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Abstract 

The damage introduced into an InGaAs/InGaAsP quantum well structure during CH4/H2 

reactive ion etching (RIE) processes was measured, for plasma powers from 20 W to 100 W, 

using low temperature photoluminescence. The damage depth profile is estimated to be 

around 12 nm - 70 nm after annealing at 500 °C for 60 seconds using a rapid thermal 

annealer (RTA). A reduced damage RIE process has been developed to fabricate 

InGaAs/InGaAsP multi-quantum well ridge waveguide lasers. The performance of these 
lasers has been compared to that of lasers fabricated from the same epilayer using wet 

etching to form the ridge. The resultant threshold currents were essentially 
indistinguishable, being 44.5 mA and 43 mA respectively for dry and wet etched lasers 

with 500 µm long laser cavities. 

Quantum well intermixing in the InGaAs/InGaAsP material system was demonstrated using 
two techniques. The first was a laser irradiation process, which combines irradiation by 

continuous wave and Q-switched pulsed Nd: YAG lasers. Differential shifts up to 70 nm have 

been obtained. The second was a plasma process which involves sputtering a thin layer of 
Si02 and subsequent high temperature annealing using either a CW laser or rapid thermal 

annealer (RTA). Differential blue-shifts of the bandgap of up to 120 nm were obtained. 
The bandgap shift in the control regions is very insignificant. Measurement of the spatial 

selectivity of this technique shows that the spatial resolution is better than 50 µm. 

The design, fabrication and characterisation for 3-dB MMI couplers were carried out using 
both as-grown (peak emission wavelength of 1.48 µm) and bandgap widened material. The 

measured results show good agreement with the design. A splitting ratio of around 0.12 dB 
(51: 49) has been achieved for an MMI section length of 470 gm. 

Low loss waveguides have been fabricated using the laser process. A loss as low as 
2.1 dB/cm was obtained for an operation wavelength of 1.556 um. 

Extended cavity ridge lasers (ECL) in InGaAs/InGaAsP multiple-quantum well structures 
have been successfully fabricated using the two QWI technique developed. The increases in 
threshold current were only 10 mA and 8 mA for cavity length of 800 4m active section 
and 1000 µm passive section, compared to the all active lasers with cavity length of 800 µm, 

and the losses in the passive sections of ECLs were calculated which were 2.4 cm-1 and 
4.4 cm-1, for the two processes, respectively. 



Considerable theoretical work was carried out, which included the calculation of the optical 

confinement and gain in the InGaAs/InGaAsP MQW structure used throughout this thesis. 
Modelling of the intermixing of quantum wells was also performed and the results indicate 
that the changes of bulk bandgap energy are mainly responsible for the blue-shift of the 

photoluminescence. 
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1. Introduction 

1.1 The Significance of Monolithic Integration 

Monolithic integration of semiconductor optical devices, as in the implementation of 

various functions with light, such as generation, modulation, switching, and detection 

onto one substrate, offers similar advantages to those from Si based integrated electronics 

circuits. These advantages include the elimination of problems due to vibration and 

alignment associated with discrete components, because of the improved mechanical 

stability and reliability. Another advantage is device miniaturisation, which leads to the 

potential for fabrication economy of devices, and enhanced performance such as higher 

speed operation than that of their bulk counterparts. 

Monolithic integration potentially has a wide range of applications in optoelectronics. In 

Particular, with the advances in high speed and large capacity optical fibre 

communications, monolithic integration in long wavelength material systems e. g. InGaAs- 

InGaAsP, is increasingly important. Examples of key devices (mostly applying monolithic 

integration of different optical functional components) for optical time division 

multiplexing (TDM) systems are: 

Monolithic mode-locked pulse lasers for the generation of a pulse stream [1] and optical 

clock recovery on the receiver side incorporating segments for optical amplification, 

wavelength selective reflection and wavelength tuning (DBR grating) and modulation. 
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High speed electroabsorption devices [2] for data modulation. 

Integrated interferometers (consisting of semiconductor amplifier, passive waveguides, 

and combiners/splitters) for add/drop and MUX and DMUX applications [3,4]. 

For wavelength division multiplexing (WDM) systems, typical examples for monolithic 

integration are wavelength converter[5], space switches [6,7]. Figs. 1.1-1.3 show some 

examples of monolithically integrated devices. In the configuration of Fig. 1.1, the passive 

waveguide has a wider bandgap than that of the other sections. In Fig. 1.2-1.3, apart from 

the semiconductor optical amplifiers (SOA), the other parts of the configurations are 

passive, and therefore require a wider bandgap. 

Absorption Gain Passive 
section section wave guide 

Fig. 1.1 Monolithic integration of a gain section and an absorption section with a passive waveguide 

section for short pulse generation. 

A BC D 

lese 

3-dB coupler 
j 

SOA 

SOA 
3-dB coupler iiii 

SAS 
Fig. 1.2 Monolithically integrated asymmetric Mach-Zehnder interferometer as add/drop multiplexer. 

after 131. 
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SOA 

Fig. 1.3 Monolithically integrated 2x2 InGaAsP/InP Laser amplifier gate switch arrays, after [7]. 

1.2 Approaches to the Monolithic Integration 

Integrating optoelectronic devices, however, presents many problems that do not exist in 

standard silicon based processing. The fundamental problem with optoelectronic 

integration is the requirement to produce areas with different electrical and optical 

properties, e. g. different emission wavelengths, on a single substrate. This is a far more 

complex problem than producing areas with only different electrical properties, which can 

easily be achieved by introducing the correct amount of electrically active dopants to 

selected area of the material. Many different processes have been developed towards this 

end, which include multiple growth steps, selective area growth. vertical mode coupling. 

and quantum well intermixing (QWI). 

1.2.1 Multiple Growth Epitaxy [8] 

This approach involves the multiple growth of distinct active layers for different 

components of a monolithically integrated device, e. g. an integration of a laser with a 

modulator. Generally, a laser active layer with bandgap Egi is grown over a whole 

wafer, followed by selective etching and subsequent regrowth of the layer for passive 
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devices, with bandgap Egg- Obviously, it is desirable that the losses in the passive region 

are low, and consequently, Egl< Egg is required. Although this method allows 

independent design of the layers for active and passive devices, critical etching and 

regrowth are required, especially to achieve efficient optical coupling between the two 

waveguides. The disadvantages associated with this technique are low yields and the 

requirement of an expensive regrowth process. 

1.2.2 Selective Area Growth [9,10] 

By growing on InP substrates patterned with dielectric masks, selective area growth has 

been successfully demonstrated using MOCVD [10] and metalorganic MBE (MOMBE) 

[11]. This technique is based on the fact that the dielectric mask inhibits epitaxial growth 

of material, which means that some of the material which would have grown in the 

masked regions will be deposited in gaps opened up in the mask, resulting in a local 

increase in the growth rate and therefore a longer emission wavelength than from 

unmasked regions due to the larger quantum well width. Epitaxial layer bandgap energies 

are hence mainly controlled by the geometry of the lithographically defined dielectric 

patterns. 

1.2.3 Vertical Mode Coupling [11] 

In this case two MQW active layers with different bandgap are grown in one growth step, 

the layer with a narrower bandgap being on top of the other, separated by a thin InP spacer 

layer. Selective wet chemical etching allows localised removal of the top layer in selected 

areas. This is followed by a regrowth of the cladding layer for the second waveguide in 

some regions. Again the drawback of this technique is that a regrowth stage is required. 
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1.2.4 Quantum Well Intermixing [12] 

Quantum well intermixing is a simple and flexible technique for the implementation of 

photonic integrated circuits (PICs). In a quantum well (QW) system, a permanent change 

in the absorption edge can be accomplished by intermixing the wells and the barriers, 

which leads to a change of bulk bandgap of materials as well as changes of the well width 

and barrier height, the values of which determine the energy of the quantum-confined 

states relative to the bulk bandgap. In the limit of complete intermixing, a semiconductor 

alloy, with average composition of the wells and barriers, is formed, but less extreme 

intermixing produces structures of intermediate bandgap in which the 2-D properties of the 

QW layers are partially retained. However, intermixing is only of use if it can be localised 

to particular areas of the wafer, and if the electrical and optical qualities of the processed 

material are adequate for use in devices. 

The first intermixing studies were performed on GaAs-AlGaAs structures [ 13], and since 

then various methods have been developed, including impurity induced disordering (IID) 

[141, impurity-free vacancy disordering (IFVD) [15,16], laser processing induced 

disordering [17], and plasma processing induced disordering [18]. These methods have 

been applied to the InGaAs-InGaAsP system with varying degrees of success. 

In III) processes, an impurity is introduced into an epitaxial wafer and the wafer is then 

annealed. During the annealing step the layers intermix and ion-implantation damage, if 

present, is to a large extent removed. Current understanding of the III) process suggests 

that the role of impurities is to induce disordering through the generation of free carriers 

which, in turn, increase the equilibrium number of vacancies at the annealing temperature. 

Like HD, IFVD is also based on creating vacancies in the III-V semiconductor. However, 

this technique does not require impurities to be introduced by either ion implantation or 

diffusion, but relies on atoms diffusing out selectively from the material into dielectric caps 



at high temperatures, causing vacancies to be generated at the surface which diffuse 

rapidly through the material and cause intermixing. Lee et al [ 15] have achieved differential 

blue shifts of up to 185 meV using Si02 and SiNX dielectric layers, in InGaAs/InP 

material structures. Using phosphorus-doped silicon-dioxide (Si02: P) as a cap layer, 

Ramdane et al [15] have reported differential blue shifts of up to 80 nm in the capped 

region after annealing with rapid thermal annealer (RTA), compared to the uncapped 

regions. Using this technique, they have demonstrated the monolithic integration of an 

InGaAsP-InP DFB (distributed feedback) laser with a modulator. 

Laser processing induced disordering, using either CW or pulsed laser irradiation [ 16], or 

a combination of the two [18], as well as plasma induced disordering [17] which are 

investigated in this project, will be described in detail in chapter 3. 

1.3 Thesis Outline 

This research is concerned with monolithic integration in the InGaAs/InGaAsP material 

system, using QWI. In chapter 2, the basic properties of InP and related compound alloys 

are briefly reviewed; some important parameters in a quantum well structure are also 

discussed. Chapter 3 is concerned with QWI, in which QWI using laser processing and 

plasma process are addressed. Chapter 4 is concerned with the design, fabrication and 

assessment of 3-dB MMI couplers. The devices were fabricated using both as-grown and 

bandgap shifted material. Chapter 5 is concerned with RIE dry etch damage, in which RIE 

dry etch damage was assessed using a specially designed multiple-quantum well (MQW) 

probe structure and low temperature (5 K) photoluminescence techniques. In chapter 6, 

fabrication of ridge waveguide lasers is presented, also the optical gain and confinement 

coefficient in the material structure are discussed. Chapter 7 documents the fabrication 

results of extended cavity ridge lasers, a demonstration of monolithic integration of lasers 

and passive waveguides using QWI developed in chapter 3. In Chapter 8 the conclusions 

of the work are discussed. 
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2. InGaAs/InGaAsP MQW Laser Structures 

2.1 Introduction 

High speed and long haul optical fibre communication requires light sources which emit 

light in the wavelength range of 1.3-1.6 µm, due to the fact that the minimum loss of 

silica fibre is located at 1.55 pm. The InP-based InGaAsP quaternary material system is 

ideal for such devices, as the direct bandgap of the material system can be precisely 

tailored by controlling the relative proportion of each element. In this chapter, the 

properties of InP and related alloys are briefly reviewed. This is followed by a discussion 

of the energy levels and density of states in a one dimensional confined quantum well, the 

parameters of which are related to many important electrical and optical properties of the 

material. The optical absorption spectrum is then presented, and finally the effects of an 

electric field on the properties of quantum well are discussed. 

2.2 The Bonding and Crystal Structure of Indium Phosphide and Related 

Materials 

InP crystallises in the cubic zinc blende (sphalerite) structure, which consists of two 

interpenetrating fcc lattices, one shifted by a/4 [I I I] relative to the other fcc lattice (a 

being the length of the fcc cube edge). The two fcc lattices are occupied by two different 

atoms, for example, In and P. The cubic unit cell of a sphalerite structure is shown in 

Fig. 2.1. 
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Fig. 2.1 Crystal structure of InP and related compounds 

If the coordinates of the group III atoms are 000,0 1/2 1/2,1/2 0 1/2,1/2 1/2 0, those of 

the group V atoms are 1/4 1/4 1/4,1/4 3/4 3/4,3/4 1/4 3/4,3/4 3/4 1/4. Each group III 

atom has four nearest neighbour group V atoms, 12 next-nearest neighbour group III 

atoms and so on. The sphalerite structure does not have inversion symmetry because the 

arrangement of atoms along the body diagonal is in the the order AB.. AB.. AB (where 

dots represent vacant sites), and so is not invariant under inversion. 

Since each fcc lattice has four atoms per unit cell, there are four molecules of the 

compound AB per unit cell in the sphalerite structure. In the unit cell, the atoms are 

arranged such that for each group III atom there are four equally distant group V atoms 

arranged at the corners of a regular tetrahedron, and vice versa. The tetrahedral 

arrangement is the result of the covalent bonding of the eight valence electrons per 

molecule in sp3 hybridised orbital. The bonding is not, however, entirely covalent since 

there is some charge transfer between the two types of atoms, giving rise to a partial ionic 

character in the bonding. For InP, 42% of the bonding is estimated to be ionic [ 11. 

2.3 Energy Band Structure 

The calculated energy band structure of InP is shown in Fig. 2.2 12]. 
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Fig. 2.2 Band Structure of indium phosphide 

It is customary to associate the most important (high symmetry) points with capital letters 

r, X, L etc. These points lie at the Brillouin zone centre and at the boundaries, along the 

high-symmetry lines that are normally referred to in terms of the Miller indices. For 

example, the F-X direction is the main cubic axis <001>, if X is the point in k-space 

whose x and y components are zero. The I'-L direction lies along the line connecting the 

nearest neighbours in the lattice, i. e., along the <111> direction. Both the valence band 

maxima and the lowest conduction band minimum occur at kam, the r point, i. e., InP is a 

direct bandgap semiconductor. Higher conduction band minima occur in the < 100> (A) and 

<111> (A) directions, as can be seen in Fig. 2.2. The L and X minima are, respectively, 

0.4 eV and 0.7 eV above the Fj minimum[2]. In the valence band, there are subbands 

whose maxima occur at same k point, i. e., at f, and so are said to be degenerate. The 

band with smaller curvature is labelled the heavy hole (hh) band, while the other one 
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which has larger curvature is called the light hole (ih) band, as the effective mass is 

inversely proportional to the second derivative of E with respect to K. The split-off band 

(sb) lies at lower energy than the lh and hh bands with a separation of energy at F of 0.11 

eV. If uniaxial strain is applied to the semiconductor, the shear component of the strain 

splits the degeneracy of the heavy and light hole bands[3]. This is particularly evident in 

heterostructures due to lattice-mismatch strain[4-7]. The band structure of InGaAsP 

compounds lattice matched to InP is similar to that shown in Fig. 2.2. 

2.4 Material Parameters of Ini.. GaxAsyPi.. Alloy Semiconductors 

For Inl_XGaXAsyPI_y to be lattice matched to an InP substrate, the following conditions 

[8,9] are required: 

x=0.47y (2.1) 

or more rigidly 
0.1894y 

(2 2) xý 0.4184-0.013y 

2.4.1 Bandgap Energy 

GaInAsP lattice matched to InP has a direct bandgap over the entire range of alloy 

compositions. The bandgap can be expressed as function of element composition as 
following [9]: 

E0(y) = 1.35 - 0.72y + 0.12y2 (2.3) 

2.4.2 Effective Mass in Ternary and Quaternary Alloys 

According to the k. p approximation[ 101, the effective mass of the carrier, m*, is given by 
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2 
P22 

mi m Eg Eg+O 
(2.4) 

where p is the matrix element connecting the conduction band and the light hole and spin- 

orbit split valence bands, and Eg and A are the bandgap and valence band splitting 

energies of the material. It has been found for many ternary alloys that, if the effective 

mass is calculated under the assumption that p2 varies linearly between the values for the 

binary compounds, the results do not agree well with experimental values. The origin of 

this discrepancy has been attributed to disorder-induced mixing of the reduced p2. Much 

experimental work has been conducted on this issue. Although there are some 
discrepancies, the generally accepted effective mass for the electron is[9] 

m=0.08 
- 0.039y (2.5) 

MO 

The hole effective masses are[ 11 ] 

'2m- 
= 0.046 (2.6) 

MO 

= 0.120 - 0.099y + 0.030y2 (2.7) 
"To 

for heavy and light holes, respectively. Here m0 is the free electron mass. 

2.4.3 Refractive Index 

One of important factors in the design of heterostructure lasers and optoelectronic devices 

is refractive index, n. Often knowledge of n as function of photon energy near and below 

the bandgap is required. Several models have been proposed to obtain n as function of 

photon energy and composition in ternary and quaternary alloys. In many models the 
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starting point for calculating n in alloys is semiempirical. Afromowitz[ 121 proposed a 

modified single oscillator model to explain dispersion of n near the bandgap. In this 

model, n2 is expressed as 

242 EÖ - E2 E2 2-1=Ed EdE +1E In( 2 
g2 (2.8) 

EO Eg -E 

_n 
Ed 

2E3(EÖ-Eg) (2.9) 

Eo = 0.595x'(1 - y) + 1.626xy -1.891y + 0.524x + 3.391 (2.10) 

Ed = (12.36x -12.71)y + 7.54x + 28.91 (2.11) 

E- 1.24 
x 

where X is wavelength in µm. 

(2.12) 

Using experimental results and an interpolation technique, Adachi [I I] obtained the 

following relationship: 

n2 = 9.55 + 2.2y (2.13) 

Reference [13) also gives a expression of refractive index for Inl_xGaXAsyPI_y : 

n2 = (1- y)[8.4x + 9.6(1-x)]+ y[13. lx + 12.2(1- x)] (2.14) 
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2.5 Energy Levels in Quantum Well (QW) Structures 

The schematic of a QW structure, along with the band diagram, are shown in Fig. 2.3, 

where LW and Lb are well and barrier thicknesses, respectively. AEc, and Mt, are 

conduction valence band offsets of InGaAs/InGaAsP heterostructure. 

Ec 

IAEv 
Ev 

Fig. 2.3 Schematic representation of a QW formed by heterostructure 

If the dimension L,,, is comparable to the de Broglie wavelength, the kinetic energy 

corresponding to particle motion along the z direction is quantized. The energy can be 

obtained by separating the Hamiltonian into energies corresponding to x, y and z 

directions. For the x and y directions, the energy levels form a continuum of states given 

by 

z 
E= 

2* 
(kz +) y) (2.15) 
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where m* is the effective mass of the carrier, and kx and kv are the wave vectors along 

the x and y directions, respectively. Thus the electrons and holes may be viewed as 

forming a two-dimensional Fermi gas. 

The energy levels in the z direction are obtained by solving Schrödinger's equation for a 

one dimensional potential well. It is given by 

h2 d'P2 
= ET (0 <Z<4) (2.16) 

22 
-2m 

`2'+V`P 
=E`T - --j-ý (z? LZ; z<_0) (2.17) 

where ̀ P is the Schrödinger wavefunction, and V is the depth of the potential well. For 

the limiting case of an infinite well, the energy levels and the wavefunctions are 

En mI 
2( 

)2 (2.18) LZ 

and 

`Yn =A sin lz (n=1,2,3, ... ) 
(2.19) 

z 

where A is a normalisation constant. Fig. 2.4 shows the first three wavefunctions in a 

square well of infinite depth. For very large 4, Equation (2.18) yields a continuum of 

states, and the system no longer exhibits quantum effects. 
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Fig. 2.4 Wavefunctions and eigenenergies in a square QW of infinite depth 

However, most of the QW structures in which we are interested in practice do not follow 

the case of an infinite well. For example, the well shown in Fig. 2.5 is a typical 

InO. 53GaO. 47As/InGaAsP quantum well structure which is used in lasers operating at 

1.55 µm. Here it is assumed that the bandgap energy of the barriers correponds to a 

wavelength of A, g=1.2 µm. 

Fig. 2.5 InO. 53Gap. 47As/InGaAsP quantum well. 
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For a finite well, the wavefunction, which can be obtained from equations (2.16) and 
(2.17) using the boundary conditions that ̀Y and 

dT 
are continuous at the interfaces z=0 

and z=4., is 

`Y=Asin(az)+Bcos(az) (0<_z: 9 4) (2.20) 

T= Cexp(-ßz) + Dexp(ßz) (z>- Lz; z: 50) (2.21) 

The energy levels can be found by solving the following eigenvalue equation 

(aLL )2 + (ßLZ )2 _ 
8m " VLZ 2 

(2.22) 

In the valence band, the wavefunction must be solved for both light and heavy holes, since 

they have different effective masses. Table 2.1 lists the calculated energy levels, measured 

from the bottom of the well, of both the electrons and heavy holes in the quantum well 

shown in Fig. 2.5 with different well widths, and the corresponding wavefunctions are 

plotted in Fig. 2.6. 

Table 2.1 Energy levels in a typical laser QW with different well widths 

Well width 
(A) 

El c 
(meV) 

E2c 
(meV) 

El hh 
(meV) 

E2hh 
(meV) 

E3hh 
(meV) 

40 68.8 26.6 99.0 

60 53.3 14.5 56.5 119 

80 41.5 9.1 35.8 78.7 

100 32.8 6.2 24.6 54.7 

120 26.5 87.4 4.5 17.9 40.0 

It is should be pointed out that, during the calculation, the offsets of E Ec and DEv are 
taken from reference [13]: 
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= 0.39 (2.23) 

AE 
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= 0.61 (2.24) 
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Fig. 2.6 Wavefunctions for a quantum well of finite depth 

From the calculation above, it is obvious that the emission wavelength of the 

InGaAs/InGaAsP well structure is dependent on the well width due to quantum 

confinement effects. This is plotted in Fig. 2.7. 
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Fig. 2.7 Emission wavelength as a function of well width 

2.6 Density of States 

2.6.1 Density of States in Bulk Material 

Another important aspect of semiconductor structure is the density of electronic states. To 

determine the density of states, the existing electronic states in the crystal must first be 

determined. Assuming a bulk crystal of dimensions Lx, Ly, LZ, it is certain that the 

electron wavefunction must go to zero at the edges of the crystal. Applying this boundary 

condition to the solution of Schrödinger's equation, it is found that the electron's k vector 

components, i. e., kx, ky, and kZ must be such that sin(k1.0) = sin(kx. Lx) = 0, and 

likewise for the components in other two directions. Thus we quickly conclude that the 

discrete set of k vector states an electron can have is given by 

k= nxkx + nyky + nzkz (2.25) 

where 

IkiI = (2.26) 
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the n, are quantum numbers of the system, which can take on both positive and negative 

nonzero integer values. It should be noted, however, that physically distinct states depend 

only on (Inxl, Inyl, kzj). The k, represent vectors along the three orthogonal directions in 

k space, the magnitudes of which are inversely proportional to the length of the crystal in 

that direction. To derive the density of states function D(k), we must first develop a 

method for counting the states. From the equations above, it can be seen that each state 
3 

occupies a volume in k space, or LXLYLZ 

D(k) = 
LxLyLZ 

jr3 
(2.27) 

If we allow k to expand to k+ dk, the number of states is given by the volume 
2 

nk2dk 

times the density of points in k space, 

Nkdk = 
(LXLLZ )(k2dk) 

(2.28) 

Due to the fact that the an electron has two possible spin states, equation (2.28) must be 

multiplied by a factor of 2, and the density of states in k space per unit of volume 
becomes 

Pkdk = 
2Nkdk 
LXLY LIZ (2.29) 

or 

Pk = 
k2 

(2.30) 

The density of states can also be expressed in terms of the energy of the carrier (electron or 

hole) beyond the band edge (i. e., above the conduction band or below the valence band 

edge). The energy and momentum in a band are related by 

E-2mh2k2 *=E- EC for an electron 

or 
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h2k2 
E= 

2m* = Ev -E fora hole 

where k is the total energy, and E is measured from the edge of a band. 

Thus 

k= (2m*El h2) 1/2 

1/2 
dk = 

2m* dE 
h2 2E1/2 

Substituting these relations into (2.29), we obtain the density of the states in either the 

conduction or valence band. 

Pc, v(E) =* 
3/2 (222 E1 / 2dE (m-3) (2.31) 

Fig. 2.8 shows the density of states in a semiconductor with mhh = 0.46mo, 

mph = 0.12M and me = 0.079mo corresponding to InP material. 

E-Ec 

Ec 

Ev 

Ev E 

Fig. 2.8 Density of states in InP 
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2.6.2 Density of States for a Quantum Well Material 

In a quantum well, the motion of carriers is confined in the direction perpendicular to the 

plane of well, hence the wave vector kz is discrete, while, in the plane of well, the carriers 

are free to move. The energy of the electron is given as 

2 
E=En+ 

m*(kx+ky) 

e 
(2.32) 

where the wavevector k= (kx, ky, kZ) has a discrete z -component and continuous x 

and y components. 

The component kZ can be found by first solving Schrödinger's equation to obtain the 

eigen energy levels and then using the following relation to obtain kZ 

kZ = En n=1,2,3... (2.33) 

For each sub-band, the density of states is 

P(E) =nL (2.34) 

i. e. for each sub-band the density of states is constant. Therefore the density of states in a 

single quantum well material can be described by a series of steps given by 

8(E) H[E - En ] (2.35) 
n=1 101 LZ 

where H[E- En] is Heaviside function. Fig. 2.9 is a schematic representation of the 

density of states in a quantum well. 

If we use a multiple quantum well (MQW) structure, instead of the single quantum well 

(SQW), the density of states is modified. When the barrier layers between wells are thick, 

each well is independent, and the density of the entire MQW structure is simply N times 
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the density of states for a SQW, where N is number of wells. However, if the barrier is 

thin or the barrier height is small, the energy levels in the adjacent wells are coupled, 

which splits each single well level into N different energy levels. In this case, the density 

of states is given by[13] 

8(E) _ ý1 El 
n 

me H[E - Enk } (2.36) 

where Enk (k=1,2,... N) are the energy levels that split from the corresponding single 

well energy level En. The difference between the maximum and minimum values of E�k 

indicates the broadening of each QW level due to coupling. For the step-like density of 

states to be preserved in a MQW structure, the broadening due to the coupling between the 

wells must be smaller than the broadening due to intraband relaxation [ 131. 

E 

kx, ky p(E) 

Fig. 2.9 Energy bands (left) and density of states (right) for a quantum well structure 

2.7 Optical Absorption 

2.7.1 Excitonic Effects in MQWs 

Interband optical absorption always involves the creation of electron-hole pairs in which 

the electron and hole are attracted due to Coulombic forces. Since the electron and hole 
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interact, they cannot be regarded as single particle states and therefore the concept of the 

exciton must be introduced. An exciton is defined as an electron-hole pair which is bound 

together like a hydrogen atom but free to move through the lattice. In bulk 

semiconductors, peaks are observed in the absorption spectrum due to excitons but only at 

low temperatures since the weakly bound e-h pair is easily ionised by phonon interactions. 

The confinement of excitons in a QW modifies the spherically symmetric orbit by 

squashing it into the quantum well plane. The reduced average separation of the electron 

and hole increases the Coulombic force between them and leads to an increase in bonding 

energy. These increases mean that the thermal energy required to ionise them increases 

which, in turn, means that excitons can exist at room temperature in a MQW structure and 

thus they have an important effect on the absorption spectrum. There are excitonic states 

associated with each step in the optical absorption spectrum, with two peaks observed at 

each transition. The lower energy peak is associated with an exiton created from an 

electron and a heavy-hole, while the higher energy peak is associated with a light-hole 

exciton. In general, excitons are in the is hydrogenic ground state and lie at an energy just 

below the step in the density of states function. 

The binding energy for an exciton in 3-dimensions is given by: 

'jD =_ - 2£ (2.37) 

where me + mh µr =** (2.38) 
me mh 

is the reduced effective mass of the exciton, and e is the dielectric constant of the material. 

Similar to the hydrogen atom, there is a series of energy levels for an exciton, with the 

energy for the nth energy level being given by 

EnD = Eg +3n n=1,2,... (2.39) 

where Eg is the bandgap energy of semiconductor. 
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In a purely 2-dimensional case. the binding energy is increased by a factor of 4 giving 

82D 
22h (2.40) 

In reality, both the finite width of the quantum well and penetration of the electron and 

hole wavefunctions into barriers result in a quasi 2D exciton with a binding energy lying 

somewhere between B2D and B3D. It is this increase in the binding energy that allows 

excitons to be observable at room temperature in MQW structures. 

2.7.2 Polarisation Dependence of Absorption Spectra 

The absorption spectrum of an MQW structure is polarisation dependent. It is found that 

for light with TE polarisation, which is polarised in the plane of the quantum well, there 

are two excitonic peaks. One is associated with the heavy-hole band 13/2, ±3/2>, while the 

other is related to the light-hole band 13/2, ±1/2>. The relative absorption strengths are 3: 1 

for heavy : light hole respectively. For light polarised perpendicular to the plane of the 

wells (TM), only one peak is observed, corresponding to light-hole excitation which gives 

relative absorption strengths of 0: 1 for the heavy : light hole excitations. 

2.8 Effects of an Electric Field on the properties of Quantum Wells 

By applying an electric field, the properties of quantum well can be radically changed, 

giving effects which can be utilised in different optoelectronic components. The electric 

field can be applied either parallel to the plane of the wells or, more usefully, 

perpendicularly. Before analysing the effect an electric field has on an MQW structure, it is 

worth considering the effect on a bulk semiconductor. 

2.8.1 The Franz-Keldysh Effect 
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When a large DC electric field (=105 V/cm ) is applied to a semiconductor, optical 

absorption can occur below the band edge, due to the fact that conduction and valence 

band wavefunctions have evanescent tails in the forbidden gap with some overlap. This 

effect is called the Franz-Keldysh Effect. The optical effects associated with the Franz- 

Keldysh mechanism in 3D are usually quite limited, however, because large electric fields 

lead to a smearing out of the absorption edge as the electron and hole wavefunctions have 

diminished spatial overlap with increased field. 

2.8.2 Quantum Confined Stark Effect (QCSE) 

The situation is quite different in quantum wells. As displayed in Fig. 2.10, a large energy 

shift occurs due to a major change in the potential well, with the energy shift (Ea - Eb) 

being proportional to the square of applied field. In addition, large electric fields can be 

applied, while retaining finite electron-hole overlap. This effect is the effect known as the 

Quantum Confined Stark Effect (QCSE) 
. 

E=0 

nduction 
d 

Ea 

: lence 

nd 

Ea>E 

Fig. 2.10 Quantum confined Stark effect 
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The main features of the QCSE are that the exciton associated with the n=1 transition 

moves to lower energies[ 14] and that exciton resonance remains resolvable for electric 

field strengths of up to 50 times the classical exciton ionisation field[ 15]. 

2.9 Summary 

In this chapter, the properties of InP and related compounds have been reviewed. The 

energy levels, density of states in one dimension confined quantum well, as well as optical 

absorption spectrum and the effects of an electric field on the properties of quantum well 

have been discussed. 
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3. Quantum Well Intermixing Using Laser Process and 
Plasma Process 

3.1 Introduction 

In this chapter several techniques, namely, photo-absorption induced disordering (PAID), 

pulsed-PAID (P-PAID), a combination of PAID and P-PAID, as well as plasma process 

induced disordering, for quantum well intermixing of the InGaAs/InGaAsP material 

system are described. A simulation model to calculate the eigenenergies in an intermixed 

quantum well is also presented. 

3.2 Photoluminescence Measurements 

The photoluminescence (PL) measurement set-up is shown in Fig. 3.1. A Nd: YAG laser 

beam operating at 1.064. tm was coupled into a multimode fibre using a xlO microscope 

objective lens. By gluing the samples to the multimode fibre, the photoluminescence signal 

was collected by the fibre and coupled into a double spectrometer. PL, which can be 

measured at both room temperature and at 77K (by immersing the samples in liquid 

nitrogen), was automatically recorded using a computer. 
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Fig. 3.1 PL measurement set-up 

3.3 Photon Absorption Induced Disordering (PAID) 

Several laser induced disordering techniques have been developed for the GaAs/AlGaAs 

system [ 1,2]. These processes require high power densities to melt the material, but the 

quality of the recrystallised material may be poor [3], and if used in high energy pulsed 

mode can introduce thermal shock damage. 

Photo-absorption induced disordering is an alternative laser disordering technique [4] 

which uses laser annealing and represents a promising process for the InGaAsP system. 

Essentially, PAID relies on band gap dependent absorption of incident laser irradiation 

within the active region of a multilayer structure. Heat is then generated by carrier cooling 

and non radiative recombination, causing interdiffusion of layers to take place. The 

resulting material is of high optical and electrical quality [5], [6]. However, the spatial 

resolution is limited by lateral heat flow to around several hundred pm [7]. 

This section briefly describes the principle of heat production due to absorption of light in 

the InGaAsP material system, and the processes involved in the technique . 
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3.3.1 Absorption of Light in a Semiconductor 

The absorption of light by semiconductor material is substantially dependent on the 

bandgap diagram of the different epi-layers within the structure. This means that, for any 

appreciable absorption to take place, the bandgap diagram of the material must be less than 

the photon energy of the light. Fig. 3.2 shows the bandgap of different layers within a 

typical InGaAs(P) multiple quantum well laser structure. Also indicated is the photon 

energy of the incident laser irradiation from a Nd: YAG laser (A, =1.064 µm). 

' InGaAsP r GaAs 
1.064 µm barrers T wells InP cladding 

layers 

Fig. 3.2 Bandgap diagram of different layers within an InGaAs(P) MQW laser structure 

From this diagram it is obvious that absorption should only take place within the active 

region of the epilayer, with the indium phosphide substrate and cladding layers being 

virtually transparent. Absorption in the active region will cause electrons to be promoted 

from the valence band to empty states in the conduction band. 

3.3.2 Generation of Heat inside a Semiconductor 

The electrons which are promoted to the conduction band by the laser irradiation will cool 

rapidly, giving up their energy to the crystal lattice through phonon emission[8]. Due to 

the large difference between electron and phonon energies, the energy exchange typically 

requires emission of several phonons and occurs on a time scale of the order of a few 

picoseconds. 
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After the electron has "cooled" and occupies a state at the bottom of the conduction band, it 

will recombine with a hole in the valence band and either emit a photon or not. The process 

in which an electron in the conduction band and a hole in the valence band recombine 

without emitting a photon is called nonradiative recombination. This can be due to 

imperfections in the material or different non-radiative processes such as Auger 

recombination. Since energy must be conserved, this recombination also contributes to 

heating the crystal lattice. Of course, the photons emitted by the e-h recombination may 

themselves be re-absorbed and contribute to lattice heating. This process is known as 

photon recycling and has been observed in InP [9]. Energy exchange between the 

electrons and the lattice causes the material to heat up. 

3.3.3 Experiments 

Fig. 3.3 shows the experimental set-up for Photon Absorption Induced Disordering 

(PAID). The laser used was a CW Nd: YAG laser operated at 1064 nm. The output power 

of the laser was adjusted by varying the current, which, in turn, changed the pumping 

power of the laser, as shown in Fig. 3.4. The laser beam was expanded using a lens, with 

a focal length of 20 mm, to avoid damaging samples by high intensity laser beam burning. 

In addition, the larger beam size is an advantage for uniform heating, and therefore 

intermixing, in large area samples. 

Mirror 

Nd: YAG laser 
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Fig. 3.3 Experimental set-up for PAID 
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Fig. 3.4 The dependence of the output power of the laser on the pumping current 

Samples were coated with a layer of 500 nm PECVD Si02, which acted both as an 

antireflection coating and as a protective layer against surface reactions with atmosphere 

during the subsequent high temperature process. During the PAID process, the samples 

were placed on a piece of polished ceramic and then raised to a background temperature of 

around 340°C, by using a hotplate. The increase in the background temperature reduced 

the incident laser power density required to heat the material up to the temperature at which 

intermixing would occur. 

The samples were irradiated using the CW laser for, typically, 2-5 mins, depending on the 

power density of the laser. By comparing the blue shifts of the samples with those of 

samples annealed using RTA, the temperature of the samples was estimated to be around 

620-680 °C 
. An attempt to measure the temperature of the sample was made using a 

thermocouple, however, the measured temperatures were much higher than that expected 

(up to 10(x) °C), inaccuracy being due to the fact that the thermocouple was being heated 

directly by the laser irradiation while the measurements were carried out. 
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3.3.4 Results 

The blue-shifts are dependent on laser power density and irradiation time. Fig. 3.5 shows 

this dependence for a given power density of about 2 W/mm2. Fig. 3.6 shows a typical 

PL spectrum for an intermixed sample, the PL for an as-grown sample is also shown. 
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Fig. 3.5 Wavelength shift dependent on irradiation time of the laser (the laser power density is 

about 2 W/mm2) 
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Fig. 3.6 77 K PL spectra for as-grown and PAID sample 
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As can be seen from Fig. 3.6-3.7, a blue-shift of 140 nm (91 meV) was obtained. The 

maximum blue-shift observed from this sample was 170 nm (115 meV). The PL spectra 

of intermixed samples exhibited a reduction in PL intensity by a factor of around 7, and a 

broadening of the PL peak. The FWHMs (full width at half maximum) were 23 meV and 

14 meV for the intermixed sample and as-grown sample, respectively. However, it is 

believed that the degradation of the optical quality after intermixing, has little effect on 

passive devices fabricated using the intermixed material, although the active devices, e. g. 

lasers, may have lower efficiency and higher threshold current [5]. 

3.3.5 The Spatial Resolutions of PAID 

To measure the spatial resolution of PAID process, a sample was coated with 500 nm of 

PECVD Si02, then patterned a layer of a NiCr-Au with thicknesses 10 nm and 200 nm 

respectively to form a control region. The samples were processed with different laser 

beam sizes, then the spatial resolution was measured using a set-up similar to that shown 

in Fig. 3.1, except that a micopositioner was used to move the samples. The ultimate 

resolution of the set-up, which is around 50 µm, is limited by the resolution of the 

multimode fiber used which has a diameter of 50 µm. 77 K PL was measured along a line 

perpendicular to the metal mask interface. Fig. 3.7 shows the measured 77 K PL shift 

across the sample. If the spatial resolution is defined as the transition region in which PL 

blue shift varies from 10%-90% of the maximum differential blue-shift, as is shown in 

Fig 3.7, the spatial resolution would be about 300 µm and 810 µm for laser beam sizes 

of 2 mm and 6 mm, respectively. 
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Fig. 3.7 Spatial resolution of PAID process. The laser beam size (FWHM) is about 2 mm (a) 

and 6 mm (b). 

3.4 Pulsed Photon Absorption Induced Disordering (P-PAID) 

The PAID technique is a reliable and reproducible process, however, due to heat diffusion, 

the spatial resolution is limited to several tens to several hundreds of pm. In contrast, 

the P-PAID process offers much better resolution, with experimental results indicating the 

resolution better than 20 pm [10,11]. P-PAID process involves irradiating samples with 

high energy laser pulses from a Q-switched Nd: YAG laser to produce transient heating in 
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the crystal. Point defects are created by the associated rapid thermal expansion. These 

point defects subsequently diffuse during high temperature anneal, so enhancing the QWI 

rate. 

3.4.1 The Thermal Stability of the Material 

In the P-PAID process, the annealing conditions, i. e. annealing times and temperature, are 

very critical. For a given annealing time, the optimum annealing temperature should be 

such that the control sample has zero or minimal shift, while the intermixed sample has as 

large a shift as possible. Obviously, this temperature is the threshold temperature which is 

defined as the temperature at which thermal intermixing starts to occur. To find this 

temperature, the thermal stability of the material was measured. 

The material structure (wafer No. MR743) used in the experiment is identical to that 

described in the chapter 6 (see section 6.8). It should be pointed out that the material was 

grown on a Sn-doped n+ InP substrate which had an etch pit density (EPD) of around 

5x 104 cm-2, while normally used S-doped n+ InP has an EPD of less than 500 cm-2. 

Experiment [ 12] has shown that the QWs grown on Sn-doped substrate are more thermally 

stable than those grown on a S-doped substrate. It has also been found that the differential 

shift of the material after processing using P-PAID is very different for the 

InGaAs/InGaAsP grown on Sn- and S-doped substrates as shown in Fig. 3.8. 
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Fig. 3.8 Blue shifts for QW grown on Sn- and S-doped substrate. After 1121 

A set of samples was annealed at different temperatures. Fig. 3.9 shows the thermal 

stability of the material. As can be seen, the threshold temperature is dependent on the 

RTA time. The thermal intermixing threshold temperatures are around 680 °C and 705°C 

for the RTA annealing times of 120 s and 60 s respectively. 
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Fig. 3.9 Thermal stability of the material (MR743) 
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3.4.2 The P-PAID Experiment 

The experimental set-up for the P-PAID process is shown in Fig. 3.10. 

Convex 

in ii nor 

Fig. 3.10 P-PAID experimental set-up 

Sample 

The laser used was a Q-switched Nd: YAG laser, operating at a repetition frequency of 

10 Hz and pulse length of -7 ns at a wavelength of 1.064 µm. The laser beam was 

expanded using a convex mirror, and, by adjusting the distance between the sample and 

the mirror, the energy density of the laser pulse incident on the sample can be controlled to 

avoid possible damage to the sample by the high pulse energy density laser beam. The 

pulse energy density incident on the sample was calculated by measuring the power in the 

beam and using the following equation: 

Af 
(3.1) 

where j is pulse energy density, p is the measured power, A is the area of the laser 

beam, and f is the repetition frequency. 

Samples of area 2x2 mm2, coated with 200 nm PECVD Si02, were irradiated at room 

temperature at normal incidence to the surface for times of 60 - 600 s with power energy 

densities of from 0.01 to 0.15 mJ/mm2. The samples were subsequently thermally 
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annealed using the RTA, at temperatures from 700-725 °C for times of 60 - 180 s. PL was 

measured to check the bandgap shift of the samples. 

3.4.3 Results and Discussions 

Fig. 3.11 shows a typical PL spectrum of an intermixed sample measured at 77 K. 

Fig. 3.12 and 3.13 show the dependence of the bandgap blue-shift on irradiation 

conditions. As can be seen from Fig. 3.10, although the peak has blue shifted by 76 nm 

relative to the control, it has broadened from 16 to 39 meV (FWHM) and its peak intensity 

has dropped by a factor of 12. The control sample also shifted by around 20 nm relative to 

as-grown material. From Figures 3.11 and 3.12, it can be seen that the blue shift increases 

with the number and energy density of the laser pulses, however this increase tends to 

saturate after some point. This may be attributed to the formation of extended defects 

which are believed to trap mobile point defects, thereby decreasing the rate of 

intermixing [131. 
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Fig. 3.11 77 K PL spectra for control sample and P-PAID sample which was irradiated for 3 mins. The 

pulse energy density was 0.2 mJ mm-z, and both the control and the P-PAID samples were annealed for 

120 s at 720 °C 
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Fig. 3.12 Wavelength shift vs. the number of incident pulses. The pulse energy density was 

0.08 mJ mm-2, samples were annealed for 30 s at 750 °C. 
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Fig. 3.13 Wavelength shift vs. pulse energy density. Samples were irradiated for 10 mins and annealed for 

120 s at 720 °C 
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3.4.4 The Spatial Resolution of P-PAID 

Due to the fact that the pulse width of the laser used is very short, around 7 ns, the 

generation of point defects is very localised, giving the technique a potentially high spatial 

resolution. Measurement of the spatial resolution was performed using room-temperature 

time-resolved photoluminescence (TRPL). Sample was prepared with a metal mask 

suspended a few hundred µm above the surface during irradiation. TRPL measurements 

were made using a 20-pm-diameter excitation spot, moving the sample by increments of 

20 µm between measurements-the precision being limited by the mechanical precision of 

the translation stage used. The results which are shown in Fig. 3.14, indicate that the 

interface is clearly defined with a precision of better than 20 µm as the recombination time 

reduced from 35±5 ns in the masked region to <1 ns in the pulsed laser exposed region. 
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Fig. 3.14 Spatial resolution of P-PAID process, after [ 11 ]. 
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3.5 Quantum Well Intermixing by Combining both Q-Switched and CW 

Lasers 

CW Nd: YAG laser 
beam (1.06 µm) 

3.5.1 Experiment 

One of the potential problems encountered with P-PAID is the possible formation of 

extended defects. If a high density of point defects is created these may coalesce to form 

extended defects which are believed to trap mobile defects, thereby decreasing the rate of 

intermixing [13]. In order to overcome this problem, a combination of the PAID and P- 

PAID processes was used, in which a sample is irradiated by a pulsed laser, while 

simultaneously being annealed with a CW laser. In this case, it is believed that the thermal 

energy supplied by the CW laser should assist the rapid diffusion of point defects, thereby 

reducing the probability for extended point defect formation. This should enable larger 

bandgap shifts to be obtained and concurrently lead to an overall improvement in the 

quality of processed material. 

Intermixing was carried out by simultaneously exposing the material to both a CW 

Nd: YAG laser with a power density of 2 W/mm2 and a Q-switched Nd: YAG laser, with a 

pulse length of 7 ns, and a repetition frequency of 10 Hz, as is shown in Fig. 3.15. 
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Fig. 3.15 A schematic representation of P-PAID+PAID process 
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3.5.2 Results 
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Fig. 3.16 77 K PL spectra for sample irradiated by the CW laser (thin line) and sample irradiated by both 

the CW and pulsed Laser (thick line) 

Fig. 3.16 shows a 77K PL spectrum obtained for a sample exposed to both the CW and 

pulsed laser. Also shown is the spectrum of a control sample exposed to the CW laser 

only. This undergoes a blue shift of 30 nm compared to the as-grown material, however 

the shift of the material simultaneously exposed to the pulsed beam is significantly larger, 

leading to an overall differential shift of 70 nm. Compared to the P-PAID process, it is 

noticeable that the PL spectrum remains of high quality after QWI, with the PL intensity 

apparently increasing after processing (though this may be due to atmospheric absorption 

in the 1.4 to 1.5 µm spectral region), and the PL peak remaining narrow, with a width of 

26 meV FWHM compared to 20 meV for the control (CW exposed only). 

3.6 Plasma Processing 

Intermixing by plasma processing [14] involves the deposition of a sputtered Si02 film 

and subsequent annealing, either using CW laser or using RTA. During the deposition. 

Point defects are created close to the semiconductor surface due to exposure of the sample 
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to the plasma which, during the annealing stage, diffuse into the active region, leading to a 

significant enhancement in the intermixing rate. 

3.6.1 Experiments 

Samples were patterned so that only areas to be intermixed were exposed to the sputtering 

plasma. First a sample coated with PECVD Si02 of 200 nm was patterned using 

photolithography and the Si02 was etched in buffered HF. The photoresist and Si02 over 

the regions not to be disordered were left on the sample after HF-etching so as to protect to 

the surface of the sample during the subsequent sputtering process. 200 nm of sputtered 

Si02 was deposited in a Nordiko sputtering machine, using an Ar: 02 gas mixture and RF 

power of 100 W, DC bias of 1 kV and a gas pressure of 5x10-3 mbar. The sample was 

then cleaned in acetone to remove the photoresist, and annealed using either an RTA for 

times from 120 s to 210 s at a temperature of 625 °C, or a CW Nd: YAG laser emitting at 

1.064 gm for 3-5 minutes with a power density of 1.5 W/mm2, which is significantly 

lower than that required for the PAID process. 

3.6.2 Results and Discussions 

Fig. 3.17 shows the dependence of the peak wavelength of the spectra for the plasma 

exposed samples (sputtered Si02 coated), on the RTA time. Fig. 3.18 shows the PL 

spectra of the control regions, plasma exposed regions before and after annealing using the 

CW laser, measured at 77 K, and of as-grown material. Fig. 3.19 shows 77 K PL 

spectra for the plasma processed sample, alone with the control sample which was 

annealed using RTA annealing at 625 °C for 210 s. 

As can be seen from Fig. 3.17, the plasma exposed samples have an increasing blue-shift, 

with a maximum blue-shift of around 110 nm, while the peak wavelength of the spectra 

for samples coated with PECVD Si02 (which had not exposed to plasma) remain 
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unchanged for RTA times from 150 s to 210 s. This is due to the fact that the samples 

with sputtered Si02 caps start to exhibit initial bandgap shift at a temperature of -550 °C 

[ 14], which is significantly lower than required for thermally induced intermixing, being 

about 650 °C for the InGaAsP material system for the annealing times used here. Therefore 

the energy blue-shift in the control region is almost completely suppressed, while blue- 

shift of up to 110 nm in the disordered regions can be obtained. Also, it is noticeable that 

there has a small blue-shift (-10 nm) for plasma exposed samples even before annealing. 

Comparing Fig. 3.18 with Fig. 3.19, we can conclude that both annealing techniques 

have similar effects in terms of amount of intermixing and, PL quality. 
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Fig. 3.17 Wavelength shift dependent on RTA time for the sample exposed to plasma (sputtered Si02) and 

control sample (PECVD SiO2). Annealing temperature is 625 °C. 
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Fig. 3.18 77 K PL spectra for as-grown, control, plasma exposed samples before and after laser annealing 
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Fig 3.19 77 K PL spectra for as-grown, control and plasma exposed samples, annealed at 625 °C 

for 210 s in RTA. 
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3.6.3 Spatial Selectivity of the Plasma Process 

Fig. 3.20 shows the variation of 77 K PL peak wavelength across a patterned sample, 

half of which was coated with sputtered Si02. The sample was annealed using the CW 

laser. As can be seen, the transition region is around 50 µm. However, due to the fact that 

the resolution of the experimental set-up is around 50 µm, limited by the multimode fibre 

used which has a diameter of 50 µm, the resolution of the plasma process could be much 

better than this value. 
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Fig. 3.20 Spatial selectivity of plasma process (laser annealing) 

3.7 Simulation of Quantum Well Intermixing 

3.7.1 Calculation of Profile of Intermixed Quantum Well 

During the process of quantum well intermixing, the exchange of group V species, i. e. P 

and As, and group III species i. e. Ga and In, between wells and barriers causes the 

intermixing of wells. The calculation of the profile of intermixed quantum wells can be 

based on Fick's law [ 15] of interdiffusion. 
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3.7.1.1 Fick's Law 

Diffusion is the process by which matter is transported from one part of a system to 

another as a result of random molecular motions. The mathematical theory of diffusion is 

based on the hypothesis that the rate of transfer of diffusion of a substance through a unit 

area of a section is proportional to the concentration gradient measured normal to the 

section, i. e. 

F=-Dacaz, t) (3.2) 

where F is the rate of diffusion per unit area of section, in units of m-2s-1, 

D is the diffusion coefficient in units of m2s-1, 

C(z, t) is the matter concentration in unit of m-3. 

The negative sign in Eq. (3.2) arises because diffusion occurs in the opposite direction to 

that of increasing concentration. 

3.7.1.2 Differential Equation of Diffusion 

By considering diffusion through an element of volume in the form of cylinder with unit 

cross section area, the diffusion equation can be written as: 

wt- ä2Z2 
(3.3) 

In the one dimensional case, a solution to the Eq. (3.3) is 

C(z, t)= ýA 

I 

exp(- 4Dt 
D) (3.4) 
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where A is a constant. Eq. (3.4) represents the diffusion from an infinite concentration at 

z=0 and tom, with diffusion profile being symmetric about z. The total diffusion per unit 

area is given by 

+oo 
M= f C(z, t)dz=2A irD (3.5) 

-00 

Substituting Eq. (3.5) into Eq. (3.4), then gives 

2 
C(z, t)=2t eXp( 4Dt) (3.6) 

3.7.1.3 Extended Initial Distribution 

So far we have considered only cases in which all of the diffusing species substance is 

concentrated initially in a plane. More frequently, in practice, such as a quantum well 

source, the initial distribution has a finite width. The solution for such an initial 

distribution can be obtained by integrating Eq. (3.6) 

+0 2 
C(Z't)= 12 Co 

exp(-- 4Dt)dý (3.7) 

The resultant integration can be expressed in terms of the complementary error function 

erfc(x): 

C(z, t)= 
Co 

erfc(2 Dt 
' (3.8) 

where 

f exp(_E2)d, (3.9) 
0 
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3.7.1.4 Modelling of Quantum Well Interdiffusion 

Measurement of the X-ray rocking curve of a InGaAs/InGaAsP MQW material structure 

lattice matched to InP shows that no strain occurs after intermixing, hence it can be 

assumed that the material remains lattice matched to InP during the intermixing process. 

Under this assumption, we can use the concentration of P in the well and the barrier as an 

indication of the degree of intermixing. 

At the initial time, t=0, the barrier concentration is C1, the well concentration is C2. The 

solution in the QW case is the sum of the solutions of the left and right barrier diffusion. 

For the left diffusion, we have 

CL 
2 

(Cl -C2)erf(Z2 Dt2) (3.10) 

For the right diffusion, we have 

CR=(Cl-C2)[1-ZI -w/ e7f(Z2 Dt2)l (3.11) 

where w is the width of the well. Combining the two equations above, the diffusion 

solution for a quantum well is 

C(x, t)=(CI -C2)[l- 
12 

erf(2V1 z-w/2)+ 12 
erf(Z2 

+w/ 
Dt2)] 

(3.12) 

Fig. 3.20 shows the calculated profile with a parameter of diffusion length LD = Dt 
. 

for an InGaAs/InGaAsP well with well width of 80 A. As can be seen, the concentration 

at the well-barrier interfaces is always equal to the average value of the concentrations in 

the well and barriers for a diffused well, regardless of the diffusion length. For the well 

shown in Fig. 3.20, with the diffusion length is in the range of 0-20 A, the profile of the 

well in the bottom of the well narrows with increase of the diffusion length. This change in 
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the well profile would have the effect of raising confined electron and hole energy levels, 

while the bulk bandgap energy, which is associated with the concentration at the bottom of 

the well is little changed. When the diffusion length is larger than 20 A, a change of the 

concentration at the bottom of the well starts to occur, and the electrons in the conduction 

band and holes in the valence band will see less spatial confinement than before. 
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Fig. 3.20 Profile of the concentration of atomic P in a InGaAs/InGaAsP quantum well 

3.7.2 Calculation of Energy levels in an Intermixed Quantum Well 

3.7.2.1 The Schrödinger Equation in an Arbitrary Quantum Well 

The 1-D Schrödinger equation in an arbitrary quantum well potential profile (see 

Fig. 3.21) can be written as[ 13]: 

_h2 dd ný*1 
did .) +V(z)u(z)=Eu(z) (3.13) 
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where m*(z) is the effective mass of electrons in the wells and is assumed to be 

independent of energy, u(z) is the envelope wave function of Schrödinger Equation, V(z) 

is potential profile of the well, E is the eigenenergy. Bounded light hole and heavy hole 

energies and envelope functions are determined from Eq. (3.13), using the valence band 

potential profile and appropriate light hole and heavy hole effective masses. At any point 

z, u(z) should meet the following conditions: 

u(z-) = u(z+) (3.14) 

m*ýZ )u 
(Z-) = 

m*ýZ+)u 
(Z+) (3.15) 

The envelope wave function exponentially decays to 0 in both the left and the right 

barriers, so the envelope wave function can be written in the form 

UM(z)= äeuz 
u(z) = uw(Z) 

ubR(Z) =R e-ß(z-W) 

where 

and 

12mBL(VBL 
- E) 

a= 2 hi 

ImßR(VBR-E) 

(3.16) 

(3.17) 

(3.18) 

and uw" (z) is the envelope function in the well regions O<_ z<_ W, which we wish to 

evaluate by solving Schrödinger's equation. 

where VBL and VBR are barrier heights at the left and right of the well-barrier interfaces, 

respectively, as shown in Fig. 3.21, while i4L and in* are the effective masses of the 

electron at the left and right barriers. 

Z<_0 
O<Z<W 

Z>W 
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3.7.2.2 Shooting Method 

The Schrödinger's equation in arbitrary potential profile of quantum well cannot be solved 

analytically. Many numeric methods have been developed to solve the problem[ 16-19]. 

Here, we describe the shooting method, which is simple but very accurate. The method 

can be described as follows: 

1. Assume an energy level Ep in Schrödinger's equation; 

2. calculate the envelope wave function using the boundary conditions at the left boundary 

as the initial conditions; 

3. The envelope wave function can be evaluated using a Taylor series expansion; 

4. Check if the envelope wave function satisfies the boundary conditions at the right side 

of the well, if it does, this means the assumed E0 is one of eigenenergies, if not, modify 

the EO and start the process again . 

A new variable, Z, which is defined as: 

Z=az (3.19) 

is introduced, where 

a= 
2ý 

zo =0.5117 A'1 (3.20) 

where mo is the mass of free electron, ED=1 eV, e is electron charge, and zp=1 Ä. 

Through this variable substitution, the Schrödinger's equation Eq. (3.13) can be 

transformed to a dimensionless equation: 

d ino A(Z) 
)= f(Z)u(Z) (3.21) dZ(1, *(Z) dZ 

where 

f'(Z) = V(Z) -E (3.22) 
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Defining 

t(Z) _ nzo d 
u(Z) 

m *(Z) dZ (3.23) 

the second order differential equation is converted into a system of two first order 

equations: 

7z- rm u(Z) _) t(Z) (3.24) 

d 
t(Z) = f(Z)u(Z) (3.25) 

To solve the equations numerically, the well is divided into n segments as is shown in 

Fig. 3.21. 

VBR 
VBL 

i 
i 

zn W 
Z 

Fig. 3.21 An illustration of arbitrary potential well and discretisation method 

Equations (3.25) and (3.26) can be computed using a Taylor series expansion which are, 

neglecting third order and higher terms 

u(Zp 
z 

+ OZ) = u(Zp) + d2 Iz 
. AZ +f 

dZd 2 IZ0. OZ2 (3.26) 

r(Zo+OZ)=r(Z0)+dtiz. AZ (3.27) dZ 
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Substituting Eq. (3.24) and (3.25) into Eq. (3.26) and (3.27), and writing them in the 

form of iteration, gives: 

u(n + 1) = u(n) + 
() 

t(n). h +2 
ý) 

u(n) f (n)h2 (3.28) 

t(n + 1) = t(n) + u(n) f (n)h 

where h is iteration step. 

(6.29) 

Before starting the iteration, the starting values, i. e., the initial conditions u(O) and t(O) 

should be determined. The conditions, found by considering equations (3.14), (3.15) and 

(3.16), are: 

U(O) =ä (3.30a) 

t(0) _ '*' 
(0) 

A (3.30b) 
m( 

where m* (0) is the effective mass of carriers at left boundary, and A is arbitrary constant. 

For an assumed value of E, the corresponding envelope wave functions in the region 

[0, W] can be integrated using equations. However, the envelop wave function calculated 

above generally do not satisfy the boundary conditions at the right boundary of the well, 

which means a new trial value of E should be used until the following boundary condition 

is satisfied (see Fig. 3.22): 

MIO t(0) _ (W) 
A (3.31) 

m 

where, m*(W)is the effective mass of carriers at right boundary. 
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E<Ep E=EO E>Eo 

Fig. 3.22 Calculated envelope function under different assumed energy level E for a symmetric quantum 

well. Ep is the true eigenenergy level. 

3.7.3 Calculated Results 

Fig. 3.23 plots the changes of carrier energy level in intermixed quantum wells. Fig. 3.24 

shows the change of bulk bandgap energy with diffusion length, and Fig. 3.25 shows the 

dependence of peak wavelength of room temperature PL on diffusion length. 
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Fig. 3.23 Energy levels for electrons (Ec1) and heavy holes (Ehh1, Ehh2, Ehh3) in a diffused 

InGaAs/InGaAsP quantum well for the Well width of 60 A (a) and 80 A (b). 
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Fig. 3.24 Change of Bulk bandgap energy with respect to the diffusion length. 
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Fig. 3.25 Peak wavelength shift as function of diffusion length 

From the figures, it can be concluded the blue-shift of PL peak wavelength which is found 

from 

4= Eg + Ed + Ehhl (3.32) 
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is primarily due to the change of the bulk bandgap energy at the centre of an interfused 

well, while the change of both electron and hole energy levels in an intermixed quantum 

well change relatively much less than the change of bulk bandgap energy. The energy 

levels have an insignificant blue-shift with increasing diffusion length, but after some 

point, they reach maximum values and then decrease to produce a red-shift. Also we can 

see that a narrow well has a larger blue-shift compared to a wider well for a given 

diffusion length. Using this property, the size spreading in a quantum dot array can be 

considerably reduced by post-growth intermixing, and the width of photoluminescence of 

material is reduced accordingly [20]. 

3.8 Summary 

In this chapter, quantum well intermixing in InGaAs/InGaAsP material system has been 

demonstrated using laser processes and a plasma process. PAID is a reliable and 

reproducible process, and blue-shifts of up to 140 nm can be obtained, however, 

unfortunately the spatial selectivity is limited to around several hundreds of µm. In 

contrast, the P-PAID process offers much better spatial resolution, being better than 

20 µm, however the intermixed material suffers from poor optical quality as is indicated 

by the reduced PL intensity and broader PL linewidth. In addition this process is less 

reproducible and more sensitive to the quality of the substrate of wafers. An alternative 

approach is to use a combination of P-PAID and PAID. This process offers a similar yield 

to that of PAID, and further work needs to be carried out in order to take advantage of the 

high spatial selectivity of the P-PAID process. The plasma process has proven to be highly 

successful, in the sense of larger differential blue-shifts (up to 120 nm), almost complete 

suppression of bandgap shifts in control regions, as well as potentially high spatial 

resolution. Modelling of the intermixing of quantum wells was also performed and the 

results indicate that the changes of the bulk bandgap energy in the well is the principal 

reason for the blue-shift of the PL. 

63 



References 

1. A. Rys. Y. Shieh, A Compaan, H. Yao, A. Bhat, "Pulsed laser annealing of GaAs 

implanted with Se and Si", Optical. Eng., 29, pp. 329-338,1990 

2. J. Ralston, A. L. Moretti, R. K. Jain, F. A. Chambers, "Intermixing of AIXGai_ 

XAs/GaAs superlattices by pulsed laser irradiation", Appl. Phys. Lett., 50, pp. 
1817-1819,1987 

3. J. E. Epler, F. A. Ponce, F. K. J. Endicott, and T. L. Paoli, "Layer disordering of 
GaAs/AlGaAs superlattices by diffusion of laser incorporated Si", J. Appl. Phys. 

64, pp. 3439-3444,1988 

4. C. J. Mclean, J. H. Marsh, R. M. De La Rue, A. C. Bryce, B. Garrett, R. W. Glew, 

"Layer selective disordering by photoabsorption-induced thermal-diffusion in 

InGaAs/InP based multiquantum well structures" Electron. Lett., 28, pp. 1117- 
1119,1992 

5 A. McKee, C. J. McLean, A. C. Bryce, R. M. De La Rue, and J. H. Marsh, "High- 

quality wavelength tuned multiquantum-well GaInAs/GaInAsP lasers fabricated 

using photoabsorption induced disordering", Appl. Phys. Lett. 28, pp. 2263-2265, 

1994 

6 G. Lullo, A. McKee, C. J. McLean, A. C. Bryce, C. Button, and J. H. Marsh, 

"Fabrication of electroabsorption optical modulators using laserdisordered 

GaInAs/GaInAsP multiquantum-well structures", Electron. Lett., 30, pp. 1623- 
1625,1994 

7. A. McKee, C. J. McLean, G. Lullo, A. C. Bryce, R. M. De La Rue, and 
J. H. Marsh, "Monolithic integration in InGaAs-InGaAsP multiple-quantum-well 
structures using laser intermixing", IEEE J. of Quantum Electron. 33, pp. 45-55, 
1997 

8. M. G. Holland, "Semiconductors and Semimetals", Acdemic, New York, 2,1967 

9. W. P. Dumke, "Spontaneous radiative recombination", Physical Review, 105, 

pp. 139-144,1957 

64 



10. C. J. McLean, A. McKee. G. Lullo, A. C. Bryce, R. M. De La Rue, and J. H. 

Marsh, " Quantum well intermixing with high spatial selectivity using a pulsed laser 

technique", Electron. Lett., 31, pp. 1285-1286,1995 

11. S. J. Fancey, G. S. Buller, J. S. Massa, A. C. Walker, C. J. Mclean, A. McKee, 

A. C. Bryce, J. H. Marsh and R. M. De La Rue, "Time-resolved photoluminescence 

microscopy of GaInAs/GaInAsP quantum wells intermixed using pulsed laser 

technique, " J. App!. Phys., Vol. 79, pp. 9390-9392,1996 

12. B. S. Ooi, B. Qiu, A. C. Bryce, R. M. De La Rue, J. H. Marsh, and C. Button, "The 

influence of Sn- and S-doped substrates on thermal stability and the quantum well 
intermixing of GaInAs/GaInAsP structure", To be published. 

13. B. S. Ooi, A. C. Bryce, J. H. Marsh, and J. Martin, "Transmission electron- 

microscopy study of fluorine and boron-implanted and annealed GaAs/AIGaAs", 

Apply. Phys. Lett., 65, pp. 85-87,1994 

14. J. H. Marsh, O. P. Kowalski, S. D. McDougall, B. C. Qiu, A. McKee, C. J. Hamilton, 
R. M. De La Rue, A. C. Bryce, "Quantum well intermixing in material systems for 
1.5 microns", Accepted by J. of Vacuum Science and Technol. (A). 

15. J. Crank, "The Mathematics of Diffusion", Second Edition, Clarendon Press, 
Oxford, 1975 

16. D. P. Dave, " Numerical technique to calculate eigenenergies of quantum-wells with 
arbitrary potential profile", Electron.. Lett., 27, pp. 1735-1736,1991 

17. K. Nakamura, A. Shimizu, M. Koshiba, and K. Hayata, "Finite-element analysis of 
quantum well of arbitrary semiconductors with arbitrary potential profiles", J. 
Quantum Electron. 25, pp. 889-895,1989 

18. W. W. Lui, M. Fukuma, "Exact solution of the Schrödinger Equation across an 
arbitrary one-dimensional piecewise-linear potential barrier", J. Appl. Phys., 60, 

pp. 1555-1559,1986 

19. Y. Ando, and T. Itoh, "Calculation of transmission tunnelling current across 
arbitrary potential barriers", J. Appl. Phys. 61, pp. 1497-1502,1987 

65 



20 R. Leon, Y. Kim, C. agadish, M. Gal, J. Zou, D. J. H. Cockayne, "Effects of 
interdiffusion on the luminescence of InGaAs/GaAs quantum dots", Appli. Phys. 
Lett., 69, pp. 1888-1890,1996 

66 



4. Multimode Interference Coupler Design, 
Fabrication and Characterisation 

4.1 Introduction 

Optical couplers are key components in photonic integrated circuits both for signal routing 

and signal processing, being used in power dividers, modulators and switches, 

wavelength multiplexers and demultiplexers and polarisation splitter. There are several 

types of coupler being used, such as directional couplers, zero gap two-mode interference 

couplers (TMI) and multimode interference (MMI) couplers. The major drawback of 

directional couplers is their large size, typically, several mm or more, due to their big 

coupling length. TMI couplers consist of a two moded central waveguide (TMI section) 

connected to a pair of single-moded access waveguides. Compared to directional couplers, 

TMI couplers are shorter, less sensitive to fabrication variations and less polarisation 

dependent. However, the requirements of high power coupling efficiency and proper 

mode excitation from the single-moded access waveguides to the TMI section limit the 

branching angle of access waveguides to very small values (typically <2°) [1]. Due to the 

finite resolution of the lithographic process, part of the area between the access 

waveguides cannot be well defined. This introduces considerable uncertainty in the actual 

length of TMI section, causing a spread in coupler performance. Moreover, due to the 

proximity of the access waveguides, extra modal coupling occurs [2], adding to the 

performance spread. 
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Replacing the TMI section with a (wider) MMI section will allow a good separation 

between the access waveguides, eliminating the performance spread due to both the 

limitation of the lithographic process resolution and the extra coupling in the access 

waveguides. Furthermore, due to the high number of modes supported by the MMI 

section, power coupling efficiencies are high and consequently device excess losses are 

lower compared to those of TMI couplers. 

In this chapter, the basic waveguide theory and design are reviewed, and the design, 

fabrication and assessment of MMI couplers, using InGaAs/InGaAsP multi-quantum 

wells material are documented. Important MMI coupler performance parameters such as 

the split ratio, which is the ratio of optical power from one of the output waveguide to that 

from the other, are presented. 

4.2 Guided Waves in a Slab Dielectric Waveguide 

4.2.1 Maxwell's Equations 

The waveguide is the basic component of optoelectronic devices which interconnects the 

various components of an optical integrated circuit. The behaviour of light in a waveguide 

can be exactly described by Maxwell's Equations, in terms of the electromagnetic field 
, as 

follows: 

V. D =p (4.1) 

V. B=o (4.2) 
VxE =- 

ä8 
(4.3) 

VxH = 
aD 

+J (4.4) 

where D is electric displacement density, E is electric field strength, B is magnetic 
induction density, H is magnetic field strength and p is electric charge density. In addition 
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to these equations, there is a set of relationships known as the material equations, which 

link the field strength E and H with the flux densities D and B respectively, through a 

set of material coefficients which are representative of the bulk properties of matter. There 

are three of them, written as 

J=aE (4.5) 

D= FE (4.6) 

B=µH (4.7) 

Here J is electric current density, a is conductivity, c is dielectric constant, and µ is 

magnetic permeability. From the equations above, the wave equation can be derived as 

V2E _ 
a2E 

- n2 a2E (4.8) 
at2 - C2 at2 

02H=tea2H=n2 a2H (4.9) 
ate -C2 at2 

Here, n= J, is the refractive index of material, Er is relative dielectric constant, 

c= gF0 is light velocity in vacuum, and Epis dielectric constant of vacuum. It should be 

noted that assumptions of p=0 and J=O were made when the wave equations were 

derived. 

The field vector E (H) is generally a function of space position (x, y, z) and time t. 

However, it is often the case that all fields involved will be harmonically varying at single 

angular frequency w. This will occur in many situations involving monochromatic light. It 

is then convenient to eliminate any time-dependency by assuming a consinusoidally- 

varying solution to the wave equations (4.8) and (4.9), 

E(x, )', z, t) = E(x, y, z)el ax (4.10) 
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where the function E(x, y, z) accounts for the spatial dependence of the field, while the 

exponential ei" describes the time-variation. The use of such complex notation is 

standard in electromagnetic theory. With this assumption, the wave equation can be 

reduced to 

V2E=n2 22 E=KöE (4.11) 

2 
where Kp =n =n 

00 is the propagation constant, and Xp is the wavelength of light 

considered in free space. 

4.2.2 Guided Waves in a Slab Dielectric Waveguide 

4.2.2.1 Transverse Field Distribution 

The boundary conditions for electromagnetic waves propagating in a waveguide at the 

interfaces of the waveguide lead to the waves travelling in distinct modes. A mode, in this 

sense, is a spatial distribution of optical energy in one or more dimensions. A slab 

waveguide is a type of the simplest waveguides in which optical waves are guided in one 

dimension. Fig. 4.1 is a schematic representation of a three layer waveguide, or slab 

waveguide. 

I 

Fig. 4.1 Schematic diagram of a three layer waveguide 
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In a three layer slab waveguide, the composition of the layers is chosen such that 

nj < n2 > n3 as shown in Fig. 4.1. The effect of sandwiching high refractive index material 

between two lower index layers is that the light is confined or "guided" due to the principle 

of total internal reflection, when the light travels down along the waveguide. For 

simplicity, only waves of TE polarisation will be considered in the first instance. In this 

case, the components of electrical field E in x and z direction are 0. The E field of a 

wave travelling in the z direction, with propagation constant ß can be written as: 

E= EX = E(x)ej(-ßz) (4.12) 

Substituting this equation into equation (4.11), the wave equation is reduced to 

d2E 
d22 - (ß2 - n12K02 )E =0 (4.13) 

where n, (i=1,2,3) are the indices of the three different layers. The solutions of the 

differential Eq. (4.13) are 

E=A exp[-q(x - w)] 

E= Bcos(kx - (D) 

E= Cexp(px) 

w<x (4.14a) 

O<x<w (4.14b) 

x<O (4.14c) 

where 

q2=R2-n? Ko2' 

k2=rjK02-ß2 

P2=ß2-n3KO2' 

(4.15a) 

(4.15b) 

(4.15c) 

and the A, B, C and D are arbitrary constants. Thus the solution to the wave equation 

for guided modes in a planar slab waveguide is, as would be expected, oscillatory in the 

guiding region and exponentially decaying outside of that region. 
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4.2.2.2 Resonant Conditions 

The boundary conditions require that E(x) and its gradient 
dam) 

are continuous at each 

interface x=0 and x=w. Application of the boundary conditions to the equations (4.14) 

yields the following dispersion relation which is also known as the eigenvalue equation: 

2kw - 201- 202 = 2mn (4.16) 

where 

tan (DI=k (4.17) 

=k, (4.18) tan 4>2 

and m -O, 1,2... is the order of mode, and 01,462 are the Goos-Hänchen shifts [11 

Eq. (4.16) indicates that the total phase change of a point on a wavefront which travels up 

and down in the x-direction for a round trip must be a multiple of 27T, in order to have 

constructive interference. The dispersion equation (4.16) can also be written as: 

tan (kw) =k (4.19) 

It can be shown that only certain values of (3 can satisfy Eq. (4.19), which means the 

waveguide will only support a discrete set of guided modes. In the case of a symmetric 

waveguide, the eigenvalue equation can be reduced to 

tan( y) =k Even modes (4.20) 

tan( 
kw) 

=-p Odd modes (4.21) 

It is convenient to define the normalised thickness as: 
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V= Ko w (nj-nl) 1/2 

then the eigenvalue equation can be further reduced to 

(4.22) 

v22 

tan(u) = Even modes (4.23) 
u 

tan(u) 
V2 

u Odd modes (4.24) 

4u 

where u=2 

For light with TM polarisation, by analogy with equation (4.19) the dispersion equation 

can be obtained as 

22 
k(pn2 +q-2) 

tan(kw) = 
n3 

2 
n12 (4.25) 

n2 n k2-p q2 
n3 nl 

The eigenvalue equation is a transcendental equation, so it can only be solved numerically 

or graphically. Fig. 4.2 shows a typical graphic representation of eigenvalue equations 

(4.20) and (4.21), for different normalised thickness V1 and V2, and indicates that the 

waveguide can support 2 and 4 TE modes for Vl and V2 respectively. 
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Fig. 4.2 Graphic solution of the eigenequations. The solutions for the even and odd modes are represented 

by the cross points of the V-curve with the thin and thick lines, respectively 

The graphic method is a simple and straightforward way, but of limited accuracy. 

Alternatively, the eigenvalue equations can be easily solved by numerical methods, which 

can offer very high precision. The table 4.1 shows the results of numerical solution. 

table 4.1 Numerical results for different normalised thickness 

V value uO(1 st mode) u1(2nd mode) u3(3rd mode) u4(4th mode) 

2 1.02988 1.8955 

5 1.30644 2.5958 3.8375 4.9063 

4.2.2.3 Cut-off conditions 

In order for the slab waveguide to guide light, the propagation constant must lie in the 

range n1,3Ko<O<n2Kp. If 0= n1Kp for a particular wavelength, light will no longer be 

confined by the waveguide, but will refract into the cladding layers. If this occurs, the 

waveguide cannot propagate light at this frequency. This is known as the cut off 
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condition. For the case of a symmetric waveguide (n1 = n2), it can be found from 

equations (4.16)-(4.18) that the cut-off condition for TE polarised light is given by: 

V=Kpw(n7-n1)1/2_mlr 

or 
m2ý2 An=(n2-n1)> 

w2 (nl+n2) 
(m=0,1,2,... ) 

0.16 
4th 

3rd mode 

0.12 2nd mode 

mode 
d 1st 

0.08 
mode 

Zero oder 
mode only 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
WAO 

Fig. 4.3 Mode cut-off conditions for a symmetrical three layer waveguide 

(4.26) 

(4.27) 

Fig. 4.3 shows the mode cut-off conditions for a symmetric three layer waveguide. As can 

be seen, larger refractive index differences, and larger waveguide widths will support 

more modes. The lowest mode (zero order mode) does not exhibit a cut-off as all the 

others do, which implies that light at any wavelength is guided in this mode no matter how 

small the refractive change, or guided layer thickness is. 

4.3 Channel waveguides 

The slab waveguides discussed in the preceding sections only provide one-dimensional 

optical confinement. Two-dimensional optical confinement is required in many device 
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configurations such as a variety of lasers, switches, and others based on ridge and buried 

waveguide configurations. The additional confinement can help to bring about desirable 

device characteristics such as low threshold current, possible single mode operation, or 

savings in drive power. The following section will discuss the solutions for guiding in rib 

or stripe guides. Examples of these types of guide, in which the light is confined laterally 

as well as vertically, are shown in Fig. 4.4. 

n nc 
REMENWOMEM 

ns 
n. 

a) stripe guide 

nc 

ns 

b) rib or ridge guide 

n 

nt 

n 

c) channel guide d) stripe-loaded guide 

Fig. 4.4 Examples of different geometries used to confine light both vertically and laterally. 

4.3.1 Numerical Methods 

For simplicity, Figure (4.4) shows abrupt transitions of refractive index. However, it 

should be noted that fabrication techniques such as diffusion may produce guide cross 

sections with graded-index profiles. In all examples, the light is essentially confined to the 
film material with index nj-. In a channel guide the refractive index n= n(x, y) is a 

function of both transverse coordinates. As a result, the analysis of waveguide modes 

becomes a more complex task than for slab guides. A variety of methods has been 

reported, suitable for numerical analysis of channel waveguides such as the beam 
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propagation method (BPM) [4,5], finite element method (FEM) [6-8] and finite difference 

method (FDM) [9-11]. 

The BPM based on constructing a relation called the BPM equation, that connects the 

electromagnetic fields in two axially separated parallel planes. The field distribution in one 

plane is calculated numerically from the distribution in the preceding plane using a BPM 

equation. Beam propagation methods repeat this procedure recursively, thus they complete 

the simulation of wave propagation step by step with an arbitrary excitation. BPM 

equations inherently take guided wave as well as radiation fields into account. They also 

allow axial index variations. Due to these two important features, beam propagation 

methods serve as most versatile numerical tools to study various types of optoelectronic 

devices. 

FDMs are directly based on the discretization of Maxwell's equation for the guide with 

appropriate boundary conditions. The modal field solution is transformed in this case into 

a matrix eigenvalue problem, which is solved by a standard numerical iterative procedure. 

It should be pointed out that a program called FWAVE [11], written by Michael Taylor of 

this department is available within the department.. The program is based on a finite 

difference method and can solve field distributions in waveguides, couplers and arbitrary 

defined structures. Fig. 4.5 shows a FWAVE solution for a typical waveguide structure. 

The contours represents the electric field at 10% increments, with the outmost contour 

representing the electric field at I% of its peak value. 

77 


























































































































































































































