 

correspond to dot sizes of 7nm-16nm in diameter according to Equation 5-1. 

However, this is unlikely to be the explanation as no light was emitted even 

from the dots with diameters of 300nm. Hence the origin of the high energy 

peaks remains unknown. 

in conclusion, our studies of free-standing quantum dots, fabricated by 

reaction ion etching reveal that severe surface damage occurred at the sidewall 

surfaces. This resulted in a total loss of luminescence from quantum dots with 

diameters less than 300nm and represents a major obstacle to the observation 

of new phenomena induced by decreasing dimensions of the structures. 
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Cbapter 6 Conclusions and Suggestions for Furtber Work 

Major results described in Chapter 3,4 and 5 are summarized in this 

chapter. 

LACBED patterns were taken from the plan view specimens of the 

GaAs/AlGaAs and InGaAs/InP multiple quantum well structures. A series of 

sidebands were observed resulting from a periodic compositional modulation 

. 
in the structures and were explained qualitatively by a kinematic theory. In 

dark field images formed by multilayer structure reflections a linear contrast 

along one [110] direction was observed from the plan view specimen of a 

GaAs/AlGaAs MQW structure. This contrast was related to the quantum well 

thickness fluctuations. These preliminary results showed that the applications 

of LACBED and imaging from multilayer structure reflections to the plan 

view specimens of the multilayer structures were of considerable potential 

interest as a way to complement information obtained by X-ray diffraction 

and cross sectional TEM. 

LACBED was first applied to the [0011 and [011] orientation cross- 

section specimens of an InGaAs/InP single ýuantum well structure- Lattice 

distortion due to misfit strain was readily observed. Based on a tetragonal 

distortion model, the value and the type of the misfit strain in the InGaAs 

layer was estimated. In this experiment, a compression misfit strain as small as 
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CtIZIO could be detected. A diffraction contrast analysis of the interface 

fringes observed from the inclined interfaces of the structure also led to a 

similar result. 

TEM-CL spectra and images were first obtained from the thin cross- 

section specimens of a GaAs/AlGaAs MQW structure. The experimental 

results revealed an uneven distribution of impurities in the structure. High 

impurity emission intensity for QWl was largely due to epoxy which was 

applied to the sample surface in the specimen preparation process, as well as 

some native lack of quality of QWI, which might result from its having been 

grown after a thick AlGaAs layer. 

The carrier capture by the quantum wells from their barriers was 

indicated by the increase of the luminescence efficiency with increase of 

barrier thickness from the study of the GaAs/AlGaAs double QW structures 

with constant well width and different barrier thickness. On the other hand, 

the study of a single QW structure with different well widths and constant 

barrier thickness revealed the enhancement of luminescence efficiency with 

decreasing well width due to the carrier confinement effect. 

The influence was investigated of growth interruption on interface 

smoothness of MBE grown GaAs/AlGaAs SQW structures. Split CL emission 

peaks were observed for the sample grown with interruption but not for the 

sample grown without interruption. This split was a result of enlargement of 

the interface terrace width due to growth interruption, to dimensions larger 

than the exciton diameters. The improvement of the interface smoothness due 

to growth interruption was also evident in temperature dependent PL 

experiments, in which a decrease of the blue shift (Stokes shift) was observed 

relative to that in the sample grown with interruption. A great effect of 
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growth interruption on AlGaAs-GaAs interface smoothness was deduced by 

comparing the CL spectra of the sample grown with interruption at the 

AlGaAs-GaAs interfaces and that interrupted at the GaAs-AlGaAs interfaces. 

High resolution TEM-CL images were obtained from the SQWs grown with 

interruptions and showed local bright and dark contrast resulting from 

monolayer changes in the well widths. An interface terrace size of about Ipm 

was estimated from these images. The thermalization of carriers from thicker 

regions of a well to the narrower regions was demonstrated in a temperature 

dependent PL experiment. A increase of blue shift with decreasing well width 

was also observed. 

The distribution of impurities around a particular type of oval defect 

was studied by TEM-CL in a GaAs/AlGaAs SQW sample. An uneven 

distribution of impurities along the growth direction was discovered. A 

considerable accumulation of impurities was found at the first grown quantum 

well around the core of the defect. The lateral distribution of impurities was 

much wider for interface impurity than for well centre impurity. This 

suggested that interfaces were possible channels for impurity diffusion. 

The studies of free-standing quantum dots, fabricated by reactive ion 

etching, revealed that severe surface damage occurred at the side wall 

surfaces. This resulted in a total loss of luminescence from quantum dots with 

diameters less than 300nm and represented a major obstacle to the observation 

of new phenomena induced by decreasing the dimensions of the structures. 

But the CL spectra and images from a 500nin dot array were obtained and 

indicated that STEM-CL was very useful for studying the performance of 

individual dots. A weaker side wall surface effect was also observed for the 

narrower quantum wells in the dots due to the carrier confinement effect. 
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Sunestions for Further Research 

This project has proved that transmission electron microscopy, 

cathodoluminescence spectroscopy and imaging techniques are very useful in 

observation of microstructure and microstructure related optical properties of 

materials. 

However, the major shortcoming of this work is the lack of detailed 

theoretical work which will lead to quantitative information about the 

materials which have been characterized. Dynamical electron diffraction 

theory is needed for more accurate explanation of the LACBED patterns from 

multilayer structures. A suitable sample is necessary to correlate the linear 

contrast observed in DF images using multilayer structure reflections with 

TEM-CL images so that definite conclusions can be deduced. 

Surface relaxation should be included in the estimation of residual 

strains from LACBED of cross-section specimens containing multilayer 

structure. Calculation of the image intensity is needed in the diffraction 

contrast analysis of inclined interfaces for obtaining quantitative information 

about lattice displacements at the interfaces. 

Auger electron spectroscopy, C-V measurements and other surface 

examination techniques' should be used to understand more about surface 

related degradation of a GaAs/AlGaAs MQW sample. 
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