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Abstract 

InP based semiconductors which operate at the technologically important 

wavelengths of 1.3 and 1.55pm have been investigated. Optical analysis of these samples has 

been performed using photoluminescence (PL) and transmission experiments along with 

complementary structural methods including x-ray diff-raction (XRD) and atomic force 

microscopy (AFM). 

Carrier motion is confined in one dimension and three dimensions for quantum wells 

(QWs) and quantum dots (QDs) respectively and this significantly alters their electronic 

properties compared with bulk material. These properties are also strongly dependent on the 

composition and size/shape of the well or dot. Usually QWs are assumed to have abrupt 
interfaces, however, there is evidence that group V atoms exchange at the interface in certain 
material combinations (In,, Gal-. A&W) and this leads to graded interfaces. The extent of the 

grading at the interface has been deduced by x-ray diffraction measurements in conjunction 
with optical measurements and the transfer matrix model. Barrier materials such as InGaAsP 

reduce the effects of the P-As exchange. 
For InAs. P, -,, /W QWs, controlled intermixing at the interfaces can be used to alter 

the bandgap while retaining strong excitonic features. The ability to continuously vary the 

effective bandgap is crucial to the integration of optical devices and the variety of potential 
device applications. After a series of annealing experiments on SiO2 and Si3N4 capped 

samples, a significant blue shift (-200meV) of the emission peak was observed but strong 

excitonic effects were retained. The P-As interdiffusion was accurately modelled assuming 
that the diffusion obeyed Fick's Law to determine the difflusion coefficient. 

The work on phosphorus containing QWs has been extended to include preliminary 

study of self-assembled InAsP/InP quantum dots which should exhibit superior electronic 

and optical properties. InAs dots are grown by depositing a critical amount of InAs on InP at 
600T. The composition of these dots is not pure InAs and the existence of a wetting layer is 

revealed in PL measurements. 
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1. Chapter 1 -Introduction 

Using light rather than an electric current to carry information has revolutionised 

long-distance communications and data transmission networks as more information can be 

collected and transmitted at any one time. Photonic telecommunication systems employ 

semiconductor optoelectronic devices (e. g. lasers and detectors to transmit and receive 

information) and silica optical fibre waveguides in which the information signal is carried 

[1]. The increasing demand for higher data rate systems for global telecommunications and 

the ever expanding internet has pushed technology towards improving existing components 

and developing new ones to improve the speed and efficiency of transmission. 

This thesis focuses on InP semiconductors which operate at the technologically 

important wavelengths of 1.3 and 1.55pm, corresponding to zero-dispersion and lowest 

attenuation respectively in a silica optical fibre. Work has been carried out on P-based 

quantum wells 12D] which are currently used as the active medium in devices. Quantum dots 

have created a new wave of interest due to their reduced dimensionality which is attractive 

for laser devices. The benefits of these OD structures are described in section 1.4. 

1.1 Opdcal PropeMes of III- Vsemiconductors 

A crystalline solid consists of an array of atoms arranged in a pattern which is 

periodic in three dimensions, so that along any axis within the crystal the potential energy 

will vary in a periodic manner. In a semiconductor, the interaction of the atomic energy 

levels between each atom in the array creates bands of allowed electronic states in which two 

adjacent bands are separated by a forbidden band (energy gap) where there are no energy 
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states. For semiconductors of interest, the forbidden energy gap is in the region of IeV so 

only a few electrons can be excited from the highest occupied band (valence band) across the 

energy gap into the next allowed band which is largely empty (conduction band) at room 

temperature (-300K) [2]. 

For an electron to be promoted from the valence band (VB) to the conduction band 

(CB), it must acquire sufficient energy (from a light source or voltage) greater or equal to the 

bandgap. In a crystal, the motion of electrons in the CB and holes in the VB approximates to 

free electron motion but is modified by the periodic ionic potential of the crystal. This has 

the effect of imparting an effective mass to the electron, m*. The relationship between the 

energy of an electron and its momentum near the bandedge (Eq 1-1) is given from solutions 

of the Schr6dinger equation, - 
h2 

EV, where it is assumed that the potential 
(2m* 

inside the crystal is zero. The kinetic energy of the electron is now, 

E(k) = 
h2 k2 
2. m * 

Eq 1-1 

where k is the electron wavevector and h is Planck's constant. A plot of the energy 

EW versus k (parabolic relationship) for a free electron is shown in figure 1.1. The allowed 

states form a continuum of states, as a function of k, either side of the forbidden pp. 

15 



E 

VB 

Figure I -I Iff- V semiconductor band structure (direct) schematic illustrating the CB, 

hh, lh, split-off (so) band and the energy gap, Eg. The CB is represented by the effective mass 

(m *) which has been influenced by the periodic potential ofthe crystal 

One of the most important parameters is the effective mass (m) which is strongly 

connected to the carrier mobility and therefore transport properties of electrons and holes [3]. 

The effective masses are proportional to the inverse of the energy / momentum dispersion 

relationship of the band and near the bandedge, 

h2 

d2E) 
7k2) 

Eq 1-2 

This equation shows that the m* for electrons at any point in a band depends on the 

curvature of the dispersion curve E(k). Any deviation of the dispersion curve Ek, at the band 

minima or maxima from the free electron function can be accounted for by choosing the 

relevant value of m* (Figure 1-1) [4]. For electrons, the value of m. can be extracted 
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experimentally from the Shubnikov-de-Haas effect or cyclotron resonance experiments but 

the valence band masses must be calculated from band theory (5]. 

In direct gap semiconductors with band edges at the centre of the Brillouin zone, the 

conduction band is constructed from s-like atomic orbitals. The valence band is constructed 

from a linear combination of p-like atomic orbitals. At k=O, there are two degenerate hole 

bands which are described by the Kane model, where the angular momentum for the valence 

band is J=)/2 (doubly degenerate mj=±y2 and ±Y2 for the heavy and light hole 

respectively) [4,6]. However, the bands are not degenerate for higher momentum values, 

since the effective masses are quite different. The heavy hole band is 'flatter' and therefore 

has a large effective mass (mý), while the light hole band has a larger curvature and hence a 

smaller effective mass (m; ) (Figure 1-1). The spin-split off band results from the effects of 

the spin-orbit coupling where J=Y2 

LLI 77se effects of confinement on bulk semiconductor materials 

The simplest and the first type of solid state opto-electronic component was the bulk 

GaAs p-n junction [7]. If a forward bias is applied across the junction a current will pass 

through it The homojunction structure was soon superseded by a GaAs/AlGaAs double 

heterostructure (DH) which introduced a degree of spatial confinement to the carriers arising 

from the difference in bandgap energy [8]. 

A potential well is formed in the direction of the growth (z) for both electrons and 

holes in the material with the smaller bandgap and this configuration of band offsets [9] is 

known as t)W I DH (Figure 1-2). If the well width is of the order of 20nm, the particle 

motion is constrained to discrete energy levels in the direction normal to the plane of the N, 
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layer. Motion of carriers in the plane of the layer still retains the character of bulk material. 

Assuming an infinitely deep well, the energy levels F, and Ebh, can be calculated by solving 

the Schrddinger equation with the appropriate effective mass for electrons and holes, 

E2 
(n; r 

nr) 2m * L, 
21-T 

Eq 1-3 

The free particle energy levels are inversely dependent on m. A and the square of the 

well width 0. Carrier envelope wavefunctions xy, , %Vbh are sinusoidal (sine-like and cosine- 

like) in nature inside the well and exponentially decreasing into the barrier for a finite barrier 

height [10]. The presence of m* in the denominator means that the hh and Ih bands are no 

longer degenerate at the band edge in a QW. 
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Figure 1-2 Confined wavefunctions and energy statesfor the conduction band of a QW. 

The selection rules for optical transitions in QWs are governed by Fermi's Golden 

rule which depends on the overlap integral of the electron and hole envelope wavefunctions. 

The Golden rule provides a link between electronic structure of solids (i. e. the wave 

functions and energies) and the transition probabilities and energies [4]. The probability that 

an optical transition takes place depends on the form of the wavefunctions of the initial and 

final quantum states. In the infinite-well approximation [8], due to the orthogonality of the 

envelope function, only transitions between confined valence and conduction states with the 

same quantum number n are allowed (An=O rule) such as el-hhI and e2-hh2. These 

transitions are the strongest observed features in the absorption and excitation spectra. 

However, due to the penetration of the wavefunctions into the barrier of a finite well or the 
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asymmetry of wavefuntions in an asymmetric well (perturbed from the symmetric well shape 

by, for example, interdiffusion), there are also finite probabilities for transitions such as e2- 

hh I, which are sometimes observed as weak peaks in the absorption spectrum. 

In order to find the distribution of electrons in a given system, it is necessarv to 

determine the density of states (DOS) as a function of the energy [2]. For free carrier motion 

in three dimensions close to the bottom of the band, the dispersion curves are approximately 

parabolic, which results in the DOS being proportional to E 1/2 
. In a QW, motion is restricted 

to two dimensions and consequently the density of states becomes a senes of steps. In 

quantum dots (QDs) where confinement in all three dimensions results in discrete atomic- 

like energy levels, a series of delta functions for the QD density of states is found (Figure I- 

3). 

[OD] delta-like fimetion 

cl 4- 
W 

4. 
0 

Energy 

Figure 1 -3 Density ofstates as afunction of energyfor bulk, QW and QDs 
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1.1.2 Excitons 

The optical properties of a semiconductor near the band edge in QWs are dominated 

by excitons [II]. These are electron-hole pairs bound together by Coulombic attraction [ 12]. 

The first process in the creation of excitons is to excite electrons from the VB in the CB. 

This can be achieved by optically pumping the material using a laser with a photon energy 

greater than the bandgap. The excited electrons which have been elevated to the CB relax to 

the bottom of the band, disposing of any excess energy in collisions with lattice vibrational 

waves (phonons). This is a very fast process occurring on the order of picoseconds. Once at 

the bottom of the CB, the electrons can form an electron-hole pair with a corresponding hole 

in the VB bound by Coulombic attraction. The exciton in QWs has a lifetime of the order of 

a few hundred picoseconds and on collasping the electron emits a photon of energy and 

returns to the VB by recombining with a hole. The energy of the emitted photon, 

hw = Es -lEe"1 Eq 1-4 

where E. is the bandgap of the semiconductor material and Es" is the exciton binding 

energy. Figure 1-3 includes absorption due to excitons which are located below each 

subband. Due to the reduced Bohr radius in a QW, the overlap of the electron and hole wave 

function is increased. The barriers increase the wavefunction overlap which in turn increases 

the binding energy by a factor of about 4 over the bulk semiconductor value (3meV in bulk 

to about 10meV in QWs [4]). The increased binding energy (and oscillator strength) of 

excitons in QWs mean they can be utilised at room temperature in optoelectronic devices 

[13] However, due to the increased penetration of the carrier wavefunctions into the barriers 

in QWs of width less than 30A, the binding energy for very narrow wells is expected to 
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decrease with further decreasing well width. The exciton binding energy also depends on 

composition as well as well width. 

1.1.3 Photoluminescence Spectroscopy 

Photoluminescence spectroscopy is concerned with the light emitted by a crystal after 

optical excitation and hence can be used for investigating both intrinsic and extrinsic 

(impurities and defects) radiative recombination of electron-hole pairs in high purity bulk 

material at low temperatures and low dimensional structures such as QWs and QDs [14] up 

to room temperature. In PL, the excitation wavelength remains constant Whilst the 

luminescence emitted from the sample is monitored over a range of energies. A laser of 

suitable energy is usually used as the excitation source and the luminescence is 

conventionally collected from the surface upon which the excitation light is incident [12,151. 

The emitted light is collected and focused onto a monochromator where it is then dispersed 

and finally directed to a detector. The energy of the luminescence peak in a QW can give 

information on the well composition, potential shape and width. Analysing the luminescence 

spectrum as a function of excitation intensity or excitation energy or sample temperature 

leads to information on the material quality (Figure 14). By varying the excitation 

wavelength, the penetration depth of the light into the structure can be altered so different 

layers in the structure can to some extent be probed. 

At low temperatures, rapid thermalisation of the photogenerated carriers means that 

only transitions between the ground state and first excited state (el-hhl) can be observed. 

Rapid thermalisation of the carriers also occurs at -300K but at this temperature carriers can 

have enough energy to occupy the lh band as well as the hh band. The lh band is sometimes 
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observed as a weak shoulder on the high energy side of the el-hhl peak. In pure (undoped) 

materials, the intrinsic transitions consist of band to band or free exciton recombination. 

However, even with sophisticated growth techniques such as UBE or MOVPE, impurities 

such as carbon are unavoidably present leading to extrinsic transitions. There are several 

different types of extrinsic emission; bound exciton recombination, free to bound 

recombination etc. As a resultý at low temperatures and low excitation levels, transitions 

involving bound excitons are frequently observed in the emission spectrum. 

Excitons can become trapped by an impurity (donor or acceptor), creating a bound 

exciton. When these complexes recombine, they will emit at a lower energy than the intrinsic 

exciton emission by an amount corresponding to the binding energy of the exciton to the 

impurity [16]. 

Free to bound recombination can take place between free carriers (electrons and 

holes) and carriers trapped at impurity atoms (donors and acceptors). For example, in GaAs 

at low temperatures, carbon is a neutral acceptor (C) which binds a hole with an energy of 

-30meV [4]. Free electrons in the conduction band can recombine with the hole giving rise 

to free to bound extrinsic emission. 

To distinguish between extrinsic (bound excitons) and intrinsic (free excitons) 

emission, two methods are commonly employed; 1) increasing the sample temperature. 2) 

increasing excitation power. Increasing the temperature to 30K is usually sufficient to cause 

de-trapping of the bound excitons, as they are very weakly bound to the impurity. Increasing 

the temperature to 70K in GaAs or InP material results in the ionisation of donors and 

acceptors and only free excitonic emission (intrinsic) is detected. Increasing the excitation 
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power causes the intrinsic emission to dominate over the extrinsic emission (saturates the 

impurity level) and the two processes can be distinguished. 

The linewidth and lineshape of the PL emission peak also gives a good indication of 

the quality of the sample [171. A narrow linewidth indicates a good quality sample but 

fluctuations in well width, composition, well to well fluctuations in MQWs and strain 

inhomogeneity in strained QWs can produce considerable broadening of the PL peak. These 

broadening mechanisms can be accounted for by a Gaussian linewidth [18]. It should be 

noted that only radiative processes can be examined by PL. Non-radiative recombination 

processes where the electron and hole recombine but do not emit a photon can be studied by 

investigating the quantum efficiency [I I]. 

electron . 

PL 

If 

b) PLE 

Figure 14 Excitation of an electron from the valence band to the conduction band in a 

quantum well giving rise to a) an emission spectrum (PL) and b) an excitation 

spectra (PLElabsorption). 
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1.1.4 Absorption lPhotoluminescence Excitation (PLE) 

Optical absorption is an addition of all the transitions from the ground state to the 

excited states. The ability of a material to absorb light of a given wavelength (X) is measured 

by the absorption coefficient (a). The absorption is calculated (Beer Lambert Law) [ 19] from 

the change in intensity of the transmitted light at different wavelengths (ignoring multiple 

reflections), 

e -ad Eq 1-5 

where T is the transmitted light, d is the total QW thickness and a the absorption 

coefficient which is proportional to the number of absorbing centres. 

However, for structures containing only a few QWs the change in transmission can be 

very small and an alternative technique, photoluminescence excitation (PLE) is often used. In 

PLE measurements, the excitation energy is scanned over a range of energies using a tunable 

laser source (or a white light source and monochromator), whilst monitoring the intensity of 

the photoluminescence emission from the sample at a fixed energy. Resonant excitation will 

occur when the photon energy corresponds to that of the free exciton transitions, eI -hh 1, eI- 

thl, e2-hh2 i. e. the variation in emission 'intensity with excitation energy will follow the DOS 

including exciton effects (Figure 14). Provided the relaxation of carriers to the ground state 

is fast compared with the radiative recombination times, PIE measurements yield the same 

information as an absorption spectrum. 

Free excitons (and/or free electrons and holes depending on the photon energy) are 

created by the absorption of a photon but recombination can involve bound excitons. 
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Consequently, the energy of the el-hhI exciton peak in PLE is almost always located a few 

meV higher in energy with respect to the exciton PL peak. The energy difference between 

this emission and absorption peak is called the Stokes' shift [20] and is usually taken to be an 

indication of the material quality. A large Stokes shift suggests either well width and/or 

composition fluctuations. Alternatively, impurities which trap excitons may also be present 

in the sample. The Stokes shift may not only relate to impurity effects but could arise even in 

pure samples where an interface shows monolayer ML steps with lateral scale slightly 

smaller than the exciton diameter (2 1 ]. 

1.2 Growth ofPhosphide Semiconductors 

Epitaxy is concerned with the growth of high quality crystalline materials on prepared 

substrates. If the grown layer is different from the substrate, the technique is referred to as 

heteroepitaxy which distinguishes it from homoepitaxy, the growth of a crystal on itself All 

stages of the growth process take place at the surface of the substrate or the growing epilayer. 

The aim is to grow high quality crystals with atomically abrupt interfaces which can be used 

in semiconductor devices. 

There are two types of growth mechanism for growing semiconductors; one is the 

deposition from the vapour phase by molecular beam epitaxy (MBE) and the other is 

chemical vapour deposition (CVD). Several variants have arisen from the above techniques, 

such as chemical beam epitaxy (CBE), metalorganic molecular beam epitaxy (MOMBE) and 

metal organic chemical vapour deposition (MOCVD). 
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The three main growth modes are a) monolayer growth, b) nucleated growth and c) 

nucleation following monolayer formation known as Stranski-Krastanov growth [22]. 

Monolayer growth takes place when the atoms deposited on the substrate are bound more 

strongly to the substrate than each other, forming flat 2D islands. As more atoms are 

deposited, these islands will increase in size resulting in a complete coverage of the 

substrate. Nucleated growth occurs when the deposited atoms are more strongly bound to 

each other than the substrate. Small 3D islands grow which increase in size with increasing 

deposition until they coalesce to form larger islands. The Stranski-Krastanov growth mode 

combines aspects of 2D and 3D growth and is thought to be responsible for the growth of 

self-assembled quantum dots. One or more IýCs of atoms form a wetting layer on the 

substrate followed by nucleation of 3D islands on top. A critical thickness of deposition layer 

determines the formation of dots. A more detailed account is given in chapter 5. 

All samples studied in this thesis were grown by the MOCVD crystal growth method 

as they contain phosphides which are pyromorphic at very high temperatures. A brief 

overview of the MOCVD [24] growth processes is given here. 

MOCVD is a process in which organo-metallic gaseous compounds such as 

trimethylgallium, trimethylindiurn and group V hydrides react on the substrate surface 

leading to the formation of thin films. In the growth process when switching from barrier to 

well and vice versa, the flow rate is altered in order to maintain the correct ratio of gases. 

The growth rate is typically 1.5pm/hour. High group V/HI ratios are critical in eliminating 

carbon from the group V lattice sites within the epilayer. The by-products (unreacted source 

gases and hydrocarbons) are directed away from the deposition region towards the reactor 

exit by the carrier gas (Figure 1 -5). 
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Figure 1-5 Schematic ofan MOCVD reactor. 

1.21 Theeffectofstrainonthebandstructure 

Group IH 

In order to study the effects of strain on the electronic properties of semiconductors 

the strain tensor produced by epitaxy must be established. During epitaxial growth if the 

strain is incorporated only in the layer (well), the lattice constant of the layer in the direction 

parallel to the interface is forced to be equal to the lattice constant of the substrate (barrier) 

and the layer is biaxially strained by an amount 611. The lattice constant of the layer in a 

direction perpendicular to the substrate will also be subject to change because of Poisson's 

ratio which implies a uniaxial strain of F-j_. The in-plane lattice constant of the film takes on 

the lattice constant of the substrate, while the out-of-plane film lattice constant is distorted. 

Terms such as pseudomorphic or coherent growth are often used to describe the above 

situation since interfacial coherence is maintained. 

For a thick substrate, the in-plane (biaxial) strain of the layer is determined from the 

bulk lattice constants of the substrate material, as and the layer material aL 
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eu = 
's 
aL 

Eq 1-6 

Since the layer is subjected to no stress in the perpendicular direction, the 

perpendicular strain is: 

el ý a2 ell Eq 1-7 

where a2 is a biaxial Poisson's ratio. If aL is larger (smaller) than a., the layer will be 

under compressive (tensile) stress. The biaxial strain also induces a shift in the bandgap, 

(AEd (Eq 1-8). Compressive strain causes an increase in the energy separation between the 

highest heavy and light hole subbands. The bandgap also increases and the perpendicular 

lattice constant expands (Figure 1-6 a)). Tensile strain has the opposite effect and leads to a 

reduction in the splitting of the heavy and light hole states and in some cases causes the hh I 

and IhI positions to swap over. The bandgap decreases in energy and the perpendicular 

lattice constant contracts (Figure 1-6 b)) [6]. 
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Figure 1-6 Pseudomorphic strain produced by a layer with a bulk lattice constant, a) larger 

(aL>a) and b) smaller (aL <a) than the substrate. 

The bandgap changes experienced, for example, by depositing InAsP on InP can be 

expressed in the following way: if the unstrained bandgap is Eo(x) then the biaxial 

compression experienced by the InAsP layer can be deconvolved into a hydrostatic 

compression and uniaxial tension and the bandgap is [25], 

E(x) = Eo (x) + AE H+ AEu Eq 1-8 

where AE H and AEu are the strain introduced changes due to the hydrostatic and 

uniaxial components of the strain and ± signs refer light and heavy hole bands respectively. 

The expressions for AE H and AEu are given in Eq 4-5 and Eq 4-6 respectively, Chapter 4. 

Coherent growth of an epilayer in this manner does not proceed indefinitely. The 

accommodated strain energy increases with epilayer thickness, h, such that above a certain 

30 



critical thickness, k, the introduction of dislocations to relieve the strain energy becomes 

thermodynamically more favourable [26]. The accommodation of strain in heterostructures, 

such as QWs, has proved valuable for many reasons. The ability to accommodate strain can 

allow new material combinations to be considered. For example, MQW structures based on 

GaAs substrates are routinely designed to operate beyond the InP band gap (-920nm at room 

temperature) at wavelengths up to 1.55pm using compressively strained InAs,, P,,. 

1.3 High resoludon X-ray diffracdon (HRXRD) 

X-rays are short wavelength (0.5-2.5A) electromagnetic waves. High energy electrons 

incident on solids result in the emission of x-ray spectra. The emission lines arise from 

transitions between inner shell energy levels in the atoms and their wavelengths are 

characteristic of the element. A high resolution x-ray machine (Philips NIRD) (see section 

2.3) employs x-rays from a Cu source of k(K,,, )--l. 54A and can be used to obtain structural 

information on semiconductor materials since the interplanar spacing is the same order of 

magnitude as the x-ray wavelength. A diffiraction pattern is produced by Bragg reflections of 

the x-rays from sets of the lattice planes within the crystal. The condition for constructive 

interference to occur is given by Bragg's Law (Eq 1-9) and states that the scattered rays will 

be completely in phase if the path difference is equal to a whole number of wavelengths [27], 

2d sin O= nA Eq 1-9 

where X is the wavelength of the x-ray beam, 0 is the angle between the incident 

bewn and the diffracting planes in the surface and d is the separation of the planes. As d 
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varies slightly from the substrate to the layer, there is an angular separation, Aco, between the 

Bragg peak for the layer and substrate. The differential forra of Bragg's Law, 

Ad 
cot 0AW 

ZT-a, 
d a. 

Eq 1-10 

relates the strain and therefore the lattice mismatch AdId to the angular separation of 

the Bragg peaks (Aco) [28] where ZT is the mean lattice parameter and a, is the lattice constant 

of the substrate. This approximation is valid for small values of Aco. 

1.3.1 XRD rocking curve 

The x-ray diffractometry study in this thesis was performed using a Philips HR1880 

high resolution triple-axis URD diffractometer described in ftuther detail in section 2.3. X- 

rays are directed onto the sample (Figure 1-7). The sample is rotated (w) through the Bragg 

conditions for the substrate and epilayer whilst simultaneously rotating the detector through 

an acceptor angle of 20 giving rise to (o-20 scans known as high resolution rocking curves. 

Variations in the diffracted x-ray intensity as a function of the angle subtended between the 

incident x-ray beam and the sample are recorded by the detector and displayed as a rocking 

curve scan [29]. 
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Figure 1-7 Illustration of reflection geometry for symmetric reflections. Yhe sample is 

rotated through angle ca The Bragg angle OB is measured between the 

incident beam and the particular crystal planes under consideration. 

In this thesis, the rocking curves were taken in the symmetric (+m, -m) mode with the 

(004) reflection of an InP (001) orientated primary crystal. Symmetric (004) reflections are 

measured because the structurefactor F of the zinc blende crystal is zero for (002) [27]. The 

structure factor is simply obtained by adding together all the waves scattered by the 

individual atoms. The intensity of the beam diffracted by all the atoms of the unit cell in a 

direction predicted by the Bragg Law is proportional to IF12 the square of the amplitude of 

the resultant beam. For semiconductors, such as GaAs and InP, the 004 order reflection is 

used for XRD analysis since the zinc-blende structure results in systematic absences in the 

diffraction pattern, and the 004 order reflections are the most intense order (after 000). 

In structures that are pseudomorphically strained or lattice matched, the rocking curve 

provides accurate structural information such as periodicity (p) and the mean lattice 

parameter (ZT) (Eq 1-10) over the whole stack. For a MQW structure with a stack of AB 
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layers, where A is the substrate material (eg. InP) and B is the alloy (In,, Gal.,, As) [30] the 

rocking curve will show the following features: 

1) A substrate peak which is the most prominent feature in the rocking curve. 

2) A peak caused by the addition of Bragg reflections from the A and B components 

of the MQW. This is the zero-order peak from which the average composition of the A+B 

layers may be obtained by differentiation of Bragg's Law (Eq I -10). 

3) A set of subsidiary satellite peaks surrounding the zero-order peak, with spacing 

determined by the periodicity (total thickness of the repeating layer) of the MQW. 

From these peaks, the following information can be deduced, 

a) the angular separation between the Bragg peak of the substrate and the zeroth- 

order peak of the epilayer gives the average lattice parameter (U) (Eq 1-10) and, thus, the 

average epilayer composition, 

b) the periodicity of the multilayer structure from any two adjacent satellite peak 

positions can be determined. These satellite peaks are separated by the inverse of the period 

in reciprocal space which is given by [3 1], 

p= 

(L, 

- 
L, ). z 

2(sin 0, - sin Oj) 
Eq 1-11 

where I, and L, represent the diffraction orders (e. g. 2 and 3), X the wavelength and Oi 

and Oj are the Bragg angles for the two satellite peaks, 

(c) the FWHM and the intensity of the satellite peaks give information on the quality 

of the interfaces. Variation in the period causes broadening of satellite peaks. Interface 
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4; grading changes the integrated intensities of the satellite peaks with higher order peaks being 
v--- 

most sensitive to interface grading, 

d) the oscillations between the satellite peaks are called Pendellosung oscillations 

(interference fringes) and relate to the overall thickness of the stacking layer. The 

observation of well resolved fringes is a good indication of perfection in the epitaxial layer 

surface and interface. They are detected in films where the strain is homogeneous and 

interfaces are smooth. The x-ray measurement yields an unambiguous determination of the 

strain distribution and allows the composition of the structure to be (indirectly) determined. 

Rocking curves were simulated using a computer programme developed at Philips by 

Paul Fewster P I] which is based on the solution of the Tagaki-Taupin [32,331 equations of 

dynamical diffraction theory accounting for multiple scattering. The equations relate the 

value of the diffracted and incident amplitudes at a depth (Z) in a perfect crystal and account 

for the dynamic interaction between these two amplitudes. The evaluation of strain and 

structure factor variation is based upon the zinc-blende crystal structure and can be used to 

generate all the diffraction broadening and interference effects observed experimentally. 

When simulating a MQW structure using the high resolution simulation software (HRS) [28, 

34], initial input parameters for the first trial must be established. As described, the period 

and the average strain of the MQW can be obtained from the peaks on the rocking curve and 

hence these parameters can be used to determine the initial composition of the MQWs. 

These 'start' parameters are entered into the simulation program along with the input fields 

which define the diffractometer geometry and the best fit is obtained by an iterative process. 
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1.4 Device Applications 

L4.1 Semiconductor lasers 

The enhanced emission properties of QWs are utilised in semiconductor laser 

structures [38]. The essential components of the laser structure are an active region where 

electrons and holes recombine to emit photons, a p-n junction which injects electrons and 

holes into the active region, and an optical cavity formed in the crystal structure to provide 

optical feedback into the active region. Some of the benefits of using QWs as the laser 

medium are; (i) the ability to vary the lasing wavelength, (ii) lower threshold current (J&) (iii) 

improvements in modulation speeds because of the larger differential gain [35]. J'h for QW 

lasers exhibits less temperature sensitivity than double-heterostructure lasers [14]. The 

threshold current is the minimum injected current required to balance the optical losses 

within the structure in order for lasing to begin. A combination of choosing an optimum 

number of QWs for a given cavity length is also important to minimise the threshold current. 

The optical properties of semiconductor lasers may be further improved by using quantum 

dots rather than QWs as the active medium. Reducing the dimensionality to OD (14] is 

attractive for laser devices as it promises a higher differential gain, lower threshold current 

density and a higher temperature stability than can be achieved with QW lasers (chapter 5). 

In-plane semiconductor lasers are fabricated by cleaving the crystal perpendicular to 

the QWs and the semiconductor/air interface produces an approximately 30% reflecting 

surface. In order to increase the interaction within the active region, optical confinement 

perpendicular to the cavity can be achieved by cladding the active region with a 

semiconductor which has a low refractive index [10]. A further improvement to laser design 
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is the vertical cavity surface emitting laser (VCSEL) in which the cavity volume is reduced 

to <0.05pm [36]. The VCSEL consists of a short cavity containing the active QWs 

sandwiched between distributed Bragg reflectors (DBR) [36]. These highly reflecting 

surfaces (>99%) consist of alternating layers with different refractive indices (e. g. AlAs and 

GaAs). The reduced cavity of a VCSEL results in sub-mA threshold lasing current and helps 

prevents mode hopping [37]. A combination of this low power usage and their compactness 

means that large arrays of such lasers can be fabricatecL 

Lasers with strained layer QWs in the active region are now very common [38]. The 

improvement in pin arises from the decreased hole effective mass that occurs when the 

heavy hole and light hole in the valence band are separated. This occurs because the higher 

lying valence band can be distorted to more closely resemble the shape of the conduction 

band, i. e. the density of states for holes is reduced [39]. As a result a greater proportion of the 

available hole states are filled for a given injection current and again the gain is increasedL 

As strain reduces the threshold carrier density, both inter-valence band absorption (IVBA) 

and free carrier absorption decrease, reducing the internal loss in the laser cavity and 

increasing the differential efficiency. Chapter 4 investigates strained layers of InAsP grown 

on InP. 

1.4.2 Modulators 

Adding dopants, to semiconductors results in either electron rich or hole rich material 

depending on the type of impurity. The addition of an undoped (intrinsic, i) layer in between 

the p and n region creates a potential gradient between the n and P-type regions (P-i-n 

structures). Application of a reverse bias across this p-i-n structure increases the gradient in 
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the i-region. The potential profile of the well is skewed so that the carriers no longer see 

rectangular barriers on either side (Figure 1-8). 

Unbiased Reverse Bias 
pjn 

small intrinsic field 

Figure 1-8 Effect of an electric field on a QW in a p-i-n structure resulting in an el-hh] 

energy redshift and a reduction the transition strength 

Electron and hole wavefunctions are polarised in opposite directions. This change in 

the shape of the potential causes the energy levels to red-shift. The electron and hole 

wavefunctions then have maxima near the opposite sides of the well, reducing the excitonic. 

transition strength due to the decrease in overlap of the wavefunctions. The shift of the 

subbands is a direct consequence of the QW structure and is different from the Franz- 

Keldysh electro-absorption (10] observed in bulk semiconductors, which is dominated by 

field tunnelling broadening effects rather than an actual shift of the edge. Consequently the 

shape change of the QW caused by application of an electric field results in an excitonic 

transition energy shift - the quantum conflined Stark effect (QCSE) [40]. A large change in 

the absorption coefficient on application of an electric field due to the QCSE means that 

modulation can be performed with low voltages (typically IOV) [41]. Hence, when no 
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external field is applied the QW p-i-n structure absorbs incident light at the excitonic 

transition energy (off), but if a reverse bias is applied, the absorption coefficient (av) is 

reduced and the structure begins to transmit (on). Chapter 3 investigates the importance of 

abrupt interfaces in QWs particularly if they are to be used in modulators. 

Due to a combination of good electrical and optical properties of QWs, the possibility 

of monolithic integration (on a single substrate) and hence the fabrication/formation of an 

optoelectronic integrated circuit (OEIC) can be achieved. Monolithic integration means that 

component-to-component optical loss is drastically reduced resulting in an improvement in 

the overall efficiency of the systenL To integrate optical functions requires selective area 

control of the bandgap. Together, semiconductor lasers and modulators are able to produce 

and switch optical beams with wavelengths ranging from 0.6-1.55gm for a variety of 

telecommunications and possible optical computing applications. An ability to produce 

different wavelengths would also lead to new photonic integrated circuit (PIC) 

configurations (chapter 4). 
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L5 Ou din e of th esis 

This thesis focuses on the properties of InP-based OD and 2D quantum confined 

structures as they emit at the all important telecommunication wavelength of 1.3 -1.55pm. 

Chapter I has introduced low dimensional semiconductor structures and shown that the 

intrinsic optical properties are determined by the confining potential resulting from growth of 

materials of different bandgaps. The experimental techniques and equipment used to assess 

the optical and structural properties are described in chapter 2. Chapter 3 investigates grading 

at the InGaAs/InP and InGaAs/InGaAsP interfaces due to As/P exchange. In chapter 4, the 

interdiffusion of InAsP/lnP MQWs by intermixing the well and barrier materials using post- 

growth annealing techniques was studied. Chapter 5 investigates self-assembled quantum 

dots which have generated a lot of interest recently. InAsP QDs are grown by depositing a 

few NMs of InAs on a standard and misorientated, InP substrate by MOCVD. Finally, in 

chapter 6, each chapter is summarised and followed by a discussion on further work. 
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2. Chapter 2- Experimental Techniques 

21 Introdacdon 

There are many well established techniques for investigating and characterising the 

optical, structural and electrical properties of semiconductor quantum wells and dots. The 

optical methods described in this chapter for examining transitions between confined levels 

in such structures include photoluminescence (PL), photoluminescence excitation (PLE) and 

transmission measurements. Structural methods include x-ray diff-raction (XRD) and atomic 

force microscopy (AFM) [1]. All the above techniques are non-destructive ways of analysing 

semiconductor properties where only a small quantity of the material is needed. Other 

techniques which yield valuable structural information on low dimensional structures include 

transmission electron microscopy (TEM) and scanning transmission electron microscopy 

(STEM) used in conjunction with dispersive x-ray analysis (EDX). However, both these 

techniques are destructive and the samples cannot be used again. PL, transmission, XRD and 

AFM experiments were all carried out at the IRC for Semiconductor Materials, Imperial 

College whereas the STEM and EDX measurements were performed by H. Davock on the 

STEM facility in Liverpool. 
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Z2 Opdcal Characterisadon 

ZZI PLIPLEEquipment 

The optical set-up for the PL or PLE experiments consists of an excitation source, 

usually a laser, a monochromator to disperse the luminescence emitted from the sample, and 

a detector. This is shown schematically in Figure 2-1. 

For PL experiments, either a HeNe or an Argon ion laser was used as the excitation 

source providing continuous wave emission at 632.8mn or 514.5mn respectively. The 

tunable laser source used for PLE was a titanium-doped sapphire (Ti: Sapph) laser which 

delivers an intense bearn over a broad range of near infrared wavelengths (700-1 000nm). The 

Ti: Sapph crystal absorbs in the range 400-600nm, making the Argon ion laser an ideal pump 

source. Continuous variation of the excitation wavelength is achieved by means of a Digiplan 

stepper motor and driver connected to a micrometer which controls the tuning of the laser 

using a bireffingent filter. Two different iniffor sets can be used which provide tuning from 

700-850mn (blue set) and 850-1000nm (red set). 

Samples are mounted on a cold finger inside a closed cycle helium cryostat (Oxford 

Instruments or APD) and the sample temperature can be varied between I OK and 300K The 

luminescence emitted from the sample is collected by means of two planoconvex lenses (LI 

and L2) which focus the light onto the entrance slits of the monochromator. L2 is chosen to 

match the f-number of the monochromator. The dispersed luminescence is then directed into 

a detector placed at the exit slit of the monochromator. Two systems were used in the course 

of this work; system (a) consists of a Spex 0.85m double grating instrument controlled by a 

CD2A compudrive. The gratings (600grooves/mm) are blazed for a wavelength (, %B) of I pm 
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but the efficiency drops to 50% when X=1.5pm. System (b) consists of a Spex M500 single 

grating instrument, again with a grating (600 grooves/ mm) blazed for I ILm. The main 

difference between these two monochromators is in the rejection of scattered light which is 

significantly better for system (a). Two detectors have been used in this work; a) Hamamatsu 

Micro-channel plate (MCP) with an S1 response used for detection in the range below 1.1 pm 

and b) a North Coast Germanium p-i-n diode to detect luminescence in the wavelength range 

0.8 - 1.7pm. The Ge diode is cooled to 77K in order to reduce themal noise. To finiher 

improve the signal to noise ratio, the output voltage is input to a lock-in amplifier which is 

phase matched to a mechanical chopper operating at 326117- A muon filter is connected in 

parallel across the lock-in to reduce voltage spikes which arise due to muons; (cosmic rays) 

which can cause the Ge diode to temporarily overload. 
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Photon Counter 

Lock-in Amplifier 

Argon Ion 
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Detector 
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Tunable CW Laser 
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LI 
Micrometer 
Stepper Motor 

Sample 

Chopper (used in conjunction 
with the lock-in amplifier) 

Figure 2-1 Schematic of optical set-up for PL or PLE experiments consisting of an 

excitation source, a monochromator and detector. 
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ZZ2 Transmission labsorption Experiments 

The transmission of light through a plane parallel sample of thickness d is given by 

[2], 

T= 
(I _ 

R)2 Cad 
Eq 2-1 

I+R 2e -2ad -2 Re-"4 cos 

where R is the reflectivity at the air/sample boundary and is given by, 

R= 
(1_j2 

1+n 
Eq 2-2 

For GaAs and InP with n--3.5 this gives R4.3. The cosý term arises from the 

interference of beams reflected from the front and back surfaces of the sample. 

An additional advantage can be pined by polishing the samples to a slight wedge 

shape. This reduces oscillations due to the cosý term in Eq 2-1. The instrument used for the 

transmission experiments is a Perkin Elmer Lambda 9 UV/VIS/NIR spectrophotometer. It 

consists of a white light source, two sample chambers, monochromator and detectors. A 

double monochromator set-up is necessary to reduce the amount of stray radiation. Two 

detectors, a photomultiplier and a PbS cell, are used to cover the UVNIS and the NIR range. 

The detector signal is amplified and fed directly to an Analogue - Digital converter. The 

transmission range, slit width, sensitivity and scan speed are all controlled by a computer 

linked to the spectrophotometer. Initially, a background correction scan, with no sample, is 

taken to act as a reference for all further scans. The computer stores this information, uses it 

as the reference signal, eventually displaying the scans as a percentage transmission. In order 

to remove some of the effects of substrate absorption the samples are polished to remove 

some of the substrate in preparation for the transmission experiment. The substrate is 
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polished with various grades of waterproof silicon carbide paper. This process is completed 

by using polishing cloth impregnated with 6tim diamond particles until a specularly 

reflecting surface is obtained. 

Z3 Structural Characterisation 

Z3.1 X-Ray Diffracdon (XRD) 

High Resolution X-Ray Diffraction (HRXRD) is a structural technique used to 

provide information on the composition and lattice strain of ternary or quaternary III-V 

heteroepitaxial layers [3]. This information is obtained from an analysis of the profile of a 

particular Bragg reflection. For a complete characterisation. it is necessary to measure Bragg 

reflections from sets of lattice planes parallel to the crystal surface and planes inclined to the 

surface so strain in the epitaxial layer can be determined [4] (section 1.3). 

High resolution rocking curves are measured for the epitaxial layers using a Philips 

Fligh Resolution X-Ray difftactometer with the four-crystal monochromator aligned in the 

Ge(440) setting (Figure 2-2 a)). The X-ray source is a sealed Cu anode X-ray tube which 

emits radiation of wavelength 1.54A. For high resolution X-ray, the beam must be collimated 

before it is incident on the sample. This is achieved using the four-crystal monochromator. 

The collimated beam is directed onto the sample with incident angle 0 and the reflected X- 

rays are then directed through a set of slits into the detector. The sample crystal is rotated 

through an angle co whilst simultaneously rotating the detector through an acceptor angle of 

20 giving rise to co/20 scans. These are later analysed in the form of a spectrum mapped out 
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in reciprocal space which provides information on variations in lattice spacing and can 

therefore be used to determine the position of the substrate peak and various satellites. 

However, if the crystal sample is bent, the detector will accept diffracted beams from 

different angles from the different regions of the sample which results in an intrinsic 

broadening of the diffraction peaks. This problem can be overcome by adding the channel- 

cut Ge(220) analyser crystal (Figure 2-2 b)) which tums the diffractometer ftom a high 

resolution diffractometer into a triple axis diffractometer. The triple-axis scan can be 

displayed in real or reciprocal space. The tilt of the layer with respect to the substrate can be 

obtained directly, the diffuse scattering (from defects) can be separated from the coherent 

scattering to give information on these defects, and the strain or mismatch can be 

distinguished from the tilt of the epilayers. This is important in a strain-relaxation study. 

Detector 

a) 4-crystal Bartcls monochromator 
Ge (440) or Ge (220) 

Detector 

X-ray tube 

b) 4-crystal Bartels monochromator 
Cie (440) or Ge (220) 

Channel-cut 
Ge (220) analyzer 

AO /A-10 
= 2' 

or 12" 

Lattice mismatched layer 

Figure 2-2 a) High resolution double axis diffractometer, b) Triple axis diffractometer 
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The fourth order reflection (004) from (001) planes is found to be the most intense, 

therefore a symmetrical 004 reflection rocking curve for a layer grown on a (00 1) substrate is 

recorded. A periodic structure such as an InGaAs/InP MQW will modify the X-ray 

diffraction pattern by giving a series of satellite Bragg peaks [3] (Figure 2-3). The central, 

most intense peak arises from the substrate (InP) with the zero order layer peak directly 

superimposed on top showing that the layer (InGaAs) and substrate are lattice matched. The 

intensities of the satellites are related to the the difference in structure factors of the 

constituent layers. The modulation of the satellite intensities is related to the shape of the 

individual layers in the MQW and can be used to deduce the abruptness of the interfaces. 

The higher order satellites are most sensitive to interface grading. A variation in the period of 

the MQW will cause broadening of the satellite peaks. 

23.2 Simuladons 

The (004) x-ray scan can be analysed using dynamical diffraction theory which 

accounts for multiple scattering [5]. The software package for the Philips machine allows 

dynamical simulations of the x-ray rocking curves to be computationally generated for a 

given structure. The software contains a data base of X-ray scattering factors and lattice 

parameters which can be modified for each heteroepitaxial structure. The input required is 

the reflection geometry (004,224) and the layer structure, from which the reflectivity of the 

sample is calculated. These simulated rocking curves, convoluted for instrumental line 

broadening and corrected for noise, can be compared directly with the corresponding 

experimental rocking curves. The software generates these rocking curves based upon 

composition and well/barrier width profiles [3]. The layers comprising the sample structure 
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can either be constant in composition or in the case of alloys the ratios of the elements can be 

varied in a linear or an exponential manner throughout the layer thickness. Layers with a 

varying composition are referred to as graded layers and can be used to ascertain the actual 

well composition or potential [6]. The MQW period can be determined within about 2A 

accuracy. 

-ell 

Substrate peak 

Zero-order 
peak Satellite peaks 

30.5 31.0 31.5 32.0 

Degrees 

Figure 2-3 XRD a) (004) experimental rocking curvefor lattice matched InGaAslInP 

b) (004) simulated rocking curve for InGaAslInP assuming an asymmetric 

graded well profile 

23.3 Atomic Force Microscopy (AFM) 

AFM is used for studying the topography of materials from the atomic to the micron 

level by imaging a scanned surface. AFM probes the surface with a sharp tip made from Si. 
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The tip is fted at the end of a cantilever (100 - 200prn long) and scanned over the sample 

surface. Inter-atomic and electrostatic forces attract or repel the tip causing the cantilever to 

deflect. A detector measures the cantilever deflections which allows a computer to generate 

an image of the surface topography. Two types of AFM can be employed; contact and non- 

contact [7]. In contact AFM (or repulsive mode) the scanner traces the tip across the sample 

making contact with the surface. The cantilever deflects as it encounters variations in 

topography. In non-contact AFK the cantilever is set to vibrational mode and then scanned a 

few hundred of angstroms above the surface. The change in amplitude, phase or frequency of 

the vibrating cantilever is detected which relates to changes in the sample topography. The 

advantage over contact AFM is that the wafers are not contaminated through contact with the 

tip. For this work, the contact tip is used as it was the only type of AFM available. 

23.4 Scanning Transmission-Electron Microscopy (STEAV 

Scanning transmission-electron microscopy (STEK and energy dispersive x-ray 

(EDX) have been employed to give structural information on semiconductor samples [8]. 

The experiment was carried out using the facility at Liverpool University. STEM was carried 

out using a VGHB601 UX 10OKeV cold field emission STEM fitted with a windowless X. 

my detector and parallel electron energy loss spectroscopy (PEELS). The sample of typical 

size 3min x 3mm, is ground and thinned using a polishing unit and an ion milling process to 

an optimum thickness of between 5-10nm which can be measured using PEELS. The 

thinning helps to restrict loss of resolution through beam broadening. The sample is mounted 

and heated to remove any oxide and then left to settle for up to eight hours to prevent sample 
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drift during measurement. The high vacuum (10" 'Toff) conditions of the STEM allows the 

use of a cold field emission tip and the ability to reduce the spot size to 0.2nm. An electron 

beam (-100keV) scans the thin section of the sample yielding a contrast image. An energy 

dispersive x-ray microanalysis (EDX) is performed by reducing the 100keV beam size to 

Imn and scanning a line across the sample of length 8nm-64mn or rastering an area of up to 

64mn x 64run in lnm steps along the direction of growth. Detection of the X-rays emitted 

provides a qualitative description of the elements contained within the sample. Absorption of 

X-rays is monitored by observing the intensity ratio of K, and L. lines for a given material 

such as GaAs. 
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3. Chapter 3- In,, Gal.,, As/InP Quantum Wells 

3.1 Introduction - Review ofInGaAslInP Quantum wells 

INGaj.,, As/InP multiple quantum well (MQW) structures are an important material 

system for optoelectronic devices which operate in the wavelength regions of minimum 

absorption (1.55gm) and zero dispersion (1.3pm) of commercial silica-based optical fibres 

[1]. Lattice matched (strain free) structures can be obtained for x--0.53 operating at 1.55pm, 

making this material combination very attractive for InP-based long-haul 

telecommunications [2]. High quality heterostructures can be grown by MOCVD, CBE and 

GSUBE and have been used to form optoelectronic devices such as lasers, waveguides or 

optical switches. The electrical and optical properties of these structures are strongly 

dependent on the size and shape of the QWs and device design is usually based on the 

assumption that the interfaces are abrupt. 

However, InGaA&W structures are more difficult to produce than, for example, 

InGaAs/GaAs due to the additional requirements of lattice matching and the necessity of 

changing group V fluxes between successive layers. Gas phase epitaxial techniques such as 

MOCVD can be prone to flux intermixing [3] during growth of the heterointerfaces and the 

InGaAs/InP material combination has been shown to be susceptible to interdiffusion on the 

group V sublattice even at relatively low temperatures [4]. This creates a compositionally 

graded (interfacial) layer which can give rise to highly strained interface regions [5] which, if 

sufficiently thick, may contain extended defects which would reduce the electron mobility or 

enhance non-radiative recombination paths [6]. Vanderberg et aL [7] first suggested the 
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presence of an intrinsic strain at the heterointerfaces of InGaAs/InP and concluded that there 

may be problems with growing high quality interfaces. These problems are usually referred 

to as the 'memory effect' and the As-P exchange at the interface [7,8,9]. The memory effect 

is more prevalent in P-based material due to the high sticking coefficient of As relative to P 

[7,9,10] and either arises from small amounts of As found in the reactor during growth or 

from cross contamination of the sources due to incomplete switching. Excess As is 

incorporated into the InP and hence a compositionally graded interface is forined. [5,11,121 

Figure 3-1a). As/P exchange occurs at the interface forming intermediate InAsP or InGaAsP 

layer at the interface [ 10,12] (Figure 3- lb). 

a) 
InAsP 
graded layer 
4 10 

b) InAsP InGaAsP 
layer layer 

AEc 

InGaAs InP 
well Barrier 

Growth direction 

Figure 3-1 As-P exchange at the interface results in a) a graded layerformed at the 

interface(s) or b) equal but oppositely strained monolayers at the interface. An InAsP layer 

at the lower (InP-InGaAs) interface is positively strained (compressive) and a quaternary 

InGaAsP layer at the upper (7nGaAs-InP) interface is negatively strained (tensile). 
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3.1.1 As-P exchange 

As a result of As-P exchange at the interface, equal but oppositely strained 

monolayers (NEs) form a graded layer at the interfaces due to the difference in atomic size 

of As and P which can cause severe degradation of interface quality. This As-P exchange 

leads to InAs or InAsP interfacial layers at the lower (InP-InGaAs) interface which are 

positively strained (compressive) and a quaternary InGaAsP layer at the upper (InGaAs-InP) 

interface which is negatively strained (tensile) after an AsH3 or PH3 purge during growth [6, 

10,12,13]. This is shown schematically in Figure 3-1b). However, a general consensus has 

not been reached on the composition of the interfacial layers. For example, Meyer et aL [7] 

proposed that at the upper heterojunction, a layer of In atoms is surrounded by a layer of As 

and P atoms giving rise to an InAsP layer. Shiau et aL [14] concluded that at the InGaAs/lnP 

interface no interfacial layer is present since P/As substitution is less active at this interface. 

A general agreement has not been reached for graded interfaces. Streubel et aL [9] modelled 

a graded layer of InAsP at the first interface whereas, Lyons el al. [5] proposed a graded layer 

of InAsP at the InGaA&W interface. Initially, a layer of In-As bonds is formed at this 

interface as the surface of InGaAs is terminated by a plane of As atoms and the growth of InP 

is initiated by the deposition of In atoms. It would appear that the exchange process depends 

on the growth conditions and/or growth interrupts used by each group. However, it is agreed 

that an exchange of group V elements is the dominant effect. 

These interfacial layers can influence the confining potential and therefore the 

heterostructures may not operate at the desired wavelength [2,8,10,15]. Also, areas at the 

interface differing in thickness by UL steps (21) terraces) due to these interfacial layers lead 

to substantial broadening and even splitting of the emission peak due to the potential 
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fluctuations experienced by the exciton. A further problem encountered at the interfaces is 

the formation of 3D islands during the flux switching sequence which again affects the 

optical properties as the PL emission line is split into multiplets [9]. Growth techniques such 

as MOCVD, CBE and GSMBE are all subject to these As/P exchange problems. The specific 

growth conditions will determine whether 3D islands [9,14,17] graded layers [5] or strained 

layers at the interfaces are formed [7,11,12,14,181. Optical and structural techniques such 

as PL, absorption, XRD and TEM have been used to analyse the condition of the interfaces 

[10]. For example, a strong red shift of the PL peak energy caused by the formation of 

intermediate InAsyPj-y layers at the interface resulting from As substituting for P atoms on 

the InP surface during an AsH3 purge in the growth was observed by Wang et al. [11]. Brown 

et aL [18] have observed that the PL is shifted to higher energies due to the formation of an 

intermediate InGaAsP layer at the InGaAs-InP interface. In both cases, the PL shift is a result 

of the As/P exchange. 

Using in situ RHEED studies to monitor the effects of P2 and AS2 flux exposure to 

InGaAs and InP surfaces during GSMBE growth, Anan et aL [19] have identified the 

exchange process at the sample surface during growth and shown that surface Ga atoms 

enhance the substitution of As to P atoms due to the different chemical bond strengths 

between the atoms. In-As and In-P have nearly equal chemical bond strengths but the energy 

required to break a Ga-P bond is larger than for the Ga-As bond. and consequently 

roughening could originate from this substitution of As to P atoms around Ga atoms. 

However, in general, As tends to incorporate with Ga (or In) preferentially compared to P 

because of the larger sticking coefficient of As [7,14]. 
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As the properties of optoelectronic devices may critically depend on compositional 

uniformity and interfacial perfection, methods of reducing the As/P exchange and 

eliminating island formation have been investigated and are discussed in the following 

section. 

3.1.2 Growth Intenuption Sequences (GIS) 

Many groups have tried to eliminate surface roughening caused by As-P substitution 

when growing InGaAs/InP QWs by utilising various growth schemes such as different 

growth interruption sequences (GIS) at the upper and lower interfaces, different ASH3 and 

P113 flow rates at various growth temperatures and pressures to obtain smooth interfaces (7, 

13,18,19] and introducing an evacuation time during flux switching to avoid the memory 

effect [14]. In MOCVD, CBE and GSMBE growth processes, GIS are also used to eliminate 

the formation of 3D surface islands which form during the flux switching sequence. The GIS 

technique requires exposing the clean InP and InGaAs surfaces to AsH3 and PH3 fluxes 

which tends to increase the size of the 2D terraces (with IML thick fluctuations) by allowing 

the freshly grown surface to relax before the next layer is deposited [13]. The density of NE 

growth steps is diminished as the smaller terraces relax into larger ones due to the migration 

of surface atoms during interruption [201, hence increasing the interface abruptness and 

reducing the size of the atomic step fluctuation. 

However, initial attempts at GIS resulted in the same problems as described in section 

3.1.1. Some GIS introduced unintentional layers of InAsP and InGaAsP at the heterointerface 

whose composition and thickness depended on the particular growth sequence [6,2 1 ]. These 

exposures led to a partial substitution of P with As (As with P) at the InPlInGaAs 
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(InGaAs/InP) interface. As the position of the confined states and hence optical transitions of 

QWs with well width, 1,, <5mn, are particularly sensitive to well shape, thin QWs were grown 

where both interfaces were modified using various GIS to avoid an As carry over from 

InGaAs to InP. Camassel et at. [13], Streubel et al. [9] and Bohrer et aL [16] reported a 

splitting in the PL emission spectra corresponding to ML steps in the interface plane. This 

was attributed to a P-As exchange at the lower interface leading to InAsP interface islands 

that were larger than the excitonic diarneter and therefore appeared to act as UL steps [17]. 

3.1.3 Improving Growth Interraption Sequences 

By exposing the surface to different fluxes, over various time intervals and using 

different switching sequences, interfaces can be formed which are more abrupt than those 

obtained using conventional sequences [14]. Benzaquen et at [6] have shown that longer 

exposures to hydrides (over 5s) give rise to interfacial layers with less compositional disorder 

and/or thickness fluctuation. Wang et aL [I I] have demonstrated that PL peak energies for 

QWs grown using different GIS differ by as much as 0.25eV at low AsH3 flow rates. They 

attributed this to the different fractions of surface P atoms replaced by As during an AsH3 

purge. Varying the AsH3 flow rate during growth of the InGaAs well layer significantly 

influenced the emission energies for the samples grown continuously or with an interruption 

at the second interface. 

Shiau et al. [14], Streubel et aL [9] and Hergeth et aL [12] have all demonstrated a 

significant improvement in the interface smoothing by using slightly more elaborate growth 

interruption (GI) techniques. Shiau et aL [18] have shown that a group III stabilised surface 

in the growth of InGaAs(P)/In(GaAs)P MQWs, As/P substitution can be avoided, improving 
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the interface quality. This was done by introducing a mixed ML of In and Ga to the freshly 

grown InP and InGaAs surfaces prior to exposure to the new group V flux. XRD and low 

temperature PL techniques were used to examine heterointerface abruptness. The results 

show that the interfaces grown with the modified switching sequence are considerably more 

abrupt than those obtained using conventional sequences where As/P interdiffusion extends 

over several 1ýEs. By depositing a IVIL of In or Ga onto InP, exposure to the new group V 

structure can reduce the interfacial strain since the transition layer composition is InGaAsP 

rather than InAsP. InGaAsP has a smaller lattice mismatch with InP than InAsP and hence 

the strain is decreased at the interface [8]. 

Streubel et al. [9] have adopted a different approach. Rather than using PH3 or AsH3 

purges, they have found that employing a GIS with a hydride purge improves the sharpness 

of the hetcrointerface. By purging the reactor with H2 for 20-30s, after growth of InGaAs, an 

InAsP gradient in the InP barriers can be avoided. At the lower interface, no P carry over 

from the InP to InGaAs was detected. 

Hergeth et aL [12] have grown InGaAsl InP MQWs using low pressure MOVPE, with 

4 different switching sequences of the gas phase at the interfaces: a) with GI at both 

interfaces, b) without interruption at the transition from InGaAs to InP, c) without 

interruption at the transition from InP and InGaAs, d) without interruption at both transitions. 

However, as the surface has to be stabilised during interruption, even a substitution of P by 

As at the InP surface is hard to avoid. In fact, in some cases, strained interfaces caused by the 

exchange of As and P at the interfaces may be beneficial, for example, in high performance 

long wavelength lasers. Usually strained QW systems are employed as the active material 

since the presence of strain leads to improved efficiency [22]. 
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3. L4 InGaAslInGaAsPMQWs 

The InGaAsP material system has attracted considerable interest in recent years as it 

allows a wide range of different bandgap materials to be grown on the two commercially 

important III-V substrate materials; InP and GaAs. InGaAs/InGaAsP MQWs grown on InP 

are considered to be suitable candidates for optoelectronic devices, particularly lasers, 

operating between 1.3 and 1.55pm [23-26]. Again, for such device applications, the 

interfaces of the QW structure need to be abrupt, otherwise interface roughness will affect 

the quantum confined levels, the linewidth of the optical emission spectra and the optical 

properties of the heterostructure. Most studies have focused on the interfaces of InGaA&W 

QWs with relatively few on InGaAs/InGa. AsP QWs. Energies of the higher lying states which 

can give information on the confining potential are usually derived from PLE measurements. 

However, the lack of tunable laser sources in the required energy range means that these data 

are difficult to obtain for the InGaAs/InP and InGaAs/InGaAsP system [27]. 

Optical (PL and absorption spectroscopy) and structural (XRD) techniques have been 

used to study the interfaces of InGaAs/InP and InGaAs/InGaAsP materials for application in 

long wavelength optoelectronic devices. In InGaAs/InGaAsP MQWs, as will be shown the 

effects of interdiffusion of In, Ga and As may be less detrimental to the optical and electronic 

properties thereby reducing the need to use elaborate GIS [4]. However, quaternary as well as 

ternary QWs grown on InP are susceptible to interdiffusion which can cause a shift in the 

emission wavelength from that expected from the nominally grown structure. 

The remainder of the chapter is organised as follows. Section 3.2 describes the PL 

results for InGaAsW and InGaAs/InGaAsP MQWs. In section 3.3, absorption results from 

the same samples are discussed in conjunction with the transfer matrix modelled results. 
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Section 3.4 describes XRD results and simulations, and finally, section 3.5 presents the 

conclusions which can be drawn from this work. 

3. L5 Samples 

Two nominally lattice matched InO. 53GaO. 47As samples (A and B) with different barrier 

material and designed to emit at 1.55pm at room temperature, were investigated to determine 

how the barrier material influences the optical properties. As outlined in section 3.1, arsenic 

atoms are easily incorporated into and readily diffuse through the lattice (replacing P) at 

typical growth temperatures, leading to non-abrupt interfaces (Figure 3-1). A P-based 

quaternary barrier, with a room temperature bandgap of 1.261Lm (0.98eV), was used for 

sample B. Sample A has InP barriers. Both samples consist of a 10 period 70/100A 

well/barrier width, MQW, grown on an ti+ doped (100) InP substrate cut 0.35" off to (110) 

and capped with 7500A of undoped InP. The structures were grown by atmospheric pressure 

MOCVD at the EPSRC III-V growth facility at Sheffield University. The growth rate was 

2MUs at a temperature of 650'C using arsine and phosphine as group V sources and 

trimethyl indium and trimethyl gallium as group HI sources. The layers were not 

intentionally doped. 

3.2 PL Results 

Low temperature (10K) PL spectra obtained from samples A and B are shown in 

Figure 3-2a) and b) (black line). The spectra are dominated by el-hhI excitonic 

recombination located at 0.86 and 0.87eV for samples A and B respectively. No impurity 
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lines are evident. The linewidths (Full Width at Half Maximum (FWIM) for samples A and 

B are 12meV and 8meV respectively. Compared with previously grown samples from the 

same MOCVD system, these linewidths are larger (usually FWHM of 3-6 meV) [28] and 

may indicate that these MQW structures are not of the highest quality. The width of the 

excitonic peak has been correlated with interface fluctuations [29] and as the FAAHM for 

sample A is greater then for sample B, this implies an increased roughness for the 

InGaAs/InP interfaces. In addition, the integrated intensity of the emission peak for sample A 

is four times greater than sample B, for the same experimental conditions. This may be due 

in part to the quality of the substrate which would need to be characterised before growth. 

Also evident in the I OK spectra for both sample A (Figure 3-2a) and sample B (Figure 

3-2 b) is a weak emission observed about 33meV to the lower energy side of the main peak. 

This feature corresponds to the 'GaAs-like' LO phonon mode (or replica) previously reported 

by Skolnick et al. [29] and Westland et al. [30]. Skolnick et al. [29] observed the LO phonon 

peak in the PL spectra for a 150A InGaAs/InP QW. 
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Figure 3-2 PL spectra at different temperatures for a) sample A and b) sample B. A 

He-Ne laser with a power density of 2 WCM-2 was used as the excitation 

source. 

Figure 3-2a) also shows the evolution of the Pl, spectra as a function of increasing 

temperature. At 300K, the Pl, peak is still detectable indicating that the emission is intrinsic. 

Figure 3-3 compares the temperature dependent experimental bandgap for sample A 

with the calculated bandgap using the Varshm equation for InO. 53GaO. 47As, taken from 

Schwedler et aL [ 17], 

2 

E(T) = E(O) -a Eq 3-1 
T +, 8 

where 0=100K and the temperature coefficient, a, is 3.2xlO4eV/K. The values of cc 

and 0 were obtained from the known bulk values for GaAs, InP and InAs [3 1 ]. The eI -hh I 

b) Sample B (107300K) 

IOK 
50K 
IOOK 
150K 
200K 
250K 
300K 
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transition value from the absorption measurements (luminescence from free excitons) can be 

used to determine E(O) in Eq 3-1. For a direct comparison between the experimental and 

calculated bandgap values, the confinement energy is subtracted from the experimental el- 

hhl PL emission. The emission first shifts to higher energies as the temperature is raised to 

50K before following the conventional bandgap red shift with increasing temperature due to 

electron-phonon interactions. Skolnick et al. [32] reported similar behaviour for a 150A 

InGaAs/InP QW. This implies that the emission at <50K arises from bound excitons and the 

observed shift to higher energy with increasing temperature follows as the excitons become 

unbound. As there are no impurity lines evident at low temperature PL, exciton localisation 

is assumed to occur at potential (interface) fluctuations arising from variations in well 

thickness. However, if the InGaAs is not uniformly alloyed, there may be localisation of 

excitons occurring in the well and/or at the interfaces. Above 50K, the excitons are free 

(mobile) and the Pl, peak energy follows the Varshni equation for InGaAs. 
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Figure 3-3 Temperature dependent PL peak position for sample A and calculated 

peakpositions using the Varshniformula. 
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Figure 3-2b) also shows the PL peaks as a function of increasing temperature for 

sample B. In this case, the PL shifts to lower energy following the band-edge variation and 

luminescence is still detectable at 300K indicating that the emission is intrinsic. An initial 

blue shift is observed implying that the excitons are not bound to potential (alloy) 

fluctuations. The blueshift is smaller for sample B than A indicating that the interfaces in 

sample B are smoother [281. 

For both samples, the PL peak linewidth broadens and the intensity decreases with 

increasing temperature. The decrease in intensity has been attributed to thermal emission 

from the QW [33]. However, at temperatures above 200K, a shoulder located on the high 

energy side of the main peak is observed which is separated from the main peak by -20meV. 

These spectra can be deconvolved into two Gaussians and are attributed to transitions 

involving light and heavy holes. This correlates well with the heavy and light hole peaks 

observed in the absorption spectra for the samples (section 3-4). The FWHM for the 

Gaussian attributed to the heavy holes is -16 and l0meV for samples A and B respectively. 

For the light holes, the corresponding linewidths are -33 and 25meV. The linewidth for the 

light holes is likely to be overestimated because of the additional contributions from band to 

band emission. 

The integrated intensity of the PL peaks is displayed as Arrhenius plots in Figure 34. 

Activation energies (E, ) for samples A and B are deduced assuming the luminescence obeys 

the expression [34], 

I(T) = 
1. 

Eq 3-2 
1+ Ce4- EýIkBT) 
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where I(T) is the integrated intensity of the PL emission peak at temperature T, L is 

the integrated intensity of the PL emission peak at the lowest measurement temperature 

(10K), kB is Bolt23nann's constant and C is the pre-exponential factor related to impurities 

and defects within the lattice which acts as a loss mechanism for radiative recombination. E. 

is assumed to correspond predominantly to thermal escape of the carriers from the well. 

The activation energy measured from the steepest part of the curve yields values of 

(28±2)meV and (18±2)meV for samples A and B respectively. As the CB and VB potential 

barriers are higher for sample A than B, the activation energy is expected to be greater for the 

former. However, the value of E. for samples A and B is lower than expected assuming the 

electrons are thermally emitted and taking into account the confinement energy which is -60 

and 50meV respectively. For sample B (Figure 34b)) the integrated emission at 50K is 

greater than I OK due to bound excitons at the interface de-trapping at higher temperatures 

[29]. 
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Figure 34 Arrheniusplotsfor samples A andByielding activation energies of28 and 18meV 

respectively. 

Low temperature PL results yield information only on the el-hhl transition energy as 

the light hole band is insufficiently populated for any significant recombination to occur. In 

order to determine the higher lying states, PLE and transmission experiments were performed 

on the samples. Unfortunately, the PLE results (using a lamp and monochromator as 

excitation source) resulted in a rather weak signal and so transmission experiments were 

carried out to determine the energies of the higher lying states. These results were then 

compared with modelled results to determine the shape of the well. 
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3.3 Absorpdon Experiments and Computer Modelling 

3.3.1 Parameters used In the Transfer Mathr model 

The conventional way of displaying transmission data is to plot the optical absorption 

spectrum which is derived from the intensity of the transmitted light using the Beer-Lambert 

Law (see introduction 1). The absorption peaks can be assigned to the confined exciton 

transitions using the transfer matrix model [See Appendix A for details] [9,35]. The finite 

potential well can be modelled assuming an ideally smooth interface or grading the first, 

second (asymmetric) or both interfaces (symmetric). For sample A, the material parameters 

such as the effective mass of a carrier in an alloy are assumed to follow Vegard's Law and 

are linearly interpolated between values of the constituent binaries except for the value of the 

bandgap. As sample B contains a quaternary barrier, the material parameters are calculated 

using equations taken from the 'Properties of InP' P7]. 

Sample A- The bandgap of bulk In,, Gal-,, As as a function of the In content x at 2K is 

given in Eq 3-3 [36], 

Es = 1319 - 13 84x + 0.475x2 Eq 3-3 

The band offset ratio (AE,: AE, ) for InGaAs/InP has been reported by many authors 

and ranges from 36: 64 [40], 40: 60[30], 42: 58[39], and 45: 55[30]. Cavicchi et al. [40] 

calculated a CB: VB potential of 210: 390meV for a lattice matched InGaAs/lnP QW of well 

width 70A. As the nominal well width of sample A is 70A, the 36: 64 ratio was chosen which 

gives a conduction band potential of 213meV and a valence band potential of 396meV. The 
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effective masses for the electron, heavy and light holes were obtained from Kryn et al. [4 1] 

and are displayed in Table 3-1. 

Table 3-1 Effective mass valuesfor InO. 53GaO. 47AS and InP 

m*Jmo m*bON m*ffi/nio 

InGaAs 0.041 0.470 0.050 

Ie 0.080 1 0.560 0.120 

Sample B- As the barriers consist of four elements, the parameters cannot be linearly 

interpolated between the binaries. All the following equations are taken from Adachi [42] 

assuming the In. Qal,, As wells and In,, Gal.. AsyP,. y barriers are lattice matched to the InP 

substrate. The bandgap is given at 300K as a function of the In content x and the As content, 

[43]; 

Ejr = 1.35+(Q748x+O. 642)x+(0.101y-1.101)y-(Q28x-Q109y+O. 159)xy Eq 3-4 

The band offiet potentials were calculated from Eq 3-5 and 3-6 which yield a 

conduction band potential of 13 1 meV and a valence band potential of 128meV. 

AE, (meV) = 271- 268y +3 Y2 Eq 3-5 

AE, (me V) = 350 - 502y + 152 y2 Eq 3-6 

The effective masses for electrons, heavy and light holes of In,, Gal-. AsyP, 
-y are 

calculated according to, 

0 y2 0.077 - 0.050y + 0.0 14 Eq 3-7 
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mL = 0.45mo [44] 

m; =0.12-0.069y [45], Eq 3-8 

where mo is the free electron mass. An exciton binding energy of 10meV [461 for 

samples A and B was assumed throughout this chapter. 

3.3.2 Absorption and transfer nwtrLv modelled results 

Sample A- The optical absorption spectrum for sample A measured at 77K is shown in 

Figure 3-5 a). Four peaks are clearly resolved which have to be assigned to confined exciton 

transitions in the QWs. 
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Figure 3-5 Sample A a) Absorption data at 77K h) predicted heavy and light hole 

transitions (coloured lines) compared with experimental data (full horizontal lines) at 77K 

The absorption spectrum exhibits the behaviour expected for a QW with exciton 

effects at each 2D bandedge up to 1.2eV. Above 1.2eV there is a reduction in transmittance 
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which is due to multiple interference reflections occurring in the substrate sample and 

becomes apparent after the ratioing procedure. A Stokes shift of -15meV is measured 

between the emission and absorption peaks for the el-hhl. The absorption peak always 

corresponds to intrinsic processes, that is the production of free excitons, whereas the 

emission peak occurs at lower energies due to bound excitons. The measured Stokes shift is 

slightly larger than the value of l2meV obtained by Skolnick et at P2], for aII OA 

InGaAs/InP QW. In the present case, no additional impurity peaks were observed in the low 

temperature PL spectrm (for example, free to bound) and the Stokes shift is attributed to 

potential fluctuations at the interface [32,47]. 

Table 3-2 Experimental transition values compared with theoretical calculated valuesfor a 
70A square wellfor sample A 

Transitions at 77K a) Experimental (eV) b) Theory (cV) 

el-hhI 0.8828 0.8718 

el-lhI 0.9063 0.9200 

e2-hh2 1.0422 1.0616 

e2-lh2 1.2030 1.2656 

Figure 3-5b) shows the predicted heavy and light hole transitions for a well width 

ranging from 60-80A compared with experimental data. The parameters described in section 

3.3.1 appropriate to sample A are substituted into the transfer matrix model (Appendix A). 

Transitions ranging from strong (el-hhl) to weak (forbidden el-hh2) have been included in 

order to assign the experimental transitions. The experimental lines cross the predicted 

strong transitions as indicated in Figure 3-5b) and hence the experimental lines have been 
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tentatively ascribed to the strong transitions el-hhl, el-lhl, e2-hh2 and e2-lh2. The 

experimental lines do not cross the predicted lines at the intended well width of 70A. It can 

be seen from Table 3-2 that the energy of the el-hhI experimental transition is greater than 

the theoretical result whilst the experimental transition energies of the higher lying confined 

states are located at lower energies than the corresponding theoretical results. The points 

where the curves (predicted value) cross the horizontal lines (experimental value), indicate 

the expected well width for that transition. Although the three higher lying transitions are 

consistent with a well width of about 75-80A, this value is inconsistent with the el-hhI 

transition which indicates a rather narrower well around 60A. As mentioned in section 3.1, 

such a variation in the well could arise from (i) a non-square well potential due to a 

compositional variation in the well or (ii) a substantial non-parabolicity in the effective mass. 

The effect of non-parabolicity on the optical transitions is estimated in section (3.3.3) and is 

found to make only minor modifications to the predicted energies. In section 3.4 XRD 

measurements are presented which show that there are significant compositional variations 

across the QW which can account for the disparity in the predicted and measured optical 

tramitions. 
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Sample B- The optical absorption spectrum for sample B measured at 77K is shown in 

Figure 3-6a). 
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Figure 3-6 Sample B a) Absorption data b) predicted heavy and light hole transitions 

(coloured lines) compared with experimental data (horizontal lines) at 77K 

The measured Stokes shift for sample B is -5meV. Again, as no additional impurity 

lines were evident in the low temperature PL spectra, the Stokes shift is attributed to 

interface trapping. This result implies higher quality interfaces for sample B compared with 

sample A. 

A similar analysis to that used for sample A is performed on sample B in order to 

confirm the identity of the absorption peaks. The first two peaks are strong, whereas the third 

and fourth absorption peaks are much weaker. The el-hhl and el-lhl exciton transitions are 

well resolved for sample B compared with sample A. 
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Table 3-3 Experimental transition values compared with calculated valuesfor a 70,4 square 

wellfor sample B 

Tmnsitions at 77K a)Experimental (eV) b)Theory (eV 

el-hhl 0.8613 0.8410 

el-lhl 0.8832 0.8730 

e2-hh2 0.9440 0.9432 

e2-lh2 1.0451 1.0362 

Figure 3-6b) shows the comparison between the calculated transition energies for the 

heavy and light holes for different well widths (60-80A) and the experimental values. The 

experimental line intercepts the predicted curves as indicated. The first two absorption peaks 

can be attributed to the strong el-hhl and el-lhl transitions. The third feature may in fact be 

the e2-hhI transition (Figure 3-6b)) as this predicted transition is within a couple of meV of 

the experimental value. The fourth peak is also weak and is located too close to the bandgap 

of the InGaAsP barrier (-1.05eV at 77K) to make an unambiguous assignment possible. 

Table 3-3 compares the experimental transition values shown in Figure 3-6a) with the 

theoretically calculated values for a square well of width 70A. The measured eI -hh I and eI- 

IhI transitions are slightly higher in value than the calculated transitions. Again the results 

arc not consistent with a 70A well. The cffect of non-parabolicity in the cffective mass is 

considered in the following section. 
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3.3.3 Non-parabolicity 

Non-parabolicity of the electron effective mass can have a significant effect on the 

higher lying conflined level energies and may account for the discrepancies between 

experimental and theoretical results obtained for samples A and B [48]. However, the degree 

of non-parabolicity for the InGaAs QWs is unknown and the procedure adopted here is to use 

an empirical relationship derived for GaAs/AlGaAs [46]: 

E, 
1+2 Eq 3-9 Me 

where m*,, b is the bandedge effective mass, in*. the modified effective mass, E. the 

confinement energy and E. the bandgap, 

The bandedge effective mass value for IN. 53GaO. 47As, m*, b, was calculated by linearly 

interpolating between the corresponding binaries (Table 3-1) as described in section 3.3.1. 

The effective mass m*. for each confined state, n, can then be calculated using Eq 3-9. This 

value is then substituted into the transfer matrix model to obtain the 'new' value of the 

transition energy for different well widths. Figure 3-7a) shows the changes in predicted 

transition energy levels using the new effective masses for sample A. For the el-hhI and el- 

lhI confined levels, the electron effective mass increases from ni*. bý=0.041mo to 

m*. 1-0.047mo and introduces only a small difference to the position of the transition energy 

[301. For the next heavy and light hole transitions e2-hh2 and e2-lh2, the transition energy is 

lowered by -25meV for the wider well. The transfer matrix model reveals that the second 

electron confined state (e2) is barely confined for the narrower (60A) well and, hence, it 

cannot be assumed with confidence that the e2 state is confined for such a narrow well. The 

effect of the non-parabolicity can be disregarded for a well of this width. Changing the 
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effective mass seems to have a negligible effect on the confined states and the transition 

energies still correspond to wells of 55-80A in width. 
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Figure 3-7 The effect of changing the effective mass and well width for the heavy hole states 
for a) sample A and b) sample B 
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Figure 3-7b) shows the changes to the predicted transition energy levels using the 

modified electron effective masses for sample B. As expected, the change in effective mass 

makes only a small difference to the positions of the el-hhI and el-lhI states. A negligible 

separation between the transition energies is also observed for the e2-hh2 and e2-lh2 states. 

According to the transfer matrix model, the e2-hh2 and e2-lh2 transition cannot occur as the 

second heavy and light hole states are not confined due to the relatively shallow VB potential 

compared with sample A. Changing the effective mass has an inconsequential effect on these 

transition energies as shown in Figure 3-7b). 

From the optical measurements and confined state modelling, it can be concluded 

that the QW potential is not square. Unfortunately, the exact shape of the well cannot be 

determined solely from optical measurements. Therefore another characterisation technique, 

XRD, has been used to investigate the well compositions for these structures and will be 

discussed in the following section. 
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3.4 ARD Results 

3.4.1 Preliminary square well simulations 

X-ray diffraction (XRD) measurements were performed on the samples in order to 

obtain information about the crystalline structure [49]. XRD is highly sensitive to changes in 

lattice parameter due to small deviations in composition even when the layers are only a few 

monolayers thick [7]. Rocking curves of the (004) reflections were obtained and these were 

simulated using a model based on dynamical x-ray diffraction [50]. The distribution of strain 

in the simulated layers was modified until a good fit was obtained with the experimental 

data. 

Sample A- The experimental (004) reflection rocking curve is shown in Figure 3-8. 

The most prominent feature is the InP substrate peak located at -31.7. The satellite peaks, 

situated on either side of the substrate peak, correspond to (004) reflections from the InGaAs 

epilayer. The satellite peaks closest to the substrate peak are referred to as the first-order 

(m---±I) superlattice peaks, the adjacent satellite peaks are the second order (m--, ±2) etc. For 

lattice matched systems, the zeroth order peak originating from the InGal.. As epilayer is 

superimposed on the main InP substrate peak and there should be no splitting between the 

peaks [50]. However, Figure 3-8 shows a slight shoulder to the lower angle side of the main 

InP peak indicating that the structure is not completely strain free. The angular separation of 

the substrate and epilayer peaks relates to the strain due to the difference in lattice parameter. 

The splitting between the substrate peak and the epilayer peak, Aco, (Eq 1-10) is negative 

implying that the structure is under compressive strain. 
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Figure 3-8 Experimentally determined (004) reflection rocking curve (black). The red 

simulation represents the rocking curve assuming a square well which is lattice matched 

In., Gal-, 4s (x=0.53) to InP. A Ga rich (x=0.52) and an In rich ftý0.54) square well structure 

is represented by the green andyellow simulation respectivelyfor sample A. 

Benzequen et aL [6] obtained a similar result and concluded that the In,, Gal-,, As/InP 

structure was under a small biaxial compressive strain [52]. The slight shoulder to the lower 

angle side of the main InP peak could also originate from the diffusion of As in the substrate 

and/or capping layer [53]. The disappearance of the shoulder after etching the capping and 

substrate layers would confirm As diffusion. The first and second order satellite peaks are 

clearly visible but the third order peaks, which are most sensitive to interface grading [511, 
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are weak and asymmetrical indicating a slight well-to-well variation in the MQWs. The 

distance between the adjacent satellite peaks corresponds to the total (well and barrier) 

period and yields a value of 199A. The smaller fringes between the satellite peaks 

(Pendellosung oscillations) relate to the smoothness of the interfaces. These oscillations are 

not well resolved indicating that the interfaces are not smooth. This would correlate with the 

large FWHM and Stokes shift observed for the PL (section 3.2). 

The first simulation assumes a lattice matched, square well structure (Figure 3-8). In 

order for the net strain of the MQW to equal zero, a value of x=0.53 is used which does not 

give a good fit to the data as the intensity of each satellite peak is too low. As the intensity of 

the peaks relates to the scattering factors and in the case of InO. 53GaO. 47AsW MQWs, the 

scattering factors for the substrate and the epilayer will be similar (no tetragonal distortion), 

the intensity of the peaks is low. Two finther simulations are shown in Figure 3-8 for a 

tensile (x<0.53) and compressive (x>0.53) strained SW structure. For the tensile strained SW 

(green simulation), the satellite peaks shift to higher angles and the peaks on the RHS of the 

substrate peak are more intense. This correlates with the high intensity satellite peaks on the 

RHS of the experimental data. For the compressive strained SW (yellow simulation), the 

satellite peaks are more intense on the LHS of m=O and shifted to lower angles. This 

corresponds to the m=O peak which is situated to the lower angle side of the InP peak. The 

Pendellosung fringes are more easily distinguished. However, the simulations provide a poor 

fit to the experimental data as the simulated satellite peaks are less intense than the 

experimental peaks. 

From the XRD data, it has been determined that the InGaAs well is under a slight 

negative strain as the satellite intensities on the right hand side (RHS) (m>O) of the zero- 
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order peak are slightly more intense than those on the left hand side (LHS) (m<O) but the net 

strain of the MQWs is positive as m=O is situated to the low angle side of the InP peak. 

3.4.2 Graded and strained Interfacial layers 

The rather poor agreement between the rocking curve measurement and simulation in 

Figure 3-8 suggests that the assumption of a square well cannot be correct. To improve the 

fit, the existence of interfacial strain layers on the scale of IýEs is assumed as outlined in 

section 3.1. Krost et al. [10] have shown that both the relative intensity of the satellite peaks 

can be increased by introducing interfacial layers at both interfaces. In addition these authors 

showed that the envelope of the intensities depends critically on the correct sign and 

differences in the strain values. Section 3.1 details how many groups have used different 

models to explain the well shape. The increased incorporation of As compared with P 

(memory effect) and group V exchange reactions during growth usually lead to strained 

interfacial layers and/or graded interfaces. Therefore, rocking curves have been simulated by 

assuming various interfacial IýEs and graded layers as follows: 

1) A positively strained InAsyP,. y interfacial NE at the InP/InGaAs interface or the 

InGaAs/InP interface [5,8,10,11,151. 

2) A negatively strained In,, Gal.. AsyP,. y interfacial ML at the InGaAs/lnP interface [8, 

10,15,18]. 

3) Strained NEs on both sides of the well [6,28]. 

4) Graded interfacial layers [5,14,26,35]. 
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Strained InAsyP,. y Nffis introduced at the InP/InGaAs interface produces a positive 

strain value as InAsP has a larger lattice constant than the InP. This results in a phase shift 

(Aco) between the x-rays reflected from the InGaAs and from the InP lattice which affects the 

interference conditions [7]. For the simulations, the number of MLs and the compositional 

values were iteratively varied until the best possible qualitative fit for the relative intensities 

of the satellite reflections is obtained. The substitution of As and P atoms during the growth 

process and resulting well shapes are described for each additional interfacial layer. Table 3- 

4 displays the chemical bond strengths between the group III and V atoms in lattice matched 

InGaAsA[nP QWs [ 19]. 

Table 34 Chemical Bonds strengths ofIn-P, In-As, Ga-As and Ga-P. 

IIII-V Bond Bond Strength (kcaVmole) 

In-P 47.3 

In-As 48.0 

Ga-As 50.1 

Cla-P 54.9 

Figure 3-9 illustrates the growth of the InGaA&W QW structure. The TMInflow is 

kept constant throughout the growth of the structure. TMGa, and group V sources (AsH3 and 

PH3) are switched 'on' and 'off when required. For sample B, (InGaAs/InGaAsP) a constant 

flow rate of TMIn was also used throughout the structure but different AsH3 and TMGa 

channels, set at different flow rates, are used depending whether the well or barrier is grown. 
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A large excess of group Vs is used which blocks the incorporation of carbon on the group V 

lattice sites. There are no growth halts or interruptions at the interfaces. 

nPl 

Plb 
AsH3 

TMGa 

10 
Growth direction 

Figure 3-9 Sequencing of group III and V sources during the growth of InO. 53GaO. 47As/InP 

MQWs. Arrows indicate when the sources are 'on. 

1) A positively strained InAsýPj-y interfacial AýE at the InPlInGaAs interface. 

The InP layer will be terminated by a layer of P atoms due to the excess PH3 source 

used in the growth process. When the Ga and As sources are switched on to grow the InGaAs 

well, the higher incorporation rate of arsenic atoms means that arsenic will substitute for P 

creating a strained InAs(P) layer, due to the differences in the atomic bond lengths between 

In-As and In-P. The In-P bond is weaker than the In-As bond facilitating As substitution for P 

so an As/P exchange mechanism dominates (table 34). In the extreme case, Figure 3-10a), 

the top layer of P will be completely displaced by As. This gives rise to a INE of In-As with a 

strain of 3.2%. 
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Figure3-10 Insertion of a positively strained InAsX,.., layer at the InPlInGaAs interface a) 

IM4 OfInl4S. b) IAE OfInASO 5PO. 5 and 3) IIE ofInASO. 66PO. 34- c) Schematic of the As atoms 

substitutingfor the, P atoms at the InP barrier surface. 

Assuming that the InO. 53Gao. 47As well remains lattice-matched, one monolayer of InAs 

is simulated at the InP/InGaAs interface. The satellite peaks are shifted to lower angles 

implying excess positive strain in the overall structure (Figure 3-11) and a poor fit to the 

data. Alternatively, a IML interfacial layer of InAsO. 5PO. 5 represents the situation where half 

the P atoms exchange with As (figure 3-10b). Finally a simulation assuming a INE 

interfacial layer of InASO. 66PO. 34 at the InP/InGaAs interface is shown in figure 3-10c). The 

As, /P exchange is confined to IML as it is unlikely that P will substitute for As once P is 

displaced from its original atomic site. With the inclusion of each of these strained layers, the 

simulated spectral position of the m=O order peak and the other satellite peaks shift to 

smaller angles. This indicates that there is a net positive strain within each period of the 

MQW and none of these simulations provide a good fit to the data as shown in Figure 3-11. 
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Sample A (data) 
I ML of InAs 
I ML of InAsO. 

5PO 5 
IML of InAs 

0.66PO. 34 

30.5 31.0 31.5 32.0 

Degrees 

Figure 3-11 XRD rocking curve (black) and simulations of ME of InAs (red), 2A4Ls 

of InAso. 5Po. 5 (green) and 3MLs Of InASO. 66PO. 34 (YellOW) strained interfacial layers at the 

InPlInGaAs interface. 

Figure 3-12 displays the XRD simulation corresponding to the inclusion of positively 

(compressively) strained MLs of InAsP at the InP/InGaAs interface. In order to produce a 

better fit to the data, the In concentration in In,, Gal-,, As as well as the As concentration in 

InAsyP, 
-y are altered heuristically. The simulation shows that the satellite intensities on the 

left hand side (LHS) (m<O) of the main SL peak are weaker than those on the right hand side 

(RHS) (m>O) as the strain in the In,, Gal-,, As wells has become more negative [54], which 
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correlates well with the experimental XRD results. The best fit to the data results when the In 

fraction in the In,, Gal-,, As layers is decreased to 0.5 in order to accommodate the large 

positive strain produced by the InAso. 57PO. 43 so the overall strain of the stack remains positive. 

However, the intensity of the peaks is too high and there is a slight mismatch between the 

satellite peaks. In each case a square well has been simulated which does not correlate well 

with the optical data. The PL reveals that the well is tapered (section 3.3.2). 

Sample A (data) 
InAsP MLs, y=0.57 

4- 

30.5 31.0 31.5 32.0 

Degrees 

Figure 3-12 XRD rocking curve for sample A (black) and a simulation ofpositively strained 

InAsP interfacial ML at the InPlInGaAs interface (green). 
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b) An InAs(P) layer may also be present at the second InGaAs/InP interface although 

in this case it arises not from As/P exchange but the As memory effect. However, placing this 

positively strained layer at the upper or lower interface cannot be differentiated in x-ray 

simulations. Again, the simulation is based on a square well and does not fit the optical data. 

2) A negatively strained InGal-AsyP, 
-y 

interfacial Aff, at the InGaAsl InP interface. 

At the second interface, the InGaAs layer is assumed to be terminated with As. Anan 

et aL [2 1] suggested that surface roughening at this interface is caused by the substitution of 

As by P atoms, not only at the surface but also deep into the InGaAs, forming a strained 

InGaAsP interfacial layer. In general, As tends to incorporate with Ga (or In) preferentially 

compared to P, because of its larger sticking coefficient. However, Ga-P bonds are stronger 

than Ga-As bonds (see table 34), so in this case, a P-As substitution may occur, resulting in 

an interfacial layer of InGaAsP (Figure 3-13a). 

a) InGaAs well 

Ga 

As As: p 

Ga 

As As: 

Ga 

b) 

2 
I ML of InGaAsP 

Figure 3-13 a) Schematic of P atoms substituting for As atoms at the InGaAs well 

surface. b) Conduction band potential on insertion of a negatively strained InO. 53GaASO. 5P 

layer at the InGaAslInP interface. 
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In order to reproduce the experimental rocking curve, a IML and 3ML negatively 

strained InO, 53GaO. 47Aso. ýPo. 5 interfacial layer was introduced at the InO. 53GaO. 47As/InP interface 

(Figure 3-13b)). The In. Gal.. AsyP, 
-y 

layer was more difficult to model as there were two 

group III and two group V atoms to be changed. As the overall strain in the MQWs is 

positive, introducing a negatively strained interfacial layer into the simulation will not fit the 

data as this shifts the satellite peaks to higher angles. Benzaquen et aL (6] also simulated a 

InO. 52Gao. 48ASO. 25PO. 73 quaternary layer under a biaxial tensile strain at the In,, Gal-. As/InP 

interface and concluded that the peaks shifted to larger angles compared with the 

experimental case. Again the square well assumption does not correlate with the optical data. 

It can concluded that introducing a negatively strained layer into the simulation does not fit 

the experimental data. 
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Figure 3-14 XRD spectrum and simulations of a negatively strained InO. 53GaASO. 5P (redS) 

MLs and a 3AýE InO. 53GaAso. 5, P (green) at the InGaAs-InP interface. 

3) Strained Affs on both sides of the well 

An alternative way of representing the average strain in a single period is to assume 

that InAsP and InGaAsP layers exist at the first and second interfaces respectively and are 

strained in opposite senses so that the net strain in the MQWs is still positive. Initially, IML 

of InAso. 5PO. 5 and lnO. 53GaD. 47AsO. 5PO. 5 at the first and second interfaces was simulated. This 

did not provide a good fit to the experimental data. The interfacial layers were then increased 

in width and Figure 3-15 shows simulations for various combinations of InAso. 5PO. 5 and 
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InOMC74.47ALSORO. 5 layers. These interfacial layers are extremely difficult to model as there 

are so many parameters that can be altered. The addition of a VvE InAsP and InGaAsP at the 

lower and upper interface respectively with 50% As/P exchange appears to produce quite a 

good fit except for the higher order satellite peaks (m>-2) on the LHS of the substrate peak 

are shifted to lower angles. The best fit was obtained for the simulation containing 31&, s of 

positively Strained InASO. 31PO. 69 at the InP-InGaAs interface and 4NMs of negatively strained 

InO. 53G'". 76P at the InxGaI-xAs-Inp interfa0es (Figure 3-15, green simulation). However, the 

LHS and RHS satellite peaks are equal in intensity which does not fit the experimental data. 
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Sample A (data) 
2MLs of InAsP + 
2MLs of InGaAsP 
3MLs of InAsP + 
4MLs of InGaAsP 

30.5 31.0 31.5 32.0 

Degrees 

Figure 3-15 XRD experimental rocking curve (black) and a simulation of a structure 

with 2MLs of positively strained InAso. 5PO5 at the InP-InGaAs interface and 2AILs of 

negatively strained InO. 53GaASO. 5PO. 5 at the In., Gal-As-InP interfaces (red). The green curve 

shows the simulation for 3AILS Of InASO. 31PO. 69 at the first interface and 4Affs of 

InO. 53GaAsO. 76P at the second interface. 

We can conclude on the basis of the simulations presented so far that the inclusion of 

simple MLs of InAsP and InGaAsP of various compositions does not give a satisfactory fit to 

the XRD data. A more realistic approach which should in principle lead to agreement with 

the optical data is to assume some grading at the interfaces and this is presented in the 

following section. 
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4) Graded interfacial layers 

Figure 3-16a) shows the origin of a graded layer of InAsyP, 
-y introduced at the 

InGaAs-InP interface due to excess As in the reactor. 

a) InGaAs well Graded InAs(P) layer b) InAsP 

Ga graded layer 

f ap As As As. p 
Ga A Ec 

As 
As Ap 

N/ .4P. 4 Ib Ga Excess As InGaAs irip 

well Barrier 

Figure 3-16 a) Graded InAsP layer at the InGaAslInP interface with As concentration 

varyl . ng from 0 to I over 3MLs. b) Excess As atoms exchanging for P atoms in the InP 

barrier 

The graded interface represents exchange of As for P in the InP barrier with the As 

concentration, y, varying from 0 to I over 3 MLs beginning V*qth a pure InAs layer. The In 

composition in In,, Gal-,, As was decreased to x=0.50 in order to accommodate the large 

positive strain generated in the InAsyP, 
-y graded interface. The resulting strain in the well is 

negative which increases the intensity of the peaks on the RHS of the zero order peak 

correlating well with the XRD data (figure 3-17). Overall, this simulation provided the best 

fit to the experimental data. The satellite peaks on the RHS were more intense than those on 

the LHS of the zero order peak in agreement with the experimental data. The graded 

interface in the well generates an asymmetric well profile as indicated in Figure 3-16b), the 

well becoming narrower at the bottom and wider at the top. This is consistent with the 

optical results. 
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Sample A (data) 
Graded InAsP Layer 

iz 

30.5 31.0 31.5 32.0 

Degrees 

Figure 3-17 XRD spectrum and simulation of a graded InAsP layer introduced at the 

InP-InGaAs interface 

The In-As bond is slightly stronger than the In-P bond [M12]. Shuia et aL [12] 

surmised that surface In atoms actively enhance the As-to-P substitution therefore As/P 

exchange occurs more readily at a InGaAs/InP interface. Thus As/P exchange is more likely 

to occur at the upper interface resulting in a graded positively strained interfacial layer. The 

next section outlines the self-consistency of the method by comparing this compositional 

variation deduced from the XRD results with the optical measurements. 
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3.4.3 Modelling the graded well shape 

The graded well profile as described in the previous section was modelled using the 

transfer matrix model. The graded profile for the conduction and valence band, heavy and 

light hole transitions is shown in Figure 3-18. Table 3-5 compares the experimental and 

predicted transitions. The first three predicted transitions are very close (Within 10meV) to 

the experimental line and the e2-lh2 transition is in reasonable agreement. 

InGaAs InAsP graded 
well 70A layer IOA 

-4 ---p- --)ý 
e2 

AEc 

el 

InP 
Barrier 

hhl 
IhI 

AEv 
hh2 
lh2 

Figure 3-18 Graded well profile for the conduction and valence band and corresponding 

transitionsfor sample A 

It can be concluded that the compositional grading is confined to the first three 

monolayers at the upper interface (InGaAs/InP). A layer consisting of In-As bonds is initially 

formed which could be due to, 
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1) As atoms from the surface of the InGaAs; layer bonding with In atoms during the 

deposition of InP. 

2) Incorporation of As, from solid depositions of As on the susceptor and reactor 

walls, leading to an In-As layer. When switching from an InGaAs well to growth of 

an InP barrier, the flow rates of all source gases change. It is possible that As takes 

some time to be purged from the system, even after the AsH3 flow has being 

closed. As substitutes for a layer of P atoms in the barrier. 

The subsequent deposition of InP on the InGaAs layer results in the exchange of the group V 

atoms leading to a graded InAsP interface of 3NEs. 

Table 3-5 Experimental transition values compared with theoretical calculated valuesfor a 

graded welifor sample A 

Transitions at 77K a) Experimental (eV) b) graded profile (eV) 

el-hhl 0.8828 0.8710 

el-lhl 0.9063 0.9194 

e2-hh2 1.0422 1.0516 

e2-lh2 1.2030 1.2472 

Sample B- Figure 3-19 shows the experimental (004) reflection curve for sample B. 

Again the structure is assumed to be lattice matched but a slight shoulder on the high angle 

side of the InP peak indicates that the structure is under a small biaxial tensile strain. The 

first order peaks are clearly resolved whereas the second and third order peaks are weak and 
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asymmetric indicating a variation in the shape of the QWs throughout the structure. The 

period of the well and barrier is 164A which is 6A less than the intended value. The 

simulation shown in Figure 3-19 assumes that sample B consists of square wells, and that 

both the well and barrier material are lattice matched to InP producing a net zero strain in the 

simulation, i. e. InO. 533GaO. 467As/InO. 756GaASO. 530P. The satellites generated in the simulation 

are much weaker than the corresponding experimental satellites. 

I e+5 

I e+4 

tt I e+3 

Sample B (data) 

x=0.533 
InP substrate 
peak 

. im 
E 

1 e+2 

le+I 

I e+O 

le-I 
31.0 31.5 32.0 32.5 33. 

Degrees 

Figure 3-19 Experimental (004) reflection rocking curvefor sample B compared with 

a simulation using a square well. 

As the slight shoulder to the high angle side of the InP peak indicates an overall 

negative strain in the MQW, the In and As fraction were decreased in both the wells and 
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barriers yielding an overall negative strain (Figure 3-20). A shoulder to the high angle side 

appeared and the positions of the satellite peaks fit the data. However, the satellite peaks are 

much lower in intensity compared with the experimental peaks. A further Increase in 

negative strain to increase the satellite intensities cannot be introduced into the layers as the 

satellite peaks move to higher angles. Graded layers of InGaAsP are simulated at the 

interfaces over 3MLs. 

le+6 

le+5 

le+4 

I e+3 

I e+2 

le+l 

I e+O 

le-I 

Sample B (data) 
x=0.53 (net negative strain) 

31.0 31.5 32.0 32.5 33.0 

Degrees 

Figure 3-20 Experimental (004) reflection rocking curve for sample B compared with 

a simulation using a square well and overall negative strain. 

In order to increase the intensity of the satellites, a negatively strained layer of 

InGaAsP is introduced at the InGaAsP/InGaAs interface as shown in Figure 3-21 a). The As 
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composition is increased to 62% (from 53%) which corresponds to an increased exchange of 

As (for P) in the interfacial layer as the As has a higher sticking coefficient compared to P. If 

the barrier layer is assumed to be terminated with a layer of P (bonded to In), As will readily 

substitute for P (InP bond is weaker than InAs bond) as shown in Figure 3-21 b). 

a) Ino. 62GaAso. 62P b) 
layer 

AEc 

InGaAs InGaAsP 
well Barrier 

InGaAsP banier InGaAs wcll 

Ga 
As As p 

Ga 

As p 
Ga 

Growth direction 

Figure 3-21 As substitutes for P introducing a negatively strained layer at the 

InGaAsPlInGaAs interface. 

The simulation including the above strained interfacial layer is shown in Figure 3-22 
. 

The intensity of the satellite peaks compares more favourably to the experimental rocking 

curve. However, the higher order satellite peaks are extremely difficult to match with the 

data. This could be due to small differences in strain between individual wells which can be 

of similar magnitude to any strain in the wells themselves [26] making the InGaAs/InGaAsP 

case difficult to simulate. For sample B, the square well simulation accommodating an 

additional tensile strained layer provided the best fit. The parameters used for the square well 

XRD simulation also give a good fit to the optical data. For the nominally lattice matched 

structure, the satellite peaks on the experimental (004) rocking curve are too weak to allow 

the spectrum to be unambiguously modelled. 
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Sample B (data) 
2 MLs of InGaAsP 

.0 

31.0 31.5 32.0 32.5 33.0 

Degrees 

Figure 3-22 Experimental (004) reflection rocking curvefor sample B compared with 

a simulation using a square well and a negatively strained interfacial layer at the 

InGaAsPlInGaAs interface. 
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3.5 Conclusions 

It is well known that InGaAs/InP material combinations are susceptible to As/P 

interdiffasion on the group V sublattices [4], which can lead to additional strained layers, 

graded layers or the formation of 3D islands at the interfaces. In this chapter, it has been 

shown that by replacing the InP barrier with InGaAsP, the effect of interdiffasion of group V 

elements on the interfaces is reduced. Nominally lattice matched In,, Gal-. As/InP (sample A) 

and In,, Gaj-. As/In. Gaj.,, AsyPj-y (sample B) MQW structures have been characterised using 

PL, absorption spectroscopy and XRD. 

The PL results at low temperatures reveal a FWHM of 12 and 8 meV for samples A 

and B respectively. This linewidth is broader than expected and could be caused by interface 

roughness which acts as a trap for excitons. A comparison of the absorption and modelled 

results suggests that sample A does not have a square well profile. Ile experimental el-hhI 

transition energy is higher than the corresponding theoretical energy whereas the 

experimental e2-hh2, eI -lh I and e2-lh2 absorb at lower energies than predicted. The electron 

level shifts to a higher energy due to an effective narrowing at the bottom of the well and the 

higher lying electron levels shift to a lower energy due to carriers experiencing a 'wider' well 

at these energies. The optical transitions observed in the absorption spectra for sample B do 

not follow the same pattern as sample A. The el-hhl and el-lhl transitions emit at higher 

energies than the corresponding theoretical results. For both samples, non-parabolicity 

effects are considered to lead to only minor modifications in the optical transitions. 

XRD measurements were employed to investigate the well composition and hence 

the well profile. The experimental (004) reflection rocking curve indicates that the InGaAs 
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well is under a slight negative strain but the net strain of the MQWs is positive as m=O is 

situated to the low angle side of the InP peak. As outlined in the literature review at the 

beginning of the chapter, different groups have proposed different well profiles for 

InGaAs/InP depending on the growth conditions. Initially, rocking curves were simulated by 

introducing additional strained interfacial layers. These simulations gave a poor fit to the 

data. The best fit was provided by introducing an InAsP graded layer at the InGaAs-InP 

interface. Arsenic is easily incorporated into subsequently grown InP barrier material due to 

the high incorporation coefficient of As relative to P [2 1 ]. Also surface In atoms enhance the 

As-to-P substitution [12]. The graded interface represents an exchange of As for P in the InP 

barrier with As concentration, y, varying from I to 0 over 3 MLs. This graded well profile is 

then modelled using the transfer matrix model (Figure 3-12). The first three predicted 

transitions are very close (within 10meV) to the experimental line. The graded well is 

tapered becoming wider at the top which appears to fit the experimental data (optical and 

structural) well. The optical results are in better agreement with the new predicted transitions 

which vindicates the method used. 

For the InGaAs/InGaAsP structure, the 004 simulations indicate a square well profile. 

A square well simulation accommodating a tensile strained interfacial layer at the 

InGaAsP/InGaAs interface provided the best fit to the simulation and PL results. Overall, 

sample B (InGaAsP barriers) provides the best optical results. This could be due to As being 

common to both well and barrier and hence the diff-usion of As at the interface will be 

reduced. 

The abruptness of the QW herterointerface can influence the properties of the 

heterostructure devices. If the well contains a rough or graded interface then the PL linewidth 
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increases and the electron mobility decreases which, for example, could affect threshold 

current densities in lasers and overlap integrals in optical modulators based on the quantum 

confined Stark effect (QCSE). The InGaAs/InGaAsP QWs exhibit sharper excitonic features 

which is attributed to sharper interfaces which is an advantage for both lasers and 

modulators. 

3.6 References 

[11 Y. -G. Zhao, Y. -H Zou, I -J. Wang, Y. -D. Qin, X -L. Huang, R. A. Masut, A. 

Bensada: Appl Phys Lett 72, (1), p97, (1998) IM1201 

12] 1. Francesio, P. Franzosi, G. Landgren: J Phys D: Appl Phys 28, pA169, (1995) 

1241 

PI T. Y. Wang, E. EL Reiblen, H. R. Jen, G. B. Stringfellow: J Appl Phys 66, (11), 

p5376, (1989) [161 

141 W. P. Gillin, S. S. Rao, L V. Bradley, X P. Homewood, A. D. Smith, A. T. IL 

Briggs: Appl Phys Lett 63, (6), p797, (1993) [M541 

[5] IVL H. Lyons, E. G. Scott, M. A. G. Halliwell: lust Phys Conf Ser, nolOO, section 6, 

p473, (1989) 

[6] IL Benzaquen, A. P Roth, R. Leonelli: JAppl Phys 79, (5), p2640, (1996) [131 

[71 R. Meyer, M. Hollfelder, IEL Hardtdegen, B. Leneler, H. Luth: J Crys Growth, 

124, p583, (1992) [11 

181 G. Salviati, C. Ferrai, L. Lazzarina, F. Genova, C. Rigo, G. M. Schiavini, F. 

Taiariol: Inst Phys Conf Ser, nol34, section 7, p4711, (1993) 

104 



191 K Steubel, V. Harle, F. Scholz, IVL Bode, M. Grundmann: J Appl Phys 71, (7), 

p3300, (1992)[201 

1101 A. KrostJ. Bohrer, H. Roehle, G. Bauer: Appl Phys Lett 64, (4), p469, (1993) [91 

[11] T. Y. Wang, E. H. Reffilen, H. IL Jen, G. B. Stringfellow; J Appl Phys 66, (11), 

p5376, (1989)[161 

[12] J. Hergeth, A Grutzmacher, F. Reinhardt, P. Balk: J Crys Growth, 107, p5379 

(1991) [171 

[13] J. Camassel, J. P. Laurenti, S. Juillaget, F. Reinhardt, K. Wolter, H. Kurz, D. 

Grutzmacher: J Crys Growth, 107, p534, (1991) 1191 

1141 G. -J. Shiau, C. -P. Chao, P. E. Burrows, S. R. Forrest: J Appi Phys 77, (1), p201, 

(1994)[121 

[151 J. M. Vandenberg, A. T. Macrander, R. A. Hammq M. B. Panish: Phys Rev B, 44, 

(8), p3991, (1991) [181 

[161 1 BohrerA. Krost, D. Bimberg: Appi Phys Lett 60, (18), p2258, (1992) [111 

1171 R. Schwedler, F. Reinhardt, D. Grutzmacher, K Wolter: J Crys Growth, 107, 

p531, (1991)[141 

[181 P. D. Brown, E. G. Bithell, C. I Himphreys, IN J. Skevington, P. J. Cannard, G. J. 

Davies: Inst Phys Couf Ser, nol34, section 69 p3739 (1993) 

[19] T. Anan, S. Sugou, K Nishi, T. Ichihashi: Appl Phys Utt 63, (8), p1047, (1993) 

, 
[211 

[201 D. Grutzmacher, K. Wolter,, H. Jurgensen, P. Balk: AppI Phys Left 52, p872, 

(1988) [16(19)) 

105 



[21] R. Schwedler, B. Gallmann, K Wolter, A. Kohl, K Leo, H. Kurz, S. Juillaguet, E. 

Massone, L Camassel, I P. Laurenti, F. H. Baumann: Appl Sur Sci, 63, p187, 

(1993) [M581 

[22] Quantum Well Lasers, P. S. Zory: Academic, San Diego, 1993 [M122(1)j 

[231 T. Tanbun-EI4 R. A. Logan, N. A. Olsson, IEL Temkin, A. AL Sergent, X W. 

Wecht; Appl Phys Lett 57, p224, (1989) [22(2)] 

[241 R. W. Martin, S. I.. Wong, R. I Nicholas, K Satzke, M. Gibbons, E. I Thrush: 

Semicond Sci Tech, 8, p1173 (1993) [M23] 

[251 T. Odagaws, K Nakajima, K Tanaka, H. Nobuhars, T. Inoue, N. Okazaki, K 

Wakno: Appl Phys Lett 63, p2996, (1993) [M501 

[261 G. Rowland, T. I C. Hosea: JAppI Phys 83, (9), p4909, (1998) [M1211 

1271 J. Dalfors, T. Lundstrom, P. 0. Holft, H. H. Radamson, B. Monemart J. Wallin, G. 

Landgren: Appl Phys Left 71, (4) p5O3, (1997) [M1221 

1281 C. G. Cureton, E. J. Thrush, A. T. I; L Briggs: J Crys Growth, 107, p549, (1991) [41 

[291 NL S. Skolnick, P. R. Tapster, S. J. Bass, A. D. Pitt, N. Apsley, S. P Aldred: 

Semicond Sci Tech, 1, p29 (1986) [M651 

POI D. L Westland, A. M. Fox, A. C. Maciel, I F. Ryan, M. D. Scott, J. L Davies, I R. 

Riffat: Appl Phys Lett 50, (13) p839, (1987) IM681 

P11 H. C. Casey and M. B. Panish; Heterostructure lasers 

[321 AL S. Skolnick, P. R. Tapster, S. I Bass, N. Apsley, A. D. Pitt, N. G. Chew, A. G. 

Cullis, S. P. Aldred, C. A. Warwick AppI Phys Lett 48, (21) pl455, (1986) [151 

133] G. Bacher, C. Hartmann, H. Schweizer, T. Held, G. Mahler, H. Nickel: Phys Rev 

B, 47 (15) p9545 (1993) 

106 



P4] A. Guiner, R. Jullien: The Solid State; from superconductors to superalloys, 

Oxford Science Publications, (1989) 

P51 W. G. Bi, C. W. Tu: JAppIPhys78, (4), p2889, (1995)[221 

PQ G. Arnaud, J. Allegre, P. Lefebvre, IEL Mathieu, 11. K Howard, D. J. Dunstan: 

Phys Rev B, 46, (23), p15 2909 (1992) [M1271 

P71 Properties of InP, EMIS, no6, An INSPEC publication (1991) 

P81 AL Zachau et al. : Superlattices Microstruct. (UK') 59 p19 (1989) [Adachi 91 

P91 D. V. Lang et al.: AppI Phys Lett 50, p736, (1987) [Adachi 21] 

1401 R. E. Cavicchi, D. V. Lang, D. Gershoni, A. M. Sergent, I M. Vandenberg, S. N. 

G. Chu, M. B. Panish: Appl Phys Lett 54, (8), p739, (1988) IM461 

1411 M. P. C. NL Krijin; Semicond. Sci. Technol. 6 p27-31 (1991) 

[42] S. Adachi: JAppiPhys53, (12), p8775, (1982)[M201 

[431 IL 1. Moon, G. A. Antypas, I.. W. James: J Elec Mat 3,3, p635 (1974) [InP 221 

1441 P. Rochon, E. Fortin: Phys Rev B, 12, (12), p5803 (1975) [InP74] 

1451 C. Hermann, T. P PearsaU: Appl Phys Lett 38, (6), p450, (1981) [InP 781 

[461 P. Dawson, X J. Moore, G. Duggan, H. L Ralph, C T. B. Foxon: Phys Rev B, 34, 

(8), p60(" (1986) [M721 

[471 1 W. Orton, P. W. Fewster, IP Gowers, P. Dawson, KI Moore, P. j. Dobson, C 

I Curling, C. T. Foxon, F. Woodbridge, G. Duggan, H. L Ralph: Semicond Sci 

Tech, 2, p597 (1987) IM631 

[481 C. Wetzel, R. Winkler, M. Drechsler, B. K Meyer, U. Rossler, J. Scriba, I P. 

Kofthaus, V. Harle, F. Scholz: Phys Rev B, 53, (3), p1038 (1996) [261 

107 



[491 P. F. Fewster, C. J. Curling;: JApplPhys62, (10) p415, (1987) [E8] 

1501 M. A. G. Halliwell, M. H. Lyons, M. J. Hill: J Crys Growth, 68, p523t (1984) [6(6)] 

[511 1 M. Vanderberg, M. B. Panish, H. Temkin, IL A. Hamm: Appl Phys Lett 53, 

pl920, (1988) [18(8)] 

[521 J. NL Vanderberg, A. T. Macrander, R. A. Hamm, 1% P. Panish; Phys. Rev. B, 44, 

8, p3991 (1991) [10] 

[53] S. -W. Ryu, B. -D. Choe, W. G. Jeong: Appl Phys Lett 71, (12) p1670, (1997) 

[M1231 

[541 1 M. Vandenberg, D. Gershoni, R. A. Hamm, NL P. Panish, H. Temkin: J Appl 

Phys 66, p3635, (1989) [10(19)] 

108 



4. Chapter 4- InAs,, P, -. /InP Quantum Wells 

4.1 Introduction 

InAs,, P,.,, /W multiple quantum well (MQW) structures are proving to be a suitable 

materials combination for optoelectronic devices operating in the 1-1.3pm region. High quality, 

coherently strained samples can be grown, including optical modulators and quantum well 

lasers [1]. InAs., P, 
-VW MQWs exhibit sharper excitonic features, due to the lower level of 

strain relaxation [2,3,4,51, than other pseudomorphically strained structures such as InGkAsi- 

. /GaAs operating in this spectral region. The InAsxP,, VW heterostructure also has a larger 

conduction band discontinuity than InGa. Asl-. /GaAs which makes the former a preferable 

materials combination for optoelectronic devices. A high conduction band offset is required to 

prevent electrons tunnelling out of the wells under a strong electric field [6,71. 

ALI Integration of optical devices 

IH-V based optoelectronic integrated circuits (OEICs) are the subject of intense interest 

for industrial applications and optical communication systems. The increasing demand for 

higher data rate systems for global telecommunications and the ever expanding internet has 

pushed technology towards monolithic integration of active and passive optical components 

fabricated on a single substrate. These offer a number of advantages over discrete components 

connected together which includes, a reduction in cost and size and an improvement in 

performance and reliability. The materials used in the manufacture of integrated devices must 

also be stable against thermal degradation as most integration processes require an anneal stage. 
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The majority of the OEICs were based on GaAs technology but with the advances made in 

bandgap engineering for InP based material, it has been possible to integrate devices working in 

the 1.3-1.55[tm region by selective area control of the bandgap. This can be achieved by 

intermixing the wells and barriers in HI-V QW heterostructures inducing a change in 

composition of the well/barrier layers and an increase in the bandgap. 

Quantum Well Intermixing (QWI), is achieved by employing techniques such as 

Impurity Induced Disordering (ED) [8,9,10] and Impurity-Free Vacancy Disordering (IFVD) 

[8,10]. These post-growth intennixing processes can be used to alter the bandgap of the MQW 

in selected regions, so bandgap tuned modulator-laser devices and bandgap shifted QCSE 

modulators and detectors can be formed using only one epitaxial step. In RD, dopants such as 

Fluorine and Boron are implanted into the structures and diff-use during the annealing stage 

causing intermixing. However, these impurities tend to form electron traps and introduce 

residual damage during implantation, making this technique unsuitable for bandgap tuned 

devices. Consequently, III) was not adopted for the present study. With IFVD, the sample is 

capped with SiO2 and then annealed. SIMS measurements show that Ga readily diffuses into the 

dielectric cap leaving behind group IH vacancies which then diffuse through the structure 

causing intermixing [I I]. Published results show that intermixing leads to a blueshift of the 

bandgap energy in InGaAsP/InP QW which was attributed to P-As diffusion through the 

heterointerface. The intermixing process can be extended by selectively capping and annealing 

the MQW structure and then using the capping layer as a means to either enhance or prevent 

intermixing [12]. For both GaAs [13] and InP [14] based structures, the extent of the blue shift 

is dependent on the SiO2 cap thickness. 
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4.1.2 ConWaring Different Material Systenis usedfor devices 

The interdiflusion mechanisms have been studied in several HI-V quantum well 

structures. The first intermixing studies were performed on GaAs/All-,, GkAs structures which 

operate in the 0.87-0.89pm wavelength region for I<x<0.7. Interdifrusion processes for other 

systems such as In. Gal.. As/GaAs [15], IkGal-,, As/InGal-^Ply [9], In. Gal., AsyP, -Y 
AnP [13) 

and InAsyP,, 4nP [16] operating in the long-wavelength region have also been investigated. The 

interdiffusion process involves two stages: capping the sample and thermal annealing, which 

are described below. 

SiO2 and Si3N4 are the most commonly used capping layers and are deposited at a 

temperature of 300*C using plasma-enhanced chemical vapour deposition (PECVD). For Si3N4 

layers, nitrogen and silane gases are mixed at a pressure of I Torr and a layer of Si3N4 is 

deposited at a rate of about 3As". For the SiO2 layer, a mixture of silane and nitrous oxide 

gases at a pressure of I Torr is used to deposit the dielectric at a rate of about 6As". The 

InAs,, P, 
-. 

W MQW samples studied in this chapter were capped using the above process. 

The sample is then annealed either in a conventional furnace or a Rapid Thermal Anneal 

(RTA) processor [17]. Conventional furnaces can reach temperatures of 1000*C and tend to be 

used for relatively long anneal times (> 5 minutes). The RTA processor system automatically 

controls anneal temperature and time specified by the user, and anneal temperatures of up to 

1250'C can be achieved for times up to a few minutes. The sample is placed on a silicon wafer 

and the temperature is monitored using an extended range thermocouple attached to the silicon 

wafer. The heating and cooling stage takes only a few seconds in contrast to the conventional 

furnace where the samples may take several minutes to reach the desired anneal temperature. 
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Annealing takes place in an inert gas (usually argon or nitrogen) atmosphere to aid cooling and 

prevent oxidation. 

In order to promote, or in some cases, prevent post-growth intermixing in MQWs, other 

groups have used different capping" layers and annealing techniques, some of which are 

described below. 

a) SiO2 dielectric capping layer. In GaAs/AlGaAs QW, interdiffusion of group 1H 

atoms causes a blue shift at anneal temperatures above NOT [18]. Ralston et al. [19] have 

shown that selective capping of GaAs/AlGaAs superlattices with SiO2 followed by RTA 

between 850-900*C for 15s resulted in an energy shift of about 61 meV in the capped regions. In 

addition the excitonic features were still well resolved. Intermixing was attributed to the 

diffusion of Ga into the SiO2 cap, accompanied by Ga vacancy diffusion through the active 

layer. For those regions not capped with SiO2, the exciton transition energies were unaltered 

over the annealing temperature range. In contrast to GaAs/AlGaAs QWs which remain stable up 

to temperatures well beyond those normally used in epitaxial growth, QW materials operating 

at 1.5gra such as InGaAstbGaAsP exhibit intermixing even at growth temperatures. Marsh et 

ah [9] have demonstrated blue shifts in P-based quaternary samples (InGaAs/InGaAsP) capped 

with Si02 and annealed in a conventional furnace for 30 minutes at temperatures ranging from 

500 to 750*C. The blue shift was attributed to the diffusion of P into and As out of the wells due 

to group V vacancies generated by P desorption from the surface diffusing through the structure 

[8]. Cao et al. [13] subjected strained InGaAsP/InP MQW laser structures to RTA, with and 

without aSi02 cap. The RTA process was performed in a high purity nitrogen atmosphere at a 

temperature of 750*C for times of 30,60,90s. With a SiO2 cap, the intermixing between the 

well and barrier was enhanced resulting in a 66meV blue shift. These authors also investigated 

112 



the influence of the deposited cap layer thickness on the degree of intermixing. The blue shift 

increased with increasing SiO2 thickness but saturated for a SiO2 cap layer as thin as l5nm. 

Burkner et al. [14] also reported a dependence of the blue shift on SiO2 cap thickness for 

GaAsIAlGaAs and InGaAs/GaAs MQWs and found that the ener8y shift saturated with a much 

thicker SiO2 cap of 235nm. Nakashima et al. [12] attributed the intermixing process observed in 

SiO2 capped InGaAsA1nP MQWs to the diff-usion of the group V atoms with the well ultimately 

becoming an InGaAsP lattice matched layer. The InGaAsA[nP system has two possible 

interdiffusion species, group HI and group V atoms. These atoms diffuse at similar temperatures 

[20]. Higher temperatures are required to break Al-As and Ga-As than In-As and In-P bonds i. e. 

the melting point of the former pair is greater than the latter and so diffusion will commence at 

higher temperatures in these crystals. Most semiconductors are bound by covalent bonds but in 

the case of III-V semiconductors partial ionic bonding is also present [211. The fractional 

ionicity is less in Al-As and Ga-As (than In-As or In-P) making these bonds more difficult to 

break. Joywer et al. [22,231 have shown that annealing at temperatures between 500 and 640'C 

was sufficient to drive the group V species through the InGaAsP/InP interface causing a blue 

shift of the PL emission peak. Mallard et al. [24) studied layer diffusion of the four constituent 

elements in InGaAs/InGaAsP MQWs before and after annealing using energy dispersive x-ray 

(EDX) microanalysis. EDX linescans across the interfaces were obtained with a spatial 

resolution of 2nm. The linescans generated from x-ray signals, characteristic of the elements 

present, showed that the annealed interfaces had become more diffuse, revealing interfacial 

widths of 3 and 4nm for the group III and V elements respectively. This implied the diffusion 

rate of the group V elements exceeded that of the group 1H elements in the sample. t 
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b) Si3N4 dielectric capping layers. These capping layers are also used to coat InP and 

GaAs based structures before annealing. Even though Ga atoms have a lower affinity for Si3N4 

than SiO2 layers, a blue shift of -40meV was reported [25] for GaAsIAlGaAs structures coated 

with Si3N4 and annealed at 800T. Marsh et aL [9] have demonstrated blue shifts of up to 

25meV in P-based quaternary samples (InGaAs/InGaAsP) capped with Si3N4 and annealed in a 

conventional furnace for 30 minutes at temperatures ranging from 500 to 750T. 

Marsh et aL [8,9] have also compared the intermixing in uncapped and capped (Si02 

and Si3N4) P-based quaternary samples, annealed in a conventional furnace for 30 minutes at 

temperatures ranging from 500 to 750T. In the case of the uncapped samples, blue shifts were 

attributed to P desorption creating vacancies at the sample surface, which diffuse through the 

structure causing interdifflasion at the interface. However, a slight difference in the measured 

energy shift between P-quaternary structures capped with SiO2 orSi3N4was observed for short 

RTA anneal times (< 30s). Disordering, leading to blue shifts of 15meV occurs with the Si3N4 

coated samples and only a small shift of 5meV with the Si02coated samples. This behaviour is 

reversed for GaAs based materials. 

c) No capping layer. Another method used to enhance and in some cases prevent 

intermixing and which can lead to degradation of the sample, is thermal annealing of uncapped 

samples in P overpressure conditions. Francis et al. [26] annealed InGaAs/InGaAsP QWs in a 

gaseous phosphorus overpressure and demonstrated that the stoichiometry at the sample surface 

influences the amount of intermixing of the QWs located in the sample. Marsh et al. [8,9] 

observed blue shifts in uncapped P-based quaternary samples due to P desorption from the 

sample surface, similar to the results found by Komiya et al [27]. To suppress P desorption, the 

uncapped samples were annealed in silica ampoules in a background ambient of P4, ý for 30 
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minutes at 650*C. The exciton energy shift was reduced from 25 to l5meV. Marsh and Komiya 

et at. [8,27] demonstrated that a phosphorus overpressure inhibits the desorption of phosphorus 

from the surface reducing the generation rate of vacancies. Francis et aL [281 have 

demonstrated a PL peak blue shift of 60meV for the InGaAs/InGaAsP samples annealed at 

600*C for 4 hours in a P4 ambient The FWHM increased slightly from 22 to 30meV after 

diff-usion, indicating that good structural quality was maintained after annealing. Oshinowo et 

al. [29] have reported that uncapped InGaA&W QWs annealed at 9000C for I minute can 

increase the QW emission energy by more than 300meV. The P desorption was suppressed by 

covering the epilayer side with a silicon wafer and the substrate side with an InP wafer when 

annealing the samples by RTA in a nitrogen atmosphere. Fujii et al. [20] annealed InGaAs/InP 

samples of different QW widths, from 500-64WC for 1-3 hours in a phosphine atmosphere and 

demonstrated by XRD that P diffuses from the InP layer and As from the InGaAs layer, 

changing the compositional profile of the QW. They also demonstrated that, after annealing, the 

narrowest well exhibited the greatest PL energy shift Francis et al. [26] monitored group V 

interdiffasion of InGaAs/InGaAsP QWs by a combination of selective capping and changing the 

P pressure during the anneal. The degree of blue shift, resulting from the diffusion of group V 

atoms, can be controlled by altering the phosphorus pressure during the anneal but this varies in 

a non-linear way. An 80meV difference in blue shift between the uncapped and capped areas on 

the wafer was observed. 

d) Strained layers. A consensus has not yet been reached regarding any dependence of 

the rate of interdiffasion at semiconductor heterointerfaces on the amount of strain in the 

structure. Strain effects on interdiffusion have been investigated with some groups reporting 

distinct changes in diffusion [31] while others do not [32]. For the InAsP/InP system, Tweet et 
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al. [33], have presented evidence for the existence of a 'critical strain' influencing the 

interdiff4sion in InAsl.,, P,, /W heterostructures. If the strain is 1.9% or more (x<0.4) a 

substantial P-As intermixing occurs but if x>0.4 (decrease in strain), the intermixing is greatly 

increased. Francis et al. [30] investigated the intermixing of strained and unstrained 

InGaAsP/InGaAs QWs induced by thermal anneals with aP over-pressure. They showed that 

the diffusion through the QW heterointerfaces was slower in the presence of strain. 

InAsP/InP MQW structures are prone to a slight amount of intermixing during growth. 

Tweet et at [33] showed that the interdiffusion in InAsP/InP QWs is sensitive to growth 

temperature, as the P-As intermixing is a factor of 2 greater for samples grown at 620T than 

580*C. Purposely induced intermixing of the group V atoms in InAsP/InP QWs has not been 

extensively researched. Sallese et al. [34] have investigated diffusion in ultrathin InA&W 

strained layers. Their samples were not capped and too thin to compare directly with our work 

but a blue shift was observed after annealing above 700'C which was attributed to the 

interdiffasion of As into the InP and P into the InAs layer leading to an InAsP QW where the 

composition profile depended on both the interdiffasion process and on the initial InAs 

thickness. Sallese et al. [34] postulated that the intermixing may be a direct P-As site exchange 

process or successive hopping between neighbouring vacancy sites. They calculated an 

interdiffusion coefficient of (7±0.5)xl 0-17CM2S-1 at 830*C confirming that interdiffusion is more 

pronounced in (In, Ga)(AsP) than in (AI, Ga)As alloys for which a value of IxIO'19 CM2 sý' was 

calculated [25]. 

Several groups [19,25,35] have used a combination of PL and thermal annealing to 

determine the interdiffusion rate, D. They have monitored the shift in PL emission as a function 

of, thermal anneal time and temperature. Comparing this shift with calculated values of the 
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emission energy, the value of D can be deduced. The calculated value of the emission energy is 

determined by modelling the post-diffusion group V profile assuming the diffusion obeys Fick's 

Law and then employing the transfer matrix model to determine the el-hhI transition. A 

detailed explanation of this procedure is given in section 4-2. 

AL3 Aim 

In this chapter InAsP/InP MQW structures designed to operate at 1.3prn have been 

subjected to B-VD to assess their potential for OEICs. Several optoelectronic devices, including 

optical modulators and QW lasers, have recently been demonstrated using InAsP based strained 

layer heterostructures [36,37,38] but very little work has been done on interdiffusion and 

bandgap changes that occur after post-growth annealing. The InAsP/InP samples studied here 

have been capped with Si02 and Si3N4 dielectric layers and subjected to annealing for various 

times and temperatures. The experimental results have been compared with modelled results 

and the diffusion coefficient deduced. The chapter is organised as follows. Section 4.2 

describes the interdiff4sion processes and equations. In section 4.2.2, the determination of the 

composition of InAs,, P,.. using PL, XRD and the transfer matrix model is outlined. Section 4.3 

discusses the annealing process and PL results. Section 4.4 describes the implementation of the 

interdiffusion equations and how these are applied to the experimental results to obtain a value 

for the diffusion coefficient. Section 4.4.3 presents a comparison between samples A and B and 

finally, section 4.5 summarises the chapter. 
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4.2 Interdiffusion Processes and Equations 

Photoluminescence and x-ray diffraction are non-destructive characterisation techniques 

which can be used to study the effects of intermixing in a QW before and after annealing. PL 

gives information about the excitonic transitions which depend on the well/barrier composition 

and well width, and XRD is used to examine the composition, thickness and morphology of 

annealed and unannealed layers. The measured shifts in the PL energies are compared with 

calculated values for the interdiffused wells in order to obtain values for the interdiffusion 

coefficient, D, as a function of temperature. The equations required for modelling the diffusion 

are assumed to obey Fick's Law [39]. A detailed explanation of the derivation of these 

equations is given in Appendix B. 

In order to calculate the value of D for the intermixing of the well and barrier layers 

after annealing, the well profile must be calculated. Schradinger's equation can then be solved 

for the resulting well profile to determine the energies of the confined states [15,25,35J. The 

interdiffusion can be modelled by loolcing at the P or As profiles across the layers and 

examining the change. For the case of an InAsP/InP QW, only diffusion of P and As is 

considered. The interdiffusion is modelled using an error function profile [39,40] of the P(As) 

composition, x, varying across the well centred at z=O [35], 

/W 

X(Z) Prfr -- erf Eq 4.1 
Z- 

(12(+ 
'/2 

X0 + Co -, I 22 C2Z(Dt) 
-2 

-Dt 
i 
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where D is the interdiffusion. coefficient, t is the annealing time, 1,, the well thickness, xO is the 

initial P barrier concentration, co is the As composition in the well, erf(x) is the error function 

i 

and Ld = 2(Dt)' is the diffusion length. The solution is symmetric about z=O. The equation is 

initially solved for -11 as the diffusion of P(As) is confined to this 2 
(1' +z :5+ -2(/* + 16) 

region. Equation 4-1 is difficult to implement as many iterations have to be performed and so a 

simpler Boltzmann-like function has been evaluated which gives a good fit to the error function 

as shown in Figure 4-1. 

I. J 

1.0 

0.5 

0.0 

Erf(x) 

-0.5 

-1.0 

-1.5 

Error function I 
Boltzmann Appmxima+n 

.3 -2 .10 
x (weU width) 

Figure 4-1 A Boltzmann likefunction which has been evaluated to give a accuratefit to 

Eq 4-1 
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The Boltzmann-like function is shown in Eq 4-2, 

erf(x) ms 
2 

1, where Xjz-1121 Eq 4-2 
I+ex 

x ý- 
-6 ý4 -2-9) 

Substituting this approximation for the error function, Equation 4-1 can now be written, 

x(z)=Xo+co. I+cxp 
Z- 2 I+exp - 

Z+ 2 Eq 4-3 
0.858(DI)2 0.858(Dt)! 

' 

The compositional profile can be solved by substituting incremental values of the 

diffusion length (Ld) into Eq 4-2. Once the As/P concentration profile has been calculated, the 

potential profile can be determined. The conduction band minimum and the valence band 

maximum at each point in the calculated profile are evaluated from an empirical relationship 

between the 300K unstrained bulk InAsP bandgap and the As/P concentration given by [4 1], 

E'00'r = 1.35 - 1.08A, _ X(Z)) + 0.09 1(, _ X(Z))2 Eq 4-4 

However, as InAsP/InP QWs are compressively strained, the hydrostatic and uniaxial strain 

as a function of composition must be taken into consideration. 

The hydrostatic strain is calculated from, 

AEH = 2a 
CII - C12) 

C// Eq 4-5 
( 

cil ) 

and the uniaxial strain is calculated from, 

AEu - b(C" +2CI2 Eq 4-6 
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where a and b are the deformation potentials and C, I and C12 are elastic coefficients which are 

well documented for HI-V semiconductors [42]. C1, and C12 are calculated for the QWs strained 

here by linearly interpolating between the binary compounds. e,, is the in-plane strain and is 

calculated from the (004) w-20 rocking curve. Equation 4-3 then becomes, 

E, 
g = 1.35- 1.08XX(Z» + 0.09 1(X(Z»2 + AEH ± AE U Eq 4-7 

A conduction: valence band offset of 0.75: 0.25 taken from David et aL [2], is assumect The 

electron and heavy hole effective masses for the well are calculated again by linearly 

interpolating between the effective masses for InAs and InP for the appropriate value of the 

composition. By assuming that Fick's Law is obeyed with a constant diffusion coefficient, it is 

possible to model, using the interdiffusion equations and the transfer matrix (shoot) method 

(Appendix A), the position of the confined energy states as a function of diffusion length 115]. 

The diffusion length of the group V elements after each anneal can be determined from the 

graph. If the square of these (extracted) diffusion lengths is plotted against the anneal time, the 

diffusion coefficient for the intermixing can be evaluated from the gradient of the graph. 

AZI Samples 

In this study, two undoped, InAs,., Pl.. W MQW structures of different As compositions 

and well widths, both designed to operate in the 1.3pm region [36,38), were subjected to 

dielectric capping and annealing for different times and temperatures. The InAsP/InP 

heterostructures were grown at the EPSRC BIN facility in Sheffield on (100) oriented, sulphur- 

doped InP substrates by MOCVD, using trimethlyindiurn as the group III source and AsH3 and 
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Dill 
. FH3 as the group V sources. The samples were grown at 600*C which is the lowest practical 

temperature that can be used with this machine using existing calibrations. Sample A (MR980) 

comprised of five nominally 70A thick InAs. P, 
-,, wells, with x=0.38, separated by 400A InP 

barriers. Sample B (MR981) comprised of five nominally 40A thick InAs. P, 
-,, wells, with 

x=0.44, separated by 400A InP barriers. Each sample was capped with a 600A MP layer. The 

InAsýPj, QW growth rate was about 1.2gm/hour. For sample A, the growth time of the 70A 

thick well was 16s and for sample B, the growth time of the 40A well was 11.5s, leading to a 

total growth time of around 10 minutes for each sample. Tweet et at [33] grew InA-%P,. AnP 

QWs at 620*C and reported a diflusion coefficient for As/P atoms of 1.3xlO-19cm2/s which 

would give a diffUsion length of IA for every IOOOA of InAsP grown at the rate used here. It 

was therefore assumed that samples A and B (grown at slightly lower temperatures) had sharp 

well/barrier interfaces. 

Before coating with a 0.1 gm thick dielectric capping layer of SiO2 or Si3N4 using 

PECVD, the emission energy of the sample was mapped across the wafer to reduce errors 

which might arise between a blue shift in energy due to interdiffasion and the uniformity of the 

sample. Structural analysis was also carried out using a Philips high resolution X-ray 

diffractometer to determine the average As composition and well/barrier width. After capping 

and annealing the sample, optical experiments were performed to determine the extent of the 

blueshift arising from the diffusion of the group V elements. 
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4. Z2 Determinadon of the As conWosidon and well widthfor the InAs,, P,,,, IlnP QWs 

A unique fit to the XRD rocking curve data is difficult with simulations since different 

combinations of As composition and well/barrier thickness can give good fits, so an iterative 

method which combines XRD, the transfer matrix and the measured PL data was used in order 

to establish the composition of As and hence the well width. This method assumes a square 

well but this is a reasonable assumption given the low growth temperature. Below is an outline 

and a flow diagmm (Figure 4-2) of the process, 

* Experimental data. PL data yield the el-hhl transition. XRD yields values for mean 

lattice parameter (a) and period (p) and hence the hydrostatic strain can be determined. 

* Set up a spreadsheet. Varying values of x in InAsPI, and incorporating the 

information from XRD can be used to generate values of E, (InAs. Pi.. ). 

* Transfer matrix modeL Use the value of the bandgap of E, (LiAsýPj. j to calculate the 

potential band offiets which are substituted into the transfer matrix model to find el-hhI 

transition. 

* Comparing results. Compare el-hhI calculated results with PL results. The 

coffesponding composition value and hence well width from the closest matching el-hhI 

emission were used to simulate a square well rocIdng curve. 
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Experimental Experimental 

XRD data Pl, data 
yields p and a yieldsel-hhl 

Compare experimental 
and modelled data 

I 

Spreadsheet Transfer matrix 
Vary x in model 
InAS. Pi-. 

Includes strain Obtainel-hhl 

Figure 4-2 Flow diagram showing the outline of the determination of the As 

composition and well widthfor the InAsPl-, IlnP QWs. 

4.23 Preliminary characterisation resultsfor unannealed samples A and B 

4.2.3.1 Photoluminescence 

Low temperature (10K) and room temperature (RT) PL spectra were obtained from 

unannealed pieces of samples A and B. At IOK, the el-hhI Pl, emission peak was located 

around 1.04 and 1.05eV for sample A and B respectively, with a variation of only 5meV across 

each wafer. One symmetrical luminescence peak was observed at each position with a FWITM 

of 15meV for sample A and 18meV for sample B. On increasing the temperature to 300K, the 

PL peak position shifted to lower energies by 53meV for sample A and 59meV for sample B. 

The integrated intensity decreased by about a factor of 20 over this temperature range while the 

FWTIM increased to 28 and 36meV for samples A and B respectively. 
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4.2.3.2 X-Ray Diffracdon 

lc+6 
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le+4 Zero-ofdcr 
peak 
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lc+l 

Ip 
31 32 33 31 32 2 
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Figure4-3 Thesymmetric(004)rockingcurvesforsampleAandsampleB 

The symmetric (004) rocking curves for the samples are displayed in Figure 4-3. The 

most prominent feature is the sharp peak located at 31.67' anising from the InP substrate peak. 

The satellite peaks are also sharp and evenly spaced indicating good uniformity of thickness 

and composition throughout the MQW structure. The splitting, Aw, between the substrate and 

zero-order peak, corresponding to a reflection from the epilayer, is negative indicating that the 

samples are compressively strained, as expected. The angular separation between the zero-order 

and substrate peaks is proportional to the average lattice parameter, ZT, in the MQW stack and 

yields values of 5.8894A and 5.8853A for samples A and B respectively. The angular 

separation of the satellite peaks is a measure of the period yielding values 465A and 440A for 

samples A and B respectively. The equations used to determine ZT and p were given in chapter 

1. 
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The in-plane strain, c,,, in the InAs,, P, 
-,, epilayer with respect to the InP substrate was 

calculated using, 

aL -as Eq 4-8 
a. 

where, aL is the lattice constant of the InAsPI, epilayer and as the lattice constant of 

In. P. The lattice constant of InAsPl-,, was calculated from Vegard's Law [Introduction 11 using 

the binary lattice constant values, a(hiAs)=6.0584A and a(InP)--5.8688A [411. For samples A 

and B, the compressive strain with respect to the substrate was estimated to be 1.23% and 

1.42% respectively. 

Using the parameters, a and p, obtained from the XRD data and the in-plane strain 

obtained from Eq 4-8, these can be substituted into a series of equations to calculate the 

perpendicular strain and hence the umaxial and hydrostatic strain, for a given value of x 

(Outline of process illustrated in Figure 4-2). The strain is included in the calculation of the 

InAs,, P, 
-,, 

bandgap. Assuming a 75: 25 ratio for the band offsets [2], the values of the CB and VB 

potentials and effective mass (linearly interpolated from the binaries) are substituted into the 

transfer matrix model to obtain the el-hhl confinement levels for the quantum well. These 

values are compared with the experimental Pl, emission and the corresponding compositional 

value, x, and hence the well width from the closest matching el-hhI emission is obtained. 

Table 4-1 shows the closest el-hhI emission energy value to the PL data and hence the 

corresponding value of x for sample B as highlighted. 

Combining the values from this iterative process with XRD simulations, a self- 

consistent value of the composition, well and barrier Width was deduced. A comparison of the 

measured and simulated x-ray data indicated that the well was almost square confirming that 
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there was negligible diffusion of As-P at the interfaces during growth. (Asymmetric grading of 

the first and second interface or symmetric grading of both interfaces did not produce good fits 

to the measured data). The XRD results also reveal that the period of the sample and the As 

composition differ slightly from the nominal values. For sample A, the As composition was 

43%, 1, =65A and lb=400A. For sample B, the As composition was 50%, 1, =40A andlb=400A. 

It is important to obtain an accurate value of the As composition and well width in the 

unannealed samples as these values will be monitored after annealing. 

Table 4-1 Part ofthe spreadsheet used to obtain values ofx and 1,,, for sample B 

x lw 

(A) 

lb 

(A) 

a(InAsP) 

(A) 

ai 

unstrained 

FWalel EH-EU 

(eV) 

Eg(InAsP) 

bulk (eV) 

Eg(lOK) 

(eV) 

Ec+Ev 

(eV) 

el-hhI 

(eV) 

0.46 43.8 396.5 6.0358 5.9560 -0.0122 0.01925 0.87107 0.95702 0.47590 1.0770 

0.48 41.7 398.3 6.0430 5.5981 -0.0129 0-02015 0.85112 0.93676 0.49368 1.0647 

0.50 40.0 400.0 6.0503 5.9636 A0132 0.02104 0.83125 0.91650 0.51131 1.0538 

0.52 38.5 401.5 6-0576 5,9674 -0.0137 0.02194 0.81145 0.89624 0.52879 1.0430 

0.54 37.0 403.0 6.0648 5.9711 -0.0142 0.02285 0.79172 0.87598 0.54612 1.0330 
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4.3 Rapid Thermal Annealing 

The capped samples were annealed in a nitrogen atmosphere at MOT for 30,60 or 120s 

using a RTA. The Si3N4 cap was then removed by plasma etching and the Si02 by wet etching 

in Hydrogen Fluoride. 

Following these treatments, there was no discernible energy shift, contrary to the result 

of Cao et aL [13] although their work used InGaAsP/InP MQWs where interdiffusion of the 

group III species may have been enhanced by use of the Si02 cap. It was concluded that higher 

temperatures and longer anneal times would be necessary to induce a measurable interdiffusion 

in the InAsP/InP QW. The remainder of this chapter deals with the results and conclusions 

deduced from conventional furnace anneals, 

4.3.1 Annealing In a conventionalfurnace 

Samples cut from wafers A and B were annealed in evacuated sealed glass ampoules at 

temperatures in the range 800-900'C for times between 2 and 30 minutes. Different pieces of 

sample A or B were used for each anneal obviating the need to map the wafer prior to the 

anneals. The energy shifts as a function of anneal time are displayed in Figure 4-4 for each 

sample at each anneal temperature. The PL peak of each annealed sample shifts to higher 

energies with increasing anneal time. A further two pieces of sample B, coated with Si02, Were 

annealed at temperatures of MOT for one hour and at IOOOT for 300s. After the anneals, the 

sample surfaces were apparently unchanged although there was a slight degradation of the 

Si3N4 coated epilayer surface at the highest temperatures and longest anneal times. The 

uncoated underside of the sample surface exhibited significant deterioration due to the P 

desorption from the surface. 
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Figure 4-4 Energy shift versus anneal time at different temperatures, for sample A and 

B capped with either SiO2 or SivV4. The error bars indicate the variation in the PL energy over 

the sample. 
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4.3.2 Energy sholls 

All samples exhibited an approximately linear blue shift of the emission peak after 

annealing which is attributed to the interdiffusion of As and P atoms across the 

heterointerfaces. The slope of the lines increases with anneal temperature but there were no 

significant differences between the measured blueshifts for the two types of dielectric cap. 

However, there were small differences in the blueshift across each sample and this is reflected 

in the error bars in the diagrams. Sample B exhibits a slightly larger gradient than sample A at 

each anneal temperature perhaps indicating a higher diffusion coefficient. Some saturation 

effects are evident for sample B which may be due to almost complete interdiftsion of the 

naffower wells. 

4.3.3 PL peak shapes 

For short annealing times at the lower temperatures the PL peaks remained symmetric 

indicating a uniform intermixing of the wells throughout the structure. After annealing at 800'C 

for the longest time (1800s), the PL peak obtained from sample A diminishes to about two 

thirds of its original intensity and a slight asymmetry is observed in the peak shape with a weak 

shoulder evident on the high energy side. This reduction in intensity implies that some 

degradation of the sample has occurred as a result of the annealing. A similar asymmetric 

feature was also observed for a sample subjected to anneals of 1200s at 8500C. However, for 

the samples annealed at 900'C, for 300s and 600s and capped with Si3N4 and SiO2, a slight 

asymmetry is observed on the low energy side of the main peak. 

Sample B exhibits similar results indicating non-uniformity of intermixing for longer 

anneal times and higher temperatures. Figure 4-5 shows low temperature (10K) emission 
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spectra obtained from pieces of sample B subjected to different annealing treatments. For the 

sample annealed at 8000C for 900s (spectrum b) there is a shoulder to the high energy side of 

the main peak at 1.1 eV. Increasing the anneal time to 1800s, (spectrum c) makes the shoulder 

more pronounced. These results are consistent with non-uniform intermixing throughout the 

MQW structure. These asymmetric peaks appear, to some extent, to be dependent on the 

dielectric cap. For instance, a piece of sample B, capped with Si3N4 and annealed at 850'C for 

1200s exhibited an asymmetric feature but the corresponding Si02 capped sample did not. In 

the case of the samples capped and annealed at 900'C for 600s, a slight shoulder was observed 

on the low energy side of the main peak in agreement with the results for sample A. 
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Figure 4-5 Low temperature (JOK) emission spectra obtainedfrom sample B: a) an as-grown 

sample, b) a sample annealed at 800'C for 900s, capped with Sjo, 4 and c) a 

sample annealed at 800'CfOr 1800s, capped with Si3N4. 

Similar results were obtained for samples cut from wafer B. A sample annealed at a 

relatively low temperature of MOT for 3600s exhibited a shift of 50meV. A shoulder was 

present on the high energy side of the main peak in agreement with the results obtained for 

samples annealed at 800 and 850T. However, a sample annealed at a relatively high 

temperature of IOOOT for 300s showed a blueshift of 280meV with a clear shoulder on the low 

energy side of the main peak similar to the result obtained from the sample annealed at 9000C. 

These results imply that there are two different processes which can lead to non-uniform 
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broadening of the PL features; one occurring at higher anneal temperatures and the other at 

lower anneal temperatures. 

4.3.4 FuU Width at HayMaximum 

The FWHM of the emission peak was measured to be l5meV and 18meV for samples A 

and B respectively. It was found that the peak broadened slightly (-3meV) even at the lowest 

annealing temperatures and the broadening was significant (-30meV) at higher anneal 

temperatures. However, the changes in linewidth do not follow an obvious trend due to the 

asymmetries in the emission features described above. 

Interface roughness is well known to cause broadening of the emission peak since 

excitons experience different effective well widths. Many groups [13,24,29,43] have 

attributed increases in the FWHM peak to interface rouglmess introduced by the diffusion 

process which would be expected to increase as the anneal time and temperature increased. 

Mallard et al. [9] observed an increase in spectral linewidth of 6meV for an InGaAs/InGaAsP 

sample after annealing, while Cao et al. [13] observed a larger increase of 30meV when 

annealing Si02 capped InGaAsPIInP MQWs at 750*C for times between 30s to 90s. These 

authors also observed a shoulder on the high energy side of the main peak similar to the work 

reported here. Ghisoni et aL [44] studied interdiff-usion in AlGaAs/GaAs QWs by the IFVD 

process. They concluded, from TEM images, that interdiffusion had not only graded the 

aluminium concentration across the well/barrier interface, but had also introduced random 

fluctuations along the interface. Thus the decrease in intensity and broadening of the PL peak 

after annealing may be due to interface roughness or the introduction of impurities while the 

asymmetrical broadening of, the peak is likely to arise from a well-to-well variation. In 
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principle, inadvertent impurities could also lead to an asymmetrical peak but this invariably 

yields only low energy shoulders and cannot account for all the results presented here. 

4.3.5 High mccitadon porwer ccperinwnts 

In order to distinguish between effects of interdiffusion which changes the shape of the 

confining potential and any impurities that may have been introduced as a result of the 

annealing process or even the growth process, further optical studies have been conducted. 

Performing a PL power or temperature variation experiment on the annealed samples should 

enable intrinsic and extrinsic processes to be distinguished. At high temperatures or excitation 

power, predominantly free excitonic emission (intrinsic) is detected. A power variation 

experiment was carried out on a piece of sample B, coated with Si02 and annealed at 7000C for 

3600s. Using a combination of neutral density filters, the HeNe excitation power on the sample 

was varied from 1-7mW. Figure 4-6 shows that a high energy shoulder is present in all the 

spectra. The integrated intensity increases with increasing Power while the PL peak remains the 

same shape, implying that the shoulder is due to an intrinsic rather than an extrinsic process. 

Consequently the asymmetry in the PL feature is ascribed to a non-uniform interdiffusion of the 

QWs causing a well-to-well variation. 

An argon ion laser (X=5145A) was also used as the excitation source and the resulting 

spectrum is shown in Figure 4-6. Now, only a small shoulder is observed with the main peak 

centred at 1.09eV. Since the penetration depth of the argon ion laser is less than the HeNe laser 

and only the wells nearer the surface are being excited, then the dominant peak originates from 

the top wells and the shoulder originates from the wells located nearer the substrate, indicating 

that the latter wells have experienced more intermixing. 
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Figure 4-6 PL spectra at I OK for sample A annealed at MOT for I hour. The main 

figure shows that the high energy shoulder on the main peak is retained after varying the HeNe 

excitation power. The dotted curve shows a smaller high energy shoulder on the main peak 

after being excited with the Argon ion laser. 
7- 

4.3.6 Sources of interdiffusion 

The asymmetric peaks imply that non-uniform intermixing has taken place throughout 

the MQW structure. It would appear that annealing the sample at low (high) temperatures, an 

asymmetry on the high (low) energy side of the main PL peak emerges indicating that different 

QWs have experienced different amounts of intermixing. The interdiffusion is likely to be 
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mediated by group V vacancies (Vp) which might be generated by several different 

mechanisms: 

a) 111). Sources of impurities could be Si, 0 or N from the capping layer. Alternatively, S from 

the substrate, 

b) strain at the dielectric/InP interface due to different thermal expansion coefficients which 

generate dislocations and hence vacancies. However, dislocations would be expected to 

reduce the PL intensity significantly and this explanation seems unlikely, 

c) IFVD. Vacancies created at the capping layer diffusing through the structure enhancing 

intermixing in the QWs situated closest to the capping layer, 

d) Thermal generation of vacancies. As the (anneal) temperature of the semiconductor is 

increased then the equilibrium concentration of vacancies will increase resulting in enhanced 

intermixing [25]. 

The impurities that might be responsible for the interdifflasion of As and P via the IID 

process are Si, 0 or N from the capping layer or S from the substrate. Si acts as a donor in InP 

and is usually incorporated on indium. lattice sites in InP and would be unlikely to generate Vp 

(in fact Vj,, would be more likely) although there has been one report by Schwarz et. al [45] 

which concluded that there is interdiffusion of both sublattices in InGaAs/InP QWs when the Si 

doping level is around 5XIO18 CM-3 . Alternatively an impurity such as Si may enhance vacancy 

creation through the END mechanism and not directly interfere with the MQWs. 

There is very little information on the behaviour of oxygen and nitrogen in InP. If they 

are fast diffusers in 10 then they could be responsible for the interdiffusion processes observed 

in this work. Oxygen also acts as a deep donor in GaAs and InP forming non-radiative 

recombination centres [451 and therefore a decrease in intensity of the peaks will be seen. 
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However, no significant differences were found for the interdiffusion of As/P in the samples 

investigated here using dielectric caps containing N and 0 so it seems reasonable to assume that 

these atoms are not involved. It appears unlikely that impurities, dislocations or vacancies 

originating from the capping layer diffuse into the wells as the power variation experiment 

revealed that at the low anneal temperature, the wells nearer the substrate exhibited more 

interdifflasion. If the source of diffusion originated from the capping layer, we would expect the 

top wells to exhibit more intermixing even at low anneal temperatures. 

Impurities or vacancies generated at the substrate could be responsible for enhancing 

interdiff-usion of the wells located nearer the substrate at low anneal temperatures. S atoms 

from the substrate may diffuse through the active region. There have been a few studies of the 

diffusion of S in InP [47] but these gave conflicting results, suggesting that S is either a fast or a 

slow diffaser. Dutt et al. [48] showed that S atoms preferentially out-diffuse when used as a 

dopant in InP. Sulphur atoms may enhance vacancy creation which in turn enhances 

intermixing in the wells and barriers. However, from the high excitation power experiment, 

impurities diffusing into the active region are not responsible for the intermixing of the wells as 

the high energy shoulder did not saturate with increasing excitation power. Phosphorus 

vacancies generated at the lower substrate surface from existing impurities and or vacancies in 

the substrate after annealing may responsible for intermixing in the active region but this is 

difficult to prove. 

It is concluded therefore that simple thermal generation of Vp is most likely responsible 

for the interdiffasion effects observed in this work. It might therefore be expected that the 

induced intermixing would be uniform throughout the wells. This cannot -provide an 

explanation for the asymmetry shown in Figure 4.6 and further work is necessary to understand 
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the nature of the non-uniform interdiffusion although the asymmetrical peaks only occur 

following long anneals at both the low and high temperatures and clearly these treatments 

should be avoided for device applications. 

4.4 Implemendng the Interdiffusion Equadons 

The previous sections have demonstrated that capping and annealing induce blueshifts 

in the emission spectrum which are attributed to interdifflasion of As and P across the 

well/barrier interfaces. In the following sections the interdiffusion process is modelled using the 

equations introduced in section 4.2. The modelled profile is compared with optical data in a 

self-consistent way so that a diffusion length can be associated with each annealing treatment 

By plotting the diffasion lengths deduced in this way against the anneal time, the diffusion 

coefficient corresponding to each anneal temperature can be established. Finally a comparison 

of the diffusion coefficients at each temperature can be used to calculate the diffusion 

coefficient as a function of temperature in the form [49], 

D= D. ex Eq 4-9 

where E, is the activation energy for diffusion and'DO is the pre-exponential factor, both being 

independent of temperature and characteristic of the diffilsing constituent in a semiconductor 

material. 
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4.4.1 Results and Modellingfor sanrle A 

Assuming the diffusion of group V atoms obeys Fick's Law, Eq 4-2 can be modified to 

take into account the well width (65A) and the initial As content in the well (43%), calculated 

in section 4.2.2, 

z- 32.5 z+323 
x(z) = x. + 0.41 

[1 

+ exp(- 
. 8,8( 

. 
1) 

ex Eq 4-10 
D20.858(Dt)io 

Incremental diffusion lengths were substituted into the composition equation (Eq 4-10) 

to obtain the well profile for varying difFusion lengths. Once the composition profile has been 

calculated, the potential well profile for the conduction band and valence band can be 

calculated from Eq 4-11, 

Eo = 1.35 - 1.083(l - x(z)) + 0.09 1(, _ X(Z))2 + 0.0464(x(z)) + 0.0266 + 0.03168(l - x(z)) 

Eq 4-11 

The first three terms of Eq 4-11 correspond to the bandgap of bulk InA. %Pl, at 300K As 

the bandgap is temperature dependent the next two terms allow the calculated bandgap to be 

compared directly with the measured PL data at I OK i. e the bandgap at I OK can be calculated 

as a function of the composition. The last term incorporates the effect of the hydrostatic and 

uniaxial strain (for heavy holes only) on the bandgap as a function of composition (Section 4.2). 

The strain at the centre of the well (z--O) is calculated and varied as a function of composition 

which has been generated from Eq 4-10. 

Figure 4-7 illustrates the resulting potential well profile for the conduction band of the 

original square well and the diffused well. The figure shows the profile of the well as P diffuses 

into the well (and As diffuses out). As the InAsP/InP interdifflases, the interface between the 
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two materials changes in profile from an abrupt to a graded interface. For the CB, the 

interdiffusion effectively narrows the well near the bottom but broadens it near the top and vice 

versa for the VB. 

"Ci 

Ld ý30A 

Ld=OA 

-150 -100 -50 0 50 100 150 

Well Width (A) 

Figure 4-7 The potential well profile for the conduction band of the original square well and 

the calculated diffused well is displayedfor sample A. The diffusion lengths (Ld) 

have been indicated 

The separation between the top of the CB and the bottom of the VB increases as the 

As/P diffuse. This will result in an increase in the cl-hhl transition energy. Narrowing of the 

well potential will also increase the confinement energies adding to the blueshift. A small 

redshift would also be expected since the barrier height decreases with longer anneal times but 

this term is relatively small and has therefore been ignored. 

The bandgap of InAs,, P, 
-,, at the centre of the well (z=O), calculated for different values 

of x, can now be used to determine the eI-hhI energy transitions by employing the transfer 
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matrix model. A CB: VB band offset ratio of 75: 25 [21 was assumed and the electron and heavy 

hole masses for the well were calculated by linearly interpolating between InAs and InP. For the 

unannealed structures, the effective masses for InP of m, * = 0.08mo and mý = 036mo were 

adopted and for InAsO. 43PO. 57/InP, m, * = 0.055m, and mý = Q49mo. The calculated variation in 

the PL energy with diffusion length for a range of diffusion lengths is shown in Figure 4-8. 
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x! 
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Figure 4-8 Calculated variation in the PL emission energy against diffusion length for 

sample A. 

The el-hhI transition enerU is sensitive to a diffusion length >15A. The experimental 

PL emission energy recorded after each anneal for sample A can be used together with the 

calculated PL energy to determine the diffusion lengths for different anneal times. The 

experimental and calculated PL energies were plotted on the same graph as shown in Figure 4-9 

a) and b) for sample A annealed at 800*C, capped with Si02 and Si3N4 respectively. 
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Figure 4-9 Variation in the PL energy with diffusion length for sample A. The horizontal lines 

mark the position of the experimental PL emission for samples annealed at 
800'C, capped with a) Si02 or b) Si. #V4. 

The small difference of -ImeV between calculated and experimental el-hhl emission 

data at LD=O is a consequence of using the nearest integer value of x and the well width (1w), 

(described in section 4.2.3). The diffusion length obtained from the intersection of the 

experimental and calculated energies can be used to determine the diffusion coefficient, D, for 

each anneal temperature. D is deduced from the slope of a plot of the square of the diffusion 

length against anneal time where the gradient =4D. 
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Figure 4-10 Square of the diffusion length against anneal time for different anneal 

temperaturesfor sample A. 

Figure 4-10 shows a plot of the square of the diffusion length against anneal time for 

sample A at the three annealing temperatures. The slope in each case is nearly finear (=4D) 

implying that interdiffusion proceeds with a constant diffusion coefficient for each anneal 

temperature justifying the initial assumption of Fick's Law. Values of D deduced from Figure 4- 

10 are listed in Table 4-2. 

143 



Table 4-2 Diffusion coefficientsfor sample A 

Dielectric cap NOT 850'C 900T 

Si02 (4.07±0.25)x 10-17CM2/S (1.23±0.3 I)XIO-16CM2/S (6.01±0.4 I)XIO-16CM2/S 

Si3N4 (4.46±0.25)x 10-17 (9.98±0.3 I)XIO-17CM2/S (6.73±0.4 I)XIO-16CM2/S 

Table 4-2 shows that the estimated diffusion coefficient for the S102 and SIIN4 capped 

samples is similar and D increases With anneal temperature. The errors quoted in this table are 

those given for the least-squares fit to each data set. Figure 4-11 plots the natural logarithm of 

the diffusion coefficient as a function of inverse annealing temperature for the different capping 

layers. From this Arrhenius plot the activation energy, E,, and Do can be calculated and are 

determined to be (2.9±0.1) eV over the temperature range 800-900T and (1.8±1 O)XIO-3 CM2S-1 

respectively. 

le-15 

le-16 

Figure4-11 Arrhenius plots of the diffusion coefficient for the Si02 and Si3N4 cappedsamples 
(Sample A) 
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4.4.2 Results and Modellingfor samWle B 

The same method is used to deduce the group V diffusion coefficient for sample B. The 

compositional profile equation (Eq 4.2) is used taking into account the well width (40A) and 

the initial As content in the well (50%). Using these composition results the potential well 

profile for the conduction band minima and valence band maxima can now be calculated and 

the energy of the el-hhI transition calculated. The calculated PL energy and the PL emission 

energy recorded after each anneal for sample B are used together to determine the diffusion 

length for each anneal time as shown in Figure 4-12. 
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Figure 4-12 shows the calculated variation in the PL energy with diffusion length (black line). 

The coloured horizontal lines mark the position of the experimental PL emission. 

pectivelyfor sample a) and b) annealed at 800'C, capped with SiO2 and Si V4 res 
B. 

The diffusion length obtained from the intersection of the experimental and calculated 

energies is used to determine the diffusion coefficient for each anneal time and temperature. 

The square of the diffusion coefficient is plotted against anneal time as shown in Figure 4-13. 
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Figure 4-13 The square of the diffusion length against anneal time at temperatures 

between 800 and 900'Cfor sample B. 

Again the slopes are linear indicating that the interdiffusion proceeds with a constant 

diff-usion coefficient for each anneal temperature. Values of D deduced from the slopes in 

Figure 4-13 are listed in Table 4-3. 
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Table 4-3 Diffusion coefficientsfor sample B 

Dielectric cap 8000C 850'C 9000C 

Si02 Cap (2.56±0.26)x 10-17CM2/S (6.72±0.39)x I 0-"cm/s (3.19±0.43)x 10-16CM2/S 

Si3N4 Cap 0-17CM =/ 
(2.70±0.26)xl s (7.35±0.39)x 10-17CM2/S 10-16CM2/S (3.51±0.43)x 

Once again the difference between the diffusion coefficient for the different capping 

layers is small although the samples capped with Si3N4 always result in a slightly greater D than 

those capped with Si02- 

I e-I 5 

le-16 

le-17 

0.84 0.86 0.88 0.90 0.92 0.94 

1000/T (K") 

Sample B 

. 
ýTusion coefficient for the Si02 and Sj3N4 capped samples Figure 4-14 Arrhenius plots of the do 

(Sample B) 

Figure 4-14 displays the calculated diffusion coefficient on an Arrhenius plot. The 

activation energy is calculated to be (2.7+-+O. I)eV over the temperature range 800-900T and Do 

=( 1.8±1 . I)X 104 CM2S- 1. 
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The activation energies are similar for samples A and B providing proof that AS/P 

interdiflusion is a thermally activated process. The values of Do are reasonably close within 

experimental error. Estimates of Do deduced from other studies yield widely differing values 

ranging from 8xlO'7 to 7xlO'Ocm2s-1 (table 4-4). The large variation in Do might be attributed to 

vacancies or impurities in the wafer. Only some of the published data provides a suitable 

comparison with the present work, since (with the exception of the study by Sallese et al. [43] on 

very thin layers) other studies involve combinations which allow the possibility of group III 

interdiffusion which is known to be affected by dielectric capping. For example, Ga atoms 

migrate into a SiO2 capping layer when annealed, creating group IH vacancies which diffuse 

through the QW structure resulting in enhanced intermixing [8]. 
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Table 4-4 Values of E. D and Do calculated by other groups. 

Group Structure Diffising Annealing Anneal Anneal Difrusion coefficicn ,D at 850T 

[reference] elements Conditions temperature time and F, CM21fa 

Sallese et aL 2ML of InAs on As in InP RTA -P 830*C 5 mins Eý-5.2xlO -(7±0.5)xlO*17 

[4311994 InP desojp E. -3.86V 

- Win et al. InGaAs/ GroupV RTA > 675*C 10-200s Do-23cmýs" -9.13xlO"r 

[5011993 InGaAsP Si3N4 E. -3.7eV 

group III - same < 675*C Uý_5xlo, 10, cm234 

concentration in F-. -I. 7cV 

wells and barrier 

Schlesinger AlGaAs/GaAs Group IR Furnace SiN. 85WC Do-2.4xlO1Ocm2f1 -4xlO"9 

[26] 1986 Al & Ga, prevent As Ee6. OeV 

Oshinowo InO. 53GaA&W Group III/V RTA Nz 900*C Do-8.6xlO'cOif1 -6.3 
IX10717 

[2911992 atmosphere F. -2.6eV 

- Ralston 119) GaAs/AlGaAs Al / Ga furnace Dd-l3.99ciWs7r -7.3xlO"' 

SiO2 Ee4.13W 

Ralston 119) GaAsIAlGaAs Al / Ga Uncapped De2.06xlO 1 -7.4xlO719 

E. -5.67eV 

Bryan InAsP/InP group V Capped go()- 120. Do-lAxlecnef" -I. IxIO"f' 

Sw2ple A 9000C 1800s F-4-2.91 0.1 eV 

Bryan InAsP/W group V Capped so()- 120- Dal. qXlO-4eM2i-I _7. OXIO-17 

Sample B 9000C 1800s F, -2.710. leV 
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4.4.3 Comparisons between samples A and B 

The diffusion coefficient deduced at the three anneal temperatures for sample A are 

larger by a factor of 1.5 than those for sample B however, this is not significant within 

experimental error. Tweet et aL [16] have suggested that the grown-in strain in pseudomorphic 

structures enhances the interdiffusion. These authors investigated strain dependent 

interdiffusion in InAsP layers grown on an InP substrate. Fujii et al. [20] concluded that strain 

suppresses diffusion. They studied diffusion in InGaAs/InP QWs by PL spectroscopy and 

suggested that the diffusion rate was determined by the movement of group V species across the 

heterointerface, which is much lower than the difffision rate in bulk InGaAs or InP layers. They 

concluded that diffusion through the interface was retarded by local strain. The strain energy 

was calculated to be of the same order of magnitude as E, and they concluded that strain could 

have a significant effect upon the diffusion through the pre-exponential term. Giffin et aL [32] 

reported that strain did not affect the rate of diffusion in InGaAs/GaAs and InGaAs/InGaAsP 

QWs. The structures were designed so that there was a concentration gmdient to drive diffusion 

on only one sublattice. These authors concluded that the diffusion constant does not change 

with time and therefore cannot change either with concentration or strain since these both vary 

with time. Furthermore, a study of a MQW sample with different In concentration in each well 

(and hence different initial strains) showed no change in the difftision constant with strain. 

However, the small difference in the value of D between samples A and B is not sufficient to 

conclude that the strain significantly alters the rate of diffusion in differently strained samples, 

even though the initial strain at the centre of well for unannealed sample A is 1.37% (As - 

0.43) and for unannealed sample B is 1.62% (As = 0.50). Interface roughness may account for 

the slight differences between D and Do measured for samples A and B. Potential fluctuations 
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could act as traps or sinks for vacancies or difflusing As atoms and hence retard the diffusion 

coefficient 

Even though the group V atoms appear to diffuse faster in sample A, sample B exhibits 

the greater blue shift. Fujii [20], Francis [30] and Mallard [24] et al. showed that diffusion was 

enhanced in thinner wells. Mallard et al. [24] concluded that greater blue shifts were observed 

in thinner wells due to the confinement energies being affected more by compositional changes 

at the interfaces. Fujii et al. [20] showed that the relationship between the PL energy shift was 

inversely proportional to the well width. This well width dependence has been confirmed by the 

results presented here as a larger blue shift was consistently observed for the sample with the 

narrower well (sample B). 

The most important and interesting result seems to be that the value of the diffusion 

coefficient is independent of the capping layer. Other authors have shown that D depends on the 

composition of the capping layer, for example, Ga has an affinity for Si02 caping layer and 

hence the intermixing is increased. For the InAsP/InP material combination, no such 

dependence was found. The values of E, Do and D at each temperature are similar for both 

samples within experimental error implying that there is no significant difference between 

samples A and B. It is therefore concluded that the influence of strain and the different capping 

layers on the interdiffusion process on InAsP/InP MQWs is insignificant thus validating the 

application of Fick's Law. 
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4.5 Summary 

The ability to continuously vary the effective band gap, in this case by post-growth 

annealing, and still retain the excitonic properties of the InAsP/InP QW structures is crucial to 

the integration of optical devices [19]. In this chapter, two InAsP/InP MQW structures (samples 

A and B) of differing well widths and compressive strain were subjected to capping and 

annealing in order to alter the bandgap and hence the emission energy. The resulting well 

potential was successfully modelled to an error shaped potential during the intermixing process, 

and the diffusion coefficient for the group V atoms at different temperatures was calculated. 

The optical results show that intermixing results in blue shifts of the el-hhl exciton line to the 

as-grown samples. The energy shift increases in an approximately linear way with anneal time 

obeying Fick's Law, for sample A, however, sample B showed some evidence of saturation. 

The QWs have undergone structural changes which manifest themselves as a change in the 

FWHM and/or symmetry of the PL peak. 

A power variation PL experiment carried out on sample B (section 4.2.9) reveals that the 

asymmetry is due to intrinsic rather than extrinsic processes. The asymmetric peaks imply that 

non-uniform intermixing has taken place throughout the MQW structure. It would appear that 

annealing the sample at low (high) temperatures for longer anneal times reveals an asymmetry 

on the high (low) energy side of the main PL peak emerges. This may indicate that different 

QWs have experienced different amounts of intermixing. The activation energies for samples A 

and B are similar providing proof that the generation of vacancies and hence As/P intermixing 

is a thermally activated process. 
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The values of D and Do are also similar in both samples implying that the strain has no 

significant effect on the diffusion of the group V atoms in InAsP/InP QWs. A greater blueshift 

is always observed for sample B at each anneal time and temperature due to the narrower well 

width. 

Post-growth annealing of InAsP/InP MQW structures has been executed with a view to 

integrating optical devices in the long wavelength region for telecommunications. Most of the 

initial OEICs were based on GaAs technology with applications in optical interconnects such as 

computing networks. This piece of work illustrates that InAsP/InP is a suitable candidate for 

OEICs as the pseudomorphically strained InAsP/InP structures can be subjected to annealing 

temperatures of up to IOOOOC while still maintaining its excitonic properties. 
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5. Chapter 5- InAs/InP Quantum Dots 

5.1 Introducdon 

Semiconductor quantum dots (QDs) represent the ultimate in low4mensional 

engineering and, in principle, should exhibit superior electronic and optical properties 

compared with QWs due to 3D carrier confinement [ 1,2,3,4]. In practice, QDs have proved 

impossible to fabricate successfully by photolithographic methods but recently self organised 

nanometer sized islands, which approximate to QDs, have been grown by depositing a thin 

layer of highly strained semiconductor on (001) substrates. Confining the electronic states in 

3D results in a delta-function like density of states (DOS) as shown in Figure 5-1. The DOS 

diagram for QWs is also illustrated. Reducing the dimensions of the smaller band gap 

semiconductor impedes the motion of the carriers and favours the formation of excitons with 

increased binding energies and oscillator strength. Hence QDs should have higher photon 

emission efficiencies compared with QWs [5]. When QDs are used in a device, such as a 

laser, the reduced dimensionality is expected to result in low threshold current densities Jth 

which are temperature independent, and an increase in the differential gain. For bulk and 

QW lasers a critical threshold current must be delivered to achieve transparency and 

ultimately, lasing. Perhaps the most important advantage of moving to QD lasers, particularly 

at longer wavelengths, is the expected temperature independence of the threshold current. In 

QW lasers, thermally excited carriers spread into adjacent states at higher energies. In QD 

lasers the electronic states are discrete and well separated so that thermal spreading does not 
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occur. The threshold current is also strongly affected by Auger recombination, a major 

problem in long wavelength QW lasers, but which should be largely suppressed in QDs [6]. 

Quantum 
Well 

/ �// 

// 
g(E) 

E 
Step-like DOS for 

a 2D structure 

g(E) 

Quantum 
Box 

E 
Delta-like DOS for 

a OD structure 

Figure 5-1 Illustration of QW (2D) and QD (OD) crystal geometries with corresponding DOS 

function plotted against energy 

5.1.1 Growth of self-assembled QDs 

The growth of these dots is thought to be govemed by the Stranski-Krastanow (S-K) 

growth mode [7]. In this growth mode, the initial strained 213-growth is followed by 3D 

growth when a critical strain is reached [8,9,10] and 3D islands are forrned on top of a 

wetting layer as illustrated in Figure 5-2. The WL is effectively a thin QW in which excitons 
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can recombine producing a separate peak in the PL spectrum obtained under high excitation. 

The island formation process is thought to be driven by the reduction of the total surface 

strain energy of the layer-substrate system. If the coverage is further increased, the relaxation 

of strain occurs via the formation of dislocations in the 3D islands [11,12]. The coherently 

strained islands are known as 'self assembled quantum dots' (SADs) and confine the carriers 

'in 3D. The size of these coherent islands is usually quite uniform with a deviation of -10% 

[13]. Growth techniques such as MBE, CBE and MOVPE have been successfully used to 

grow SADs [1,11,14,15,16]. InAs dots are grown by depositing a critical amount of InAs 

on GaAs at substrate temperatures 480<T, <530'C [17]. For IML deposit, flat terraces were 

observed by Leonard etaL [18] indicating a 2D growth. At the critical thickness (1.5-1.7ML) 

coherently strained 3D islands are formed. After deposition of more that 2MLs, the dots 

coalesce and forin incoherent islands. 

Dot formation occurs 
minimizing total strain 

a) 2D InAs layer b) 
and surface energy C) GaAs capping layer 

I 
MIC JK- - -319--- 

GaAs substrate 

Ktc t--tc 

Figure 5-2 Schematic diagram of QDformation. a) InAs layer is below critical thickness, 1, 

for dot formation so the layer remains 2D b) dots form when the critical 

thickness ofInAs has been deposited and are connected by the Wl. c) capping 
layer covers dots 
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Adatom. diffusion is proportional to the surface temperature and depends on the strain 

field that develops as the islands are formed [6,18] limiting the size of the islands and hence 

reducing the variation in size distribution. Barabasi et al. [19] has proposed a model based 

on Monte Carlo simulation indicating the existence of a strain assisted kinetic mechanism for 

island formation. The islands grow, reach a critical size and a strain field develops 

surrounding the island which at the critical island size generates a net current of adatoms 

away from the islands. This process stabilises the island size as the strain field also 'repels' 

newly deposited atoms. The combined kinetic effects of the adatom. density, strain, and 

growth temperatures reduce the growth rate of large islands (energetically unstable) and 

promotes the nucleation of new islands (energetically favourable), leading to a narrower 

island size distribution. Continuing the deposition leads to island coalescence, which results 

in a drop of the island density. 

Self organised InAs islands on a GaAs substrate is the most extensively studied 

system [ 1,14,15,16,20,2 11 with emission wavelengths in the I pm region at I OK However, 

the study of growth of highly strained semiconductors on InP substrates allows the emission 

wavelength to be shifted to the technologically important 1.3-1.55pm range. This can be 

achieved by using InAs as the low bandgap material, which results in a high lattice mismatch 

of 3.2% when grown on InP [22,24]. For InAs dots grown on InP, Taskinen et al [7) have 

demonstrated S-K growth at a temperature of 500'C using source materials trimethylindium 

(IMn), trimethylgallium (TMGa) and tertiarybutylarsine (TBAs) by atmospheric pressure 

MOVPE- 3D islands lOnm in height and 90nm in diameter are formed for InAs deposition 

thickness between 1.5-3NMs. These authors also studied the effects of growth temperature on 

areal density, size and uniformity of the islands. For 2ML of InAs deposited at a temperature 
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of 450*C, no 3D nucleation was observed. Small coherent islands were observed at 5000C, 

but at 600'C the average island size increased dramatically to 200nm in height and 500nin in 

diameter. Taking into account the density of these large islands the volume of material 

contained within the dots surpassed the volume of InAs deposited. Taskinen et at [7] 

concluded that the growth mode was no longer S-K and As/P exchange was taking place 

resulting in atoms from the WL and underlying InP layer being incorporated into the InAs 

island. This suggests that in the case of InAs/InP dot formation the mechanism is not purely 

S-K strain growth but is also driven by kinetic factors such as adatom diffusion [23] and the 

dots are an InAsl-. P alloy. Taskinen et al. M also studied the effect of different thicknesses 

of InAs layers on the density and uniformity of the islands grown at Ti=500*C. The island 

density increased from 6xlO9cm72 to l3xlOlocniý when the InAs deposition was increased 

from 1.5 to 4 NILs. In the case of 61ýE deposition of InAs, the island density decreased to 

LR1010cm-2 due to island coalesence. Ponchet et al. [24,25] have identified two different 

modes of island size and spatial distribution. For a deposit of 1.5 to 2NM, the average height 

is 7nm and the islands are randomly distributed. Above 2.5ML, the island height is only 3- 

4nm and the island volume is decreased by a factor 5, with a typical inter-dot distance of 

40nm independent of the island density. The deposit formed elongated islands in the [I 10] 

direction implying a significant level of island-island interaction. It is suggested that the 

strong dependence of the island size on the total amount of deposited InAs is mainly due to 

long range interactions through the substrate. Both Ponchet et al. [25] and Marchand et al. 

[23] have grown dots with a growth interruption of 30s after the InAs deposition. If the InAs 

film grown on InP is left under a AsH3 ambient, it will spontaneously reorganise by surface 

migration resulting in coherent InAs islands. Yoon et at [281 demonstrated using AFM, for 
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the formation of InAsA[nP QDs, that the increase in growth temperature from 550 to 6000C 

decreased the dot density and increased the dot size. This behaviour can be understood by 

enhancement of the adatoms surface diffusion at a higher temperature 

From the above attempts at growing QDs, it can be seen that the surface morphology 

of the QDs varies extensively with growth temperature, amount of material deposited and 

VAIII ratio. Characterisation of these dots by optical and structural techniques is crucial in the 

understanding and refinement of the growth mechanisms. 

5.1.2 Optical Properties of QDs 

The PL emission from a single dot is very narrow [14]. Marzin et al. [12] have 

measured a linewidth of 0.1 meV for InAs dots grown on GaAs. However, the linewidth from 

an ensemble of dots is always broad (40-70meV [1,13]) with a Gaussian shape since the 

peak is a convolution of the emission from approximately 1 06 QDs within the excitation 

area. Size uniformity and alloy content of the InAs dots correlate with inhomogeneous 

broadening of the PL emission peak. Achieving narrower luminescence lines for a large 

ensemble of QDs is a major goal for future device applications [28]. However, the delta-like 

DOS can, in principle, inhibit fast carrier relaxation resulting in the 'phonon bottleneck. The 

phonon bottleneck effect was proposed by Benisty et al. [29] to explain the low emission 

intensities measured for photolithographically defined QDs. In an ideal QD, carriers can only 

relax via the discrete excited levels towards the ground state (GS). When the electronic 

intersublevel spacing is comparable to the energy of a longitudinal-optic (LO) phonon the 

relaxation rate should be fast (-10 12 s-1). If the interband levels do not equal this critical LO 
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phonon energy (or multiples of it) due to the fluctuation in dot size and composition, 

relaxation occurs by a multiphonon process which is much slower and results in a build up of 

carriers at each level (phonon bottleneck). Acoustic phonon scattering provides an alternative 

relaxation process but this occurs at a much slower rate (ý108s*') again contributing to the 

phonon bottleneck [30]. Fast relaxation is critical for high speed devices [31]. If the phonon 

bottleneck is operative, higher energy peaks corresponding to recombination involving the 

excited states should be observed at all excitation densities. However, at low excitation 

densities, higher energy peaks are not observed [15,32] indicating another relaxation 

mechanism is in operation. 

In order to distinguish emission from a OD system from that of a 2D system, two 

methods have been shown to be useful; level filling and lifetime measurements. If the 

excitation power density focused on the dots is increased new peaks appear at higher 

energies which arise from recombination of excitons associated with higher lying states in 

the dot. The small density of dots and the fact that each dot only accommodates two 

electrons in its ground state results in the higher lying levels being filled depending on the 

degeneracy of each state. The low recombination rate of carriers from the ground state (-Ins) 

together with the phonon bottleneck also increases the likelihood of recombination from the 

excited state. Castillo et al. P3] have shown that the excitation power density required to 

obtain significant level filling was relatively low, 40Wcm2. In order to observe comparable 

filling in QWs under the same experimental conditions, an excitation power density of 

8kWcm'2 was required. Deconvolving the PL feature obtained under conditions of high 

excitation allows the separation of the ground and excited states to be estimated. Fafard et 

al, [22] measured a peak (state) separation of 60meV in InAs dots grown on an InP susbtrate 
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which is comparable with the energy level separation of 50-70meV in InAs/GaAs dots [14]. 

The second optical fingerprint of a QD is a temperature independent exciton radiative 

lifetime [33,34]. Unfortunately, lifetime measurements using time-resolved Pl, CWL) 

could not be performed on these samples due to the lack of a fast detector operating at 

1.55pm. 

Due to the complexity of the dot formation mechanism associated with the chemical 

reactions of the surface, only a few reports on InA&W QDs have been published [7,27,361. 

P atoms on the InP surface are easily exchanged by As atoms, when the InP surface is 

exposed to InAs (As/P exchange reaction), deteriorating the interface quality of the 

heterostructures. In the case of the InAsW QD, the local variation in the strain field around 

the dots may result in an even more complex As/P exchange reaction, significantly altering 

the kinetic processes of the QD formation. 

In this chapter, different thicknesses of InAs layer have been deposited on standard or 

misorientated InP substrates to form InAsPI, QDs. Scanning transmission-electron 

microscopy (section 5.2) and photoluminescence (section 5.3) techniques are used to 

investigate the properties of the QDs and wetting layer. The dots are then coated with SiOl 

and subjected to post growth annealing which has been found to blue shift and narrow the 

FWHM of the emission from the QD ensemble (section 5.5). Although blue shifts have been 

measured the detailed mechanisms are not precisely known but it is expected that 

interdiffusion processes play a major role [28]. 
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5.1.3 Samples 

The samples were grown in a horizontal MOCVD reactor at the EPSRC III-V growth 

facility at Sheffield University and represented the first attempt at growing InAs dots on InP 

in this reactor. The intention was to deposit different amounts of InAs at a low growth rate of 

0.14pm/hr (approximately OAA/s), onto a 50A InP layer (same growth rate) and cap the InAs 

layer with 30A of InP again grown at the slow growth rate in order to prevent diffusion of As 

into the P layer. The final layer was 500A of InP grown at the standard rate of 1.24pm/hr 

(approximately 3AA/s). Two different types of wafer were used; one was the 'standard' 0.2* 

off (100) towards (110) substrate and the other was a 'misorientated' 2" off (100) towards 

(I 10) substrate. During growth the wafers were placed side by side in the reactor, with the 

$major flat' facing in the upstream direction of the gas flow. Trimethylindium was used as 

the group III source and AsH3 and PH3 as the group V sýurces. The growth temperature was 

maintained at 600'C throughout and nominally 1.5 (4A), 2 (6A), 3 (9A) and 4MLs (12A) of 

InAs were deposited on InP. As these were the first dots to be grown by MOCVD in 

Sheffield, different substrate orientations and thicknesses of InAs layers were investigated to 

determine optimum growth conditions for 1.55pin RT emission. 
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5.2 Scanning TransmiSSIOn-Electron Microscopy (STEAV 

Cross-sectional Scanning Transmission-Electron Microscopy (STEM) and Energy 

Dispersive X-ray (EDX) have been employed to give structural information on capped dots. 

The experiment was carried out using the facility at Liverpool University. The AIL InAs 

(0.2* substrate) dot sample is thinned to less than 2000A using ion beam milling. An electron 

beam of energy -100keV is scanned across the sample, which is sufficiently thin that 

spreading of the electron beam can be neglected, yielding a contrast image as shown in 

Figure 5-3(a). The micrograph image is not sharp enough to be able to estimate accurately 

the dot dimensions and the images are in any case likely to be dominated by strain and 

atomic number (Z) contrast. However, some darker regions of the image indicate the sites of 

the dots. In addition the STEM image cannot supply chemical information and so EDX 

analysis has been used which is compositionally sensitive, enabling the height of the capped 

QDs to be estimated. 

Figure 50) shows an EDX linescan excited by a IOA wide, 100keV beam with IOA 

steps taken along the growth direction. The position of the linescan is indicated by the black 

arrow. Other dots are indicated by white arrows. The FWHM of the As peak is taken to be an 

estimate of the height of the QD and yields a value of -84A. Another linescan with the 

electron beam traversing between the dots through the WL region also gives a value close to 

84A. Since the WL width and the height of the dot are the same, this implies that the dots do 

not sit on a thin InAs WL but lie within a 2D confining layer (CL) which has a thickness 

equal to the dot height. A similar conclusion was reached by Siverns et aL [36] for InAs dots 

grown on GaAs and has been confirmed by TEM [38] and cross-sectional STM studies [39). 
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Monitoring the P signal gives the inverse behaviour; the P signal drops in the region of the 

dot but does not reduce to the background level indicating that the composition of the QDs is 

InAsP and not InAs. This is consistent with the ideas of As/P exchange which can occur 

during the initial WL stage and the capping stage when the CL is formed. The width of the 

confining layer and the height of the dot are used in the transfer matrix model to estimate the 

composition of the dot and V*rL in section 5.3. Many studies of QD systems have utilised 

AFM images to ascertain the dot size and density. Uncapped versions of the samples studied 

here were grown but the images showed extremely large objects approximately 100nm high 

and 200nm across. Such "islands" are too large to give confinement effects and are 

inconsistent with the STEM images. It is thought that the large islands result from continued 

growth during the cool down stage (- several minutes) as has been reported by Wang et al. 

[361. The MOVPE system is not equipped to perform a rapid quench from the growth 

temperature and further AFM studies were abandoned (section 5.4). 

4. 

Figure 5-3 (a) STEM image of the 3ML InAslInP QD sample. (b) EDX linescan taken along 
the growth direction, which indicates that the dot height is approximillelY 

84-4. QDs are indicated by the arrows. 

(b) 

84A 
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5.3 PL Results 

5.3.1 Standard (0.2) substrates 

Figure 5-4 shows the low temperature spectra of the samples grown on the standard 

-E 
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1,5MLofInAs 
2MLofInAs Peak 11 

3ML of InAs 
4MLofInAs 

Pmk III 

w 
/ 
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Figure 54. Low temperature PL spectra (JOK) obtainedfrom 1.5,2,3 and 4MI, of 

(0.2') substrate for depositions of 1.5,2,3 and 4ML of InAs. Three peaks, labelled 1,11 and 

III can be clearly distinguished in each spectrum together with a weak signal at 1.42eV 

which is attributed to bandgap emission of the InP substrate. 

InAs deposited on standard (0.2) InP substrate. The structure was capped with 530nm of' 

InP. 

As the deposited InAs layer increases from 1.54ML, peaks I and 11 shift to lower 

energies, whilst peak III initially shifts and then remains constant around 0.85eV. By analogy 
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with other QD systems the lowest energy peak is attributed to emission from QDs and these 

results might indicate that the dot emission cannot be extended to longer wavelengths, at 

least for the growth conditions used here. The 4ML dot peak is similar in shape and intensity 

to the 31ýffi sample. However, the detector response is significantly reduced below O. SeV 

which distorts the shape of the emission peak. Similar results were reported by Taskinen et 

al. [7] who observed a Gaussian-shaped feature for the deposition of 2Nffis of InAs on InP at 

5000C. The islands are probably composed of an alloy of InAs. P1, as an exchange of As 

from the WL and P from the substrate would influence the island formation by producing 

'excess' material [27]. For the samples with 3 and 4INE thick InAs layers shown here, it 

would appear that they obey growth mode II as reported by Ponchet et al. [25]. These authors 

found that increasing the total amount of InAs leads to a decrease in island size despite the 

fact that the largest coherent islands should be more stable. They concluded that the kinetic 

process which governs nucleation inhibits the formation of larger islands and promotes the 

nucleation of smaller islands (section 5.1). The PL emission (IH) for the 1.5 and 2ML InAs 

layers exhibit larger linewidths and lower luminescence intensities than the 3 and 4ML InAs 

samples. It is not clear why this occurs but it is tempting to believe that the dots are not fully 

formed for the former samples and they exist in a low density with a large size distribution 

[25]. With increasing InAs deposition the QDs achieve a more uniform size resulting in a 

narrower linewidth. Tabata et aL [40] also concluded that there is a transition from 

homogeneous flat layers to 3D islands after deposition of 2-31NEs of InAs when the substrate 

temperature >5250C. The PL results suggest that 3-4 Nffis of InAs is the optimum deposit for 

the formation of dots under the growth conditions used in this work. Consequently the 

majority of the optical characterisation has focused on the 3NIL sample. It is important to 
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remember that growth of InAsAnP QDs has not been so extensively studied as for the 

InAs/GaAs system. There is a variation in results from different groups perhaps indicating 

that the 'chemistry' of the formation of InAsA[nP dots is more complicated and depends more 

heavily on growth conditions. 

I 'It is tempting to ascribe peaks I and H shown in Figure 54 to emission from the 

NkVCL but there are several possibilities for their origin: 

(i) they arise from a WIJCL which has N[L thickness fluctuations 

(ii) one of the peaks involves impurities in the substrate 

(iii) there are two WVCL layers 

(iv) both peaks involve QDs of different size/composition 

Taskinen et al. [6] detected two WL peaks after deposition of 2MLs of InAs at 6000C. 

Fonchet et al. [23] found two peaks around 1.1 eV similar to the results presented here but 

only for a sample where 1.5 NM of InAs was deposited. Increasing the amount of material to 

2NE resulted in a single WL peak. Emission peaks I and H shown in Figure 54 have a 

FWHM of -50-70meV which is considerably greater than the PL linewidth (-15meV) of the 

InAsxPj. x QWs described in chapter 4. This makes it unlikely that the two peaks can be due 

to N, 1L fluctuations as reported by some groups [7,41]. Also, the peaks shift with different 

InAs depositions. However, the EDX measurements indicated that the W1JCL consists of an 

InAsxPi. x alloy and it is possible that the composition of the WIJCL changes with increasing 

InAs depositiozL This might allow for the possibility of 1ýE fluctuations from different alloy 

wmpositions but the separation of the peaks remains constant making it seem unlikely that 

this is the origin of these emission features. A definitive experiment to determine whethcr 

there are N% fluctuations is to perform a PLE experiment. The results are shown in Figure 5- 
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5. This region of the spectrum is only partially covered by the range of the Ti/Sapphire laser 

(860-970nni) but it is clear that the same features are not evident in the spectra detecting at 

1000nm (peak 1) and 1350mn (peak 11). In particular the feature around 1.33eV in the PLE 

spectrum detecting at 1000nm (peak I) is not present when detecting at 1350nm or at 

1550mm. This shows that the peaks at 1.09 and 1.2 eV cannot be due to ML fluctuations of a 

single WL. 

1. L 

Xd =I 000nm 
Xd =1 3 50nm 
Xd =1 550nm 

1.28 1.30 1.32 1.34 1.36 1.38 1.40 

Energy (eV) 

Figure 5-5 PLE spectra detected at Ad = 1000nm (peak I), 1350nm (peak II) and 1550nm 

(peak III). 

The transfer matrix model is employed to calculate the e2-hh2 transition for an InAsP QW of 

70A (STEM results) and 30% As (Figure 5-6). A value of 1.34eV is obtained which, wIthin 

experimental error appears to indicate that the feature located at 1.33eV can be assigned to 

the e2-hh2 transition in a QW. Recently, PLE experiments performed on InAs/GaAs dots 

have given conflicting results. However, when PLE is carried out on QDs, the position of the 

higher lying peaks is dependent on the detection wavelength (ý. d) due to different sized dots 

being probed. If the detection wavelength is changed within the PL envelope, the dot peak 

173 



shifts. This is contrary to the PLE results obtained for a QW as the higher lying peaks remain 

stationary regardless of the position of the detection wavelength. Further PLE experiments 

would need to be carried out on the InA&W dots to clarify the PL emission. 

Tabata et aL [401 found a defect band at LOW, which they ascribed to a deep level 

complex involving aP vacancy in ti-type InP substrates. This band falls in the same region of 

the spectrum as peaks I and H but is broader (- 150 meV). Such a defect emission would in 

any case remain at a fixed energy for all samples and is at variance with the results shown in 

Figure 5-4. Nevertheless, PL spectra were obtained for all the samples exciting from the 

substrate side. The resulting spectra showed the same emission features with the same 

relative strengths, although overall the signal was much weaker than when the sample was 

excited on the front fare. Any extrinsic features in the InP substrate would be expected to 

appear much stronger when excited from the substrate side. Therefore we conclude that the 

peaks I and H are not due to extrinsic emission. 

A third possibility is that the two peaks have their origins in two independent WLs- 

Zhukov et at. [421 performed PLE on InGaAs/GaAs, in the range of energies higher than the 

QD emission band and obtained a distinct doublet shape of the line (WL I and WL 2) which 

was attributed to a coexistance of the 2D InGaAs layer regions with slightly different 

tWckness. Tabata el al. [401 observed a red shift in the PL emission spectra when an InP 

substrate was annealed under As at temperatures of 550,570,575 and 6000C. They attributed 

this shift to As/P exchange at the surface which is known to lead to diffusion of As to a depth 

of about 5ML [40] and the generation of a thin 2D InAsP layer. An increase in thickness of 

the InAsP layer as the As penetrates more deeply into the substrate with increasing anneal 

terriperature might explain the shifts observed in the samples studied here. This may account 
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for the origin of peak H and a limit of 15A could be placed on the thickness of this WL. The 

origin of the peak I is attributed to the formation of an InAsP layer during the capping 

process by analogy with the InAs/GaAs system. It is well known in the InAs/GaAs system 

that there is dissolution of the islands and formation of a 2D confining layer during the 

capping process [37,38]. It is assumed that a similar process operates here and an InAsP 2D 

layer (confining layer) is formed around the QDs. It is proposed that an increase in the InAs 

thickness provides more As in this confining layer and induces a red shift in the PL peak. 

To obtain an estimate of the As composition for the WL and CL emission, the transfer 

matrix model has been employed. Figures 5-6 predicts the emission energies of InAs. P1, 

QWs with thicknesses in the range 4 to 70A (from STEM) and x varying from 0 to 1. Strain 

has not been taken into account which introduces an error of -4%. From these predictions, 

the WL has a composition of -80% arsenic and the CL consists of 30% arsenic. An estimate 

of the dot composition can also be obtained by approximating it to a QW. This is justified on 

the grounds that the aspect ratio diameter: height is usually -3 and confinement in the lateral 

direction is weak. If the height of the dot is -70A, then the corresponding As composition in 

the QD according to Figure 5-6 is 43%. 
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Figure 5-6 The coloured curves indicate predicted transition energies modelledfor a4 to 

70,4 thick QW of JnAsPj, with x varying from 0 to 1, confined between InP 

barriers. 

For WL and CL, an InAsP well surrounded by InP with a band offset of 75: 25 [431 has 

been assumed. However, a cross section through the WL/CL (Figure 5-7 a)) reveals that only 

one side of each 2D confining layer may be surrounded by InP. Taking this 'new' profile into 

account, the CB potential is illustrated in Figure 5-7 b). 

InAsP QD b) 
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- %%III Wetting 
Laver II 

InPTIj 
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Cross section 
of WL I and 11 

Figure 5-7 a) Cross section of WL I and II surrounded by InP. b) CB potential profile 

for WL I and H. 
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For the graded well profile, only one ViUCL peak would be observed which is 

contrary to the two WIJCL peaks in each spectrum. This result invalidates the possibility that 

there is a coexistance of 2D InAsP layer regions. We can therefore speculate that peak I 

originates from the 2D confining layer (CL) surrounding the dot after the InP capping layer 

has been deposited. The origin of peak H is undecided. 

It is possible that all three peaks are due to QDs with a tri-modal size distribution. In 

principle this could occur and AFM measurements would provide a definitive answer. 

However, no obvious variation in island size was evident in the STEM images. Johansson et 

at (44] observed a bi-modal distribution of InP islands on GaP at 580'C for 3.5 NILs of InP 

deposit. They conclude that the small islands could be the pre-stages on the way to fully 

developed islands. A bi-modal distribution has been reported by Carlsson et al. [10] for InP 

islands grown on Gao. 5Ino. 5P barriers. These authors found a 2D to 3D growth mode transition 

on depositing 1.5-1.8MLs of InP on GaInP. For thicknesses greater than IML, a PL peak 

emerged at lower energies which was attributed to the evolution of larger islands. AFM 

experiments confirmed that the lower (higher) energy PL peaks originated from large (small) 

islands. However, the PL peak attributed to the small dots remained fixed but increased in 

width as more material was deposited. Even though this is inconsistent with the spectra 

shown in Figure 5-4, as peaks I and H shift continuously to lower energies with increasing 

InAs deposition, peak Il may still originate from a group of smaller QDs and therefore, in 

agreement with Johansson et al. [44] has been assigned to emission from a small dot 

distribution. The red shift of peak R is perhaps due to the increase in small dot size and the 

changing composition of the confining layer [45]. No peak is observed between peaks 11 and 
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HI implying that no intermediate island sizes are present which is similar to the results 

obtained by Johansson et aL [441. 

As already seen, by increasing the amount of material deposited, the QD red shifts 

which is attributed to the change in QD size. Zuhuhov et aL [421 have shown that the energy 

of optical transitions in a QD are sensitive to the bandgap of the surrounding matrix 

Substitution of a wider bandgap (InAlAs lattice matched to InP (Eg-1.5eV)) with a narrower 

bandgap (InGaAs lattice matched to InP (Eg-0.8eV)) matrix results in a red shift of the QD 

PL peak position. Replacing the matrix with a wider bandgap material can be used to 

increase the energy separation between the QD levels. Replacing the matrix material with a 

narrower bandgap material can be used to extend the QD emission range towards longer 

wavelengths. A similar analogy can be used here to explain the PL energy red shift. If peak I 

originates from the surrounding matrix, then as more InAs is deposited, the bandgap of the 

material matrix is reduced (PL peak will red shift) as P/As exchange creates a more arsenic 

rich CL layer (Figure 54). This decrease in the matrix bandgap will consequently cause the 

dot peaks to shift to lower energies. A combination of an increase in QD size and a decrease 

in the matrix bandgap may explain the red shift of the smaller dot (peak 11) and the larger dot 

(peak III) as more InAs is deposited. The large QD peak ceases to shift after 3ML of InAs are 

deposited, perhaps indicating that the islands have reached a critical size. 

To further investigate and confirm the origin of the PL peaks, a PL temperature 

variation (section 5.3.2) and a level filling (section 5.3.3) experiment were performed. 
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5.3.2 TemWerature vadation 

An important property of QDs is the deep confining potential which contributes to the 

conservation of high radiative recombination efficiency at RT as opposed to the case of QWs 

[46]. By increasing the temperature, PL peaks originating from QWs or QDs will decrease in 

intensity at different rates, due to a variation in confinement potential and lateral movement 

of the carriers [45]. 
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Figure 5-8 PL spectra showing temperature variation for the 3A41. InAs. InP sample. 

Note that the QD peak is still detectable at 350K. 
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Figure 5-8 shows the spectra for the 3UL InAs/InP sample from 10K to 350K. With 

increasing temperature, the peaks 1, H and 1111 decrease in intensity. Peak IH exhibits a red 

shift of about 60-70meV and the QD peak exhibits a smaller shift but this is due to the 

detector response which is significantly reduced below 0.8eV. This distorts the shape of the 

emission peak at the higher temperatures. Only the peak attributed to the large dot is detected 

at room temperature. if peak 11 originates from smaller dots, then it is reasonable to assume 

that the confining potential will be deeper than for the CL (peak I) and hence the PL intensity 

will decrease less rapidly at higher temperatures. The reduction in intensity of these peaks 

Occurs at different rates and may be due to excitons becoming mobile within the 2D layer 

and relaxing into the deeper confining potentials of the small and large dot groups, where 

they subsequently recombine. The PL emission for the large dot peak remains at 350K as 

these dots are assumed to be large, fully formed with the deepest confining potential 

(-600meV) which inhibits thermal escape of carriers. 

A more quantitative approach is to calculate the activation energies, E., for thermal 

emission from peaks 1,1[[ and IH, using an Arrhenius plot as shown in Figure 5-9. 
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Figure 5-9 Arrhenius plotsfor the emission peaks in a 3ML InAslInl' sample 

The activation energies are calculated to be 45,96 and 345meV for CL, small dots 

and the large dots respectively. The E. for the large dots is greater than the small dots (peak 

11) and peak I which is not unexpected given the much deeper confining potential associated 

with these dots. Previous studies of thermal escape from QW and QDs [47,481 have yielded 

values which directly correlate with the energy difference between the optical transition and 

the barrier bandgap. This is approximately correct for the large QD emission if 

carriers/excitons are emitted into the smaller dots (peak 11). As the temperature is increased 

excitons become free and transfer from CL to the small and large dot groups. A further 

increase in temperature will result in transfer of excitons from the smaller dots to the larger 

dots and hence at higher temperatures, the small dot PL peak disappears. 

The high radiative recombination efficiency of the QDs at RT could also be due to 

the 3D carrier confinement preventing lateral diffusion of the carriers, reducing the 

probability of their recombination on defects such as dislocations [46]. The small decrease in 
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the large dot PL intensity may be due to non-radiative decay of the photogenerated carriers 

which are mainly created in the confining layer located around the QDs. The PL I intensity 

drop is due to the fact that when the temperature increases the carriers diffuse in the CL in 

the directions parallel to the InAs/InP interfaces. As the diffusion length increases with 

temperature, so does the probability that the carriers find dislocations and impurities which 

provide a non-radiative recombination path. 

Temperature variations (10-300K) were obtained from all the other samples and 

while the dot peak remained visible in the spectra at 300K it was not as well defined as that 

for the 3NE sample. With increasing temperature, there is a transfer of carriers from the CL 

to the large and small QDs until, at room temperature, the only detectable emission is from 

the large QD layer. 

5.3.3 Level F711ing 

As mentioned in section 5.1.2, a useful method for distinguishing emission from OD 

and 2D systems is by increasing the excitation power density to monitor level filling. At low 

excitation intensity only GS levels are observed but as the pump power is increased high 

energy peaks will emerge which originate from the excited state (ES) transitions. The GS 

becomes filled with electrons and subsequent electrons in the QD must occupy higher energy 

states due to the Pauli exclusion principle, hence recombination of these carriers results in 

PL emission on the high energy side of the GS peak [49]. The DOS consists of a broadened 

delta function for each energy level allowed by lateral confinement. The proportion of 

carriers in semiconductor QDs that have a smaller lateral extension than the carrier diffusion 
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length is higher in QDs than QWs for the same excitation power. It is therefore expected that 

level filling (filling of the electronic states) should occur at lower excitation powers in QDs 

compared with QWs [32] as the dots have significant lateral quantisation. 

The large QD emission remains almost Gaussian in shape when increasing the sample 

temperature from 10 to 350K. However, the peak shape is distorted due to the limitations of 

the Ge diode detector. A closer inspection of the dot PL spectrum at IOK does not reveal 

weak shoulders located on the high energy side of the main peak which could tentatively be 

ascribed to an excited state in the dot. However, an excited state may be obscured by some 

atmospheric absorption of the pL signal around 0.90±0.02eV. A power variation experiment 

is carried out at IOK to determine if high energy peaks originating from the ES transitions 

will emerge at higher excitation powers. 

Figure 5-10 shows the I OK PL spectra for the 3ML InAs dot sample grown on a 0.2" 

InP substrate, obtained by increasing the excitation power from 10 to 300mW. The spectra 

have not been corrected for the spectral response of the system and display some atmospheric 

absorption of the PL signal around 0.90±0.02eV. At the low excitation power at 10K, the 

dominant peak is the GS dot emission centred at 0.85eV. As the excitation power is 

increased from 10 to 300mW, the large and small dot (peak III and H) PL intensities increase 

and broaden on the high energy side more rapidly than peak 1. In fact, peak HI and H appear 

to blue shift as the excitation power increases. This indicates that the sample has not 

undergone significant sample heating that might be expected for the higher excitation powers 

as the peaks would red shift. 

The PL spectrum at 2mW has been scaled up to facilitate the comparison between the 

emission spectra taken at 2mW and 300mW. Peak III intensity has increased asymmetrically, 
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exhibiting a more pronounced broadening on the high energy side. A similar result is 

observed for peak Ii. This PL peak line has broadened to such an extent on the high energy 

side that it appears to have engulfed peak I. Peak I increases in intensity but does not exhibit 

the same high energy broadening. This broadening on the high energy side could indicate 

excited states in the dots, thus providing further confirmation that the PL peaks have been 

correctly assigned. The dot "cited states are not as well resolved as for the InAs/GaAs dots 

studied by Malik et al. [32]. The FWIHM of the ground state is very wide so the FWTM of 

the excited states will also be broad making it difficult to distinguish between individual 

excited states. 
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Figure 5-10 IOK PL spectra of 3ME InAs QDs at excitation powers between I- 

300mW exhibiting ground state emission at of the larger dots -0.84eV, the smaller dots at 

-1.1 Oe V and the confining layer at -1.22e V 

The nature of excited dot states is unclear as calculations of the electronic structure of 

QDs give conflicting results. For example, Grundmann et aL [131 have modelled transitions 

between only one electron GS state and various hole states, assuming a small pyramidal InAs 

QD in GaAs. These authors concluded from their calculations that the strain distribution in 

and around the dot does not depend on the actual size of the QD but on its shape. Marzin and 

Bastard et aL [50] predict at least two confined electron states for cone shaped dots. This 
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discrepancy could be due to the different electron effective mass used. Unfortunately, the 

confined levels in the QD are unable to be modelled as the AFM information on the shape of 

the dots is unobtainable (section 5.4). 

5.3.4 Misorientated (2*) substrates 

QD structures are usually grown on exact (100) InP or GaAs substrates using UBE. 

The study of the formation of dots grown on misorientated (vicinal) substrates is not 

extensive. However, Taskinen et al. [7] have studied InAs layers deposited on vicinal, (2" 

towards [0 11] off-orientated) InP wafers, using AM For 2ML of InAs deposited at 500'C, 

they observed islands on the vicinal and not the exact InP substrate. They attributed this to 

the increased likelihood of As/P exchange on vicinal InP substrates. Therefore, less material 

is required to reach the critical thickness and initiate island formation. 

Figure 5-11 shows the low temperature spectra obtained from samples grown on 

misorientated (2) substrates with 1.5,2 and 4ML InAs dot layers. The weak peak at 1.42eV 

from the InP substrate is visible on each spectrum. A similar process is used in assigning the 

PL peaks on the vicinal substrate as for the standard substrate. For the 1.5NM InAs layer 

sample a broad peak located around 1.3eV is clearly visible with a shoulder on the low 

energy side. The shoulder may originate from small dots whereas the main peak originates 

from the confining layer. A weak broad peak situated at approximately 1.05eV is also visible 

and could indicate the onset of larger dot formation. The spectrum for the 2ML InAs layer 

sample exhibits two peaks; one strong PL peak located at 1. l7eV and the other a weak broad 

Peak at 0.98eV. As more InAs is deposited, the 2D confined layer increases in width and 
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becomes more As rich (As/P exchange) causing the peak to red shift and perhaps obscure the 

emission from the small dots. The spectrum of the 4ML InAs layer shows three peaks and 

resembles the spectrum obtained for the 4ML InAs grown on the standard substrate. The 

peaks are assigned in a similar manner as shown in Figure 5-4. The CL peak is located at a 

lower energy for growth on the 0.2' substrate compared with those grown on the 2' substrate 

but the large dot peak is located at the same position as the corresponding peak for the 4ML 

InAs deposit on the standard substrate. 

0 

InAsP (small) onfining Laye 
1.5ML of InAs Peak 
2ML of InAs QD peak 
4ML of InAs 

InAs, P I-, (large) 
QD peak InP peak 

T 

0.8 1.0 1.2 1.4 

Energv (eV) 

Figure 5-11 Low temperature PL spectra (10K) obtainedfrom samples with 1.5,2,3 and 
4A, fL ofInAs deposited on misorientaled (2) InP substrate. 7he structures are 

capped with 53nm of InP. Emission from QDs, the CY and the Inl' substrate 
are indicated in thefigure. 
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For InAs deposits of 1.5 and 2ULs, grown on either 0.2 and 2' offcut substrates, the 

broad weak peak at lower energies (<I. OeV) in Figure 54 and 5-11 appears to indicate 

emission from a small number of large islands. Leon et al. [51] have demonstrated that 

nucleation on step edges is energetically favourable unless kinetically limited by small 

diffusion lengths. QDs formed on stepped edges results in smaller average diameters and 

higher island densities for InGaAs/GaAs structures. In this case, for InAs deposited on InP, it 

appears that a similar amount of material has to be deposited on the vicinal substrate (and 

standard substrate) to reach critical thickness to initiate small island formation (peak II). 

Under these growth conditions, a deposit of 3UL or more is required for larger dots to be 

formed on both the vicinal and standard substrate. Sopanen et al. [52] observed that the 

threshold thickness needed for island formation of InP on GaAs was found to be -2.5ML for 

both the 0.2' and 20 miorientated (100) GaAs substrate. 

With increasing InAs deposit, each peak has red shifted indicating that the confining 

layer thickness, dot size and amount of As exchanging with P has increased. For a 4NE 

deposit of InAs, peak I is more intense relative to small dot peak (H) and also compared with 

peak I on the standard substrate. It would appear that the majority of carrier recombination 

occurs in the CL as opposed to the dots which may not be fully formed. 
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S. 4 Atomic Force Microscopy (A FAV 

The surface morphology of the dots can be viewed (ex-situ) using AFM in order to 

determine the effects of growth temperature and InAs deposition thickness and rate on the 

areal density, size, uniformity and spatial distribution of SADs. Uncapped 3NE InAs dots 

were grown on standard and misorientated InP substrates under the same growth conditions 

as before. The AFM revealed that the dots were extremely large, ranging from 84 to 243nm 

in height and 78 to 2000nm in length. The majority of islands were shaped like a truncated 

square based pyramid (with the apex missing). However, volume calculations of the dots 

revealed that much more material had been deposited than stated in the growth process. It is 

clear that such large structures cannot provide confinement for injected carriers. Further 

investigation revealed that the coot down time in the MOCVD reactor was at least 30s during 

which arsine gas continued to flow. It is likely that during this cool-down period additional 

As/P exchange took place resulting in the large islands evident in the AFM pictures [26]. At 

present it is not possible to reduce the cooling time and AFM could not be used to estimate 

the dot size and density. 

According to Barbabasi et aL [191 the maximum strain energy was expected at the 

periphery of the dot base and therefore, the As/P exchange reaction would be increased along 

the periphery of InAs QDs as As/P exchange reactions are more enhanced in strained areas. 

Yoon et aL [27] suggested that if surface diffusion of free In atoms generated at the periphery 

of InAs QDs is sufficient, the adatoms will migrate in such a way that the total energy of the 

system decreases. The free In atoms will migrate towards the apex of the dot where the strain 

energy is minimal. This may explain our results. The generation of free In atoms migrating 
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towards the apex of the dots [36] may enhance the bonding with excess As in the reactor and 

hence substantially increase the size of the dots. 

5.5 Annealing 

fiiAsIGaAs self-assembled QD structures can be tuned to different emission 

wavelengths by post-growth annealing [51] treatments which induce interdiffusion of the 

group III atoms. There is a concomitant reduction in the emission FWHM of the dot 

ensemble which arises from the general increase in dot size for InGaAs/GaAs QDs and hence 

a narrower distribution of the dot sizes [28,53-55]. Studies have also found that a larger blue 

shift can be obtained in QDs compared with QWs for the same value of the diffusion length. 

However, the emission intensity is decreased at higher anneal temperatures due to shallower 

confining dot potentials [32,54]. Interdiff-usion processes have been extensively studied for 

the GaAs/AlGaAs and InGaAs/GaAs QW structures. 

Recently Leon et al. [28] Xu et al. [54] and Malik et al, [32] have investigated the PL 

emission energies of InAs/GaAs based QDs after post-growth thermal annealing. They have 

reported significant narrowing and blue shift of the luminescence emission of the SADs 

which they attributed to diffusion of group III elements. For anneals at different temperatures 

up to and including 85WC, Xu et aL [54] observed a large blue shift of 260meV and a 

narrowing from 79 to 21meV of the PL linewidth for QDs. Annealing at 8500C, a large 

decrease in the PL intensity was observed, implying a degradation in material quality. 

Subsequent TEM results show that the QDs disappear and combine with the WL to form a 

QW like structure. However, the mechanisms and processes which result in the change of 
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optical properties are not clearly understood. Lobo et aL [53] have concluded that the 

diffusing elements affect the PL emission (In diffizes from the dot to the barrier material 

whilst Ga diffuses in the opposite direction). 

San; pIes and results after annealing 

This section investigates the effects of post-growth thermal annealing on InAs QDs 

grown on InP. Samples from the 3ML InAs wafer grown on the standard (0.2) off-axis InP 

substrate were capped with 0.1 gm of SiO2 on the epilayer and substrate side. The same post- 

growth annealing method was used as described in section 4. The samples were then 

annealed in a furnace at NOT for 120,300 or 600s or at 8500C for 600s. 

Figure 5-12 compares the low temperature (10K) PL spectra for these samples with 

the unannealed original. Peak III attributed to the large QDs is observed to blue shift with 

increasing anneal time and temperature. The other two peaks located at 1.09eV and 1. l8eV 

in the unannealed sample exhibit quite different behaviour again indicating that they do not 

both originate from two separate QW layers. Peak I which is thought to arise from the 2D 

confining layer formed during the InP capping process red shifts during annealing. By 

contrast the emission energy of peak H, attributed to small dots, remains roughly constant 

implying minimal interdiffusion of these dot during annealing. 

Annealing at a higher temperature (8500C for 600s) results in only one detectable 

peak at 1. l4eV although it is not clear from these measurements whether there is complete 

dissolution of the QDs following this treatment. Therefore a temperature variation (10 to 

300K) experiment was carried out on each sample. In each case, as the temperature 

increasedý the large dot peak blue shifted, decreased in intensity but remained clearly visible 
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up to temperatures of 300K. Peak I and Il decreased in intensity as the temperature increased 

and peak I became undetectable by -190K. At the highest anneal time and temperature, it is 

assumed that the large dots are still intact and remain dislocation free as an emission peak 

was observed at 300K. Confirmation would be needed in the form of a power variation 

experiment to determine the evolution of excited states which is characteristic of OD 

behaviour (54]. 

:i 
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Figure 5-12 Low temperature (10K) PL spectra for the 3MI. InAs dot samples capped with 
SiO2 annealed at 800'C for 120,300 and 600s and at 850C. for 600s. Guide 

lines have been included. 
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The large dot peaks are roughly Gaussian in shape after all the annealing treatments. 

As mentioned before, for the unannealed sample, the broad dot signal arises from the 

variation of the GS emission energy from the individual QDs implying that they are of 

different size (and composition) [571. Annealing results in a narrowing of the 

inhomogeneously broadened PL peak perhaps correlating to a narrower size distribution of 

the dots [31,53]. The FWHM is difficult to measure directly from the spectra as the peaks 

merged together on increasing the anneal time and temperature. However, for the sample 

annealed at 8500C for 600s there was a narrowing of the linewidth by 15meV (from 107 to 

92meV). This decrease in linewidth is not as large as that measured by Malik et al. [32] and 

Leon et al. [28] for InAs/GaAs QDs. Malik et al [32] observed a narrowing of the FV4W 

from 55 to 12 meV at annealing temperatures up to 9500C and Leon et al. [28] observed a 

narrowing of the linewidth from 61 to 24meV again for anneal temperature of 950T. Both 

papers suggest that the interdiffusion of the In and Ga atoms at the interface between the QD 

and the GaAs barrier results in a change in the size and composition of the QDs. As the 

effective size of the dots increases due to this interdifflasion process, an effective reduction in 

the distribution of dot sizes is obtained leading to a narrower PL feature. For the InAs on InP 

samples, only a small decrease of the large dot linewidth is observed and could indicate that 

the dot size distribution is practically unchanged on annealing. A possible explanation is that 

the dots are already large and a small increase in size of marginally smaller dots due to 

interdiffusion, leads to only a small change in linewidth. 

Figure 5-13 shows the shift of the large dot peak, as a function of anneal time. The 

exciton transition blueshifts by 50,138 and 179meV for anneal times of 120,300 and 600s 

respectively at NOT and exhibits a sub-linear dependence with increasing temperature. The 
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greatest blueshift of 273meV was observed for the anneal time and temperature of 850T. 

The high energy shift of the luminescence line can be explained by reduced confinement 

potential after annealing due to the change in dot composition [58-60]. Even though no 

general agreement has been reached for the mechanisms involved in the blueshift of the dot 

peak, annealing would cause interdiffusion of the group V species as seen in QWs. In QWs, 

interdiffusion causes the abrupt interfaces to become graded, reducing the confining 

potential and hence a blueshift of the PL emission is observed. It is difficult to model the 

diffusion since there is no consensus on the size and strain or shape of the dots. 
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Figure 5-13 Yhe large QD PL peak energy shift as a function of anneal time for anneal 
temperature of 8000C 

After annealing it is reasonable to assume that the group V elements (P and As) have 

undergone diffusion as these elements are known to diffuse at temperatures as low as SOOOC 

as detailed in chapter 4. Even during growth an enhanced As/P surface exchange process 

with increasing growth temperature has been observed [57]. For the large dots (peak III), as 
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the anneal time and temperature increases, more P from the underlying InP layer and CL will 

exchange with the As in the dots. This manifests itself as a significant blueshift of the large 

dot PL peak as shown in Figure 5-12, as the emission peak moves towards the InP bandgap 

energy. It would appear that the incorporation of P into the dot is the dominant process. If the 

large dots were significantly increasing in size, then the dot emission would shift to lower 

energies. However, only a small decrease in the linewidth is observed on annealing 

indicating that the dot size distribution remains almost unchanged. A similar conclusion was 

reached by Malik et al. [32]. (The sub-linear dependence of the blue shift with increasing 

temperature could signify the As/P exchange between the dots, CLs and barriers reaching a 

limit). 

The small dot peak (peak III) does not appear to significantly shift to lower or higher 

energies with increasing anneal time. Two conflicting effects could be occurring 1) a change 

in the small dot composition due to As/P exchange results in a shallower confining potential 

and hence a blueshift in the emission and 2) as the As/P exchange rate increases for higher 

anneal times and temperatures, this could lead to an effective increase in the dot size and/or 

island coalescence of a small proportion of the smaller islands resulting in a red shift of the 

PL emission. This would also reduce the small island PL intensity and increase the larger 

island intensity as observed in Figure 5-12. Hence the above effects may actually cancel each 

other which results as the PL peak remaining stationary even after annealing. After annealing 

at 800'C for 300s, the intensity of peak ]I is lower than the large dot peak indicating that 

exciton recombination is greater in the latter. After annealing at 850*C for 600s, the solitary 

peak may represent the luminescence from a set of similar sized islands rather than a 

bimodal distribution as previously observed. 
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The red shift of the CL emission peak could be explained by the increase of the As/P 

exchange between the CL and the dot layer as the anneal time is increased 7his could have 

two effects a) the effective 'well width' of the 2D layer will increase and b) arsenic (from the 

dots) replacing the P in the CL causes a reduction in the compressive strain and hence leads 

to a decrease in the bandgap [23]. Both these result in a PL shift to lower energies. The 

reduction in intensity and finally the disappearance of the CL peak can be explained by 

considering the average QD separation [51]. If the InAs dots increase in size due to the 

diffusion and incorporation of P the average separation of the dots will decrease. Hence the 

carriers are more easily recaptured into the dot from the CL and the intensity of the CL 

emission decreases until its emission can no longer be detected under these experimental 

conditions. 

In summary, As/P interdiffusion causes the large dot peak to shift to higher energies 

with increasing (anneal/growth) temperature [571. It would appear from the optical spectra in 

Figure 5-12 that as the anneal time and temperature is increased, the three peaks culminate 

in a single peak which is still observed at 350K for the sample annealed at 850'C implying 

that the dots remain intact and dislocation free. 
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5.6 Conclusions 

Different IýE thicknesses of InAs were deposited on standard and misorientated (100) 

InP substrate by MOCVD at 6000C to obtain InAs,,, P,.. QDs which emit at 1.55tim at room 

temperature. Only a limited optical analysis in the form of PL temperature variation and level 

filling experiments could be performed on the dots due to their long wavelength emission. 

For the 1.5,2,3 and 4 IýE InAs dots grown on 0.20 off (001) InP substrate, three 

peaks could be clearly identified in the ioK PL spectrum. The signal located at the lowest 

energy was ascribed to the emission from large QDs, the next PL peak was ascribed to the 

emission from small dots and finally, the third peak was attributed to emission from 2D 

confining layers. It was concluded that 3ML was the optimum InAs deposit for the 

formations of QDs grown at a temperature of 600*C. Information on the actual dot shape and 

CL dimensions was difficult to obtain but EDX linescans revealed that the height of the QD 

and also the width of the confining layer was -84A. This indicates that the QDs are 

embedded in the confining layer rather than 'sitting' on top. This was used as a guideline to 

the thickness of CL and the height of the large dots. A composition of 30% As in CL and 

61% As in the large dots was calculated. 

1.5,2 and 4 1V[L InAs layers were deposited on vicinal substrates. In each case the dot 

peaks were not as intense as the corresponding emission from the dots grown on the standard 

substrate. It appears that a similar amount of material needs to be deposited on the vicinal 

and standard substrate to reach critical thickness for island formation. 

Temperature variation and level filling were performed on the 3MIL InA&W sample 

grown on the standard substrate. In the temperature variation experiment (IOK-350K), the 
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large dot peak remained clearly visible up to a temperature of 350K, whereas the small dot 

(peak H) and CL peak disappeared at lower temperatures. Activation energies for CL, small 

dots and large dots were evaluated to be 45,96 and 345meV respectively. Carrier escape 

from the CL commenced at a lower temperature than for the small and large dots. As the 

temperature increases, carriers escaping from CL could be captured by the small and large 

dots deeper confining potential where they recombine. As the temperature was increased, the 

small dot peak was reduced in intensity indicating that carriers may be escaping from the 

small dots into the large dots. The strong luminescence from QDs, even at high temperatures, 

can be attributed to a deeper confinement potential which reduces thermal carrier escape, a 

stronger exciton binding energy from the confinement in 3D and an enlarged oscillator 

strength which is a property of reduced dimensionality. Increasing the excitation energy from 

0.2mW to 300mW resulted in the small and large dot peak broadening on the high energy 

side indicating excited states in the dots. Peak I did not exhibit the same behaviour, hence 

confirming that the two lower PL peaks originate from a bi-modal distribution of dots and 

the third peak originates from a QW layer. 

Blueshifts in the PL emission from the MvE InAs QDs were observed as a result of 

post-growth annealing. Low temperature PL revealed that the large dot peak blue shifted with 

increasing anneal time, up to 273meV for the anneal time 600s and temperature of 850*C, 

and the PL linewidth decreased by -15meV indicating a more uniform distribution in dot 

size. The large dot PL emission remained strong at temperatures up to 350K implying that 

the dots remain intact and dislocation free. The blueshift is attributed to the As/P intermixing 

resulting in changes in composition of the dot. The small dot peak appeared not to shift 

which could be due to an increase in dot size cancelling out a decrease in As in the dot due to 
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the Asyp exchange. The CL peak disappeared with increasing anneal time. Annealing at 

850PC for a 600s, resulted in one PL signal which was attributed to the lowest energy state on 

the surface. PL measurements indicate that the annealed structures remained as dots. 

From the optical and structural results, it would appear that by depositing RvEs of 

InAs on InP at 600'C, QDs can be successftdly grown which emit at 1.55pm at room 

temperature. 
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6. Conclusions and Future Work 

The work described in chapters 3-5 is an investigation of InP-based QWs and QDs, 

which emit in the technologically important wavelength region of 1.3-1.55pm. Although InP 

based QWs are crucial to the telecomnis industry largely empirical solutions have been found 

to deal with grading of interfaces involving use of quaternary InGaAsP material. This work 

has confirmed that unintentional grading of the QW interfaces occurred in lattice-matched 

InO. 53GaO. 47ASW QWs due to As/P exchange at the interface. A combination of optical and 

structural measurements showed that grading at the InGaAs well interfaces can be overcome 

by substituting an InP barrier with a P-based quaternary barrier. 

There have been many investigations of deliberate grading of QW interfaces for 

integrated optics applications. These rely on interdiffusion caused either by thermal 

generation of vacancies or enhanced generation of vacancies by use of a dielectric cap. There 

is evidence that the caps generate group IH vacancies but their effect on interdiffusion of the 

group V species has not been tested. In chapter 4 the interdiffusion of InAsP/JnP MQWs by 

intermixing the well and barrier material using post-growth annealing techniques was 

investigated. Significant blueshifts could be induced in the emission energy whilst retaining 

strong excitonic emission. This was attributed to As/P exchange at the interface and appears 

to happen even during the growth process. The degree of intermixing can be controlled by 

altering the annealing time and temperature. However, the process was independent of the 

type of dielectric cap and suggests that it is due to thermal generation of vacancies. The 

activation energy for interdifflusion and diffusion coefficients deduced from optical and 

structural measurements are in reasonable agreement with previously reported values. 
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There is currently a great deal of interest in self-assembled quantum dots. In chapter 5 

it was demonstrated that InAsP QDs can be grown by depositing a few IýEs of InAs on an 

InP substrate by MOCVD. An ensemble of QDs was formed with the optimum deposit of 

3NMs of InAs for these growth conditions which resulted in room temperature emission 

around 1.5pm. These structures should in principle offer advantages over QW lasers at these 

longer wavelengths; lower threshold currents which are also temperature independent and 

the suppression of Auger recombination. 

6.1 Chapter 3 

Latticed matched InGaA&W is a suitable material combination for optoelectronic 

devices such as long wavelength semiconductor lasers and modulators [1]. Growth of high 

quality heterointerfaces has been the key factor in improving the properties of these devices. 

However, the cross contamination of fluxes due to incomplete switching or the memory 

effect creates a compositionaIly graded layer with built in strain deforming the shape of the 

well [2], thus making it difficult to calculate and predict the optical properties of the 

resultant non-square well potential. Further strain and other effects of compositional grading 

can result in increased nonradiative recombination at the heterointerfaces. The additional 

interfacial layers and grading at the interfaces is attributed to As/P exchange as As has a high 

incorporation coefficient relative to P [3]. Growth interruption techniques [2) are one of the 

most commonly used methods to reduce the exchange process or eliminate three- 

dimensional islands which result during growth. 

A good fit for the square well approximation to the experimental results was not 

obtained for the InGaAs/InP MQW, indicating that the well was graded at the interface. 
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Rather than an attempt to minimise intermixing by an elaborate growth sequence, a structure 

where the InP barriers are replaced by InGaAsP was adopted. The quaternary barriers were 

still lattice matched to InP. For the InGaAs/InGaAsP MQW, a much better agreement 

between experimental and calculated energy levels was obtained. InGaAsP barriers were 

substituted for InP barriers as both group V elements were common to the well and the 

(InGaAsP) barrier so even if some intermixing occurred, it resulted in improved 

heterointerfaces and hence MQW device quality. 

The next step would be to incorporate biaxial strain in the QW layers as it is 

beneficial to devices such as semiconductor lasers. By introducing strain into the QW 

system, lasers operating at both 1.3 and 1.55tLm can be achieved with a reduced threshold 

current and improved differential gain [4,5]. Vandenberg et aL [6] suggested that 

incorporating strain into such layers would allow the valence band properties to be 

engineered; splitting the valence band degeneracy at the Brillouin zone centre by introducing 

compressive strain into the active region of a semiconductor laser reduces Auger 

recombination and intervalence band absorption (IVBA). An additional benefit of 

introducing strain is the alteration of the valence band effective masses, which leads to a 

reduction in the in-plane density of states. This reduces the laser threshold current and 

improves the temperature sensitivity. 

Replacing InGaAs with InGaAsP in the well region forming structures such as 

InGaAsP/InP [7], gives more design freedom, as strain can be incorporated into the InGaASP 

layer by independently changing the QW thickness and composition for a given emission 

wavelength. Compressive strain (1-1.5%) is large enough to reduce the density of states 

below a third of that of the unstrained wells, which in turn increases differential gain as light 
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hole and heavy hole subbands; are split at an optimum well width. For tensile-strained wells 

emitting at 1.55pm, the well width would need to be greater than l5nm. However, these 

wide wells would degrade the differential pin due to the accumulation of conduction 

subbands in the well [7]. 

6.2 Chapter 4 

Controlled intermixing of the QWs by post-growth annealing can be achieved by 

HVD or ELD processes and leads to changes in the bandgap of the structure [8]. The 

bandgap of the intermixed alloy is usually larger than that of the original structure, thus 

providing a route to form low-loss optical waveguides and bandgap shifted modulators, 

lasers and detectors using only one epitaxial step. The increase in bandgap leads to a 

reduction in the refractive index [9]. 

The results obtained using IFVD on InAsP/InP QWs have shown to be capable of 

producing large blueshifts of the band edge while still retaining clearly definable room 

temperature excitonic characteristics. However, annealing for longer times results in 

asymmetric PL peaks which have been attributed to different wells undergoing different 

amounts of intermixing. In all cases, the sample consisting of the narrower wells experienced 

the greatest blueshift even though these wells were subjected to more strain which appeared 

to retard the interdiffusion of As and P. 

The InAsP has recently become an interesting alternative system for optical devices 

operating in the 0.9-1.6pm range. In particular, InAsP/InGaAsP compressively strained QW 

layers emitting at 1.3pm have a larger CB offset (if compared to the InGaAsP/InP system), 

which will improve the lasing characteristics at high temperature due to the smaller electron 
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leakage in an optical confinement layer [10]. More recently, tensile strained InGaP layers 

have been alternated with InAsP in the heterostructure to compensate for the compressive 

strain of the InAsP layers. This leads to InAsP/InP/InGaP and ternary InAsP/InGaP strain 

compensated QW lasers [emitting at 1.55 and 1.3 pm] and modulators which exhibit 

improved characteristics with respect to the more common devices based on the 

InGaAsP/InP system [I I]. For the successfid fabrication of these devices, an understanding 

of the As/P interdiffusion is essential as described in chapter 4. 

6.3 Chapter 5 

The electronic and structural properties of self-assembled QDs have attracted much 

attention recently due to interest in both their fundamental properties and device 

applications. However, most of the research has been focused on InAs/GaAs QDs emitting at 

wavelengths of 1.3pm. Successful growth of InAs(P) QDs on standard InP substrates at 

growth temperatures of 600*C has been demonstrated in chapter 5.3NEs of InAs deposited 

on RT formed dots which emitted at -1.5pm, at room temperature, making them suitable for 

optoelectronic devices operating at this wavelength. The strong luminescence (at -1.5pm) at 

room temperature is due to a deep confinement potential of the dots and a larger exciton 

binding energy due to strong spatial confinement of the excitons in the InAs(P) QDs. Two 

other peaks observed on the PL spectrum were assigned to a distribution of smaller InAs(P) 

dots and an InAsP confining layer. The local variation in the strain field round the dots 

makes the As/P exchange reaction complicated to solve. 

Progressing a stage further involves placing the QDs in the active region of a 

semiconductor device such as a laser or diode. It is an important development since Auger 
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recombination, which is highly temperature sensitive, represents the major loss mechanism 

in 1.55ttm devices and should be minimised in a QD structure. According to Arakawa and 

Sakaki et al. [121 the QDs in the active region would lead to lower threshold currents in 

lasers due to the delta-like DOS. The threshold current increases with temperature in QW 

lasers but remains temperature independent for QD lasers. 

in-plane QD lasers have been fabricated by several groups but several problems have 

arisen. The ground state of the QDs does not lase at room temperature. Moritz et aL [13] 

fabricated an optically pumped QD laser using self-assembled InP dots on InGaP. At low 

pump powers lasing occurred from the WL, but at higher powers lasing from the QDs 

eventually dominated. At higher temperatures, non-ground state lasing which required higher 

threshold currents seemed to take over. It has been difficult to achieve lasing in QD lasers 

due a low density of dots in the active region. The size distribution of dots leads to 

inhomogeneously broadened optical spectrum which may deteriorate the laser properties [ 13] 

and increase the threshold current. However, by increasing the number of QD layers in the 

active region and using a vertical cavity geometry (vertical cavity surface emitting laser, 

VCSEL) to reduce cavity losses, it may be possible to obtain lasing from the ground state at 

room temperature. Saito et al. [14] demonstrated an increase in gain in the active region of 

QD-VCSELs by stacldng 10-period InO. 5GaO. 5As dot/A]0.25GaO. 75As layers, resulting in the first 

demonstration of QD-VCSEL lasing at room temperature by current injection. The matching 

of the cavity mode with narrow bandwidth light emission from QDs should result in a high 

performance light source with very low threshold current [14]. 

The advantages of utilising InAs/InP QDs in the active region of devices are a) the 

emission wavelengths are extended to the telecommunication range at -1.55pm and b) the 
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effective masses of carriers in the strained InAs quantum struetWeS %ICJVM IDTLIa W'ý, SMaltcr 

than those grown on GaAs. and their energy levels are finther apart [151, improving the 

thermal stability of the devices. In order to fabricate lasers, operating around 1.55pm, it is 

necessary to design a waveguiding layer for optical confinement [13]. Moritz et al. [131 

achieved this by embedding the GaInP layer with the QDs within a 0.7pm thick AlInP 

cladding layer. Fafiard et al. [16] investigated InAs QDs grown on an InP substrate instead of 

GaAs, with AlInGaAs barriers. They demonstrated electrical injection of carriers at room 

temperature in InAs/AlInGaAs/InP QD laser diode emitting at -1.5pm. The 

electroluminescence covered a broad range from 1.3 to 1.6pm, due to the inhomogeneous, 

size broadening of the probed QDs. For this system, the high degree of control demonstrated 

for the InAs/GaAs system has not yet been achieved. 

This work on InP based QDs has been extended in our group as P-1-N diodes 

incorporating a single InA&'InGaAsP QD layer have been fabricated and have exhibited 

strong electroluminescence over a wide range of input currents [17]. The composition of 

these QDs is assumed to be InAsP. Murray et al [17] demonstrated that 10 times more light 

was emitted by a InAs QD layer compared with a QW device consisting of 60 InGaAs wells. 

With increased power the QW device exhibited saturation effects which were attributable to 

heating and a loss of efficiency. Similar but less dramatic effects were observed for the QD 

device. 

Many groups have moved on to investigating InP based QDs due to their potential to 

be used in long wavelength devices (Chapter 5). More detailed studies of the growth kinetics 

combined with specific growth sequences are now needed to bring the depth of 

understanding of these dots in line with InAs QDs grown on GaAs. 
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Appendix A 

Transfer Matrix Method 

In this appendix the one dimensional transfer matrix method used to calculate the 

confined levels in an arbitary shaped quantum well, otherwise known as the 'Shooting 

mediod' is describecL 

Description of Particles moving in a box 

In a one dimensional potential, such as the potential in the growth direction, the 

carrier wavefunction (supressing the bloch state part) is described by the envelope 

wavefunction y and is determined by the Schrodinger Wave equation; 

v2 2m* 
Vf+ ar-(E-V)VI=O 

where m* is the effective mass of the carrier, V is the potential experienced by the carrier 

and E is the energy of the carrier. 

In one dimension the solutions are; 

for E>V [A2] 

whcre k 
2m* 

(E -. V) 

W(x) =Ae, ý' + Be-r' for E<V [A3] 

where K= 
V2m * 

(V - E) 
h2 
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now suppose the carrier is in a region where E>V (equation A2) and consider the carrier 

traveling in the region and reflecting at the boundaries. (This analysis is identical to that of 

light moving through regions of different refractive index [I]). 

R 
=U 

R exp(-ikx) 

IPL=ULexp(+ikx) 

x---l X--o 
Figure A-1 : Particle waves travelling in a region x=-l to x-O 

For semiconductors y and I/m*. dy/dx must be continuous especially at the boundaries [2] 

and; 

Waves to the right Waves to the left 

V -4' +iAx 
,R 

Ue [A3] WL = ULe [AS] 
1 VVR ik -Jkr 

I OV, ik 
* 

Ue [M] U e+a' [A6] 
M* m M* & -M* L 

at x---O; at x--I; 

V/(O) UR + UL [A7] 
I VI'v ik 

* 
(-UR + UL) [A8] 

m M* 

so Ujt + UL V(O) and UL + UR = 
m* 

(I 

ik m* 

III J 

Uj [A91 fie' + Ule' 

ik 
;; ý; (-U, 

Re' + ULe-) [AIOI 

[Al 1-12] 

216 



hence adding and substracting Al I and A 12; 

UL : -- Y2 V (0) + /Y2 
M* 
ik 

(I owl [A13] 
m* alc 

and U= Y2 -Y Y'(0) 2 21ý 
ik * i2c 

[A14] 
m* c . 0) 

substituting A13 & A14 into A9: 

M*( Aill iu uI -od +ewl +/ I e- e V(-/) = 
Y2; v(Oje V2 

ik ac 
"o) [A151 

=V(O)coskl+m*( 
I-OV 

sinkl k jj* 

and substituting A13 & A14 into AIO; 

1 019 -m-eu]+11122ikL*- 
' A9 1 

Cod + eudl m* i12c 
ý/2 Kole 

ik -£l? c ,0 [A16] 
-k 
m* Vf(O)sinkl+ - coskl 

therefore the wavefunctions and derivatives at v--I can be related to those at x-O by the 

matrix equation; 

lf, -1) coskl 
=(-YM*sinki 

m; lksinkl)( Vf(0) 
[A17] ý, j1 

coskl m* a 

Now consider a three layered structure; 
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x=-1 X=o 

Figure A-2: A three layered structure 

Equation A-17 described how to find y(-I) given y(O), but since y and I/m*. dy/dx must be 

continuous across a boundary y and I/m*. dip/dx are also known in regions I&3, even if m* 

in these regions is different. 

For an arbitary number of layers; 

Figure A-3: A structure with N layers 

NVI 
I O-V [A181 

MN 

4ml 

* t3c I 

where the matrix M is the combination of all the matrix elements of the 18yers MN- 

I ... 
Mn 

... 
M4M3M2, and the individual matrix elements have values of k, 1, and m* applicable 

to the particular layer; 

(for E>V) 
cosk,, /,, sin k,, I,, 

[A191 
sin cos 
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However, only the case where E>V and y-ek' has been considered so far. If E--V then 

qi-ek' and using a similar analysis; 

cosh k,, I,, lnm; lk 
sinhk,, I,, 

) 

(for E<V) 
II 

[A201 k;, l 
*sinhk,, /,, cosh k,, I,, 

M" 
j 

The 'Shooling'Method 

To find the confined states in a semiconductor structure consider retlection and 

transmission of carriers of a particular energy (and wavevector) through the desired structure. 

Only the amplitude (A) of the waves need to be taken into account to obtain the reflection (r) 

and transmission (t) coefficients. 

particles in 

tA 

particles tunnel out 

last 

Figure A-4 : Tunnelling through an N kiyered structure. 

on the left hand side on the right hand side 

V/1 (I + r)A [A21 ] IA [A231 

1 '01 
=k (I - r)A [A22] I A241 tA 

Im 

amm ea. "I 

let m*/k in the first region be Zf and Z, in the last region, using equation A 18, 
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+r)A tA B 
D) 

tAtA) 
=(A D 

[A25] (I - r) A) ý 
4YZ 

tA) C AIA 

hence (I+r)=t(A+B/Zl) [A26] 

and (1-r)--ZKC+D/Zi) [A27] 

implying that t=2/(A+B/Z, +ZfC+ZfD/Zl) [A28] 

Therefore the probability of a carrier with a particular energy (and wavevector k) being 

transmitted through the structure is T where; 

I+ZtC+Z =4/(A+B/Z 'j)/Z02 [A29] 

Consequently the energies for which there is a maximum in the transmission coefficient 

correspond to a maximum tunneling current. Hence the carriers must be resonant with a 

tunelling (i. e. confined) state. 

The 'Shoot'Program 

To find the confined states in an arbitary potential well shape, consider the QW as a 

series of layers with a potential V and effective mass m* associated with each. For 

convenience the layers are taken to be the same thickness as a monolayer (-3A). Since the 

boundary conditions are valid for a slowly varying potential, decomposing the QW into a 

series of monolayers in which the composition only changes slightly between layers (as for 

graded QWs) makes this method of finding the confined states just as valid as the semi- 

analytical finite square well method. In general, in the 'shoot' program, each layer is 

described by three parameters; 
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Length of layer: L 

Potential 

effective mass: 

(The lowest point in the potential well is chosen to have V--O, so the barriers always have 

positive potential. In the valence band the same applies, so it is not necessary to use negative 

effective masses). 

These parameter define k (E - V) , Z=m*/k and the transfer matrix M for the 

layer; 

( cos ki ZsinkI 
M= ý- sin ki /Z cos kI 

) 
if E>V (or sinh and cosh elements if E<V) 

To evaluate the quantum well structure , the transfer matrices of all the layers need to be 

combined, remembering to begin with the last layer (to be grown) and end with the first. 

Once the quantum well matrices have been combined, the transmission coefficient for a 

range of energies (0 to barrier height) can be evaluated according to equation B29, using the 

coefficients Zf, ZI for the very first and last layers in the whole structure, which are usually 

the barrier layers. The maxima of the transmission coefficient correspond the energies of the 

confined states. 
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Appendix B 

Error Function Solution to the Interdiffusion Problem 

The error function solution for the interdiffusion of the well/barrier used in chapter 4 

is derived. The derivation assumes that the diffusion process is Fickain i. e. the diffusion 

coefficient is independent of time and concentration, and that the process is isotropic (the 

diffusion coefficient of As and P is identical). Using this assumption, the diffusion can be 

regarded in terms of As or P distribution in the lnAsP/InP well/barrier system. 

Consider a bar of finite length containing a uniform concentration, CO, of As atoms 

which on anneal time, t, diffuse into the barriers on either side, which at t=O have a zero As 

concentration. The solution of such a problem is outlined in Crank [II and Tuck [2], 

L, U 

d4 

Figure B- I Schematic diagram ofproblem solved in the text 

The finite bar of As contained within the region - h(x(+h, is illustrated in Figure 13- 

1. The solution considers the bar to be composed of a number of independent line sources of 

width dý and then combines the corresponding infinite number of elementary solutions. 

Each elemental source has a concentration strength C(). dý. After time, t, the concentration 
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due to an individual line source at a point Q, a distance ý, from the source is thus given by 

the standard Fickian solution for a plane source, 

>2'% Co 
exý- ý; ý d4 4. -n -5 t- 4DJ 

[B-i] 

The total concentration at Q %rill be that due to the swn of all the line source solutions 

i. e. between x-h and x+h. Thus the concentration at position x at time t, C(xt) can be written 

as the integral of Eq. [7-1] between the aforementioned limits, 

,, i,; 
ý=exý-ýýD- 

dý [B-2] 
t) C(X, t) = f": +"ý 

't 

if Y2., 
r-- 
, Dt is substituted this then yields, 

k 

x t) 
CO 

C( -j72 [B-3] (27 
Di) 

CX 

The integral can be split, 

(h 
2>Dt) 

C(X") -90- exp(- 2)d1, 
- 

(27D2 
f 

eXý_ j72 )di7 p3-4] 
0 

The mathematical fimction known as the error function, denoted by erf(x) which has 

the following properties is now used, 

£, rf(X) = --L'eXý_; 72)dJ7 [B-5] fo 

orf - ,j( x) = -erf(x); erf(0) = 0; erf(oo) =1 

It thus follows that the solution of above is: - 
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) Co x+h Co 
ex -h) [B-6] C(XI t' =- t) t) 

xh 
2 

ý2ýD=t 
_T rf(ý, ýD7t' 

This form can also be arrived at by looking at the diffusion of P from the barrier. The 

solution for the P distribution, Cp(xt) will be given by, 

C, p 
(x, t) = Cpbý, - Eq 7.6 [B-7] 

where Cp. bni,, is the concentration in the barrier (this is taken as the base level). The 

reason that in Eq B-6 CO, the As well concentration, is still valid in this case is because this 

also defines the difference in P concentrations between the well and barrier. 

Writing this out in full then gives, 

r Ilf 

C(X, t)=xo-[ 
Coopf x+ 

+coeix- 

/21 

Tj _i7 - 2 JD-t T Dýt )1 

which finally yields Eq 4.1 as shown in Chapter 4, 

CO 
ejx 

-1 741 Co i( X+l» 2 C(x, t) = x. + _i77 - Terf - 2 "' ý Dt ) 2. JD-t 

when solved between - Y2 (L- + LBY5 x: 5 Y2 (L- + Lit), where L13 is the barrier 

width, this produces the P profile of the intermixed well/barrier system which is subsequently 

used to calculate the confined energy levels. 
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