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Abstract

In this thesis growth on patterned substrates has been studied for the lateral bandgap 

control of the quantum well (QW) structures, utilising indium migration from the side 

facets onto the adjoining ( 1 0 0) surfaces, leading to the possibility of integration of multi

functional optoelectronic devices. InGaAs/GaAs/AlGaAs single quantum well (SQW) 

lasers and InGaAs/InAlAs QW heterostructures were grown by molecular beam epitaxy 

(MBE) on (100) GaAs and In? substrates respectively, patterned to produce (100) mesa 

top surfaces with angled side facets. Chemical beam epitaxy (CBE) was used for the 

growth of InGaAs/InP heterostructures over In? substrates, patterned into undercut 

mesas with (100) top surfaces using chemically assisted ion beam etching (CAIBE).

Indium migration behaviour was compared by growing two InGaAs/GaAs/AlGaAs SQW 

graded index separate confinement heterostructure (GRINSCH) lasers by MBE over 

patterned GaAs substrates. The first laser was grown using As: throughout, whereas the 

active region of the second laser was grown using As4. It is observed that the use of As4 

facilitates the migration process whilst the use of Asi completely stops it. However, the 

broad area devices of both lasers exhibit extremely low threshold current densities and 

very high external quantum efficiencies. Split contact devices were made by growing 

InGaAs/GaAs/AlGaAs SQW GRINSCH lasers by MBE over variable step width mesas 

patterned on GaAs substrates using a newly designed mask. Electrical measurements on 

partially pumped devices showed bistability or pulsation behaviour depending on the bias 

conditions on the unpumped section.

Growth of InGaAs/InP heterostructures by CBE on undercut mesas showed facetting 

behaviour producing atomically flat (Ill)B  planes. Complete triangular shape 

structures bounded by very smooth ( lll)B  facets were produced on mesas as narrow as

2 .0  pm. This shows the strong possibility of growing one dimensional (ID) quantum 

wire structures, produced completely in-situ as a direct result of the growth process.
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Introduction

A major objective in the field of semiconductor optoelectronics is the integration on a 

single semiconductor substrate of many diverse device functionalities. For the growth of 

III-V semiconductor heterostructures using molecular beam epitaxy (MBE), a 

particularly effective technique to facilitate this integration is that of growth on 

patterned substrates. This technique utilises variations in the growth rate on different 

crystal planes which are associated with different effective incorporation coefficients 

and geometric considerations due to the directional beam nature of MBE. ̂ Additionally, 

by suitable design of patterned mesas, interplanar adatom migration from side facets 

onto the (1 0 0) growth surface can produce controlled lateral patterning of quantum well 

(QW) heterostructures.^’̂  Such lateral control allows optimised variations in energy 

bandgap and index of refraction which can be exploited for the integration of many 

optoelectronic devices such as laser/passive waveguide, laser/modulator or segmented 

contact mode-locked lasers.

This thesis deals primarily with an investigation of growth on patterned substrates with 

the aim of fabricating ‘Split Contact Devices’ for optoelectronic device applications. 

Strained InGaAs/GaAs QW lasers have the potential advantage of low threshold current 

and high differential quantum efficiency, making them suitable for optoelectronic 

integrated circuits (OEICs). In addition, by varying the amount of indium and the 

thickness of the QW , the emission wavelength can be tuned between 870 nm -1100 nm 

for a number of interesting applications including 980 nm pumps for Er^^-doped fibre 

amplifiers and 1060 nm high power pumps for frequency doubled blue-green lasers. For 

the growth of strained InGaAs/GaAs QWs on patterned substrates by MBE using 

arsenic tetramers (As^) as the group-V source material, previous studies have indicated 

that the indium migration process is very sensitive to the specific growth conditions, in 

particular the substrate temperature and the group-V flux."̂  It has been shown that

11
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indium migration can be controlled by choice of the arsenic flux during growth of a 

multi-quantum well (MQW) structure on a variable step width mesa, leading to the 

possibility of integrated structures in which not only the bandgap but also the effective 

number of active quantum wells is controlled from region to region/

In the present work a further investigation of indium migration behaviour has been 

carried out by changing the nature of the arsenic species from arsenic tetramers (As^) to 

arsenic dimers (AS2) during the growth of InGaAs/GaAs QWs on (100) GaAs substrates 

patterned into ridges and grooves. A completely different migration behaviour is 

observed when arsenic is supplied in the form of AS2 by cracking As  ̂molecules at high 

temperature in a valved cracker attached to the arsenic cell. We have also compared the 

luminescence behaviour and lasing properties of two InGaAs/GaAs/AlGaAs single 

quantum well (SQW) graded index separate confinement heterostructure (GRINSCH) 

lasers where the first laser was grown using As2 throughout and the second was grown 

using As2 for everything except the active region which was grown using As .̂  ̂ Both 

lasers exhibit extremely low threshold current density, very high internal quantum 

efficiencies and very low internal losses.

Split contact, ridge waveguide, devices have been fabricated using a mask system which 

was designed to produce devices with variable mesa widths for different lengths of the 

gain and absorber sections. The observed bistable behaviour in the light-current (LI) 

characteristics of these devices show their possible use in memory applications or fast 

switching devices.

Long wavelength semiconductor lasers which operate primarily at the wavelengths of

1.3 fim and 1.55 pm are of particular importance due to their applications in optical 

fibre communications. With this objective we have extended the idea of using indium 

migration behaviour during the growth of InGaAs/InAlAs QW heterostructures lattice 

matched to InP for the integration of long wavelength optoelectronic devices on 

patterned substrates. The large conduction band discontinuity of this material system is 

attractive for quantum devices operating at high temperatures. Indium migration away 

from patterned ridge facets has been used to produce quantum well bandgap shifts in
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excess of 70 meV7 Low temperature photoluminescence (PL) and cathodoluminescence 

(CL) characterisation of InGaAs/InAlAs QWs grown on patterned InP substrates reveal 

an emission peak corresponding to the facet intersection with the (100) surface. One 

important observation with respect to this emission is that the peak position remains 

invariant irrespective of the width of the patterned mesa. A simple analytical model 

based on diffusion of growth species has been developed which utilises this particular 

emission from the facet intersection to calculate the effective flux and relative increase 

in indium concentration at different points on the mesa top. Good agreement between 

the experimental and calculated values has been observed.

Recently, quantum wire (QWR) structures with quasi-one dimensional (ID) quantum 

confinement of charge carriers have attracted wide interest due to their unique optical 

properties. Very large exciton binding energy, modified electro-absorption and electro

refraction spectra, enhanced optical non-linearities and optical gain make these 

structures very useful for applications in many novel optoelectronic devices*. The higher 

optical gain and narrower spectral gain profile make it possible for QWR lasers to 

operate at extremely low threshold currents and show reduced temperature sensitivity 

and higher modulation speed.^ However, the fabrication of such structures on a 

nanometer scale is extremely difficult. One of the important requirements to achieve 

efficient luminescence from QWRs is the formation of defect free smooth interfaces. To 

achieve this objective, fabrication techniques in which wires are formed completely in- 

situ seem attractive. Previously, GaAs wires have been successfully formed completely 

in-situ in V-grooved substrates.'^ Alternatively, facets may be formed in-situ and 

overgrown. We have used chemical beam epitaxy (CBE) to generate (111)B facets 

completely in-situ through the growth of InGaAs/InP layers on undercut InP mesas 

patterned by chemically assisted ion beam etching (CAIBE). Atomically flat facets have 

been generated and an attempt has been made to grow InGaAs wires just before the 

completion of inverted-V shape structures on patterned InP substrates.

The following thesis is organised into six chapters. A review of the optical properties of 

low dimensional structures, relevant characterisation techniques and general electrical 

and optical behaviour are discussed in chapter 1. Chapter 2 deals with the various
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techniques routinely used for the growth of semiconductor devices. The technique of 

growth on patterned substrates is reviewed in chapter 3. Substrate patterning, mask 

design, wet chemical etching and photolithography are also within the content of 

chapter 3. Results for GaAs based quantum well structures and devices are described in 

chapter 4. Chapter 5 describes the characterisation of structures grown on InP substrates. 

Finally conclusions and future recommendations are drawn in chapter 6 .
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OPTICAL PROPERTIES OF LOW 

DIMENSIONAL STRUCTURES

1.1 Introduction

With the advent of growth techniques such as molecular beam epitaxy (MBE) and metal 

organic chemical vapour deposition (MOCVD), it is now possible to grow very thin 

semiconductor heterostructures with monolayer precision. The reduced dimensionality of 

these structures has many important consequences for the electronic and optical 

properties of the material due to quantum confinement of charge carriers. The simplest 

structure which is most commonly used in many optical devices consist of a thin layer of 

a narrow bandgap material embedded between layers of higher bandgap material. The 

motion of the charge carriers in such a quantum well (QW) structure perpendicular to the 

layer plane becomes quantised allowing only discrete energies, while motion parallel to 

the layer remains unimpeded. These structures show excellent optical properties and find 

many important applications in day to day life as evidenced by semiconductor lasers in 

CD players, printers, bar code readers and LEDs for braking lights of cars. The next 

stage in the development of functional optoelectronic devices may require the charge 

carriers to be constrained in more than one dimension as in quantum wires and dots and 

an understanding of the optical properties of these structures will be crucial.

15
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1.2 Band Structure in III V Semiconductors

It is very important to know the electronic band structure for a proper understanding of 

many optical properties such as absorption and gain in semiconductors. Due to their 

direct band-gap nature, III-V semiconductors are the material of choice for most optical 

devices. Many physical phenomena occurring near the bandedge are of great interest. 

Hence, our main interest here is to know the conduction and valence band structure of 

direct gap semiconductors near the bandedge.

The energies and wavefunctions of the charge carriers in semiconductors can be derived 

from the Hamiltonian, which satisfies the symmetry of the crystal. For a periodic 

background potential V(r), the Schrodinger equation can be written as

Hy/(r) =
2 /Wo

V  +F(r) y/(r) = Ey^(r) (1 .1)

The general solution of the above equation can be written in the form of Bloch functions^ 

as

V ,̂(r) = e'*"X(r), ( 1.2 )

where the cell periodic part Uk(r) has the same periodicity as the crystal. While the Bloch 

theorem greatly simplifies the Schrodinger equation, the solution of Eq. (1.1) is still quite 

complicated. An alternative method is to utilise the symmetry properties of the 

Hamiltonian and find appropriate wavefunctions. Various numerical approaches like the 

tight binding approximation, orthogonalised plane wave method, pseudopotential 

method, k.p perturbation etc. are generally used to obtain the solution for the electronic 

levels. In the tight binding approximation^ in III-V and group IV semiconductors the 

energy bands can be thought of as arising from atomic like states. The valence band and 

conduction band arise from the outermost cell electrons states of the atoms which have 

essentially an s-type or p-type character. As a result, the central cell part of the 

wavefimction is made up of a combination of s and p-type states. The s-state is a 

spherically symmetric state with orbital angular momenta I = 0 whereas the p-states (1=1) 

have a dumbbell shaped form in real space. Being a vector, p-states can have components
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Px, Py and pz. In general, the central cell part can be written for the electrons in bulk 

semiconductor as
2 4

(1.3)
1=1 w=l

where the first summation represents the sum over the two atoms that make up a unit 

cell of the semiconductor crystal, and the second sum represents the 4 atomic-like 

functions s, px, py, and pz. The coefficients Cm represent the relative mixtures of the 

atomic-like functions in the central cell part of the electronic state. At certain values of k, 
the central cell part becomes a pure combination of only s-type states or only p-type 

states which has a well defined spatial symmetry. In addition to orbital angular 

momentum, an electron state also has spin angular momentum associated with the spin 

motion. Therefore, it is useful to express the states of the electron in terms of the total 

angular momentum which also include the spin-orbit interaction term according to the 

following simple transformation

={L + S f  = Û + 2L »S  + S \  (1.4)

Taking the z-axis to lie along the crystal (100) direction, we can write the basis 

wavefunctions for the valence band at the Brillouin zone centre u(0 ,r) :

I’̂ l)

i"l)
3 l\

I  _ }} 
2 ’  21

I l\

i 
2 ’  21

= ;̂ (|Px> + i|p,))t
= ~ ;^ ( |P x )- '|P y )) '* '

= [(I Z’.  ) + 'I

= + ' | /’>’)) '*'+|p«> 'f']

(1.5)

(1.6)

(1.7)

In direct gap materials, the central cell part of the electron wavefimction at the bottom of 

the conduction band is purely s - type. The valence band, however, has complex nature
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consisting of three branches near the top of the band, as shown in Figure 1.1. Each 

branch has two fold degeneracy due to up and down spin. The central cell character of 

these states is p-type. In terms of the total angular momentum states, we use the 

following for these states

and

Heavy - Hole states 

Light - Hole states 

Spin Split - Off states :

2 21

2  21

The spin split off band is depressed on the energy axis by an amount A due to the spin - 

orbit interaction. Due to the simplicity of the conduction band-edge, the E vs k relation 

near the conduction band-edge is given by a simple parabolic relation. However, the 

problem is more complicated for the valence band because of very strong interaction of 

the heavy-hole (HH) and light-hole (LH) states. Due to this interaction, the valence band 

becomes four-fold degenerate at the band-edge. In the Kohn-Luttinger formalism the HH 

and LH states are derived using a phenomenological Hamiltonian which is invariant 

under rotations and is constructed with the two vectors k and J  as

H  =
2 /Wn r, + - ^ 2 )* 2 /,(k .J)= (1,8)

where mo is the ffee-electron mass and y, are the Luttinger parameters. Taking the 

wavevector k along z-axis, the Hamiltonian (1.8) will take the form

H  =
2njr y A + - r 2 - ' ^ r 2 ^ j (1.9)

where mj is projection of J  along the direction of k. The two resulting eigen values for 

HH and LH states are then given by 

h^k-

and

2m,

h^k
2 /w,

(y, -  2 / J  for mj = ± 3/2
0 

21.2
(Xi + 2^2) • for mj = ± 1/2

( 1.10)

(1.11)
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These two bands are still degenerate at k = 0 , but the degeneracy is lifted at finite k 

values due to the different effective hole masses

=

and ml{z) =

(y, -  2 r : )
( 1.12)

(1.13)

E

HH
LH

SO

(a)

k

aE,

 ̂f

^c2 

------- ►
-W/2 0 +W/2

(b)

QW

X

Bulk

P(E)
(c)

Figure 1.1 : Schematic illustration of (a) band diagram of a direct-gap III-V 
semiconductor, (b) conduction band energy level diagram of a QW structure, and 
(c) a comparison of density of states function between bulk and QW system.

Typical values of Luttinger parameters for some important III-V semiconductors are 

given in the Table 1.1 below.

Table 1.1 : Values of the Luttinger parameters for some important III-V 
semiconductors.

Material Yi Y2
GaAs 6.85 2.1
InAs 19.67 8.37
InP 6.35 2.08

For direct-gap semiconductors, near the conduction bandedge the energy-momentum 

relation is given by simple parabolic equation
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2 1.2h^k
2m

(1.14)

where Ec is the conduction bandedge and m* is the effective mass of the electrons. In 

general the effective mass of the carriers is given by the second derivative of the energy 

E, with crystal momenta p = .

1 d^E  1 d^E
(115)

dp^ ft" dk^

The effective mass for a narrow parabola at the band-edge, therefore, would be smaller 

in comparison to a wide parabola.

1.2.1 Envelope Function Approximation

The quantised energy levels in a QW can be calculated using Envelope Function 

Approximation^ (EFA). In EFA the wavefunctions of electrons confined to the QW can 

be written as

exp(yk^ • r„), (1.16)

where the subscript c (or v) and n = 1,2 ,—  denote the conduction band (or valence 

band) and the number of quantised energy levels in the well respectively. The Bloch 

functions, U c(r) are assumed similar in the two semiconductors constituting the well. In 

(1.16), kn and rn represent the wave vector and position vector of electrons both parallel 

to the interface of the heterojunction and (p c n (z )  is the slowly varying envelope function. 

The slowly varying part of the wavefimction can be obtained by solving the Schrodinger 

equation for one dimensional potential well

1 d
2 dz

+ F(z) (1.17)
/w*(z) dz

The eigen functions, (pen, can be calculated from (1.17) by distinguishing the effective 

mass of electrons within the well and barrier by and respectively. Hence,

Cosl
Sin

n : even 
n.odd

for  < Wjl) (1.18)
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or, ?>„(r) = 5exp
(2m’/

/o r  (H S W /2) (1.19)

where, A and B are constants and W represents the width of the quantum well. The 

depth of the potential well for conduction band electrons is replaced by the band off-set 

AEc- Using the appropriate boundary conditions at the interfaces, that the wavefimction

(p c n (z )  and ^lm*{z) dç^ldz^  should be continuous across the boundary, the energy

eigen functions for conduction band electrons can be calculated from the following 

equation.

%
= tan

in
( 1.20)

An illustration of a solution for the conduction band states is shown in Figure 1.1. The 

number of bound states is given by

\ + Int
2 * 2TT̂ n

( 1.21)

showing that there is always one bound state. Taking into account discrete states along 

the z-direction and continuous states parallel to the interface, the total energy of 

electrons confined within the well can be written as

n^E  = +
2mÀkl^K) (1.22)

For the valence band, as has been discussed in the bulk case, multiple sub-bands occur 

due to the quantisation of electron motion in z - direction. However, the quantum 

confinement o f the charge carriers in a QW system is expected to modify the 

band structure for the in-plane motion of the carriers, leading to a removal of band 

degeneracy. In a successive perturbation approach, the QW potential is treated as a first 

perturbation to the k = 0  unperturbed states which lifts the degeneracy between the mj = 

± 3/2 and ± 1/2 bands. The Luttinger interaction is then added as a new perturbation to 

the QW levels. If we insert in (1.8) the values k%= kj_, and ky = 0, the k-dispersion in a 

[1 0 0 ] direction perpendicular to the z-axis is then given by

rC~k]
^hh - (r^ + / ] ) for mj = ± 3/2 (1.23)
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and for mj = ± 1/2 (1.24)

In transverse dispersion, the heavy-hole band, therefore, has a light mass mo/(yi + 72) 

whereas the light-hole band now has a heavy mass mo/(yi - 72)-

A typical valence bandstructure of 100 Â GaAs/AlGaAs QW is shown in Figure 1.2\ It 

can be seen that the E vs kn relations are no longer parabolic and degeneracy between 

HH and LH bands is lifted at kn= 0 because of quantum confinement.

0.00 HHl

LHl- 0.02

HH2
-0.04

I
-0.06

I HH3

0.08

- 0.10 LH2

- 0.12
0.04 0.03 0.02 0.01 0.00 0.01 0.02 0.03 0.04

<— (110) Wave Vector ( 1 /A) ( 100) —►

Figure 1.2 : Valence band structure of 100A GaAs/AlGaAs QW 
structure showing non-parabolicity of the bands. The HH and LH 
states are split due to quantum confinement at kn=0.

1.2.2 Density of states

The density of states is an important parameter and many physical properties of the 

crystal such as optical absorption, transport etc. are intimately dependent upon it. By 

definition, it represents the number of available electronic states per unit volume per unit 

energy around an energy E.
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In a 3-dimensional system, the density of states function can be derived by dividing the k- 

space volume between vector k and k + dk by the k-space volume per electron state. 

Denoting the energy and energy interval corresponding to k and dk as E and dE, we can 

therefore write the following expression for the number of electron states in the 

conduction band between E and E + dE as

where V = L̂  is the volume of the crystal. Assuming a parabolic band nature near the 

bandedge to substitute for k in (1.25) using the relation E = {h^k^ a n d

accounting for the spin degeneracy, the final expression for the density of states per unit 

volume for the conduction band electrons in a bulk semiconductor can be written as

^ rVi
P.o(E)=    • (126)TT̂ n-

Following exactly the same procedure, the density of states function of electrons in a 2D 

system (QW) can be derived and is given by

P2d{E) = - ^ .  (1.27)
Tin

As can be seen from the above expression, the density of states in a 2D system is 

constant and independent of carrier energy. In a multi sub-band system, however, the 

total density of states at energy E is calculated by summing over all sub-band states and 

as a result it varies in a step wise manner. We can express it mathematically as

°° iw  *
= (1.28)

where H(x), the Heaviside function which is equal to unity when x > 0 and is zero when 

X < 0. The comparison of density of states between a 3D and 2D case is shown in Figure 

1.1. In the 3D case, the density of states function is shown by dotted line. This 

modification in the density of states function in QW structures leads to some important 

consequences for the recombination of charge carriers, such as :

(i) The Recombination process involves electron and hole assemblies of definite energies 

i.e. less broadening of recombination radiation.

(ii) An increased density of states at the bandedge leads to larger radiative transition 

rates.
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(iii) Enhanced electron - phonon interaction and the possibility of lasing action occurring 

with the participation of phonons.

(iv) The effective bandgap of the material increases by the sum of the electron and hole 

confinement energies.

Finally, in a 1 D system or a “quantum wire”, the density of states is given by

p,o(£) = — (1. 29)  
7m

We note that as the dimensionality of the system changes, the energy dependence of the 

density of states also changes.

1.3 Optical Transitions

The operation of almost all optoelectronic devices relies upon the generation and 

recombination of electron-hole pairs. Pair formation essentially involves raising an 

electron from the valence band to the conduction band, leaving a hole behind in the 

valence band. In its simplest form this could be achieved by irradiating the semiconductor 

with photons whose energies are greater than the bandgap. Incident photons are then 

absorbed by the material transferring an electron from the valence band to the conduction 

band for each absorbed photon. The excess carriers created in a semiconductor must 

eventually recombine. In fact, under steady-state conditions the recombination rate must 

be equal to the generation rate. The recombination process may be either radiative or 

non-radiative depending upon the nature of the semiconductor material and presence of 

impurities or defects levels within the bandgap. In a direct bandgap semiconductor such 

as GaAs, the valence band maximum and the conduction band minimum occur at the 

zone centre (k = 0) and the condition of momentum conservation is easily satisfied 

without participation of a phonon for an upward or downward transition of electrons. 

Therefore, the probability of radiative recombination is very high in direct bandgap 

semiconductors and an electron raised to the conduction band by virtue of photon 

absorption will recombine again, after a finite life-time, with the valence band hole to 

emit light of energy equal to the bandgap. In an indirect bandgap semiconductor, on the 

other hand, the absorption or emission of a photon occurs via participation of a phonon
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of suitable momentum to satisfy the momentum conservation rule. In order for the right 

phonon collision to occur, an electron has to dwell in the conduction band for a longer 

time. Since no crystal is perfect, there are impurities and defects in the lattice that 

manifest themselves as traps and recombination centres. It is most likely that the electron 

and hole will recombine non-radiatively through such n defect center, and the excess 

energy is dissipated into the lattice as heat. The probability of radiative recombination in 

an indirect bandgap semiconductor such as Si, or Ge, is therefore greatly reduced due to 

competing non-radiative processes.

In an intrinsic semiconductor under thermal equilibrium the position of the Fermi level Ef 

is constant throughout and it lies within the bandgap. This means that the concentration 

of the free carriers, both electrons and holes, are constant throughout the crystal. 

However, when excess carriers are generated within the semiconductor, the crystal 

departs from the thermal equilibrium state and as a result the Fermi level splits into quasi- 

Fermi levels for electrons and holes respectively. The non-equilibrium carrier 

concentrations may then be calculated using the following distribution functions

f=(E) = ---------7 ^ - - -  O-30)
E -  E,

1 + exp 'FC

V kgT j

fv(E) = ------------------------------------------------------------------------------------ (1.31)
1 + exp Epv - E

V kgT j

where Epc and Efv are quasi-Fermi levels for electrons and holes respectively. The 

difference (Epc - Efv) is a measure of the deviation from the equilibrium state. The non

equilibrium electron and hole concentrations are given by the following integrals

n=\UE)pAE)dE  (1.32)
Ec
E,

and p=  jl(E )p ,{E )dE  (1.33)
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where Ec and Ev are the bandedge energies of the conduction and valence band 

respectively. Thus, in Boltzmann approximation ( E - Ef »  kgT ) under low carrier 

injection, the integrals (1.32) and (1.33) yield the following expressions for non- 

equilibrium electron and hole densities

n -  exp
V k j

p  = exp
k j

(1.34)

(1.35)

where Nc and Nv are constants and are called effective densities of states in the 

conduction and valence band respectively. It is also evident from the above expressions 

of the carrier densities for electrons and holes that the charge neutrality condition does 

not hold in non-equilibrium condition i.e.

np;^nf (1.36)

where n; is the intrinsic carrier density of the charge carriers. It is also important to note 

that these results will change under high injection in a semiconductor laser.

1.3.1 Band-to-Band Recombination

When excess carriers are generated in a semiconductor by means of either optical 

excitation or current injection, a dynamic equilibrium is established within the crystal 

which makes excess carrier densities of both types of charge carriers equal (An = Ap). 

The density of excess carriers returns to the equilibrium values after the excitation source 

is removed. The excess carriers decay usually following an exponential law ~ exp(-t/i), 

where i  is defined as lifetime of excess carriers. In general, the excess carriers decay by 

radiative and/or non-radiative recombination as has been discussed previously. 

Therefore, the total lifetime x can be expressed as

-  = -  + —  (1.37)

where Xr and Xnr are the radiative and non-radiative lifetimes, respectively. The radiative 

and non-radiative lifetimes determine the internal quantum efticiency of the radiative 

transition according to the relationship
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’’‘•TâK 'TThr. <■’*>
where Rr (= An/Xr) and R̂ r (=An/Xnr) are radiative and non-radiative recombination rates 

per unit volume respectively. Therefore, to achieve high internal quantum efficiency, the 

ratio x/Xnr should be as small as possible, or Xnr should be as large as possible.

The radiative recombination rate of electrons and holes in a semiconductor at equilibrium 

is given in terms of recombination constant B as

R, = Bnf = B{n„Po ) (1.39)

where n, is the intrinsic carrier concentration, the square of which is equal to the product 

of equilibrium concentrations of electrons and holes. The value of the recombination 

constant is different for different materials and chiefly depends on the band structure of 

the material. Direct band-gap semiconductors usually have values of B ranging from 10'" 

to 10'  ̂cm̂ s*̂  and indirect band-gap semiconductors have values of B ranging fi"om 10'" 

to 10 '"  cm^s'\

The recombination rate of a system which has departed fi'om equilibrium is

increased by a factor npjn^ with respect to the equilibrium rate R,. and can be written as

T. )
= + p „ + A w )^ . (1.40)

Therefore, the carrier lifetime during the radiative recombination process may be found 

out from

For low injection levels, such that An < no, po

r, = when «  n  ̂ = (1.42)

or, = {b n when n̂  «  p^ = (1.43)

It suggests that using a heavily doped semiconductor, a high quantum efficiency can be 

achieved. The practise, however, shows that above a certain optimum doping level the 

efficiency decreases due to self absorption and non-radiative recombination.
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When An »  no, po, the doping level no longer affects the radiative lifetime, which then 

depends on the excitation level according to

r ,s ( 5 A « ) '.  (1.44)

This is the bimolecular recombination regime, when the lifetime changes with An and this 

is the situation which occurs in the undoped active region of a double heterostructure 

(DH) laser.

1.3.1.1 Matrix Element

Photons interact with the semiconductor through electric dipole coupling to cause 

transitions of electrons from valence band(s) to the conduction band. The interband 

transition probability can be calculated using time dependent perturbation theory in 

which the interaction Hamiltonian takes the form Hint. = -er;.^ where Ç is the electric field 

vector of the light and ~er[ the dipole associated with the electron. The transition rate is 

given by the Fermi’s golden rule^

Wi,r = N  ,.f f5(E , -  E, + to  ) (1.45)

where Mj,f is the momentum matrix element and corresponds to the initial and final 

electron states with energies Ei and Ef respectively. The summation is taken over all 

initial and final states separated by ha . Since these states form part of a continuum the 

summation may be replaced by an integral

w  = ^  £ " K / |V ;(£ )û E  (1.46)

where pj(E) is the joint density of states function and describes the density of e-h pairs of 

specific energy and momentum participating in a given optical transition by emission or 

absorption of photons of energy E  {= hœ) .

The interband optical matrix element for a QW system can be written using (1.16) as

= - e j  (1.47)

where (pcn(z) and (pvm(z) are the electron and hole envelope wave functions, kc and kv are

electron and hole wave vectors, Uc(r) and Uv(r) are the usual Bloch functions. Summing
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over localised integrals involving only Bloch functions for all individual unit cells centred 

at Ri, the above equation can be written as

The integral in equation (1.48) is independent of Rj and is equal to QP where Q is unit 

cell volume and P the usual 3-D matrix element that contains the selection rules due to 

band symmetries and light polarisation. In the transverse direction, perpendicular to the 

QW plane, the summation within the bracket, gives a null contribution unless kc = ky. 

Only those vertical transitions between electron and hole states are therefore allowed 

which have the same principal quantum number n (An = 0 selection rule).

1.3.1.2 Oscillator Strength

The oscillator strength / ,  describes the strength of a particular optical transition and is 

proportional to the number of k-states coupled to a given energy range. It is defined in 

terms of momentum matrix elements given by

f  = = (149)

where, mo is the free electron mass and i and f  are initial and final states of a given 

transition. In the case of bulk semiconductors, due to k-conservation in optical 

transitions, only very few states are coupled within a given energy range. Therefore, only 

a small fraction of the total electrons can participate in any particular transition. 

However, in contrast to the bulk semiconductor, in a QW structure the step like density 

of states function allows all electrons and holes in the same quantised sub-band to have 

same k% vector which leads to better matching of electron and hole wavefunctions and 

therefore “concentrates” the oscillator strength.

1.3.2 Excitonic Effects

The absorption spectra of light near the bandedge in a pure direct-gap semiconductor 

and QW structure reveals two different kinds of electronic transitions. At photon 

energies greater than the bandgap, the absorption of light corresponds to a process in
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which a free electron is transferred to the conduction band and a free hole is left in the 

valence band. At energies lower than the bandgap there are absorption peaks which 

correspond to processes in which electron and hole are bound to one another via long 

range Coulomb interactions. Such a mutually bound electron-hole pair leads to bound 

levels, the lowest of which is one exciton Rydberg (R“ ) below the continuum level and in 

which the electron and hole are bound to each other within an exciton Bohr radius (a«x).

Two different kinds of excitons have been postulated^. In strongly ionic crystals with low 

mobility and dielectric constant, as in alkali halides, excitons wavefunctions are localised 

and have a radius comparable with the interatomic spacing. These excitons are called the 

Frenkel excitons. In contrast to the Frenkel excitons, in type IV or III-V semiconductors 

having a large degree of covalent bonding, high mobility and large dielectric constant, 

excitons wavefunctions spread over many unit cells of the crystal. These excitons are 

called Wannier - Mott excitons.

1.3.2.1 Bulk semiconductors

Pursuing the analogy with the hydrogen atom, one can derive the expression for the 

bound states of exciton in bulk semiconductors as given by

where n = 1,2,3,— , = (m*) ’ + (m*) \  M  = ml + ml, hk is the momentum of the

centre of mass. At k = 0 and taking the zero of energy at the top of the valence band, Eq. 

(1.50) can be written as
U  ex

E „ = E , - - ^  (1.51)

where the exciton Rydberg, R“  = tiR/e^ and represents the binding energy of the n =1

free exciton. Similarly, one could evaluate the ground state wave function for n =1

exciton state to be

Vu{'t) = [nal,y''^^e (1.52)

where the exciton Bohr radius, aex, is given by
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(1.53)
He

In bulk GaAs with m* = 0.067m^, m* = 0.45m^ and e  = 13.5, Rex = 5 meV and acx = 

110 A. Clearly, such an exciton is only going to be stable at very low temperature 

because at higher temperature it can easily be ionised into a free electron and hole due to 

the small binding energy.

In bulk semiconductors, the oscillator strength per unit crystal volume is given by

(1.54)
h Ttaf

where as is the Bohr radius. The factor l/jtag implies an increase in the optical

absorption for excitons over band to band transitions. An overall increase in oscillator 

strength per transition is given by N/n, where N is the number of unit cells in the crystal 

and n the number of unit cells in the exciton volume. This represents the number of 

excitons that can be closely packed in the crystal.

1.3.2.2 Quantum Wells

The carrier confinement in a QW structure significantly changes many properties of this 

two particle state. The 2D exciton exhibits properties of a 2D hydrogen atom, which 

means that the binding energy may be up to four times larger than in bulk 3D case. In a 

real QW excitons have finite but limited spatial extent in the growth direction and the 

wave function is squashed into an oblate ellipsoid. This is modelled by a parameter v 

such that the exciton binding energy and oscillator strength can be given by

E „ = 7  ÿ  (155)
( n - v )

and f oe- — (1. 56)
( n - v )

The parameter v describes the dimensionality of the system and can take value between 0 

and 0.5. For a perfect 3D case v = 0 whereas v = 0.5 represents the perfect 2D case. It is 

clear that reducing the dimensionality from 3D to 2D increases the binding energy and
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oscillator strength of excitonic states significantly. However, the binding energy is 

strongly well width dependent. As the well width increases the binding energy 

approaches the bulk value since the envelope functions become delocalised. R“  increases 

with decreasing well width for the opposite reason. For smaller well widths R“  drops as 

the envelope functions leak into the barrier. The increased oscillator strength of e-h pairs 

in a QW system reduces the lifetime of the excitons significantly as compared to the bulk 

case and well resolved exciton peaks can be observed even at room temperature in the 

absorption spectrum just below each step in the density of states function.

1.4 Optical Characterisation

Optical characterisation techniques make use of the “luminescence” produced by the 

charge carriers due to radiative recombination from excited states to the ground state. A 

semiconductor material can be excited in a number of ways including optical excitation, 

high energy electron beam excitation or by charge injection and the resulting 

luminescence is called photoluminescence (PL), cathodoluminescence (CL) or 

electroluminescence (EL) respectively. Each feature of the luminescence spectrum shows 

a finger-print of a definite electronic transition. The possible radiative transitions may be 

due to (i) recombination of fi’ee electrons and holes, (ii) recombination of electrons and 

holes bound to an ionised impurity, (iii) recombination of fi-ee-excitons or (iv) bound- 

exciton recombination when excitons become localised in the vicinity of an impurity. The 

luminescence associated with the processes (i) and (iii) is called intrinsic luminescence 

whereas the one associated with the processes (ii) and (iv) is called extrinsic 

luminescence. In a high purity material, the excited carriers predominantly form excitons 

and the resulting luminescence due to free-exciton recombination dominates. However, 

impurity incorporation, either intentionally or unintentionally, produces additional levels 

within the bandgap of the semiconductor. At low temperature, most of the excitons are 

trapped to these impurities levels and the resultant luminescence arising fi'om these 

bound-states is called extrinsic luminescence. Luminescence spectroscopy has the ability 

to discriminate between species involved in different recombination mechanisms and is, 

therefore, capable of providing a great deal of information about various electronic 

processes in semiconductors.
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PL and CL both have been frequently used in this project for the assessment of material 

quality and growth dynamics on patterned substrates. A brief detail of the principle and 

application of these techniques is given here.

1.4.1 Photoluminescence (PL)

Photoluminescence (PL) , with its ability to identify impurities and defects, is the most 

widely used optical method for material characterisation in both cases of bulk 

semiconductors and low dimensional structures. In a typical PL experiment, 

luminescence is excited in the sample by absorbing photons from a laser, usually in the 

barrier layer of a QW, creating electron-hole pairs. The electron and hole are then readily 

captured by the well as hot particles, but rapidly thermalises down to the lowest available 

energy configuration via emission of LO phonons. At low temperatures and relatively 

low excitation densities, these electrons and holes bind themselves to form excitons, with 

a further lowering of energy, which subsequently decay giving rise to free-exciton 

luminescence^. Therefore, intrinsic luminescence due to free-exciton recombination 

dominates in the PL spectra. The energy of the photon emitted when a free-exciton 

collapses radiatively is

h o ) ^ E ^ - R ^  (1.57)

where R“  is the binding energy of the n = 1 free-exciton. As discussed earlier, if the 

material contains donors and acceptors with concentrations > 10*̂  cm'  ̂ then at low 

temperature virtually all of the free-excitons are captured, giving rise to impurity specific 

bound-exciton luminescence. Bound-exciton luminescence lines are very sharp with 

photon energy given by

hû) = E ^ - R ^ - E ^ ^  . (1.58)

The spectral lines associated with bound-exciton decay are observed at energy Ebe below 

the excitonic ei-hhi intrinsic luminescence, where E b e  is the binding energy of the exciton 

to the impurity .̂ A blue shift in the absorption spectrum relative to the emission spectrum 

at low temperatures is characteristics of bound-excitons. For bulk semiconductors, E b e  is 

about 10 % of the donor or acceptor ionisation energies. The energy levels associated 

with the donors in bulk GaAs lie about 5 meV below the conduction band minima
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whereas those associated with the acceptors lie between 27 to 35 meV above the valence 

band maxima. The binding energy of excitons bound to donors is therefore expected to 

be less than that for acceptors. In a QW structure, the binding energy depends both on 

the well width and position of the impurity within the well*.

The intensity of PL emission and its variation with excitation intensity or temperature can 

be used to determine whether the luminescence is primarily intrinsic or extrinsic. Intrinsic 

luminescence intensity, associated with free-excitons, increases with increasing excitation 

power as more and more photo-excited carriers are generated. However, the number of 

impurity states remains constant, so that extrinsic luminescence saturates. As the 

temperature is increased the excitons bound to the impurity levels gain enough kinetic 

energy and become delocalised, resulting in a decrease of the luminescence intensity 

associated with bound-excitons. If there are no other non-radiative pathways, intrinsic 

luminescence is expected to increase with temperature while the extrinsic luminescence 

decreases. Carbon can be cited here as a good example which is inadvertently 

incorporated as an impurity during MBE growth^. It behaves as an acceptor and can trap 

a hole with a binding energy of ~ 26 meV*°. Recombination of a free electron with this 

trapped hole (eA transition) corresponds to an extrinsic luminescence peak at 1.493 eV 

(at 1 OK). When the temperature is raised, the trapped hole is released leaving carbon as 

an ionised impurity and so the intensity of eA transition drops down significantly. Carbon 

can also trap an exciton giving rise to bound-exciton emission 2-3 meV lower than free- 

exciton emission. Certain non-radiative processes, such as carrier de-trapping from the 

well, start playing a dominant role at higher temperatures resulting in a decrease of the 

luminescence intensity. For example, in GaAs/AlGaAs QWs, a strong reduction in the PL 

intensity is observed above T > 100 K". In GaAs/InGaAs QWs, this behaviour is 

observed even at lower temperatures in the range of 10 - 100 K depending upon the well 

width’̂ . This clearly has significant implications for room temperature operation of 

optoelectronic devices. However, the confinement energy of the carriers can be increased 

by growing high aluminium content cladding layers on both side of the well and the non- 

radiative loss due to thermal escape of the carriers in the barrier regions can be 

minimised. As the temperature goes up, the number of excitons satisfying the k-selection 

rule in the plane of the quantum well decreases, which also indicates an increase in the
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radiative lifetime of the carriers* .̂ The increase in the radiative lifetime of the carriers 

with temperature results in a decrease of the luminescence efficiency, as given by Eq. 

(1.38). Moreover, at high temperatures excitons dissociate into fi’ee carriers and band-to- 

band recombination dominates.

Excitonic luminescence in QW heterostructures is very sensitive to spatial and chemical 

variations within and close to the quantum well. The full width at half maximum 

(FWHM) of the PL peak is generally considered as a measure of the layer or interface 

quality. However, many factors contribute to the FWHM of the PL spectrum and great 

care must be taken in interpreting the PL emission. Here, we will discuss briefly a few of 

the important parameters which can significantly affect the QW emission.

1.4.1.1 Effect of Well Width Fluctuations.

Fluctuations in the well width change the confinement energy of the exciton and, hence, 

the FWHM of the PL spectrum. In an infinite deep well approximation, the confinement 

energy of a carrier is proportional to the square of the reciprocal of well width d (E oc 

1/d )̂. An uncertainty of Ad in the well width will, therefore, cause an uncertainty in the 

energy AE ( oc Ad/d^). Though, the infinite deep well approximation does not apply to a

real QW system, it is adopted here only for the qualitative explanation of the effect of 

well width fluctuations on the line shape of the PL spectra. If the interfaces are 

atomically fiat the exciton will see a unique value of d and the PL line will be quite sharp. 

If the well width fluctuations have a lateral extent smaller than the exciton diameter, a«x, 

the exciton gets localised and decays with a peak PL energy which represents some 

average of width variations sampled over a«. In this case a broad luminescence peak is 

observed This localisation of excitons to the trapping centres leads to a Stokes shift in 

the emission and absorption spectra. When fluctuations in the well width at the interfaces 

are larger than the exciton diameter, the exciton samples a unique quantum well 

thickness and splitting of the exciton line is observed due to large lateral islands with 

monolayer variations.
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1.4.1.2 Effect of Alloy Fluctuations.

The exciton wave function is never wholly confined to the quantum well and a part of the 

wave function penetrates into the barrier regions. The random compositional variations 

in the QW inevitably causes random variations in transition energy. The influence of such 

fluctuations on PL line width depend on what fraction of the exciton wave function 

penetrates into the barrier regions* .̂ Then it becomes obvious to think that in quantum 

wells with ternary barriers, for example GaAs/AlGaAs systems, alloy broadening would 

be most severe for narrow wells as the exciton wave function samples a larger volume of 

the barrier region On the other hand, for InGaAs/GaAs system the effect of alloy 

broadening should be more severe for wide wells.

Though PL spectra can provide a great deal of information about material quality and 

concentration of defects or impurity levels, it does not give complete information about 

the composition and width of the active region in a QW structure. A knowledge of 

emission and absorption spectra together, on the other hand, can provide a more detailed 

understanding of the quantum well material* .̂

1.4.2 Photoluminescence Excitation ( PLE )

Photoluminescence Excitation (PLE) is another important characterisation technique 

which gives information about the absorption spectra by detecting the resultant 

photoluminescence. In a PLE experiment a tunable laser source is used to excite the 

carriers (e-h pairs) in different sub-bands of the semiconductor material. At low 

temperatures, most of the excited carriers bind into excitons. Excitons associated with 

the higher lying sub-bands thermalises very quickly down to the lowest excited state by 

emission of LO phonons where some of them may decay radiatively to generate the PL. 

By tuning the laser source across different wavelengths at a constant excitation flux, the 

amount of absorption, which is proportional to the joint density of states of the electron - 

hole pairs, can be varied and the resulting PL signal reflects the efficiency of the optical 

carrier generation in different sub-bands. Thus, the shape of the absorption curve in a 

PLE spectrum reflects the step like density of states in a QW structure. This is an
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important feature of PLE which shows its ability to measure all of the inter sub-bands 

transition energies in contrast to the ground state data provided by conventional PL. 

Knowing the positions of the first two sub-band transitions fi'om the PLE spectra of a 

QW structure, it is then possible to determine the well width and its composition by 

fitting the data to a finite well model.

1.4.3 Time Resolved Photoluminescence ( TRPL )

Due to the increasing application potential of QW heterostructures for the development 

of high speed photonic devices, a proper understanding of carrier dynamics in these 

structures is very important. Time resolved photoluminescence spectroscopy is a 

standard technique employed for PL decay measurements in QW structures. The 

radiative life time, Xr, of carriers in QW structures is found to be an order of magnitude 

shorter than those observed in bulk material of comparable quality. Therefore, the gain g, 

which is proportional to the spontaneous radiative life time x , , should be improved by 

the same factor in QW lasers causing, in turn, a reduction in the threshold current* .̂ The 

reduced radiative life time of the carriers in 2D structures is explained due to the 

enhanced overlap of electron and hole wavefunctions resulting an increase in oscillator 

strength in these structures. The carrier lifetime and the recombination dynamics, 

however, depend also on the quality of hetero-interfaces and the impurity contents in the 

well and adjacent barrier layers. Therefore, it is a sensitive probe of the quality of the 

quantum well material.

In PL decay measurements, the luminescence from the sample is excited by short optical 

pulses from a mode-locked laser and the detection wavelength is fixed at the peak of the 

QW emission. The decay curve is obtained by counting the number of photons emitted in 

a given time window after the excitation. The measured PL decay time Xtoui(T) at 

temperature T is related to the radiative and non-radiative recombination times Xr, and 

Xnr, respectively, as given by Eq. (1.37). A combined analysis of temperature dependence 

of the PL decay time and the integrated PL intensity then allows one to separate the 

radiative and non-radiative recombination times’*.
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1.4.4 Cathodoluminescence ( CL )

Cathodoluminescence (CL) is a particular mode of operation of the scanning electron 

microscopy (SEM), which provides measurements with high spatial resolution for 

microcharacterisation of semiconductors. Cathodoluminescence as the name suggests is 

the emission of light as a result of electrons (‘cathode ray’) bombardment. Both PL and 

CL provide much the same information about the energy states of the sample, however, 

in the case of CL the energy dissipation volume (^ 1 pm^) is orders of magnitude smaller 

than that corresponding to PL Therefore, the intensity of the luminescence signal is low 

in CL as compared to PL However, an important advantage of CL, in addition to the 

high spatial resolution, is its ability to obtain more detailed depth - resolved information 

by varying the electron-beam energy* .̂

As stated above, the luminescence in CL technique is excited by interaction of the 

energetic electrons within the semiconductor crystal. The electrons accelerated by 

several electron volts, undergo with different scattering mechanisms with the atoms of 

the host material. The basic scattering mechanisms can be divided into elastic and 

inelastic processes. Elastic scattering of electrons with positively charged nuclei gives 

rise to high-energy backscattered electrons causing the tightly focused electron beam to 

spread out inside the crystal. However, the incident electrons may also undergo inelastic 

collisions with the orbital electrons of the host atoms. In this inelastic collision, the 

incident electron is deflected from its path by a small angle and can knock out an orbital 

electron by transferring its energy, generating an electron - hole pair. The incident 

electron undergoes a successive series of elastic and inelastic scattering events untill it 

thermalises and becomes indistinguishable from other electrons in the material. As the 

result of these scattering events within the material, the original trajectories of the 

electrons are randomised within a volume. It is, therefore, very important to know the 

exact position of the electron-beam over the sample surface and an idea of the energy 

dissipation volume to correctly interpret the CL signal. The size of the energy dissipation 

volume or so called generation volume depends upon the electron penetration range, 

which is related to the electron-beam energy Eb by the following relation
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- V ;  (1-59)

where p is the density of the material, k depends on the atomic number of the material 

and is also a function of energy and a  depends on the atomic number and electron beam 

energy. For the electron beam energy range of 5 - 25 keV and atomic numbers 10 < Z < 

15, Everhart and Hoff^ calculated the penetration range to be

(1.60)
V p  ;  

where p is in g/cm^ and Eb is in keV.

CL is more suited for layer characterisation grown on patterned substrates as its high 

spatial resolution allows a direct comparison of the relative luminescence efficiency of 

small regions (such as ridge top) as well as mapping of the emission wavelength as a 

function of distance from the ridge side walls.

1.5 Optical Devices

The ability to fabricate quantum well structures with very smooth interfaces, has given 

rise to the invention of many optical devices with superior performance in standard 

applications or with new functionalities. Quantum confinement of charge carriers in these 

structures greatly modifies their optical properties which leads to many interesting 

applications in the field of optoelectronics. In this section, we discuss briefly a few of the 

important properties of these quantum well devices, particularly lasers, modulators and 

segmented contact devices which allow integration of multifunctional components on a 

single substrates.

1.5.1 Quantum Well Lasers

Semiconductor laser action relies upon the interband recombination of charge carriers 

and subsequent liberation of photons. In a conventional double heterostructure (DH) 

laser, as shown in Figure 1.3, an active layer of semiconductor, of about 0.1 pm to 0.3 

pm thickness, is sandwiched between two higher-gap cladding layers. A p-n junction is
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formed and, under forward bias conditions, electrons and holes move towards the active 

region where they recombine radiatively, giving rise to photons of energy equal to the 

bandgap of the active region. However, these photons can also be absorbed through a 

reverse process that generates electron-hole pairs. When the current through the junction 

exceeds a critical value, a condition known as population inversion is achieved in which 

the rate of photon emission exceeds that of absorption resulting in stimulated emission 

in which the emitted photon has exactly the same energy and momentum as the incident 

photon The semiconductor material is then able to amplify the electromagnetic radiation 

and is said to exhibit optical gain. A Fabry-Perot (FP) cavity is formed by the cleaved 

facets of the semiconductor material which provides the optical feed back to build up the 

necessary photon density within the cavity for stimulated emission. The optical feed back 

is strongest for those wavelengths of electromagnetic radiation which correspond to one 

of the longitudinal modes of the cavity.

Electrons
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(AlGaAs)
p-AIGaAs 

GaAs

n-AlGaAs

Bottom
contact

Figure 1.3 : Schematic of (a) a GaAs/AlGaAs DH laser, (b) corresponding band 
diagram and spatial mode profile of the emitted light.

In a quantum well (QW) laser the thickness of the active region is much smaller than in a 

DH laser and is usually of the order of -  10 nm. When the thickness of the active region 

in a DH laser becomes comparable to the de Broglie wavelength (k = h/p), quantum-
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mechanical effects are expected to occur. As a consequence, motion of the carriers 

perpendicular to the growth plane gets quantised giving rise to discrete energy levels and 

leading to a step like density of states function. A QW laser therefore has a larger density 

of states near the bandedge and so it is harder to achieve inversion as compared to a DH 

laser. However, for the same reason the gain in a QW laser is much greater than a DH 

laser. Therefore, for the same gain threshold current is much smaller in a QW laser as 

compared to a DH laser.

The medium gain gü, at threshold in a FP cavity is obtained by applying the condition for 

self sustained oscillations, which states that the optical wave intensity after a round trip 

in the cavity must be equal to its initial amplitude^V This is conveniently written as

IqRiR; exp[(rgu, -  a J2L] = I, (1.61)

where T is the optical confinement factor representing the fraction of the light confined 

into the active region. The total internal loss coefficient a, used in Eq.(1.61) includes all 

sources of loss and in more general terms it can be written as

“ i = T a .+ (l-r )a ,+ a „ „  (1.62)

where a , is the loss term in the active region mainly associated with free carrier 

absorption, etc, represents losses in claddings on both side of the active layer and Ogcat. is 

the scattering loss at heterostructure interfaces. Eq. (1.61) can be rewritten in the form

r g . = a . + ^ l n ^  (1.63)

In QW lasers with very thin active layer, F can become very small (F oc W )̂. As a result, 

the optical wave is less confined in the active layer and most of the wave function leaks 

into the barrier regions. The confinement factor can be significantly increased using the 

separate confinement heterostructures (SCH) scheme. In SCH, the optical confinement is 

provided separately by a set of optical confining layers on either side of the QW while 

the carrier confinement still occurs in the well.

1.5.1.1 Gain and Threshold Current Density

An expression for gain in a semiconductor laser can be derived using standard time- 

dependent perturbation theory and Fermi’s golden rule, as
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g(E )= .  fM V i(E X n (E )-f.(E -E .))d E  (1.64)

where n, is the refractive index, M is the interband matrix element, p,(E) is the joint 

density of states of conduction and valence band states separated by the transition energy 

Et ( = E1-E2 = hv ). For a given current injection, ^(E) and fv(E) are the values of the 

Fermi - Dirac distribution functions in the conduction and valence bands, respectively. 

Equation (1.64) can be written in a more simple form as^

g(E) = a „ (E X f,(E )-f ,(E -E .))  (1.65)

where Oo(E) is the absorption loss of the unpumped medium. In non-degenerate 

semiconductors under equilibrium, the Fermi level lies within the bandgap with ^  = 0 and 

fv = 1, the gain is negative and material is lossy due to absorption. In the case of a fully 

inverted system fc = 1, fv = 0, the gain is equal to the loss. Therefore, in order to achieve 

net gain, the material need to be pumped such that f g ( E ) - f y ( E - E j ) 0 .  This is the

Bernard - Durrafourg condition^. Substituting the relevant expressions for fè and fv, this 

can be expressed in terms quasi-Fermi levels for electrons in the conduction band and for 

holes in the valence band as

Epc -E p v  >Ej.  (1.66)

For the net gain to be positive, therefore, the separation between quasi-Fermi levels must 

exceed the energy of the emitted photons as shown in Figure 1.4. This condition can also 

be used for deriving the gain - current relation using Eq. (1.64). Under the steady state 

conditions, the relation between the carrier density and injection current can be written as 

J/e = NW/t , where N is the injected carrier density, W is the width of the active region 

and the recombination time x is assumed constant. Spectral gain curves and the variation 

with injected carrier densities for DH and QW lasers are shown in Figure 1.4. It can be 

seen that for energies less than the bandgap, there are no transitions and at very large 

energies the injected current will not greatly influence the occupancy of the electron and 

hole states so that the gain will be negative. In 3D case, as the injected carrier density 

increases, the separation between quasi-Fermi levels also increases resulting in an 

increase of the maximum gain, gm« The gain peak also moves towards higher energy for 

higher carrier densities, making all other carriers at energies below that of gm» ineffective 

in contributing to the gain. However, in the case of QWs, due to the step like density of
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states function, there is larger number of carriers at the sub-band edge which contribute 

to the gain at its peak Therefore, the spectral gain curve has a steeper slope in case of 

2D as compared to 3D case. However, the gain saturates at a given finite value when the 

electron and hole states are fully inverted, whereas gmax never saturates in 3D due to 

filling of an ever increasing density of states. The peak gain, gmax, almost varies linearly 

with injected carrier density and can be written as

8m« =g = A(J-Jo)  (1.67)

where A is the differential gain and Jo is called transparency current density.

E=E,-Ej=hv

g

E
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Figure 1.4 : Graphical presentation of (a) Bernard - Durrafourg condition for 
stimulated emission, (b) build up of gain in a DH laser (top) and in a QW laser 
(bottom), and (c) variation of peak gain as a function of injected carrier density 
in a DH (top) and QW (bottom) lasers.

Combining Eqs. (1.63) and (1.67) an expression for the threshold current density can be 

deduced, which is given by

1 a . + ^ l n
VR1R2/

( 1.68)

where r|i is the internal quantum efficiency and represents the fraction of the carriers 

recombining radiatively. The quantum efficiency approaches unity for good 

semiconductor lasers. In DH lasers, the threshold current density decreases by decreasing



44 GROWTH ON PATTERNED SUBSTRATES

the width of the active region. However, below a critical thickness (about 1000 A for 

GaAs), the last term in (1.68) increases dramatically as the confinement factor diminishes 

very fast due to its quadratic dependence in comparison to slight increase in the 

differential gain. As a result the threshold current density increases. As discussed earlier 

in section 1.5.1, the confinement factor F can be optimised in QW lasers, using the 

separate confinement heterostructure scheme, and can be made independent of active 

layer thickness. However, for very thin wells the quantised energy levels within the well 

are pushed up and some carriers may spill over into the optical confining layers resulting 

in an increase in the threshold current density. Therefore, minimising the threshold 

current density in QW lasers require optimisation of various design parameters. Use of 

graded index separate confinement heterostructures (GRIN-SCH), where the 

composition of the optical confining layers is graded between low and high levels, 

increases the carrier capture efficiency within the well which has a favourable effect on 

the threshold current density.

Owing to the gain saturation effect in QW lasers, due to the step like density of states, 

there exists an optimum number of QWs for minimising the threshold current for a given 

total loss atoui- In a multiple quantum well (MQW) laser consisting of N wells, assuming 

the carrier density in each well is constant, the modal gain Fg* can be increased by N 

times the modal gain of a SQW laser̂ '*. Consequently the gain saturation effect can be 

avoided by increasing the number of wells although the injected current to achieve this 

gain also increases by the same factor. The choice of using a MQW or a SQW laser 

depends very much on the total loss within the system. For a low loss system the use of 

SQWs will require minimum injection current to achieve the necessary gain. Whereas for 

high loss system, the use of MQW is preferable because the gain stems fi’om the steeper 

part of the gain - current curve instead of saturated part of the SQW gain curve.

1.5.1.2 Effects of Strain

It is an overwhelming requirement in every semiconductor laser to reduce the threshold 

current density as low as possible and to reduce the injected carrier density required for 

achieving transparency. In a III-V semiconductor QW laser the ratio of density of states 

between valence and conduction band is proportional to m*/m* where m*is the light
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conduction band mass and m* is the heavy valence band mass. Due to asymmetry in the 

effective masses of the electron and hole, the density of states is much greater in the 

valence band than that in the conduction band. When the carrier injection level is 

increased, the quasi-Fermi level for electrons, E fc ,  moves much faster into the 

conduction band, even before the quasi-Fermi level for holes, E fv ,  has reached the 

valence band edge This requires, roughly, more than double the injection level for 

achieving transparency in comparison to the ideal situation of equal density of states in 

conduction and valence bands. This situation is even worse in case of the bulk 

semiconductors where the ratio of density of states function is proportional to

If a thin layer of a semiconductor with different lattice constant than the substrate is 

grown then the lattice mismatch is accommodated by the tetragonal distortion of the 

overgrown layer producing built in strain in the system. For example, when a layer of a 

semiconductor with lattice constant larger than the substrate material is grown, the layer 

is compressed in the growth plane and relaxes by expanding along the growth direction. 

As long as the thickness of the mismatch epilayer is below a critical thickness, the strain 

produced is uniform and no misfit dislocation are produced. In III-V semiconductors, 

this built-in strain destroys the cubic symmetry of the lattice and removes the degeneracy 

of heavy-hole and light-hole bands. An important consequence of this splitting is that the 

effective mass of holes, and hence the density of states at the valence band-edge 

decreases dramatically as a function of strain The reduced hole mass allows the inversion 

condition to be reached at a lower injection density. This effect was originally proposed 

by Adams^^ who pointed out three main advantages, reduced current density to achieve 

inversion, reduced intervalence band absorption, and reduced Auger recombination, 

respectively, due to valence band modification by growing a strained layer of InGaAsP 

on GaAs. Yablonovitch and Kane^  ̂have demonstrated, by their numerical calculations, a 

considerable reduction in the valence band effective mass in the plane of the active layer, 

under biaxial compression, and have predicted threshold current density as low as 10.0 

A/cm  ̂under ideal circumstances.

The total strain in a strained system can be resolved into a purely axial component and a 

hydrostatic component. The axial component greatly modify the valence band structure 

of a III-V semiconductor by shifting the light and heavy-hole states at the valence band
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maxima. Under biaxial compression, the upper valence band has the heavy-hole character 

along the growth direction, ki, whereas, it has comparatively light-hole character parallel 

to the growth plane, kn. However, the nature of splitting is reversed for tensile strain. 

The effect of strain on band structure of a III-V semiconductor is shown in Figure 1.5̂ .̂ 

It is the in-plane effective mass of the hole which determines the density of states and 

hence, optical gain and threshold current density whereas the effective mass along the 

growth direction determines the confinement energy in a strained quantum well 

heterostructure. The hydrostatic component does not change the symmetry of valence 

band states. Its main effect is to change the overall bandgap. The combined effect of both 

components of strain can be written in terms of the hydrostatic deformation potential a 

and the tetragonal shear deformation potential b aŝ *

AEy, = - 2 a s
c„

+ be

-  be

^C „+ 2C „^
C„

C,, + 2C,2
Cn

(1.69)

(1.70)

where AEhh and AEu, represent the shift in the heavy - hole and light - hole valence band 

edge with respect to the conduction band edge respectively, Cÿ are elastic coefficients, 

and the strain is given by

Aa.
e = ± (1.71)

where ao is the lattice constant of the substrate material. The sign in Eq.(1.71) is chosen 

to be positive for biaxial compression and negative for biaxial tension.

In a bulk unstrained semiconductor, the valence band states are equally distributed 

between p%, py and p% states at the band edge and only one third of them can recombine 

to emit light along the laser cavity with the required polarisation. However, by 

introducing the uniaxial strain, cubic symmetry of the lattice is disturbed which changes 

the relative energies of p%, py and p% states. This can be used to selectively engineer the 

states at the top of the valence band so that almost all the injected holes are in states of 

correct symmetry to take part in the lasing action. Both the reduced density of states and 

the improved symmetry of states at the valence band maxima leads to a considerable 

reduction of the threshold current density in strained semiconductor lasers^ .̂
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Another important effect of introducing strain in semiconductor lasers is control over 

polarisation of the emitted light^ .̂ Emitted light is TE or TM polarised depending on 

whether the electron combines with heavy or light-hole. Valence band states are four fold 

degenerate at the band maxima and are described by Eqs.(l.S) and (1.6) in section 1.2. 

Electrons recombining with y-like and z-like valence states contribute to TE and TM 

gain, respectively while electrons recombining with x-like states contribute only to 

spontaneous emission. Averaging over all the states results in equal contributions to light 

polarised along the three directions. However, in a strained layer structure, this four fold 

degeneracy is broken and ±3/2 states dominate recombination under biaxial compression, 

while ±1/2 states dominate recombination under biaxial tension. The ±3/2 states have no 

z-like component so that TE gain will be enhanced relative to TM gain under 

compressive strain. Conversely, ±1/2 states have 2/3 z-like character so that TM gain 

will be enhanced under tensile strain.
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Figure 1.5 : Band structure of a direct-gap III-V semiconductor under 
(a) biaxial compression, and (b) biaxial tension. Note that under 
biaxial compression, the upper valence band has a heavy-hole 
character along the growth direction while it shows light-hole 
character in the growth plane. The band splitting is reversed in the 
case of biaxial tension.
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The InGaAs/GaAs strained layer system is limited to biaxial compression. The 

compressive strain in this material system have two-fold effects, enhanced TE gain and 

reduced transparency current density as a result of reduced in-plane valence band 

effective mass. Both of these effects are favourable in reducing the threshold current 

density. The InGaAs/InP strained layer system allows for both biaxial compression and 

tension. From the above discussion, it would appear that biaxial compression is to be 

preferred because , even though TM gain will be enhanced under biaxial tension, little or 

no reduction in transparency current density is expected due to heavy - hole nature in the 

plane of the well.

1.5.2 Optical Modulators

In optical communication systems, the information content is first coded by modulating 

the light output from a laser before it is transmitted through a fibre. A semiconductor 

laser can be modulated directly up to few giga hertz simply by modulating the injected 

current. However, the direct modulation of semiconductor lasers has many drawbacks 

including an upper limit to the modulation frequency and introduction of ‘chirp’ which 

shifts the laser frequency due to variations in the refractive index within the cavity. One 

way of overcoming this problem is to use an external modulation scheme. In external 

modulation, the light output from a laser is passed through a material whose optical 

properties can be modified by external means. Depending upon the means used, one can 

have electro-optic, acousto-optic, or magneto-optic modulators. The electro-optic effect 

is most widely used for high speed applications and will be discussed in brief in this 

section.

The optical absorption spectrum of bulk semiconductors, as well as of QW structures, 

radically changes by the application of electric field̂ ®. The applied electric field tilts the 

band structure of the material and as a result an electron can tunnel fi'om its bound state. 

In bulk semiconductors, the absorption edge is red shifted due to the fact that absorption 

can occur below the band edge in the forbidden gap where electron and hole wave 

functions still have some overlap in evanescent tails. However, for large electric fields, of 

the order of a few times the classical ionisation field, the excitonic resonance is severely
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broadened because the electron and hole wave functions have diminished spatial overlap 

and exciton dissociates at higher field. The field ionisation drastically reduces the exciton 

life time and the shift in the absorption edge is limited to ~ 10% of the binding energy. In 

bulk semiconductors, this effect is known as the Franz - Keldysh effect  ̂\

In quantum wells, application of the electric field perpendicular to the plane of the well, 

pulls the electrons and holes toward opposite side of the well where they are prevented 

from tunnelling out of the well due to the presence of potential barriers. Electron and 

hole wave functions collapse only on opposite sides of the well and still have enough 

overlap to retain large oscillator strength. In addition, exciton resonances remain well 

resolved even up to fields 50 times greater than bulk semiconductors and the shift can 

exceed the exciton binding energy This is known as Quantum Confined Stark Effect^  ̂
(QCSE) and is shown in Figure 1.6.
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Figure 1.6 : Schematic of the effect of electric field on the band 
structure of (a) bulk semiconductor, and (b) a quantum well.

An optical modulator utilises the QCSE to induce changes in the absorption coefficient 

so as to control the intensity of the transmitted light. If a light beam of photons having an 

energy tuned below the exciton resonance, when no electric field is applied, is passed
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through a QW structure, it will experience very small or zero absorption. The application 

of the electric field, however, will shift the exciton resonance peak to low energies, 

resulting in an increase of absorption. The transmitted light intensity, therefore, can be 

modulated by varying the applied field. The external field is typically applied through a p- 

i-n geometry with the absorption changes occurring in the intrinsic region. Large electric 

fields can be applied conveniently by incorporating the MQWs in intrinsic region^ .̂ 

However, care should be taken with the doping profile to ensure that the field across 

each well is the same. The speed of a modulator is limited by the RC time constant of the 

circuit which determines the on-off ratio of the transmitted signal intensity. High on-off* 

ratio is a desirable feature for a device capable of high speed operation. Modulators with 

high speed (over 40 GHz) and on-off contrast ratio over 20 dB have been 

demonstrated '̂*. Such a large contrast ratio is possible because of the large interaction 

length, which can be obtained employing a waveguide structure. The great advantage of 

these devices is the possibility of their integration with other devices, such as lasers, on 

the same chip constituting a segmented contact structures where each section can be 

biased separately to perform individual function.

1.5.3 Split Contact Devices

Split contact devices consisting of integrated lasers, modulators, detectors or passive 

wave guides are suitable for many interesting applications in the field of optical 

communication and optical data processing. Fabrication of these devices often require 

selective area control of the bandgap or refractive index of the semiconductor material in 

adjacent regions. This has been achieved using various approaches including quantum 

well intermixing^  ̂by ion implantation or simply segmenting the laser cavity into two or 

more sections where each section is being pumped by different current densitieŝ *̂ . Either 

way one can conveniently introduce a saturable absorber section within the cavity made 

from the same material as the active medium of the laser. The part of the cavity which is 

pumped with high current injection (high carrier density) acts as an amplifier while the 

unpumped segment or the segment pumped with low current density acts as an absorber. 

The built-in absorber in multi-segment lasers plays a crucial role in different applications 

utilising the highly sublinear nature of the quantum well gain characteristic. In this
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section, we will discuss particularly the wavelength tunability of these devices and 

generation of ultra short pulses making use of passive mode-locking.

1.5.3.1 Wavelength Tuning

Consider a generic device geometry of a two section split contact laser as shown in 

Figure 1.7. The laser cavity is split into an amplifying (gain) section of length L, and a 

less excited absorbing section of length Lb. Assuming, the two sections are pumped with 

different current densities and have uniform carrier densities n, and the shift in the 

lasing wavelength as a result of change in average electron density («) along the length 

of the cavity can be written aŝ ^

A«y«w = , (1.72)

where the assumption has been made that the change in the refractive index of the optical 

mode is proportional to the change in the carrier density within the cavity. Furthermore, 

when the device is above lasing threshold, the sum of the optical gain of the two sections 

is clamped at a constant value, gth, equal to the cavity loss. The condition can be simply 

written as

= g,h ■ (1 7 3 )

If the gain in one section is increased by varying the injection current, then the gain in the 

other section adjusts itself in such a way that the condition (1.73) is always satisfied 

which leads to large variations in the average carrier density within the cavity as given by 

Eq.(1.72). The tuning range of the emission wavelength largely depends upon the 

geometry of the device. To achieve the maximum tuning range, the longer section (active 

region) is biased at just above the transparency while the other section is operating at or 

near the maximum gain.

Williams^* et al have examined the threshold current dependence upon unpumped length 

in partially pumped InGaAs/AlGaAs GRIN-SCH lasers. They have shown that the 

threshold current increases with length of the unpumped section of a two section laser in 

which only one section is pumped. Devices consisting of 160 pm long pumped section 

and unpumped section of different lengths were tested. Two sections were separated by 

140 pm wide bare semiconductor and pad to pad isolation resistance was measured to be
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40 kfl For zero length of the unpumped section, threshold current was measured to be 

10 mA which increased linearly with a rate of 12 pA/pm reaching a level of 28 mA for 

an unpumped length of 1500 pm. Accompanying the increase in laser threshold current, 

they have also reported a red shift of the lasing wavelength. The linear variation of 

threshold current was explained as being due to the extra current required to saturate 

band-to-band losses in the unpumped section. The extra carriers required to saturate 

losses increase the peak gain and the wavelength at which the gain spectrum equals the 

cavity losses is shifted to lower energy. Once complete saturation of the losses occur in 

the passive section, the red shift will then be relatively independent of the length of 
unpumped section.

n.
 ̂ I. ^

BthIr
/ n. n̂ % n

Figure 1.7 : Generic device geometry of a two section split contact 
laser for wavelength tuning, ĝ  and n̂  are the threshold gain and the 
corresponding electron density.

The wavelength dependent losses in the absorber section can be reduced by electrically 

pumping the previously unpumped section while keeping the current in the gain section 

fixed Thus one can expect a blue shift in the lasing spectrum. Williams^* et al have
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reported a blue shift of 6 nm using current injection into the previously unpumped 

section and have demonstrated the wavelength tunability of these devices.

1.5.3.2 Passive Modelocking

A split contact laser consisting of a gain and a very thin absorber section at one end of 

the cavity, can be very conveniently used to generate sub-picosecond pulses through 

passive mode-locking^^*' .̂ Passive mode-locking is achieved by modulating the losses 

within the laser cavity at the round trip frequency. The basic mechanism in nearly all 

passively mode-locked semiconductor lasers is of pulse shortening during transmission 

through a saturable absorber. Early theory of passive mode-locking was concerned with 

pulse formation in Q-switched lasers. Much of the early work was focused on 

understanding the role of the gain and absorber dynamics in the mode-locking process. 

Theory of mode-locking with a fast saturable absorber was first analysed by Haus^\ 

Later, building on the analysis of New^ ,̂ Haus^  ̂obtained a closed form solution for the 

pulse shape for the case of slow saturable absorber which has a long relaxation time 

compared with the pulse duration.

The basic mechanism of passive mode-locking with slow saturable absorber is illustrated 

schematically in Figure 1.8“*̂. The time dependent gain and absorption loss functions 

vary, as an optical pulse pass through the cavity. Before the arrival of the optical pulse, 

the loss and gain both are approaching their steady state values, the loss being larger than 

the gain. The leading edge of the pulse thus experiences loss. Saturation of loss then 

occurs and the central part of the pulse get amplified. In order to achieve symmetrical 

pulses, saturation of gain is required so that the trailing edge of the pulse will also 

experience loss. If the recovery time of the absorber is faster than that of gain section, 

then the loss will remain greater than the gain everywhere except near the peak of the 

pulse. This also ensures that the spontaneous emission does not build up between pulses. 

The unsaturated gain needs to be greater than the unsaturated loss so that laser 

oscillations can build up when the laser is turned on. This means that on each round trip, 

the leading and trailing edge of the optical pulse get attenuated while the central peak 

part is amplified due to combined action of gain and loss saturation. Slow saturable
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absorption in conjunction with gain saturation, therefore, lead to net pulse narrowing on 

each round trip. In the steady state, this narrowing of the pulse is balanced by other pulse 

broadening mechanisms such as self phase modulation and group velocity dispersion^^

— Unsaturated gain 

 .Unsaturated loss

Loss
Saturable loss

Gain
-  Unsaturable loss

Time

Output pulses

Time

Figure 1.8 : Gain and loss dynamics for passive mode - locking with a 
slow saturable absorber.

From the above discussion, one can deduce the following two conditions'^ for passive 

mode-locking to be stable with slow saturable absorbers used in semiconductor laser 

systems

( i ) The absorption of the saturable absorber must saturate at lower energy than the gain 

of gain medium i.e. ( Esat)o > ( E t̂jA , where E t̂ is the saturation energy of a material 

defined as

hvA (1.74)

where v is optical frequency, A is the mode cross-sectional area and dg/dn is the 

differential gain with respect to the carrier density.

( ii ) The saturable absorber must quickly recover to the large absorption state after the 

passage of the optical pulse, i.e.

T^<T„ (1.75)

where Xa and Xq are the life times of the absorption and gain saturation effects 

respectively.
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Since the absorption recovery time sets an upper limit on the achievable repetition rate, 

fast recovery of the saturable absorber is desirable for achieving high repetition rates. 

The very fast recovery of saturable absorber is also thought to be responsible for 

suppressing multiple pulse formation induced by imperfect antireflection coatings^ .̂ A 

waveguide saturable absorber, which has a very fast recovery time, can be conveniently 

introduced by reverse biasing the short segment of a two section split contact QW laser. 

The gain within the cavity is provided by forward biasing the longer section. The reverse 

biased laser segment also behaves as waveguide photodetector. The incoming optical 

pulse saturates the absorption and bleaches the short segment. After the passage of the 

optical pulse through the absorber, the electric field in the photodetector sweeps the 

carriers out of the active region and returns the segment to a high attenuation state. An 

absorption recovery time as low as 15 ps have been reported^* in waveguide saturable 

absorbers, which suggests that very high frequency mode-locking (e.g. up to 100 GHz) is 

possible. Experimentally, semiconductor lasers have been passively mode-locked with 

repetition rates as high as 350 GHz using a monolithically integrated waveguide 

absorber'* .̂ Such a high repetition rate was achieved by using a colliding pulse mode- 

locking (CPM) scheme in strained multi-quantum wells GRIN-SCH lasers. The pulse 

shaping is more effective with the CPM configuration because there are two counter - 

propagating pulses added coherently to saturate the absorber and only one pulse to 

saturate the gain section. In another report*® on GaAs/AlGaAs devices using an intra

cavity absorber, pulses as short as 2 ps, with repetition rate above 100 GHz, have been 

experimentally observed.

1.6 C onclusions

Optical properties of bulk III-V semiconductors and low dimensional structures have 

been reviewed. It has been shown that the quantum confinement of electrons and holes in 

artificial low dimensional semiconductor structures greatly modifies their electronic 

properties which has an important impact on the performance of high speed 

optoelectronic devices. General optical characterisation techniques and their importance 

in determining particular luminescence behaviour have been discussed. Use of a quantum 

well structure and its particular advantages such as low threshold current density, high
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efficiency, high differential gain, make it structure of choice for many optoelectronic 

devices. The operation of quantum well lasers and modulators, particularly, have been 

discussed considering their fundamental as well as practical aspects. Split contact devices 

and their particular use in wavelength tuning and generation of ultrashort pulses by 

passive mode-locking have been discussed. A novel technique of * Growth on Patterned 

Substrates’, which has been pursued in this project and has proven to be a very 

convenient way for optoelectronic integration of multi-functional devices, will be 

discussed in detail in Chapter 3.
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Epitaxial Growth of III-V Compound 

Semiconductors

2.1 Introduction

Investigations of the exciting electronic and optical properties of low dimensional 

semiconductor structures became possible only after the evolution of new epitaxial 

growth techniques which allow monolayer control in the chemical composition of the 

growing crystal. Since the pioneering work of Esaki and Tsu\ many growth techniques 

have been developed to fabricate routinely layered semiconductors of high structural 

performance. Hétéroépitaxial crystal growth techniques such as molecular beam epitaxy 

(MBE)^ and metal-organic chemical vapour deposition (MOCVD)^, with their ability to 

grow high purity heterostructures with sharp interfaces and precise control on doping 

profiles, are being widely used to grow quantum confined structures for fundamental 

research and for device applications. The introduction of gas sources for both group III 

and group V elements into the growth chamber has contributed to the increasing 

versatility of MBE. Chemical beam epitaxy (CBE/ has recently emerged as a new 

growth technique using gas sources for the preparation o f III-V compounds. The sources 

used in CBE are group V hydrides and group III alkyls. Very high quality materials, 

particularly phosphorous containing ternary and quaternary III-V compounds, with good

59
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compositional uniformity have been grown by CBE. In addition, CBE has shown its 

usefulness in selective epitaxy of InP based heterostructures using dielectric masks.

In this project, GaAs based quantum well structures and devices were grown using 

elemental source MBE whereas InP based structures were grown using CBE at the 

Institute for Microstructural Sciences, National Research Council, Ottawa Canada. This 

chapter describes briefly the main aspects of the different epitaxial growth techniques.

2.2 Molecular Beam Epitaxy (MBE)

Molecular beam epitaxy (MBE) is one of the most important epitaxial techniques, which 

allows layer-by-layer deposition of custom-designed microstructures in a two- 

dimensional (2D) growth process. The ability to start and stop a molecular beam in times 

less than the deposition time for one monolayer has led to the ability to grow complex 

multilayer structures in a reproducible manner with precise control on the layer thickness 

and composition of alternating layers. Moreover, the monocrystalline pattern of the 

lattice unit in successive layers continues without disruption or distortion across the 

interfaces between the layers.

2.2.1 The Growth Process

The basic growth mechanism in MBE growth of III-V semiconductors consists of a co

evaporation of the constituent molecular species of the epitaxial layer and of dopants on 

to a heated substrate in an ultra high vacuum (UHV) conditions^. The UHV environment 

is necessary to maintain the partial pressure of unwanted species as low as possible and 

ensures that collision-free molecular beams fi'om various sources interact chemically on 

the substrate surface and, unlike in MOCVD, no gas phase collisions occur to form a 

high purity epitaxial film. A schematic diagram of the growth chamber in a conventional 

MBE machine is shown in Figure 2.1(a). The walls of the growth chamber are usually 

surrounded by liquid nitrogen shrouds. They fulfil two requirements, the first is to reduce 

the arrival rate of unwanted impurities by reducing the desorption rate of surface species.
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The second function is to dissipate heat associated with the substrate heater and to 

prevent thermal cross-talk between source cells operating at different temperatures. The 

molecular beams are produced by evaporation or sublimation from heated liquids or 

solids contained in specially designed cells. These source cells, which are also called 

Knusden cells, have a crucible made from pyrolytic boron nitride which can be typically 

heated upto 1400°C. The crucible, as shown in Figure 2.1(b), is surrounded by heater 

wires and outside the heater are multiple radiation shields. At one end of the crucible, a 

thermocouple is welded to measure the cell temperature whereas the other end has a 

small recessed orifice from which the material efruses. The source cells are cooled by 

continuous water flow. The composition of the layer and its doping level depend mainly 

on the relative arrival rates of constituent elements which in turn depend on the 

evaporation rates of the respective sources. The flux, F, of molecules from a Knusden 

source reaching the substrate is given by^

where P is the pressure in the source in Torr, A is the area of the orifice in cm ,̂ L is the 

distance from the orifice to the substrate in cm , M is the molecular weight and T is the 

absolute temperature. Due to very low background pressure (10^ Torr) inside the 

growth chamber, collision free molecular beams, with mean free path exceeding the 

source to substrate distance, are produced. Simple mechanical shutters in front of the 

effusion cells are used to interrupt the beam fluxes in order to start and stop deposition 

of the growth species on the substrate. To ensure the uniformity of the thickness and 

composition of the grown layers across the whole wafer, the substrate holder is rotated 

during growth, ideally once per monolayer of material deposited.

In MBE, the crystal growth occurs in two steps. In the first step incident atoms stick to 

the crystal surface then in the second step they can move on the surface to the point of 

incorporation into the crystal. These steps depend upon many parameters including the 

nature of growth species, substrate temperature, and orientation of the crystal surface. 

The slow growth rate 1 pm/h ) ensures the dissociation and migration of the 

impinging species on the crystal surface without incorporation of defects. At low 

temperature, the motion on the surface is slow, and rough or noncrystalline growth may
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occur. At high temperatures, surface desorption of the growth species may dominate 

leading to surface roughening In addition, at high temperatures, interlayer diffusion may 

also occur degrading the quality of the grown material. But at the ideal temperature, on 

the other hand, lateral motion occurs to atomic step edges where the atom is bound. The 

crystal surface may be strongly smoothed at the atomic level because growth proceeds 

more rapidly forming a minimum energy configuration on the surface. Various conditions 

affecting the growth behaviour of III-V semiconductors will be discussed in detail later in 

this section.
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2.2.2 Growth Dynamics

A unique feature of MBE is its ability to monitor in-situ surface crystallography and 

growth kinetics using reflection high energy electron diffraction (RHEED) system^. In a 

typical RHEED system, high energy electrons from an electron gun are targeted at a 

small glancing angle of about 1° to the substrate surface and the resulting diffraction

patterns, mostly taken in the 1̂ lOjand [110] azimuths of (001) oriented substrates, are

obtained on a fluorescent screen. The observed diffraction patterns from the topmost 

layers give important information about the topography and surface structure of the 

deposited material. During growth, the surface of most polar semiconductors undergoes 

reconstruction. The reconstructed surface exhibits reduced symmetry relative to the bulk 

which can be assessed in RHEED patterns by the presence of additional features at 

fractional intervals between the bulk diffraction streaks. These are correlated to the 

surface stoichiometry and thus directly to the growth conditions (such as substrate 

temperature, V/III flux ratio). In early studies of MBE growth on (001) oriented GaAs 

substrates®, a relation between the growth conditions and the surface structure was 

established. At relatively low substrate temperatures over a wide range of fluxes, a (2x4) 

reconstructed surface was observed. In this structure two-fold and four-fold periodicities

are observed with the electron beam incident along the [110] and [l lO] directions,

respectively, and is associated with an arsenic stabilised surface. At higher substrate 

temperatures, however, a Ga-stabilised (4x2) surface reconstruction was observed with 

the two-fold and four-fold directions being reversed.

The study of the growth dynamics in MBE processes has been made possible only after 

Harris et al’ reported for the first time the existence of damped periodic oscillations in 

the intensity of all features of the RHEED diffraction patterns. They found that the 

period of these oscillations corresponds exactly to the time taken to deposit a single 

monolayer of GaAs and also that the period did not depend on the growth temperature. 

Neave et af° explained the oscillatory intensity response as a result of the changing 

surface topography associated with the two dimensional Tayer-by-layer growth mode’. 

The existence of the periodic oscillations in RHEED patterns can be explained by the
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formation of 2D islands which increase their size with time and finally coalesce to form 

a complete monolayer. The peaks of these oscillations correspond to complete 

monolayer coverage (maximum reflectivity) of the crystal surface. The amplitude of 

oscillation starts decreasing fi*om a maximum with the formation of the following lattice 

plane with statistically distributed 2D islands and reaches its minimum for half layer 

coverage (minimum reflectivity). When the coverage is further increased the islands 

coalesce more and more and reflectivity reaches maximum again at the completion of 

the lattice plane. However, if  the growth is performed at elevated temperatures, the 

growth mode changes fi-om ‘island mode’ to ‘step propagation mode’ in which the step 

edge acts as the major sink for diffusing adatoms and no 2D nucléation on the terrace 

occurs. Since RHEED intensity oscillations occurs as a result of 2D nucléation, they 

will be absent in this growth mode. This growth behaviour was experimentally verified 

by Neave et al", who suggested that the transition fi’om island growth to step 

propagation occurs when the surface diffusion length of the incident species equals the 

separation between atomic steps on the surface. They have further reported that if 

growth conditions are varied to the point where the surface diffusion length of the 

growth species become less than the separation between atomic steps, 2D nucléation 

will occur on the terraces and oscillations \vill be observed again in RHEED patterns.

Simple island growth, in which islands grow laterally and merge to complete the 

monolayer before the next monolayer begins, results in undamped RHEED oscillations. 

However, generally a complicated growth mode exists that begins as island growth but, 

before the first set of islands have completely merged, the next set of islands begins to 

form. After several monolayers of growth this leads to a situation where island growth 

occurs simultaneously on a number of steps which are no longer in phase. When the 

growth front has evolved to this point, the surface remains atomically rough at all times 

during the growth rather than oscillating between smooth and rough, so the RHEED 

oscillations damp out. Similarly, the recovery of the RHEED intensity oscillations 

following a growth interruption has been identified with the expansion of the mean 

terrace width of the surface and hence a reduction of the surface step density.
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Typical RHEED oscillations are shown in Figure 2.2 as observed during the growth of 

GaAs/AlGaAs layers’̂ . Two distinct pattern of oscillations with different periods can be 

seen. The first pattern with a period of oscillation of 1.72 s corresponds to the growth of 

an AlGaAs layer. After the growth of the AlGaAs layer, the aluminium shutter was 

closed for the growth of GaAs. RHEED oscillations for the growth of GaAs show a 

slower growth rate of 1.08 monolayers per second.

2^
m
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Figure 2.2 ; RHEED oscillations obtained during the MBE growth of AlGaAs 

(faster oscillations) and GaAs (slower oscillations). After reference 8.

2.2.3 Growth of III-V Compounds

In MBE growth of III-V semiconductors, the group III elements are generally supplied 

as monomers by evaporation from their respective liquid sources. Because of their 

relatively low vapour pressure (less than 10"̂  Torr), the group III elements have unity 

sticking coefficient over most of the temperature range used for film growth. The group 

III species will, therefore, have a low probability of desorption or re-evaporation from 

the surface, regardless of whether it is incorporated into the solid or is only sitting on the
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surface as a pure element. The group V elements, on the other hand, are supplied as 

tetramers by sublimation from the respective solid elements or as dimers by dissociating 

tetramers in the cracker of a two zone furnace. For the growth of GaAs on (100) 

substrate, Foxon and Joyce*^’*̂  have proposed a model explaining the reaction features of 

Ga with either Asi or As4. When GaAs is grown using Ga and Asi, the As: molecules are 

initially adsorbed into a mobile, weakly bound precursor state which has a surface life 

time of less than 10'  ̂seconds. The basic process for arsenic incorporation is a first order 

dissociative chemisorption on the surface of Ga atoms. The sticking coefficient of As: is 

simply proportional to the Ga-flux and tends to unity on a Ga-rich surface. At relatively 

low substrate temperature (< 600 ®C) there is an additional association reaction to form 

the As4 molecule. The growth process involving As4 , on the other hand, is significantly 

different. In this case the As4 molecules are first absorbed into a mobile precursor state. 

Pairs of As4 molecules then form a chemisorbed state before four arsenic atoms 

dissociate to incorporate on adjacent Ga atoms while the other four desorb as an As4 

molecule. This second-order reaction is the key feature of the growth of GaAs with an 

As4 flux. The maximum sticking coefficient for As4 molecules never exceeds 0.5 even 

when the growth surface is completely covered with a monolayer of Ga atoms. 

Moreover, the requirement for a pairwise interaction of As4 molecules with adjacent Ga 

sites could result in a higher concentration of point defects. Models for these two 

different cases are shown in Figure 2.3*̂ .

The different chemistry involved in the incorporation of arsenic on the growth surface, 

when it is supplied either as As% or as As4, has important effects on the migration of 

group III species, particularly, when the growth is performed on patterned substrates. 

We have compared the indium migration behaviour during the MBE growth of 

InGaAs/GaAs quantum wells on patterned substrates where the samples were grown 

either using Asi throughout or using As: for everything except the active region which 

was grown using As4. Completely different behaviour of indium migration has been 

observed in the two cases, and it appears that the use of As4 facilitates the migration of 

In from the side facets onto adjoining (100) surfaces whilst the use of Asz completely 

stop the migration process. Results are discussed in chapter 4 of this thesis.
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Figure 2.3 : Process of arsenic incorporation on GaAs surface using (a) ASj and (b) Aŝ .

In either case of the growth of III-V compounds using dimers or tetramers as the group 

V source, stoichiometric growth will always result provided excess group V flux is 

supplied. The excess group V species do not stick on the surface and the growth rate is 

essentially determined by the arrival rate of the group III elements. A good control of
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ternary alloys (e.g. IllJIlyV) can thus be achieved by supplying excess group V species 

and adjusting the flux densities of impinging group III beams, as long as the substrate 

temperature is kept below the congruent evaporation limit of the less stable constituent 

binary compounds (such as GaAs in the case of AlGaAs or InAs in the case of 

InGaAs)^^ The film growth rate R (pm/hr), therefore, is simply proportional to the flux 

density of group III atoms and can be expressed as'^

R < aF  (2.2)

where F ( atoms/cm^ sec ) and a  are the flux density and the sticking coefficient of the 

impinging group III species respectively. The sticking coefficient of the group III 

species has a value of unity. This implies that almost all group III atoms impinging on 

the surface get incorporated into the epitaxial layer.

In addition to the nature of the group III species, the growth process for III-V 

compounds is also sensitive to many other parameters such as substrate temperature, the 

flux ratios of group V to group III species and also on the growth rate. The ideal growth 

conditions for a few important Ill-V compounds, which are grown for this project, are 

discussed below.

2.2.3.1 Effects of Substrate Temperature

The upper temperature limit for the growth of good quality material is usually limited 

by surface desorption processes. As the growth temperature (TJ is increased both 

arsenic desorption and gallium desorption increase. The problem associated with 

increased arsenic desorption is that increased arsenic flux is needed to keep the surface 

arsenic stable. The problem associated with increased group III desorption is that the 

growth rate and ternary composition are affected. The maximum growth temperature for 

the growth of GaAs and AlGaAs is limited by gallium desorption to the 680-700°C 

range, depending on the control of growth rate and composition which is necessary**. 

For a normal growth rate of 1 pm/hr., an uncertainty of 10°C in Tg results in about 10% 

uncertainty in growth rate and composition near T, of 680°C which increases to 15% 

near Tg = 700°C. At such growth temperatures, three to four times more arsenic flux is 

necessary than at lower growth temperatures.
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Indium desorption occurs at a temperature approximately 150°C lower than gallium 

desorption, therefore InGaAs and InAlAs are usually grown at 530°C or lower. Arsenic 

desorption from InGaAs and InAlAs is also a limitation for growth temperatures above 

500°C.

In terms of the material quality, i.e. freedom from deep level defects, there is usually no 

upper limit on T̂ . The material keeps on getting better and better as T, is raised until one 

of the previously discussed limitations arise. This is specially true in the case of 

aluminium containing materials.

Contrary to the upper temperature limit, the lower temperature limit for the growth is 

determined by a degradation in the quality of the material. GaAs and InGaAs are very 

poor quality when grown below 500°C. Similarly, AlGaAs and AlAs are very poor 

when grown below 620°C. One of the possible explanations is increased incorporation 

of oxygen (a known deep level), at lower growth temperatures, which forms a layer of 

sub-oxide at the surface, presumably, GajO in the case of GaAs and InGaAs or AljO in 

the case of AlGaAs or AlAs. At higher temperatures the sub-oxides become volatile and 

oxygen sublimes from the surface rather than incorporating into it. The second possible 

explanation relies on the concept of surface mobility of the incident atoms. At lower Tg, 

the surface mobility is insufficient for all the atoms to find lattice sites at which to 

incorporate.

2.2.3.2 Effects of Arsenic Flux

The rule of thumb in MBE growth of III-V compounds is that excess group V flux must 

be maintained at all growth temperatures otherwise the material is of poor quality. 

Below the congruent sublimation temperature (640 °C for GaAs), an arsenic rich surface 

is maintained if the arsenic to group III flux ratio is greater than unity. Above the 

congruent sublimation temperature, since arsenic desorbs from the surface at a greater 

rate than the group III, a higher flux ratio of V/III is required. Approximately, for a 

growth occurring at 30, 45 and 50°C above the congruent sublimation temperature, a 

V/III ratio of 2,3 and 4 respectively is required.
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There is no well defined upper limit on the supply of arsenic flux. But the increased 

arsenic flux above the minimum degrades the material quality by inhibiting the surface 

mobility of group III atoms. It has been observed that aluminium containing material is 

particularly sensitive to arsenic flux variations. Good quality AlAs and AlGaAs can be 

grown with an arsenic flux 10% more than the minimum but much poorer material is 

grown if twice the minimum arsenic flux is supplied^*. For the growth of GaAs, the 

conditions are rather flexible. A V/III ratio of anywhere between minimum and twice 

the minimum is acceptable. On the other hand, InGaAs is of better quality when grown 

at a arsenic flux about five times more than that used for GaAs. Like InGaAs, InGaP 

grows best under very large group V flux whereas InP and GaP can be grown with much 

lower group V fluxes.

Arsenic flux variation also has important effects on the migration behaviour of group III 

species particularly when the growth is performed over patterned substrates. It has been 

observed during the growth of InGaAs/GaAs QWs using As  ̂that the indium migration 

is enhanced when the growth is performed at low arsenic flux whereas it is suppressed if 

the arsenic flux is too high during the growth.’’

2.2.4 Dopants

The most common dopants used in MBE growth of III-V compounds are Si for n-type 

and Be for p-type doping^®. The group IV element Si is primarily incorporated on group 

III sites during MBE growth under As-stabilised conditions, yielding n-type material. 

The observed doping level is simply proportional to the dopant arrival rate. At high 

growth temperature and/or with high donor concentrations, dopant impurities may 

diffuse to the surface forming defects which can be detrimental in terms of device 

performance. Silicon, which is generally used as n-type dopant on (100) growth surface, 

changes its behaviour in other crystal orientations due to its amphoteric nature. Earlier 

work^’ has shown that Si acts as an acceptor in GaAs grown on (nll)A  substrates during 

MBE when n < 3, but behaves as a donor on (nl 1)A for n > 5 and (nll)B for all values 

of n. This behaviour is particularly advantageous for growing laser structures ( usually
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in p-i-n geometry ) on patterned substrates as Si doping changes from n-type on (100) 

plane to p-type on the facets which helps in confining the current in the lateral direction.

The group II element Be behaves as an almost ideal shallow acceptor in many MBE 

grown III-V semiconductors. In GaAs, each incorporated Be atom produces one ionised 

impurity species, providing an acceptor level 29 meV above the valence band edge.

Both Si and Be suffer from a number of problems and neither is an ideal dopant source. 

Both exhibit enhanced diffusivity at high doping levels (above 3x10*’ cm'  ̂), degrading 

the surface morphology and also the electronic properties. For both Si and Be it has also 

been suggested that surface segregation is a problem^ .̂ Recently carbon, which has 

always been unintentional background impurity, has been recognised as an attractive p- 

type dopant substitute for Be because of its extremely low diffusion coefficient in GaAs 

and AlGaAs compounds^\

2.2.5 Advantages and Disadvantages of MBE

There are a number of advantages which MBE shares with other growth techniques such 

as CBE and MOCVD. MBE has shown its ability to grow very smooth interfaces on the 

atomic scale with excellent uniformity in composition and thickness and good control 

on dopant incorporation. Apart from these, one of the most significant advantages of 

MBE over other growth techniques is the unique ability to use in situ diagnostics, such 

as RHEED or mass spectroscopy, which can provide useful information about growth 

dynamics. RHEED is an extremely powerful diagnostic technique, as discussed in 

section (2.2.2). Very accurate in situ measurements can be made which require no 

external calibration, particularly, for the determination of growth rate and composition 

in real time.

Though MBE is a simple and elegant growth technique, it has its own set of limitations. 

Most of these are related to the delivery of source materials to the growing surface via 

atomic and molecular beams. The surface of the source material is heated by the 

radiation reflected off the back of the shutter when it is closed. But when the shutter is
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open, the temperature of the source material drops gradually and so does the flux 

coming from the cell. This problem of beam transients can be minimised by modifying 

either the crucible or shutter design and increasing the source to shutter distance. 

Another problem in MBE arises due to thermal response times of the source cells which 

limit the ability to rapidly change the beam fluxes. MBE has been spectacularly 

successful in the growth of arsenides, particularly in the Ga(In)As/AlGaAs and 

InAlAs/InGaAs systems. However, phosphides are often not grown using conventional 

elemental sources because of the high vapour pressure and also due to the danger in 

handling elemental phosphorus. Due to the large vapour pressure, most of the incident 

phosphorus desorbs from the crystal surface requiring a V/III flux ratio an order of 

magnitude larger than those typically used in the growth of arsenides. This also 

necessitates the requirement for a larger source cell and an expensive pumping system 

to keep up with the large phosphorous load.

The difficulties with elemental phosphorous sources were the main driving force for the 

development of gas source MBE or CBE. We have used CBE particularly for growing 

InGaAs/InP structures and will discuss the main features of CBE in the next section.

2.3 Chemical Beam Epitaxy (CBE)

CBE is a hybrid growth technique which combines the advantages of MOCVD by using 

all vapour sources and the beam nature of MBE. Similarly to MOCVD, the sources used 

in CBE, for the growth of III-V compounds, are primarily organometallic group III 

alkyls (trimethyls and triethyls) and group V hydrides i.e. AsHj and PH3. In CBE, group 

III sources are transported to the heated substrates by H2 carrier gas bubbling through 

the liquid organometallics (OMs), just like in MOCVD but with much lower Hj 

pressure. This avoids an excess dilution of OM and also helps in keeping low residual 

pressure, within the molecular beam limit, inside the growth chamber. Group V sources 

are thermally cracked into dimers and Hj before passing them into the growth chamber. 

The control over fluxes of growth species is achieved by using mass flow controllers 

(MFCs).
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2.3.1 Growth Mechanism
The growth mechanism in CBE is very different from that of conventional MBE or 

MOCVD. The different kinetics involved in these growth techniques are schematically 

illustrated in Figure 2.4 .̂ The incorporation of group III elements (Ga, In) into the 

appropriate lattice sites on the substrate surface take place in different ways in all the 

three techniques. In MBE, as explained in section (2.2.3), atoms of group III elements 

reach the growth surface in the form of molecular beams, migrate to the appropriate 

lattice sites, and then get incorporated in the presence of excess group V molecules. Due 

to the low vapour pressure, all of the impinging group III atoms get incorporated and the 

growth rate is determined by the arrival rate of the group III atoms. No chemical 

reaction is involved in deriving the group III atoms at the substrate surface as they are 

generated by thermal evaporation from solid elemental sources. In MOCVD, the group- 

III alkyls dissociate into atomic group III elements while diffusing through a stagnant 

boundary layer just above the substrate. On the heated substrate, group III elements then 

migrate before incorporating at the appropriate lattice site. For the usual growth 

temperatures, the growth rate is limited by the diffusion rate of the group III alkyls 

through the boundary layer. The situation is different for CBE, where the beam of group 

III alkyl molecules impinges directly line-of-sight onto the heated substrate without 

being decomposed, as in the conventional MBE. The process of OM decomposition 

takes place at the substrate surface at the appropriate temperature. At a sufficiently high 

temperature at which all of the impinging group III alkyls dissociate into group III 

elements forming the binding sites for group V dimers, the growth rate is determined by 

the arrival rate of group III alkyls.

2.3.2 Growth of GaÂs/AIGaÂs

Early CBE growth of GaAs/AlGaAs was carried out using trimethyl gallium (TMGa) as 

the OM source, but the grown Layers exhibited p-type doping due to carbon 

incorporation '̂*. The incorporation of carbon is enhanced especially in the case of 

epilayers containing aluminium and gallium. The use of triethyl compounds (TEGa) 

strongly reduces the carbon contamination especially for gallium. It is assumed that the 

use of TEGa allows the possibility of a reaction pathway for surface decomposition of
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the metal triethyl via p-hydrogen elimination to form ethane, which of course can not 

occur with TMGa. Additionally, the pyrolysis of TEGa to form Ga proceeds much faster 

than the corresponding process for TMGa. Both substrate temperature and TEGa molar
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Figure 2.4 : Growth kinetics involved in (a) MBE, (b) MOCVD and (c) CBE.

flow influence the growth rate. The growth rate shows a characteristic non-linear 

dependence on the flux of group III alkyls. It has been observed'* that the growth rate 

increases linearly with the substrate temperature up to 550°C, depending upon the flow 

rate of TEGa, and then becomes constant. Below ~ 550°C, the growth rate is limited by 

the dissociation process of TEGa molecules. Above ~ 550°C, complete dissociation of
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all the TEGa molecules adsorbed at the growth surface occurs, resulting in a constant 

growth rate with further increase in temperature. However, the optimum growth 

temperature also depends upon the flow rate of TEGa and ranges between 490°C to 

550°C for the flow rates of 1.5 cc/min and 3.0 cc/min respectively. Up to the optimum 

temperature the growth rate is proportional to the arrival rate of group III molecules. A 

typical growth rate for GaAs and AlGaAs is 2-6 pm/h using TEGa or TMGa and TMAl. 

Other CM compounds are being studied for aluminium. Trisobuthyl aluminium seems a 

good candidate for high purity AlGaAs grown by CBE^\

2.3.3 Growth of InGaAs/InP

CBE is particularly well suited for the growth of InGaAs/InP heterostructures. Very 

high quality InP and InGaAs have been grown by CBE. The CM sources used for the 

growth of InGaAs/InP compounds are TEGa and TMIn. Triethyl indium (TEIn) is also 

used as a source material for the growth of In containing layers, however, due to the 

very low vapour pressure of TEIn, the growth rate is low. Using TMIn, typical growth 

rates for InP are 2-5 pm/h. The PL linewidth and mobility are generally accepted 

parameters to assess the quality of the grown material. Tsanĝ ® has reported the 

linewidth as narrow as 1.2 meV as observed in the low temperature PL spectra of an 

undoped 0.2 pm thick In^g^Gao^^As layer clad by InP barriers. Further, the PL spectra 

revealed the absence of donor-to-acceptor pair recombination. This indicates the growth 

of high quality InGaAs material with excellent uniformity. Benchimol^^ et al have 

demonstrated growth of high purity InP layers with 77 K mobilities as high as 112,000 

cmW.s and a room temperature carrier concentration of 1.8x1 Ô '̂ cm'̂  The usual growth 

temperature for InP and InGaAs ranges between 500°C to 550°C. Above this range 

indium desorption from the growth surface becomes increasingly important. The growth 

rate for InP shows similar behaviour with temperature and flow rate as discussed in 

section (2.3.2) for the growth of GaAs. However, for InGaAs, the rate of incorporation 

of TEGa is influenced by the presence of TMIn. The relative incorporation rate, as a 

function of substrate temperature, will depend upon the relative temperature dependence 

of (1) the sticking coefficient of TMIn and TEGa molecules, (2) the pyrolysis rate, and 

(3) the incorporation of In and Ga atoms after pyrolysis on the substrate surface.
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An important aspect of the growth of InGaAs/InP structures by CBE is selective 

epitaxial growth using a dielectric mask. This is an important feature of CBE which 

make it suitable for the growth of novel optoelectronic integrated devices^*.

2.3.4 Advantages and Disadvantages of CBE

The main advantages of CBE over MBE include non-depleting sources which can be 

changed or recharged from outside the growth chamber without losing the UHV 

environment. Because the sources are outside the growth chamber, it is also easy to 

maintain them at appropriate temperatures without producing unnecessary heat in the 

growth chamber and also reducing the chances of impurity incorporation. As has 

already been discussed, the use of vapour sources in CBE makes it possible to grow 

compounds containing high vapour pressure elements such as P with good control on 

uniformity, thickness and dopant incorporation.

The major disadvantage of this technique results from the high toxicity and 

pyrophoricity of the sources and, therefore, considerable attention is being given to the 

preparation and purification of alternative precursors.

2.4 Metal Organic Chemical Vapour Deposition (MOCVD)

Metal organic chemical vapour deposition (MOCVD), sometimes also referred to as 

metal organic vapour phase epitaxy (MOVPE), is another important growth technique 

widely used for the growth of III-V compound semiconductors and heterostructures. 

MOCVD has been shown to be capable of yielding a high quality of growth with very 

good control of composition, doping and thickness and, is therefore, an accepted 

production technique for the fabrication of variety of III-V heterostructures for device 

applications and for fundamental research. The sources which are used in MOCVD are 

the same as those used in CBE, but the growth mechanism and reactor design is 

significantly different in the two growth techniques. In general group III alkyls are used 

in combination with the group V hydrides.
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2.4.1 The Growth Process

The MOCVD growth process consists of supplying group III and group V elements as 

vapours to a heated substrate loaded into the reactor^ .̂ The substrate is loaded onto a 

graphite susceptor which can be heated to a desired temperature using an R.F. induction 

coil Decomposition of the CM compounds occurs in front of the substrate in the 

boundary layer at near atmospheric pressure. Then pure group III elements diffuse to the 

substrate surface through the boundary layer The hydrides, which are more stable than 

OMs, are partially decomposed at the substrate surface. A large excess of hydrides is 

necessary for a stoichiometric growth of III-V alloys, because of the volatility of the 

group-V elements. For the growth of GaAs using TMGa and AsHg, the equilibrium 

reaction occurring at the substrate/gas interface can be written aŝ ®

{CH^)fia + AsH  ̂ = GaAs + . (2.3)

1 O^bar AsH

lO^bar Ga(CHJ 
10 -̂1 bar carrier gas

Forced Convection

Ga(CHJ,

Diffusion Boundary &

Heated GaAs Substrate

GaAs Layer

Figure 2.5 : Schematic illustration of growth kinetics in a MOCVD process.

The gas phase processes, which are believed to control layer deposition, are 

schematically shown in Figure 2.5. The gas flow dynamics in a reactor at or near 

atmospheric pressure lead to the formation of a boundary layer at the substrate surface 

which is held stationary. The thickness of this boundary layer increases in the direction of
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gas flow. The reduced gas velocity in this region results in a stagnant layer of gases 

which control the transport of gaseous species to the substrate surface. The reactants are 

consumed upon their arrival on the substrate surface. A steady state gradient is thus 

established at any point along the surface which drives the diffusion of reactants. The 

boundary layer is also characterised by a strong temperature gradient through which the 

reactants diffuse and where they can decompose to release the atomic species needed for 

film growth.

2.4.2 Growth of III-V Compounds and Multilayer Structures

It has been observed that the purity of III-V compounds grown by MOCVD depends not 

only on the purity of the starting materials but also critically on the ratio of the group III 

and group V fluxes, the growth temperature, and on the pressure inside the reactor^ \  For 

the growth of ternary compounds with mixed group three elements, care must be taken 

in selecting proper CM precursors which have similar masses and, therefore, similar 

diffusion coefficients in order to achieve good uniformity in the alloy composition. Under 

certain conditions when an excess flow of group V reactants is maintained, 

stoichiometric growth occurs and the growth rate is simply proportional to the flow of 

group III reactants. The variation in the growth rate with the substrate temperature 

shows a linear increase at low temperatures, an essentially temperature independent 

regime and then a decrease with further rise in temperature^^. In the intermediate 

temperature region where the epilayers exhibit optimum morphology, the growth is 

controlled by the diffusion of group III precursors across the boundary layer.

The growth of a multilayer structure requires a fast change in the gaseous composition 

within the reactor in order to achieve abrupt interfaces between the layers. This is 

accomplished by growing such structures at relatively high flow rates and low growth 

rates. The time constant for the exchange is controlled by the total flow rate and can be 

significantly reduced by increasing the flow rates. Growth interruption after the 

completion of every layer in a multilayer structure also results in atomically abrupt 

interfaces between different layers. Most of the modem reactors use gas manifolds to 

accomplish fast switching of reactants and hence abrupt changes in the composition of
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epilayers. Low pressure MOCVD^  ̂ is another option for the growth of compound 

heterostructures with the growth rate as low as in conventional MBE. Reducing pressure 

inside the reactor increases the diffusivity of the growth species which in turn improves 

the homogeneity of composition and thickness of the deposited layers. In addition, the 

low pressure operation also minimises the unwanted reactions between precursors. 

However, the consumption of group V hydrides increases in low pressure MOCVD in 

order to maintain a constant pressure of group V species over the substrate surface.

Most of the progress in semiconductor devices relies upon the availability and 

subsequent doping of high purity materials. In MOCVD doping is performed by 

introducing the appropriate gaseous OM precursors into the gas flow^ .̂ Metalorganic 

compounds of Zn or Mg are used for p-type doping while the hydrides of Se or Si are 

used as n-type dopants. For p-type doping, these OMs decompose readily at the suitable 

growth temperature and their incorporation into appropriate lattice sites is determined 

by the surface kinetics of the gas phase reactions. However, for n-type doping, the 

thermochemistry of the hydrides controls the doping efficiency.

A wide range of semiconductor devices such as high electron mobility deviceŝ "*, low 

threshold current lasers^ ’̂̂ ,̂ high frequency microwave devices etc. have been grown by 

MOCVD which shows the versatility and usefulness of this technique. The only 

disadvantage arises from the highly toxic and pyrophoric nature of the sources which 

are used for the film growth. Therefore, a great many safety features have to be 

incorporated to avoid serious accidents.

2.5 Conclusions

Epitaxial growth techniques such as MBE, CBE and MOCVD have been reviewed in 

this chapter. All these techniques are capable of producing device quality material with 

excellent uniformity of composition and thickness. Artificially layered structures with 

abrupt interfaces and compositional change are now routinely being produced by these 

techniques and electrical and optical properties can be accurately tailored. However, an 

area whose full potential has yet to be exploited is the growth on patterned substrates.
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MBE is especially well suited for this purpose. Due to its directional beam nature, 

different growth rates on different crystallographic planes can be utilised. Additionally, 

if the dimensions of the etched features are of the order of the surface diffusion length 

then impinging atoms of the growth species may migrate to the adjoining plane, if 

growth on that plane is more favourable. All these effects make it possible, in MBE 

grown materials on patterned substrates, to change the band gap and refractive index of 

the semiconductor in the lateral direction in a controlled manner. This is an important 

aspect of MBE which can be exploited for the integration of many optoelectronic and 

photonic devices. Controlled lateral patterning of the quantum well heterostructures by 

MBE is the main aim of this project and will be discussed in the next chapter and 

throughout this thesis.
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Patterned Substrates Overgrowth

3.1 Introduction

Many optoelectronic devices utilise quantum wells (QWs) in their active region. 

Monolithic integration of these devices on a single substrate requires controlled variation 

in the quantum well bandgap in different regions of the wafer. In an optoelectronic 

integrated circuit (OEIC), different components of the device on the same wafer then 

need to be interconnected by low-loss optical waveguides. Various integration 

approaches based on selective area bandgap control of QW devices have emerged in the 

recent past including etching and regrowth*, quantum well intermixing^ and selective 

epitaxy using dielectric masks .̂ However, all of these previous approaches have involved 

complicated processing and generally growth is completed in more than one step. 

Growth on patterned substrates, on the other hand, is a single step growth technique 

which allows selective area control of the device parameters without recourse to 

complicated processing. This simple growth technique utilises the variation of growth 

rate with crystallographic orientation for lateral patterning of QW heterostructures^. It is, 

therefore, suitable for many interesting applications such as split contact mode-locked 

lasers, integrated laser/modulator or laser/passive waveguide combinations. In the first 

half of this chapter, previous work on selective area bandgap control is reviewed with 

special emphasis given to patterned substrates overgrowth. Substrate patterning.

83
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photolithography and the description of overgrowth mask is given in the later half of the 

chapter.

3.2 Selective Area Bandgap Control

Realisation of multi-functional optoelectronic devices requires selective area control of 

the quantum well bandgap. To achieve this, quantum well intermixing has been used by 

many workers in the past to shift the bandgap of the well material in the lateral direction. 

In the intermixing processes, the bandgap of the QW structures is modified in selected 

regions, after growth by intermixing the wells with the barriers to form an alloy 

semiconductor. The bandgap of the intermixed alloy is usually larger than that of the 

original QW structure, thus providing a route to form low-loss optical waveguides^ 

bandgap shifted QCSE modulators^ or a laser/modulator combination^. A number of 

intermixing techniques have been reported, most notably impurity induced disordering 

(IID), laser induced disordering and dielectric annealing. Of these techniques, HD 

processes require impurities to be introduced, either by diffusion from a surface or 

interface or by ion-implantation, whilst the latter two do not involve the introduction of 

impurities.

Werner et al* have reported the integration of a SQW laser and a long passive waveguide 

section in excess of 2 mm where the bandgap of the passive waveguide section was blue 

shifted using silicon implant induced selective QW disordering. However, the presence of 

doping impurities changes the resistivity of the material and may also deteriorate the 

device performance due to an increase in the trapping centres and the residual damage 

associated with the implantation. Impurity fi'ee vacancy disordering (IFVD) is another 

way of producing large bandgap shifts without these disadvantages. Yamada et al̂  have 

demonstrated the integration of a SQW laser with a monolithic saturable absorber using 

IFVD. A strained InGaAs/GaAs/AlGaAs SQW GRINSCH laser was grown and the 

whole structure was partially capped with a SisN4 film and partially capped with SiOz 

film under the SisN4 film, followed by rapid thermal annealing (RTA). During the 

annealing process Ga atoms diffuse out into the dielectric cap creating Ga vacancies in 

the crystal. The QW emissions from the SiO] capped and SisN4 capped regions were blue
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shifted by 8 8  meV and 50 meV respectively after four 10 second anneals, indicating 

partial intermixing o f  the InGaAs QW. This shows that Ga atoms out-diftuse more 

readily into Si0 2  than Si3N 4 . A split contact device was fabricated consisting o f  a gain 

section (capped under Si0 2 ) and an unpumped absorber section (capped under Si3N 4) as 

shown in Figure 3.1. The device produced optical pulses o f  width 34.4 ps and maximum 

peak power o f  330 mW when the gain section was pumped with electrical pulses.

absorber

amplifier

dielectric

SOW Eg2 
SQW Egt 
(Eo1>Eq2)

electrodes

F igure  3.1 : Schematic o f a strained InGaAs SQW split contact 
laser with a built-in saturable absorber. The gain and absorber 
sections are partially capped under the dielectric layer o f  SiO^ 
and SiNj respectively. Different bandgap regions are created by 
partial intermixing o f InGaAs QW. After reference 9.

The quantum well intermixing is a simple, reliable and cost effective technique and has 

demonstrated its capability for use in the fabrication o f the high performance integrated 

devices. However, most applications involve post-growth processing which may severely 

affect the individual device performance. An alternative approach, particularly, for the 

growth o f  InGaAs/GaAs quantum well based devices using M BE, is that o f  growth on 

patterned substrates. In this technique, prior to growth, substrates are patterned into 

ridges and grooves joined by angled facets. During growth, adatom s o f  the growth 

species migrate away from the side facet onto adjoining ridge and groove regions where 

they are readily incorporated, changing the composition and thickness o f  the active layer. 

In this way one can controllably produce the desirable bandgap regions in the lateral 

direction o f  a QW device in a single step growth. Growth on patterned substrate is an 

elegant growth technique which, unlike quantum well intermixing, does not involve post-
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growth processing. However, adatom migration behaviour is very sensitive to specific 

growth conditions and shape of the patterned mesa and control of both is, therefore, 

necessary for successful application of this technique in the area of optoelectronic device 

fabrication.

3.2.1 Adatom Migration

In the MBE growth process of III-V compound semiconductors on a planar substrate, as 

has been shown in the previous chapter, the growth rate is determined by the sticking 

coefficient of the growth species and is directly proportional to the flux of the group III 

atoms reaching the surface as long as enough group V flux is supplied. However, when 

growth is performed on a patterned substrate, variations in the sticking coefficient of the 

growth species on different crystal planes and incident flux reaching there, lead to the 

variations in the growth rate for different crystal orientations. If the substrate is patterned 

to form ( 100) mesa tops and grooves joined by the angled facets, the growth rate on the 

side facets is low compared to the growth rate on the (100) surface. Due to slower 

growth rate, the density of unincorporated incident atoms increases on the side facets 

compared to that on (100) surface where the incident atoms are readily incorporated. As 

a result, a concentration gradient is build up which drives the arriving atoms from the 

side facets to diffuse to the neighbouring (100) surfaces. Less efficient incorporation of 

growth species implies a higher diffusion coefficient on facets compared to (100) plane. 

This makes the migration of growth species from facets to the adjoining (100) planes 

even greater. A schematic of the growth model on patterned substrates is drawn in 

Figure 3.2 where the interplanar adatom migration is shown by arrows. If the surface 

density of the growth species is represented by N and the normal incident flux by F, the 

adatoms migration behaviour can be described by the following one dimensional 

diffusion equation

D ^ - -  + F = 0 (3.1)
OX T

where x is the surface lifetime of the growth specie in the precursor state and D is the 

diffusion coefficient. The surface lifetime on a particular crystal plane determines the 

diffusion length (La) of the growth specie on that plane, given by the simple relation

I .  = VDt . (3.2)
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Figure  3.2 : Schematic o f a model for growth on patterned substrate 
by MBE.

Diffusion is a temperature dependent process and obeys a simple exponential relation, 

given by

D = £ )„e x p (-£ ^ /* 7 ’) (3.3)

where Do is a constant and Ea is the surface activation energy. The interplanar diffusion 

o f growth species modifies the growth rates on different crystal planes significantly. Eq. 

(2 .2 ) for growth on a planar substrate can, therefore, be modified for patterned 

substrates growth by introducing an additional parameter (3, as given by

R - a p F - y F  (3.4)

where y is the effective sticking coefficient on a particular facet. The parameter p, which 

accounts for the surface diffusion effects, is unity when the dimensions o f  the facet are 

large compared with the surface diffusion length. When the dimensions o f  the growth 

surface are less than or comparable to the surface diffusion length, p is less than one 

when growth on the neighbouring facet is more favourable and greater than one when 

growth on the neighbouring facet is less favourable. The flux density o f  a growth specie 

on an angled facet can be written as

F ( 0 )  = F ( 1 O O ) C o 5 0  (3.5)
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where F(IOO) is the flux arriving at (100) surface. Combining Eqs. (3.4) and (3.5), a ratio 

for the effective sticking coefficients of group III atoms on an angled facet to the (100) 

plane can be written as

y(ioo) /(loo) Cose

where t(0) and t(lOO) are the thickness of the grown layers on the side facets and (100) 

plane respectively.

Interplanar adatom migration during growth of low dimensional QW structures on 

patterned substrates can produce significant changes in the physical properties, such as 

confinement energy and refractive index, in the lateral direction. This has led to many 

interesting applications in the area of optoelectronic integration. Kapon et al̂ ® have 

experimentally demonstrated a lateral variation in superlattice period by growing 

GaAs/AlGaAs superlattice heterostructures on nonplanar GaAs substrates. Meier et al*̂  

have observed a blue shift of 20 meV in quantum well emission from a mesa top as 

narrow as 4 pm compared to a wider mesa of 30 pm mesa width. The observed shift was 

attributed due to surface migration of Ga adatoms from side facets onto (100) mesa top 

during MBE growth of GaAs/AlGaAs quantum wells. The A1 composition on the mesa 

top decreases from 33% to 29% and well width increases from 72 to 95 A as the mesa 

width is narrowed from 30 to 4 pm, corresponding to a 35% increase in the growth rate. 

A multi-wavelength laser array can thus be produced in a single step growth, if the 

growth is performed on a patterned substrate consisting of a number stripes of different 

width. The maximum migration length of Ga adatoms on (100) surface during MBE 

growth of GaAs/AlGaAs QWs on patterned substrate has been reported in the range of 1 

-2 pm*̂ , corresponding to growth temperatures between 690 - 720°C. Spatially resolved 

low temperature cathodoluminescence (CL) measurements revealed a relative increase of 

20% in QW thickness on the (100) mesa top, due to excess Ga migrating from (311)A 

side facets.

Arent et al*̂  were the first to study indium migration behaviour and its dependence on 

strain during MBE growth of InGaAs/GaAs QWs on nonplanar substrates. Using low 

temperature cathodoluminescence (CL) and mapping QW emission as a function of



SELECTIVE AREA BANDGAP CONTROL 89

distance away from the facet intersection on the (100) mesa top, they measured the In- 

adatom migration length to be ~ 25 pm which is significantly larger than the Ga-adatom 

diffusion length. Accumulation of extra indium from the side facets onto the top (100) 

ridge surface resulted in a relative increase of ~ 6% in In-composition, corresponding to 

a bandgap shift of more than 80 meV. Moreover, the accompanying red shift in the CL 

spectra recorded from a patterned ridge surface was found to be independent of strain in 

the QW plane. Significantly asymmetric indium migration behaviour was observed when 

(100) ridge and groove surfaces were joined by multifaceted side walls, indicating that 

multifaceting kinetically inhibits adatom migration.

3.2.2 Optoelectronic Device Applications

Adatom migration behaviour during the growth of III-V QWs heterostructures by MBE 

on nonplanar substrates, and the resulting lateral patterning of the physical properties, 

has potential device applications in the field of optoelectronics. Controlled variation in 

the quantum well band gap as a function of the width of etched mesas could be exploited 

for the fabrication of devices such as injection lasers with non-absorbing mirrors, multi

wavelength laser arrays or segmented contact lasers with diverse applications. Arent et 

al*"* ’̂  have demonstrated the fabrication of a high power single mode SQW GRINSCH 

InGaAs/AlGaAs lasers grown by MBE on a nonplanar substrate. Prior to growth 

substrates were patterned forming ridges and grooves joined by angled (311)A side 

facets. The growth was performed under optimum growth conditions for different layers, 

growing graded AlGaAs cladding layers at 720°C while the InxGai.^As (x = 0.15) QW 

was grown at 520°C. CL emission wavelengths were mapped across 4 pm and 40 pm 

wide mesas and showed excellent uniformity of quantum well material in both cases. 

Uniformity across such a long distance is only possible due to long migration length of In 

adatoms. QW emission from 4 pm wide mesa corresponds to a relative increase of 15% 

in In-composition. A constant FWHM value of the CL peak of 4 - 7 meV, across the 

mesa, suggests that the excess amount of indium concentration is pseudomorphically 

accommodated without release of strain. Moreover, when the side walls were directly 

probed, no emission was observed indicating almost complete removal of In from side 

facets onto the (100) ridge top where it is preferentially incorporated. Ridge waveguided
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lasers with a cavity length of 750 were fabricated with uncoated end mirrors. The 

lasing energy was found to vary over 50 meV as the active layer width decreased from 

40 to 4 pm due to an increased concentration of indium on the narrower ridge as 

compared to wider ones. Room temperature continuous wave (CW) light versus current 

(LI) measurements on a 4 pm wide device showed a threshold current as low as 6 mA. 

With coated mirrors, the laser showed stable single mode behaviour to more than 100 

mW with an overall external efficiency of 0.80 mW/mA. The internal quantum efficiency 

was as high as 94% and internal losses of 9.9 cm*' were measured for a device with an 

active area width of 28.5 pm. It was reported that the internal quantum efficiency and 

internal absorption coefficient both decreased as the width of the etched mesa was 

reduced. The reduction in internal efficiency was attributed to a number of factors 

including enhanced interfacial recombination, alloy fluctuations and Auger 

recombinations at the higher indium composition. The reduction in absorption losses was 

attributed to an increase in the band offset and to a large refractive index change between 

the well and the barrier materials, enhancing both electrical and optical confinement.

An additional advantage of growing Si doped laser structures on patterned substrates 

arises from the amphoteric nature of Si. As has been already discussed in Chapter 2 

(section 2.2.4), the nature of Si doping changes from n-type to p-type depending upon 

the crystal orientation which can provide a lateral p-n junction, if the growth is 

performed on patterned substrates. The confinement of injection current in the lateral 

direction reduces the threshold current significantly. In a recent publication^^. Si doping 

in QW heterostructures grown on nonplanar substrates has been used to produce all Si 

doped heterojunction bipolar transistors (HBTs) and heterostructure field effect 

transistors (HFETs) which show improved device characteristics in comparison to 

devices grown on planar substrates.

Controlling indium migration on a ‘variable step width mesa’ during growth of a 

GRINSCH InGaAs/AlGaAs laser by MBE, Brovelli et al*̂  have demonstrated the 

integration of a high power laser with a passive waveguide. The integrated structure 

consisted of a 600 pm long active segment on a 4.8 pm wide ridge and an 1100 pm long 

passive segment on a 30 pm wide ridge. Lasing action at 997 nm was achieved when the
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narrower active segment was pumped with a threshold current of 25 mA while the 

unpumped passive segment was grounded. The passive section had larger bandgap than 

gain section due to the greater width of the underlying mesa and, therefore, it remained 

transparent at the laser emission wavelength. Absorption measurements had shown that 

the wavelength dependent resonant losses in the passive segment were reduced to nearly 

zero at the lasing wavelength. It was also proposed that by applying a reverse bias to the 

previously unpumped section, the bandgap of the passive waveguide can be reduced due 

to the quantum confined Stark effect. Therefore, by properly choosing the bandgap of 

the active segment, the passive segment can be operated as a fast and efficient QW 

modulator which can be switched between a non-absorbing and a highly absorbing state.

In an another report**, the same group has demonstrated the fabrication of a split contact 

device consisting of an integrated laser amplifier at one end, a long passive waveguide in 

the middle and a modulator section at the other end of the device. The InGaAs/AlGaAs 

SQW-GRINSCH was grown by MBE on a patterned substrate with a variable step width 

mesa and (311)A sidefacets. A schematic top view of the device is shown in Figure 

3.3.The structure consists of one continuous ridge waveguide at the centre and three 

contact sections on regions with different underlying mesa widths. The lengths of the 

gain and modulator segments are 750 and 250 pm respectively while the passive segment 

in the middle is 4.0 mm long. The gain and modulator segments lie on the etched ridges 

with mesa widths 16 and 19 pm respectively whereas the passive section lies on the 

planar region in the middle. The device showed lasing action at 965 nm wavelength when 

the current in the amplifier section reached the threshold value of 65 mA with 0 bias on 

the modulator. The laser could be turned off completely by increasing the reverse bias on 

the modulator section from 0 to 3 volts. Moreover, applying an RF signal to the 

modulator segment led to nearly transform limited pulses with a duration of 4.4 ps and a 

time-bandwidth product of 0.43.

All these reports on the previous work clearly demonstrate the potential of this technique 

in selective area bandgap control of QW structures grown by MBE on patterned 

substrate. It has been shown that the technique is particularly useful for the growth of 

IIl-V QW structures containing indium in the active layer due to the long migration
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length o f In-adatoms on ( 1 0 0 ) surfaces. However, indium migration is very sensitive to 

the specific growth conditions and the geometry o f etched features. It is therefore very 

important to understand those conditions which facilitates indium migration from side 

facets onto (100) surface. In the following section the optimum growth conditions for 

indium migration during the grow th o f  InGraAs/GaAs QWs on patterned substrates will 

be discussed.
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3.2.3 Optimum G row th C onditions

Indium migration is extremely sensitive to tw o MBE growth parameters i.e. the substrate 

temperature and group-V flux It has been reported that indium migration is more 

effective at low growth tem perature (below 500°C). Figure 3.4(a) shows the variation o f  

energy shift between the centre o f  10 pm ridges and 100 pm grooves as seen in the PL 

spectra o f a series o f  Ino %Gao gAs/GaAs SQWs samples grown at substrate tem peratures 

between 460°C and 550°C'^. It can be seen that the shift increases almost linearly as the 

substrate temperature decreases from 550°C to 460°C and a huge shift o f  about 100 

meV is observed at 460°C. This suggests that at low growth temperatures more indium 

migrates from the side facets onto the adjoining ( 1 0 0 ) ridge top and, surprisingly, it has 

enough mobility to redistribute uniformly on the ridge surface. M oreover, when the side 

walls were probed directly, no emission from the side walls was seen at the growth
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tem perature o f  460°C. In other samples, grown at higher temperatures, two emission 

peaks were observed which were attributed to emissions from bottom  o f  the side walls 

on either sides o f the ridge. This indicates almost complete removal o f indium from the 

side walls at 460°C whereas a detectable amount o f  indium is still left on the side walls 

when growth is performed at higher temperatures.
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F igure  3.4 ; Energy shift as a function o f (a) substrate tem perature and, (b) 
group V flux variation during the growth o f InGaAs/GaAs QW s on patterned 
GaAs substrates.

Norman et aP^ have found that In-migration can be enhanced or suppressed by varying 

the arsenic flux during the growth o f InGaAs/GaAs QW s on patterned substrates by 

MBE. It is reported that low AS4 flux (3-4 ML/s) enhance the migration whereas high 

arsenic flux (> 20 M L/s) stop the migration completely. Figure 3.4(b) shows the energy 

shift observed between emissions from the centres o f  nominally 2 0  pm wide mesa and 

adjacent 80 pm wide groove, respectively, in the PL spectra o f  In0 .2Ga0 .gAs/GaAs SQWs 

grown at different arsenic flux but at the same substrate tem perature o f  520°C. Utilising 

this effect o f AS4 flux variation Pratt et al^’ have successfully demonstrated the 

fabrication o f such structures in which the number o f active quantum wells can be varied 

in the adjacent regions o f  the sample in a single growth step. To demonstrate this effect, 

they have grown a structure consisting o f two strained InxGai-xAs QWs (x = 20%)
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separated by 500 Â GaAs barrier layers, on (100) GaAs substrate patterned to 

produce a series of 15 pm wide ridges with side facets at an angle of 40° on a 100 pm 

pitch The first QW was grown at a low As4 flux of 3 ML/s whereas immediately after 

growth of the first QW the arsenic flux was increased to 12 ML/s for the growth of 

successive layers including the second QW Figure 3.5 shows the spatially resolved CL 

spectra of this sample taken at low temperature. Emission from the groove region shows 

a single peak indicating that the two QWs have identical compositions. CL emission from 

the ridge surface, on the other hand, consists of two peaks separated by 15 meV 

indicating different composition in the two wells. The well grown with low arsenic flux is 

expected to have more indium composition than the well grown at high arsenic flux. 

Moreover, the intensities of all the peaks are similar, indicating that neither growth on 

the ridge surface, nor growth at high arsenic flux affect any serious reduction in the QW 

luminescence efficiency.
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Figure 3.5 : Spatially resolved CLspectra of a double well 
sample grown with a stepped arsenic overpressure. After 
reference 21.

Pratt et aP’ have also suggested a novel application for the fabrication of a 

multifunctional device by growing a multi-quantum well (MQW) structure on a variable 

step width mesa and varying the arsenic flux between high and low values during the 

growth Figure 3.6 shows a mesa structure which could be used to produce the required 

device consisting of a wider section A (~ 100 pm) and a narrow section B (10 - 15 pm).
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It was proposed that during the growth of a three InGaAs/GaAs QW structure on such a 

pattern, the arsenic flux could be switched from a high value (>12 ML/s), just after the 

growth of the first well, to a low value (~ 3 ML/s) for the growth of second well and 

again back to high value for the growth of the last well. The central region of section A 

will remain unaffected by indium migration for any value of arsenic flux and all the 

grown wells should have the same In-composition and hence the same bandgap. 

However, in the central region of the section B, indium migration can affect the resulting 

ternary composition leading to a deeper well surrounded by shallow wells on either side. 

Therefore, the section B can be used as a single QW laser, while section A can be used 

as a normally off, multi-quantum well modulator. Alternatively, if section A is used as 

MQW laser, the section B can be used as a built-in saturable absorber for passive mode- 

locking.

V

Figure 3.6 : The proposed model of a multi quantum well 
structure over step width mesa, in which the incident arsenic 
flux is varied between high and low value during the growth. 
After reference 21

In reference’̂  the effect of ridge orientation, with respect to the [01 1 ] direction, on 

indium migration has also been studied It is reported that the migration process is not 

very sensitive to the alignment of ridges and significant amounts of indium migrate off 

the side walls even at relatively large deviations from the [Oi l ]  direction. We have
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further investigated the effect of ridge orientation on indium migration in samples grown 

by different growth techniques such as MBE and CBE. Totally different migration 

behaviour is observed in the samples grown by two techniques. In MBE grown samples, 

during the growth of InGaAs/GaAs QWs, In migration is seen from many types of A 

facets onto the (100) mesa top, when substrates are patterned to produce ridges and 

grooves aligned along the [011 ] direction. As reported in reference*^ we have also 

observed significant amount of migration even if the ridges are slightly misoriented from 

the [011 ] direction. However, no migration is seen for ridges aligned along the [Oil] 

directions. In CBE grown samples, on the other hand, the reverse behaviour is seen. 

Migration of group III adatoms during growth of III-V QW heterostructures on 

patterned substrates occurs, when ridges are aligned along the [Oil] direction to produce 

B-type of facets whereas no migration is seen from A-type of facets along the 

perpendicular direction.

It is evident from the previous work on patterned substrate overgrowth that adatom 

migration behaviour is dependent on many growth parameters as well as on geometrical 

considerations, which play an important role in achieving the selective area band gap 

control. Therefore, in order to achieve reproducible and consistent results, it is very 

important to have a good control over patterning processes as well as over growth 

parameters. Suitable mask design is also an important requirement for specific device 

purposes. The details of substrate processing and a description of the various features of 

the newly designed masks used in this work, is given in the following sections.

3.3 Substrate Patterning

For MBE growth, GaAs and InP substrates were patterned into ridges and grooves 

joined by angled side facets using conventional photo-lithography and wet chemical 

etching. Ridges of different widths and groove spacings were primarily aligned parallel to 

the [oi l] direction to produce A-type facets. For CBE grown samples, InP substrates

were patterned using chemically assisted ion beam etching (CAIBE) to produce undercut 

mesas of different widths. Patterns were aligned along the [Oil] direction to produce B-
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type facets during the growth. A new growth mask was designed to pattern whole 2” 

wafers. This significantly increases sample throughput and also allows more accurate 

alignment. Even when epi-ready wafers were used, they were thoroughly cleaned before 

processing. The detailed procedure followed in the substrate patterning process for both 

the case of wet etching and dry etching is discussed below.

3.3.1 Substrate Cleaning

Cleanliness is crucial to achieving high yields and reproducible processes in the 

fabrication of any semiconductor device. Any sort of contamination on the substrate 

surface can degrade or destroy virtually any aspect of the fabrication process. Even 

minor traces of contaminants on beakers, tweezers, wafer holders or other items can 

degrade the purity of the chemical and may be transferred to the substrate surface during 

processing, producing defects on subsequent growth. Great care, therefore, must be 

taken to avoid any contamination from any possible source.

Solvent cleaning is a standard cleaning process and is quite effective in removing oils, 

greases, waxes and organic materials from substrate surface. The exact procedure which 

is followed for substrate cleaning is outlined below.

3.3.1.1 Solvent Cleaning

(1 ) Rinse the substrate in acetone in a beaker at room temperature for 3 mins.

(2) Repeat step one.

(3) Transfer the substrate to another beaker containing methanol and rinse at 

room temperature for 3 mins.

(4) Repeat step three.

(5) Transfer the substrate to a beaker containing isopropyl alcohol and put the 

beaker in a water bath maintained at 80° C. Rinse for 3 mins.

(6) Repeat step five.

(7) Blow dry with N2.
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3.3.1.2 Plasma Etching

(8) Oxygen plasma descum for 1 min.

(9) HCl : H2O ( 1 : 1 ) dip for 30 sec.

(10) DI water rinse in a flowing bath for 3 min.

(11) Blow dry with N2.

After solvent cleaning the substrates are put into an oxygen plasma descum for 1 min. to 

remove any possible traces of organics from the surface. The plasma causes O2 to 

dissociate into highly reactive oxygen atoms that react with carbon and hydrogen in 

organics to produce volatile waste products such as CO, CO2, H2O which are pumped 

out from the chamber. This step may leave an oxide on the surface which is removed by 

an acid etch step (9). The most important part of the cleaning process is the last step 

when the substrate is dried after rinsing. If drying occurs in a haphazard manner, solvents 

or water stains will remain on the wafer. Drying proceeds best if the film of liquid 

(i.e. water, alcohol) is removed in one continuous sheet, rather than being broken into 

individual drops before drying. The substrate is held tilted in vertical plane with a clean 

tweezers and an N2 jet is directed across the surface while drying such that it pushes the 

layer towards the tweezers. After cleaning, the substrate should be covered in a clean 

Petrie dish and should be used immediately for the next processing step.

3.3.2 Photolithography

Lithography is a common technique used for transferring a pattern from a mask plate to 

the substrate. A thin uniform layer of energy sensitive chemical substance called ‘resist’ 

is spun on the substrate surface. The resist layer is then selectively exposed through a 

mask to light (photolithography) or electron beam (e-beam lithography) or X-rays (X-ray 

lithograph). The resist film is then subjected to a development process, that selectively 

removes either the exposed (positive) or unexposed (negative) resist. The remaining 

pattern can then be replicated on the substrate surface by etching off the substrate 

material which is not covered under the resist layer. Finally the remaining resist can be
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Stripped from the surface using a resist stripper. These steps are schematically shown in 

Figure 3 .7 and are described in brief details in the following paragraphs.

3.3.2.1 Resist Coating

All photoresists contain three basic ingredients ; a photosensitive compound, a base 

resin, and a solvent^ .̂ They may also contain other proprietary ingredients in lower 

volumes that give each resist its unique properties. Most of the solvent is lost after spin 

and bake. The base resin alone is moderately soluble in the aqueous alkaline developer. 

The presence of a photo active compound in resist, reduces the removal rate of 

unexposed resist as low as 0.1 nm/s while it enhances the removal rate of exposed resist 

up to 100 - 200 nm/s. A positive resist is normally preferred as they offer higher 

resolution and allow more appropriate edge profiles specially for lift-off process. Positive 

resists Shipley 1400-26 and 8812 were used for patterning GaAs and InP substrates 

respectively. A thin uniform layer of resist is usually spin coated on the wafer. A good 

coating of photoresist must be contamination free and should adhere well to the 

substrate. In general when resist is coated on a clean substrate it sticks well. However, if 

the wafer has been coated with a dielectric or metal then adhesion of the resist is poor. 

This can be overcome by applying a thin layer of a adhesion promoter primer. The most 

common adhesion promoter used is hexamethyldisilazane (HMDS) which is sprayed on 

the substrate surface in a vacuum vapour prime chamber at 130°C. After vapour prime 

the substrate is ready for spinning resist. A small puddle of photoresist was dispensed on 

the wafer via a syringe through a 0.1 micron aerodisc filter. The wafer was held on a 

spindle by a vacuum chuck and was spun with a speed of 5000 rpm for 30 seconds. 

During the first couple of seconds most of the resist is thrown off and collected in a 

catch-up while the remaining resist forms a thin layer whose thickness is controlled by 

spin speed (thickness oc l/Vco where © is the spin frequency). The thickness of the resist 

layers are usually in the range 0.7 to 1.2 pm. After the resist has been spun the wafer is 

soft baked on a hot plate, covered under a glass plate, to remove excess solvents and 

harden the resist. The resist 1400-26 is soft baked at 70°C for 1 min whereas the resist 

SB 12 is soft baked at 110°C for 1 min. When small pieces of samples are spin coated 

with the resist, an edge bead is formed due to accumulation of resist at the edges of
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sample. The edge bead, if not removed, prevents the mask from being in full contact with 

the sample during exposure. Edge beads are removed by exposing the edges of the 

sample, through an edge bead mask of suitable design, for a long exposure time (3 min.) 

and then developing the sample in the freshly prepared developer for very short time 

(10s). Afrer edge bead removal, the sample is rinsed in a flowing DI water bath and then 
blown dry with N2.

S ubstrate

S ubstra te

(i) Resist Coating— ►

(ii) Mask Exposure 44 i III I i l l  I
to UV light

(iii) Resist 
Development

(iv) Wet Etching

(v) Resist Removal

S ubstra te

S ubstrate

S u b stra te

Figure 3.7 : Schematic illustration of substrate patterning process 
using conventional photolithography and wet chemical etching.

3.3.2.2 Exposure

It has been explained in the above paragraph that the presence of photoactive compound 

in a resist inhibits the dissolution of base resin in a developer. However, an exposure to 

ultra violet (U V ) light, significantly increases the dissolution rate of the exposed part of 

the resist. Most positive resists are sensitive to light between 300 and 450 nm^. Strong 

absorption occurs particularly at 436 nm, 405 nm, and 356 nm, which are also called g, 

h, and i lines, respectively, of the Hg spectrum. Absorption becomes very low below 200 

nm and above 500 nm. When exposed to light, the photoactive compound degrades to 

form a ketone by the absorption of photons. In the presence of very small amounts of 

water (-0.5%), the ketone forms an indene carboxylic acid, a compound highly soluble in
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the developer. In the absence of water, however, the degraded inhibitor crosslinks with 

identical molecules to decrease the solubility. The critical role played by water makes the 

resist process very sensitive to humidity control in the clean room, and to the baking 

steps.

For exposure, the mask and wafer were both vacuum mounted in a Karl Suss (MJB3) 

mask aligner. The mask was positioned in such a way that it covered the whole wafer. 

Ridge patterns were aligned accurately with stripes running either parallel to the major 

flat or perpendicular to the major flat depending on subsequent growth. For MBE grown 

wafers, stripes were aligned parallel to the major flat whereas for CBE growth stripes 

were aligned in a perpendicular direction to the major flat. The mask was then bought in 

full contact with the wafer and exposed for 2.7 sec to a UV source with 14 mW/cm^ 

power density. Bringing mask and wafer into close contact eliminates diffraction effects. 

However, some small amount of Fresnel dif&action will still occur due to non zero 

distance between mask and wafer. In the ideal case the distance between mask and wafer 

should be less than the wavelength of the light source used to eliminate diffraction effects 

completely.

3.3.2.S Development

After the exposure samples were developed in the aqueous alkaline developer to remove 

the exposed part of the resist. The Shipley 1400-26 resist was developed in a solution of 

Microposit 351 and water ( 1 : 5  ratio) for 45 seconds, whereas the S812 resist was 

developed in MF321 developer for 50 seconds. The samples were quickly removed from 

the developer and rinsed in a flowing DI water bath for about 5 minutes to quench the 

reaction and thoroughly remove the developer from the samples surface. After the rinse, 

samples were blown dry with Nz.

After the development process the samples were postbaked at 110°C for 10 minutes on a 

hot plate to further harden the resist. Usually this postbaking step makes the resist hard 

enough for a wet etching process. However, in the dry etching process, where the 

samples are subjected to high energy ion bombardment or plasma, the resist needs to be
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more stable and hard to protect the underlying substrate. A different procedure for resist 

stabilisation was followed in this case which will be discussed in the dry etching section.

3.3.3 Wet Chemical Etching

The etching process finally transfers the patterns on the resist layer to the substrate, once 

the resist has been patterned and developed. An ideal etching process must be able to 

remove semiconductor material from the regions not covered by the resist without 

attacking the resist. It should also not penetrate under the resist causing undercuts. The 

simplest and most commonly employed etching technique is wet chemical etching. 

Generally, an etching solution consists of an oxidising agent, a dissolving agent and 

water in appropriate proportions. The oxidising agent oxidises the semiconductor surface 

forming an oxide which is dissolved by the dissolving agent. The popular etchants used 

for GaAs etching are H2SO4/H2O2/H2O and BOE/H2O2/H2O systems. Hydrogen 

peroxide (H2O2) is the oxidising agent in these systems whereas sulphuric acid (H2SO4) 

and buffered oxide etch (BOE) are dissolving agents. The buffered oxide etch is simply 

buffered solution of HF acid and ammonium fluoride (NH4F), which is stable and has a 

very long shelf life. The concentration of initial reagents used in these system determine 

the etch ratef^. The BOE system which is angle specific rather than plane specific was 

used to pattern GaAs substrates. The etching was performed in Teflon beakers using 

30% of peroxide solution stored at 5°C. The volume of different regents in 

BOE/H2O2/H2O system was taken in the ratio of 6 : n : 60 where n is the amount of 

H2O2 in the solution and is determined using the relation

, , = t  ml o f peroxide
total volume o f solution

where [x] is the concentration of peroxide and k ( = 0.00882 ) is the number of mols/ml 

of peroxide in a 30% solution. The buffered oxide etch system is angle specific in that 

concentration of the peroxide determines the etched facet angle. The concentration of the 

peroxide for a desired facet angle and etch rate was calculated relying on the calibration 

curve obtained by P ra t t and  is shown in Figure 3.8. Ridge patterns ~ 2 pm deep with 

facet angles varying between 30° to 45° were obtained for different concentration of 

peroxide. Figure 3.9 shows two cross-sectional SEM images of an etched ridge showing
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undercutting of resist during etching (a), and side wall angle after resist has been stripped 

off (b). An important observation was that high densities of triangular defects are 

produced when either a large concentrations of peroxide are used or the samples are 

etched for long time Figure 3 .10 shows the surface view of an area on the substrate with 

these triangular defects.
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Figure 3.8 : Calibration curve of the etch solution BHF : H^O;: Ĥ O.

In? substrates were etched using HCl : H3PO4 solution in the ratio 1 ; 9 which has a etch 

rate of 0.25 pm/min. Samples were etched for 5 mins to a depth of 1.25 pm producing 

side walls at 21° with (100) surface. A SEM image taken at a steep angle showing the 

surface view and side walls of a patterned InP substrate is shown in Figure 3.11.

Figure 3.9 : Two SEM images of a GaAs substrate patterned by wet 
chemical etching. Image (a) shows the undercut profile of the resist 
and (b) shows the cross-section of patterned mesa after resist removal.
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After the etching has been performed, samples were rinsed in DI water for five minutes 
and carefully blown dry with N2 .

Figure 3.10 : SEM image of a GaAs substrate patterned by wet 
chemical etching. Surface view shows the triangular defects 
produced due to high conc. of peroxide in etching solution.

i

■è

Figure 3.11 : SEM image of an InP substrate patterned by wet 
chemical etching into (100) ridge and groove surfaces joined by 
21° angled facet.

There are few major disadvantages associated with wet chemical etching which make it 

unreliable for its application in patterned substrate overgrowth. As has been discussed 

previously, apart from the growth conditions, migration of growth species is very
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sensitive to the facet angle and the concentration of excess indium on the mesa top is 

determined by the area of the (100) surface. It is, therefore, very important that etching 

process should be able to reliably reproduce the same mesa width and facet angle to 

achieve consistent results in successive growth runs. However, we found that it is very 

difficult to have good control over these parameters in wet chemical etching. Dry etching 

techniques, on the other hand, have better control on the dimensions of the etched 

features. As an alternative approach, we used chemically assisted ion beam etching 

(CAIBE), a dry etching technique, to produce undercut mesa with (100) top surface. 

Undercut mesas are purposely produced so that interaction between growth on mesa top 

and on side facets could be avoided and, therefore, facets are produced totally in - situ as 

growth proceeds on the mesa top. As the facets are generated in-situ, uniform migration 

can be achieved in successive growth runs, if growth conditions are kept the same in 

each run.

3.3.4 Dry Etching

Dry etching processes use plasma driven chemical reactions or energetic ion beams to 

remove material '̂*. Unlike wet chemical etching processes, dry etching processes allow 

better control of feature sizes in the lateral direction. Most of the etchants used in wet 

chemical etching have lateral etch rate almost comparable to vertical etch rate producing 

a large amount of undercutting. In dry etching, on the other hand, good process control 

can result in a lateral etch rate very close to zero. Therefore, dry etching is capable of 

patterning smaller geometry features than wet etching. The dimensional control is very 

important, particularly for adatom migration during the growth of III-V heterostructures 

where the excess concentration of group III species on the (100) plane determines the 

effective bandgap of the grown material.

Dry etching encompasses many different techniques, including plasma etching, reactive 

ion etching (RDE), and chemically assisted ion beam etching (CAIBE). Though each of 

these techniques share common principles, they are differentiated on the basis of etching 

mechanism, pressure range, equipment configuration, and anisotropy or directionality. 

RIE has been used for etching of SiOz and GaAs cap layers during the fabrication of
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ridge waveguided lasers whereas CAIBE has been performed for the patterning of InP 

substrates. A brief description of these processes is given here to explain the basic 

principles and parameters which control the etching process.

3.3.4.1 Reactive Ion Etching (RIE)

Reactive ion etching is similar to plasma etching in which a plasma generated reactive 

species are used to chemically etch the material in the immediate proximity to the plasma. 

RIE is generally performed in a reactor different from the type used in plasma etching 

and uses the directional ion bombardment as a fundamental part of the etching process. 

RIE is a highly anisotropic, directional etching mechanism in which the vertical etch rate 

far exceeds the lateral etch rate. The general equipment configuration is illustrated in 

Figure 3.12. A flat electrode holds the wafers and is driven by R F power. The entire 

chamber is used as the second electrode and is grounded. The large ratio of the electrode 

areas causes most of the voltage drop between the electrodes to appear across the 

plasma sheath at the smaller electrode. This causes ion acceleration towards the 

substrate, resulting in bombardment. At a very low base pressure inside the chamber (~ 1 

to 10 mtorr), the ratio of voltage drop at each electrode can be written as
4

(3.8)

where A\ and Vi are the area and voltage drop associated with the ith electrode. A large 

asymmetry in electrode area and low pressure is exploited to achieve etch directionality 

in the RIE process. An additional advantage is the small chance of sputtering material 

from the chamber as the voltage drop at the chamber is negligible due to its large area.

The choice of the gases used for etching depend on the material to be etched. The main 

criteria for etching to take place is that the plasma must create free radicals which, on 

reaction with the surface to be etched, produce a volatile product that is subsequently 

pumped away. Chlorine and bromine plasmas are usually used to etch GaAs and InP. 

Group-Ill halides have a lower volatility than those of group-V and it is the removal of 

the former that determines the etch rate^ .̂ BCI3 and He were used for etching the GaAs 

cap layer in InGaAs/AlGaAs GRIN-SCH lasers to fabricate a ridge waveguided
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Structure. Typical flow rates of 4.1 seem and 40.9 seem were used for BCI3 and He 

respectively The pressure inside the chamber during the etching process was 50 mtorr. 

A d c. bias of 420 V and R.F power of 120 W was used to generate the plasma. These 

etching conditions resulted in an etching rate of approximately 400 Â/min. Similarly, CH4 

and H2 with typical flow rates of 9.8 seem and 55.2 seem were used to etch InP. Etch 

conditions involving pressure at 50 mtorr, a d.c. bias of 360 V, and RF power of 120 W 

produces the same etch rate of 400 A/min as obtained in GraAs etching. The choice of 

etch gas can also depend on other factors, such as using the underlying layer as an etch 

stop For example, CHF3 was used for etching a window in SiOz layers on GaAs. The 

underlying substrate will not be etched by the fluorine released in the plasma. Adding O2 

to the plasma of CHF3 produces even more free fluorine radical increasing the etch rate. 

For Si02 etching, typical flow rates of CHF3 and O2 were 50 seem and 0.7 seem 

respectively and a constant pressure of 40 mtorr was maintained within the chamber.

Gas inlets

Substrates

Chamber 
(Grounded electrode)

, Plasma*

Substrate holder 
(driven electrode)

Vacuum pump 

Figure 3.12: Schematic of a RIE process chamber.
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S.3.4.2 Chemically Assisted Ion Beam Etching (CAIBE)

Fabrication of many optoelectronic device components, such as laser facets, turning 

mirrors, and gratings, requires smooth, highly anisotropic and low damage etch 

processes. Though RJE is capable of producing extremely vertical etches with smooth 

surfaces, the limitation of this approach lies in the slow etch rates and the problem of 

polymer formation, which without proper removal results in contamination and degraded 

anisotropy. Chemically assisted ion beam etching (CAJBE)^^, uses energetic inert gas 

ions which are accelerated toward the substrate holder to etch the material with a higher 

etch rate in the presence of reactive gases introduced near the sample. CAIBE employs 

the combination of chemical erosion with physical sputtering. The presence of the 

reactive species causes the formation of volatile products that are easily removed from 

the surface. The sputtering effect enables the etching of chemically resistant layers and 

provides the directionality needed to form vertical etch profiles. Independent control of 

various parameters (ion beam flux and energy, partial pressure etc.) in this technique, 

allows good control over physical and chemical components of the etch to produce the 

most desirable etch profile. An optimum balance between physical and chemical 

components of etching would give highly anisotropic etches with smooth vertical side 

walls. Deviations from this situation would result in strongly physical or chemical etch 

characteristics, with either overcut profiles and trenching or undercut profiles^ .̂

We used CAIBE to etch InP substrates with undercut profiles for the growth of 

InGaAs/InP heterostructures by CBE The patterning process consists of a number of 

steps and a detailed account of them is given here. Substrates were thoroughly cleaned 

by solvents (see section 3.3.1 for processing details) and were put in a UV ozone 

chamber for 10 minutes followed by HF/H2O (1 : 30) dip for 1 minute, blown dry with 

N2, before the start of the etching process. A 2000 Â thick Si02 layer was deposited on 

substrates before the spin coating of the resist layer. Resist was exposed using the mask 

and developed to transfer the patterns onto the resist layer. After the developing process, 

the resist was stabilised by deep ultra violet (DUV) exposure for 15 min. followed by a 

bake at 120°C. DUV exposure was again repeated for 15 min. followed by a bake at 

135°C. The resist stabilisation process removes any remaining water/solvents from the
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resist, making it hard by crosslinking with similar molecules, and prevents resist flow at 

the edges, giving it the square shape which is a desirable feature for RIE. The underlying 

SiO] layer was then etched using RIE and finally the remaining resist was stripped using 

the oxygen plasma descum for 30 minutes with 100 W power and oxygen flow of 60 

seem corresponding to a background pressure of 0.6 torr. Steps involved in the 

patterning process are schematically illustrated in Figure 3.13. After the stripping of 

resist, the samples were etched to produce undercut profiles using the SiO: layer as a 

mask.

(i) SiO, 
Deposition

(ii) Resist 
Coating

(iii) Mask 
Exposure

Substrate

Substrate

UV Light
U U U U U U l U

(iv) Resist 
Development

Substrate

Substrate

Substrate

•{ Substrate

Substrate

Substrate

(v) RIE of 
SiO,

(vi) Resist 
Removal

(vii) Substrate 
Etching.

(viii) SiO, 
Removal

Figure 3.13 : Schematic illustration of substrate patterning process by CAIBE, using 
SiO, mask to produce undercut profile.

The system used to perform CAIBE was an lonfab 300 supplied by Oxford Instruments 

and is schematically illustrated in Figure 3.14. It consists of a 15 cm diameter RF driven 

ion source (two grids) with a filament-less beam neutraliser (FBN), a load-lock, and a 

platen to hold samples The system is pumped by a turbo pump to obtain a base pressure 

of 4x10'* torr. Substrate temperature was measured using a diffused reflectance 

spectrometer (DRS) and a quadrupole mass spectrometer (QMS) was used for process 

monitoring during etching. The ion beam is composed of argon while chlorine is 

introduced through a gas ring located in front of the heated platen. An Ar̂  ion beam 

voltage of 500V was used with a current density of 0.2 mA/cm .̂ Chlorine was
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introduced to the etch chamber through a gas ring with a flow rate of 3 seem. The total 
pressure during the process was in the low 10"̂  torr range

Load Lock

Substrate

Platen Source

Gas ring

Meissner
Coil

Turbo pump

Figure 3.14 : Schematic of a CAIBE system lonfab 300.

The basic etching mechanism is shown in Figure 3.15. Energetic argon ions are 

accelerated toward the substrate while chlorine gas is made to flow over the surface The 

chlorine molecules are adsorbed chemically on the substrate surface and then react with 

the substrate atoms, spontaneously or stimulated by striking ions, to form chlorides. 

When the surface is exposed to a flux of high-energy argon ions, collisional cascade 

removal of group III and group V chlorides and thermal desorption are the dominant 

removal mechanisms. These chlorides are volatile and do not significantly redeposit on 

the substrate. This is a major advantage of CAIBE using chlorine compared to other dry 

etching processes. The etch rate for etching InP using CL is a strong function of 

temperature and it increases sharply above I40°C. At low temperatures, the low 

volatility of InCL may result in nonuniform coverage of the surface by reaction products, 

causing surface roughness. The substrate temperature used for etching varied between
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180°C to 240°C in order to facilitate the removal of the etch products, this results in 

increased etch rates. It is found that undercut profiles resulted at higher temperature 

and/or Cb pressure due to spontaneous etching of the side walls.

InCl, Ar'

O  O d  d

SiO,
mask A

Substrate

Figure 3.15 : Schematic of the CAIBE process showing the 
adsorption of chlorine on the InP surface and the formation of 
chlorides when high-energetic Ar̂  ions bombard the surface.

In general, it is observed that the ratio of physical to chemical etching depends on the 
following relation

E(eV) X l(mA!cm-) physical 
/■("C) X( 7V>r r )  Chemical

where E is the energy of Ar̂  ions, I is the current density of ions striking the substrate 

surface, T represents the substrate temperature and Pen is the partial pressure of chlorine 

in the chamber Different amounts of undercut could be produced by tilting and rotating 

the samples relative to the ion beam during etching. Figure 3.16 shows SEM images of 

two InP samples etched by CAIBE Image (a) shows vertical side walls with average 

sidewall roughness of 10 nm and image (b) shows the undercut profile with smooth top 

surface

After patterning of the substrates using CAIBE, the SiOi mask layers from the surface 

were removed by etching it in 7:1 BOE for 5 minutes. Samples were then rinsed in DI 

water for 3 minutes and blown dry.
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NRC. IMS

Figure 3.16 : SEM images of InP substrates etched by CAIBE to produce
(a) vertical sidewalls, and (b) undercut profile.

3.3.5 Resist Removal

Once the substrates are patterned using photolithography and etching, resist from the 

surface must be removed before growth. How the resist is removed depends on how it 

has been affected by the process steps. Wet etching processes are usually benign to 

photoresist, and in this case it is easy to remove the resist. In dry etching processes, on 

the other hand, resist was made hard enough to be protected by high energy plasma or 

ion bombardment It therefore requires stronger solvents or plasma etching for complete 

removal of resist from the surface. GaAs substrates were patterned by wet etching using 

positive resist Shipley 1400-26 which was removed from the surface after etching using 

positive resist stripper PRS 1000. The actual process can be written in the following 
steps

(1) Take about 200 ml of PRS 1000 in two clean beakers.

(2) Put the beakers in a ultrasonic bath at 80°C.

(3) Immerse the wafer in the first beaker for 10 minutes.

(4) Transfer the wafer from the first beaker to the second beaker and strip off 

remaining resist for another 10 minutes.

(5) Rinse the wafer in DI water for 5 minutes.

(6) Blow dry with N2.
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When substrates are patterned using dry etching techniques, stronger solvents such as 

JlOO (for removing 1400-26) or EMT 130T (for removing 8812) were used for resist 

removal Oxygen plasma descum is an alternative way in this case. The plasma generates 

the atomic oxygen which then reacts with the hydrocarbons to form volatile product 

species such as H2O, CO and CO2 which are pumped from the chamber.

3.3.6 Pre-Growth Cleaning

It is very important that the substrate surface should be perfectly clean, before loading 

into a growth machine. Any minute concentration of impurity can result in totally 

unexpected growth behaviour. Different processes were followed for the cleaning of 

GaAs and InP substrates after they were patterned. Each process involves steps to 

remove all sorts of possible contamination and are described below.

3.3.6.1 Cleaning Process for GaAs Substrates

(1) Boil in HCl for 5 min.

(2) Ultrasonic exposure in the same beaker (HCl) for 3 min.

(3) Rinse in H2O overflow bath for 5 min.

(4) Ultrasonic bath with H2O for 5 min.

(5) Rinse in H2O overflow bath for 2 min.

(6) Blow dry with N2.

(7) Transfer the wafer in H2SO4, Gently warm, for 2 min.

(8) Ultrasonic exposure in H2SO4 (same beaker) for 2 min.

(9) Transfer the wafer in a large H2O beaker to quench H2SO4

(10) Rinse in H2O overflow bath for 2 min.

(11) Ultrasonic bath with H2O for 2 min.

(12) Rinse in H2O overflow bath for 2 min.

(13) Blow dry with N2.
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3.S.6.2 Cleaning Process for InP Substrates

(1) Oxygen plasma descum for 1 min.

(2) Immerse the wafer in BOE 7:1 for 5 min.

(3) Rinse in H2O overflow bath for 3 min.

(4) Blow dry with N2.

(5) UV ozone for 10 min.

(6) HF/H2O ( 1:30 ) dip for 1 min.

(7) Blow dry with N2.

After the substrates are cleaned, they should be immediately loaded into the machine for 

subsequent growth to protect them from further contamination.

3.4 Mask Design

A new overgrowth mask was designed for the growth of GaAs based and In? based 

‘Split Contact Devices’. Made to be compatible with the regrowth mask, two device 

masks were also designed for the fabrication of Fabry-Perot (FP) lasers and distributed 

Bragg reflector (DBR) lasers respectively. Detailed description of various features on the 

regrowth mask and designs of the device masks are described in the following sections.

3.4.1 Regrowth Mask

As has already been explained, the growth of indium containing 111-V QW 

heterostructures on pattern substrates facilitates the migration of indium from side facets 

onto surrounding (100) surfaces, under appropriate growth conditions. The 

concentration of the excess indium on the (100) surface, therefore, can produce regions 

of different bandgaps if the growth is performed over ‘variable step width mesas’. This is 

a key factor which has been utilised for designing various types of device structures on 

the regrowth mask. A layout of the regrowth mask is shown in Figure 3.17. The mask 

was designed in such a way that it covers the maximum area of a 2" wafer. It consists of
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six 12x12 mm  ̂device squares and four identical squares of 8x8 mm  ̂area, two on either 

side of the device squares, containing various features for PL and CL characterisation. 

Out of the six device squares, four were used for the fabrication of FP lasers and the 

other two were used for the fabrication of DBR lasers.

2" wafer

/
DBRl DBR2

Figure 3.17 : Layout of the regrowth mask (VKG-REGROW).

Each device square consists of 12 rows and each row contains 24 devices of 1.0x0.5 

mm  ̂ size. Figure 3.18 shows the actual designs of a particular device in each FP type 

device square. Each device consists of an absorber section (narrow mesa) in the middle 

and a gain section (wide mesa) on either side of the absorber. In this geometry the device 

can be used in a colliding pulse mode-locking configuration to produce short optical 

pulses. Each device when cleaved through the middle can result into two identical 

devices. This allows the absorber section to be at one end of the cavity. The typical width 

of the gain section in each device is chosen to be 30 pm whereas the width of the 

absorber section varies between 10-20 pm. The length of gain section was varied from 

480 pm to 240 pm and correspondingly the absorber length was changed from 10 pm to 

250 pm, in going from one row to another row, keeping the total device length fixed. 

The length of gain and absorber sections of all devices in any particular row was kept the 

same. On either side of the absorber section a 10 pm gap is also added to the length of 

gain section in order to isolate the two sections in final device processing. The two 

sections can be isolated either by etching a hole between them or by ion implantation of
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the gap between them. In FPl type devices, the mesa width at the boundary of gain and 

absorber sections was increased from 30 pm to 100 pm, for 30 pm long sections on 

either side of the absorber. The bandgap of the material in the immediate vicinity of the 

two sections will, therefore, remain unaffected by the indium migration process. In other 

FP type devices, the gain and absorber sections have abrupt changes in the bandgap of 

the QW material at the boundary of two sections. One of the drawbacks in FP type lasers 

arises from facet heating at the end of the cavity. Facet heating can be significantly 

reduced if the facets are made transparent to the laser emission. In FP3 and FP4 type 

devices, the width of the gain sections was increased from 30 pm to 100 pm to form 100 

pm long non-absorbing mirrors at both ends of the cavity. Design of FP4 type devices 

are similar to FP3 type devices except the width of the absorber section. In all FP type 

device squares, each row of devices were equally divided into four sets where every set 

consists of exactly identical devices except for the width of the absorber section. In FPl, 

FP2, and FP3 type devices, the widths of the absorber sections were chosen to be 10, 12, 

15 and 20 pm. In FP4 type devices, the widths of the absorber sections were chosen to 

be 11, 13, 17 and 19 pm.

Single longitudinal mode operation of a semiconductor laser is desirable for many 

applications such as long distance optical fibre communication. Distributed feedback 

(DFB) lasers and distributed Bragg reflector (DBR) lasers^* are important from this point 

of view as they emit light predominantly in a single longitudinal mode. These lasers 

employ an internal built-in grating that gives a periodic perturbation of the refractive 

index. Feedback occurs by means of Bragg diffraction that couples the waves 

propagating in opposite directions. The longitudinal mode whose wavelength satisfies the 

Bragg condition becomes the dominant mode and experiences maximum gain while all 

other modes are suppressed. The Bragg condition can be written as

A  ̂^A = m

where A is the grating period, n is the mode index and m is an integer which represents 

the order of Bragg diffraction. The coupling of the forward and backward waves is 

strongest for the first-order Bragg diffraction (m = 1). In DFB lasers the gratings are 

etched onto one of the cladding layers just below (or above) the active layer and the
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fabrication process involves multiple epitaxial growth. In contrast to DFB lasers, the 

gratings of the DBR lasers are outside the active region and can be easily fabricated after 

the growth. Though the feedback occurs throughout the cavity length in DFB lasers, it 

does not take place inside the active region of a DBR laser. In effect, the end regions of a 

DBR laser act as mirrors whose reflectivity is maximum for the wavelengths satisfying 

Eq.(3.10).

FP2 F P 3

FPl FP4

Figure 3.18 : Layout of the different types of FP devices 
incorporated into the regrowth mask.

Two 12x12 mm  ̂squares on the overgrowth mask were used for the fabrication of split 

contact DBR lasers. A typical design of the mesa shape for these devices is shown in
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Figure 3.19(a). The total cavity length is divided into four segments consisting of two 

end sections for grating mirrors, one gain section, and one absorber section. The lengths 

of the gain and absorber sections are 430 gm and 60 gm respectively whereas the lengths 

of the two mirror sections are 400 pm and 100 pm respectively. A 10 pm gap is also 

added in the gain section to isolate it from the absorber section, either by etching a hole 

between them or by ion implantation, in the final device processing. The width of mirror 

sections, gain, and absorber sections are 100 pm, 30 pm and 10 pm respectively. The 

width of the mirror sections and gain section are kept the same for all devices, while the 

width of the absorber section was varied between 10 pm and 20 pm. Similarly, the 

reflectivity of the one end mirror was kept fixed whereas the reflectivity of the other end 

mirror was varied for different combinations of the gain and absorber section lengths. 

The reflectivity of the end mirror was varied by varying the length of the grating section. 

Four pairs of grating lengths (400, 100), (400, 75), (400, 50), and (400, 25) were 

chosen. For each pair of grating mirrors, four different combinations of gain and 

absorber sections length were taken. The specific detail of the dimensions of various 

devices are summarised in Table 3.1.

Table 3.1 ; Dimensions of different sections of split contact DBR lasers of 
various devices on DBRl and DBR2 squares of the regrowth mask.

Grating Mirror Length Gap Total Cavity
Pairs (Gain, Abs.) Length
tim tun nm nm

(400, 100) G430, A60 10 1000
G450, A40 10 1000
G470, A20 10 1000
G480, AlO 10 1000

(400, 75) G455, A60 10 1000
G475, A40 10 1000
G495, A20 10 1000
G505, AlO 10 1000

(400, 50) G480, A60 10 1000
G500, A40 10 1000
G520, A20 10 1000
G530, AlO 10 1000

(400, 25) G505, A60 10 1000
G525, A40 10 1000
G545, A20 10 1000
G555, AlO 10 1000
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All of the sixteen device types were accommodated in the first eight rows of the DBRl 

square with each row containing two types of devices. For each type of device, in every 

row, the first six devices had a 10 pm wide absorber whereas the next six devices had a 

12 pm wide absorber. A similar arrangement of devices was made in the DBR2 square. 

Devices in the DBR2 square have exactly the same design as in DBRl square except the 

width of the absorber sections, which were 15 pm and 20 pm instead of 10 pm and 12 

pm.

(a) (b)
Figure 3.19 : Layout of the two types of DBR devices with (a) straight 
cavity and (b) tilted cavity incorporated into the regrowth mask.

One serious drawback in DBR lasers arises from reflections at the facets which deviate 

the laser from ideal single longitudinal mode operation. This problem can be overcome if 

the reflections from end facets are avoided. Figure 3.19(b) shows another design of a 

DBR laser in which the whole cavity is tilted by 5° in the plane of the device. In this 

geometry, reflections from the end facets would not be along the cavity and the laser 

should essentially oscillate in a single longitudinal mode. All the tilted devices have the 

same dimensions as shown in Table 3.1 and are accommodated in the last four rows of 

each DBR square. The width of the absorber section for all tilted devices in DBRl and 

DBR2 squares were chosen to be 10 pm and 15 pm respectively.
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In the regrowth mask provision was also made for various features for the initial 

characterisation of overgrown material by photoluminescence (PL) and 

cathodoluminescence (CL). PL and CL squares are both 8x8 mm̂  in size and consist of 

features which can provide information about indium migration behaviour from side 

walls onto surrounding (100) surfaces and its dependence on orientation, feature sizes 

and the proximity of neighbouring features. The layout of the PL square is shown in 

Figure 3.20 and consists of sixteen 2x2 mm̂  squares. One of the squares has no features 

on it and was covered by photoresist in the lithography process to prevent it from 

etching The PL signal from this square can be used as a reference signal to compare the 

luminescence behaviour between the patterned and unpattemed areas of the sample The 

remaining squares have a systematic variation of either ridge width or groove spacing 

This allows investigation of indium migration from side walls towards either groove or 

ridge. Seven squares have identical ridge width of 100pm with groove separation of 2, 3, 

4, 6, 10, 15 and 20 pm respectively. On the other hand, five squares have exactly the 

same groove spacing (100 pm) with ridge widths of 7, 10, 12, 15, 20 and 30 pm 

respectively The remaining two squares have 4 mm long flares where the width of the 

flares is reduced from 30 pm at one end to 5 pm at the other end

Figure 3.20 : Layout of the PL square on the regrowth mask.
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The spatial resolution in PL measurements varies between 50 - 100 pm depending upon 

the optics used to focus the laser spot on the sample. Due to the large spot size of the 

laser beam, it samples a larger area of the patterned mesa and the resulting luminescence 

has features associated with the emissions from ridge, groove and side walls. On the 

other hand, an electron beam, as used in CL, is a very amenable probe and can be 

focused down to one micron thus allows to distinguish different features of the PL 

spectra^. The layout of the CL square, which contains a variety of shapes, is shown in 

Figure 3.21. As in PL square, it also contains one blank square which is not etched in the 

patterning process. One of the squares contains spokes aligned at angles of 15°, 30°, 45°, 

60° and 90° with respect to the [oi l] direction. This allows the study of migration

behaviour for different ridge orientations. To further investigate the effect of the 

orientational dependence on indium migration and its distribution on the (100) surface, 

shapes like rings and meshes were included on the mask. Rings of diameter 20, 30, 50 

and 100 pm and of different widths of 7, 10, and 15 pm for each diameter were drawn. 

In optoelectronic integrated structures, photons from one region of the device need to be 

coupled to another regions and guided by waveguide structures with minimum loss. For 

this purpose, bends with radii of curvatures of 10, 20, 50 and 100 pm and arm length of 

200 pm were designed to investigate the loss mechanism. It has been observed in both 

MBE and CBE grown samples that indium migration occurs either from A or from B 

types of facets but it does not occur simultaneously from both types of facet. Bend 

shapes are interesting in this sense as the two perpendicular arms are expected to have 

different bandgaps after the growth of QW structures on such mesa. The light from 

narrow bandgap arm will, therefore, couple through the other arm of higher bandgap 

with minimum loss.

To study photonic coupling over a long distance, multi-segment ridges were designed 

where, alternatively, a wider segment is joined to a narrower segment. The widths of the 

wider sections were 30, 25, and 20 pm respectively whereas the width of the narrow 

sections was only 10 pm. Similarly, the length of each wider segment was chosen as 500 

pm and that of the narrower segment was 100 pm.
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The proximity of ridges and grooves is expected to influence the facetting and therefore 

the indium migration behaviour. To investigate the effect of the proximity of ridges, 500 

pm long and 20pm wide ridges are closely packed within 200 pm with groove spacings 

of 2, 3, 4, 5, 6, 8, 10 and 15 pm respectively. Similarly, to study the effect of groove 

proximity, in another section the position of grooves and ridges were interchanged.

• • • • • • • • • • • • • • • • • •
ooooooooooooo
ooooooooooooo
ooooooooooooooooooooooooooooo

^OOOOOOOOç

Cl

rrrr
rrrrrrrrrrrr

Cr

Figure 3.21 : Layout of the CL square on the regrowth mask (VKG-REGROW).

Quantum dot lasers are becoming increasingly important for their unique optical and 

electrical properties, due to 3D quantum confinement. However, the fabrication of these 

structures has been tried mainly by means of lateral patterning of 2D QW structures by 

lithographic techniques. The minimum lateral dimensions achieved using this technique 

are much larger than the vertical dimension of the epitaxially grown structure, hence 

leading to small sub-band energies. Moreover, fabrication processes introduce a high
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level of defects. Alternatively, growth on patterned substrates can be used to produce 

damage free quantum dot structures as it eliminates the post growth processing. 

Structures with lateral dimensions comparable to the vertical ones can be easily 

patterned, therefore allowing, in principle, for large sub-band separation. Squares of 

various dimensions have been included on the CL section for this purpose. The smallest 

square has a dimension of 5x5 pm  ̂before etching and this was varied up to 15x15 pm .̂ 

The QW structures on these patterned features are expected to show three dimensional 

quantum confinement.

3.4.2 Device Mask

Two device masks were designed for the fabrication of FP and DBR lasers respectively, 

grown on mesas patterned into the substrate with the regrowth mask. Both device masks 

consist of six layers which were used for different processing steps. Figure 3.22 shows 

different layers which are used for the processing of a typical FP device with gain and 

absorber sections 480 pm and 10 pm long respectively. Layer 1 was used to etch 10x20 

pm  ̂holes by wet etching to isolate gain and absorber sections. Layer 2 was then used to 

deposit 3 pm wide metal stripe at the centre of the mesa over the gain and absorber 

sections. After the metal deposition. Layer 3 was used to define a 3 pm ridge all the way 

from one end to other end of the cavity. The ridge was then etched by reactive ion 

etching. The use of Layer 4 was optional to etch the bare semiconductor material from 

either side of the ridge. Layer 5 was used to open a 2.5 pm window on the ridge after the 

dielectric (SiOi) deposition. The Layer 6 was finally used for evaporating contact pads 

by lift-off for both of the gain and absorber sections. The processing detail will be given 

in Chapter 4.

Figures. 3.23 and 3.24 show the different layers, as defined above, for the fabrication of 

DBR lasers with straight cavity and tilted cavity respectively.
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Figure 3.22 : Layout of different layers on the device mask VKG-Ml used 
for the fabrication of FP devices.
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Figure 3.23 : Layout of different layers on the device mask VKG-M2 
designed for the fabrication of DBR lasers with straight cavity.
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LAYERl LA Y E R 2 L AY E R3

LAY ER 4
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Figure 3.24 ; Layout of different layers on the device mask VKG-M2 
designed for the fabrication of DBR lasers with a tilted cavity.
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3.5 Conclusions

The technique of growth on patterned substrates by MBE has been reviewed. The 

potential applications of this technique for the integration of optoelectronic devices were 

identified. It is found that indium migration behaviour on patterned substrates is sensitive 

to many growth parameters as well as geometry and orientation of the patterned 

features. It has been argued that good control of the patterning process and growth 

mechanism is essential to fully exploit and understand the potential of this technique for 

the fabrication of integrated optoelectronic devices. Therefore, both wet etching and dry 

etching has been performed to pattern GraAs and InP substrates. A new mask set has 

been designed which contains a wide range of designs for the growth and fabrication of 

split contact devices. Issues related to growth, characterisation and fabrication of devices 

will be discussed in the next chapter.
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GaAs Based QW Devices Epitaxially 

Grown on Patterned Substrates

4.1 Introduction

It has been argued in the previous chapter that growth on patterned substrates is a novel 

single step growth technique for achieving selective area bandgap control of QW 

devices. This technique is especially well suited for MBE growth of III-V QW 

structures containing indium in the active region. Under certain growth conditions and 

crystal orientations, indium migrates away from the side facets of the patterned mesas 

onto surrounding (100) surfaces. It is the concentration of the excess indium and its 

uniform distribution on the (100) surface which determines the effective bandgap of the 

QW material. However, indium migration has been shown to be very sensitive to many 

parameters including facet angle and orientation, surface dimensions, and variations in 

the MBE growth conditions particularly the substrate temperature and the arsenic flux. 

We have further investigated indium migration behaviour and its dependence on the 

nature of the arsenic species used for the growth of InGaAs/AlGaAs lasers by MBE. In 

this chapter, a comparison of two single quantum well InGaAs/AlGsAs lasers grown on 

patterned substrates is presented. The first laser was grown using As2 throughout, 

whereas the active region of the second laser was grown using As .̂ Both the lasers were 

characterised using PL, FEE, and CL spectroscopy to compare the indium migration 

behaviour and pulsed LI measurements were made. Although, totally different migration

129
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behaviour is seen in the two cases, both lasers exhibit extremely low threshold current 

density, low internal losses and show very high internal quantum efficiency. A process 

for the fabrication of split contact devices was developed at the Institute for 

Microstructural Sciences, National Research Council, Ottawa (Canada) and is described 

in this chapter. Results of pulsed and continuous wave (CW) LI measurements for these 

devices are discussed which show the promise of their possible applications in fast 

switching or memory devices.

4.2 Experimental Arrangement

A schematic of the experimental setup used for PL and PLE experiments is shown in the 

Figure 4.1. It consists of a laser source to excite the luminescence from the samples, a 

double grating spectrometer to disperse it, and an appropriate sensitive detector. 

Samples were mounted on the sample holder of a closed cycle cryostat supplied by APD 

Cryogenics Inc. and were maintained between 10 K and 450 K using a heater wound 

around the second stage of the expander. The sample holder was surrounded by a 

vacuum shroud vsdndow assembly which was pumped down to 0.05 Torr using a 

rotary/diffusion pump to minimise heat conduction. Photon counting techniques were 

used to detect the signal and the signal from the detector was passed through a 

discriminator to reduce the background signal and amplified using a fast pre-amplifier 

before passing it to the photon counter (RACAL DANA). The description of the light 

sources, monochromator and detector is given below in detail.

4.2.1 Light Source

In PL experiment carriers are usually excited in the barrier material of a quantum well 

structure by absorbing photons at a fixed wavelength. A cw excitation source with hv > 

Eg , the barrier bandgap, is used to excite the carriers which are readily captured by the 

QW where they rapidly thermalises to the lowest excited state and consequently 

recombine radiatively. In PLE experiments, however, a tunable laser is used to excite 

the carriers into various sub-bands of the QW and the monochromator is set to detect the
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luminescence at a fixed wavelength a few Angstroms above the PL peak. Three laser 

sources were used specific to the emission or absorption spectroscopy and their 

specifications are given below.

(i) A rL a ser

The Ar^ laser (Spectra Physics, Model-2080A Beam Lock™) can be tuned to many 

lines in the blue/green region of the visible spectrum. In particular, the 488.0 nm or 

514.5 nm lines were isolated using suitable prism within the cavity for cw excitation 

mode. The Ar^ laser itself could be used as a light source for PL experiments. However, 

it was used as a pump laser, with max. power up to 16.0 W, to excite transitions in the 

Ti-Sapphire laser.

(ii) Ti-Sapphire Laser

The Ti-Sapphire (Titanium-doped Sapphire) laser is a solid state laser which can be 

tuned over a broad range of the near infrared (IR) spectrum. The one which was used in 

our experiment, is a state of the art laser supplied by Spectra Physics (Model - 

Tsunami). With properly chosen optics, the Tsunami could be used either in cw or 

pulsed mode with mode-locked pulses of the order of sub-ps or fs pulse width and pulse 

repetition rate of 82 MHz. The laser can be tuned over a wide range of wavelengths 

fi*om 720 nm to 1080 nm using three different mirror sets. Wavelength tuning is 

achieved either using a slit or a birefnngent filter (bi-fi) depending on whether the laser 

is configured for fs or ps operation. The maximum power varies fi*om 1.0 W to 250 mW 

when the laser is tuned between 790 nm and 1053 nm.

(iii) He-Ne Laser

For routine PL characterisation and aligning optics, a cw Helium-Neon (He-Ne) laser 

(Make - Melles Griot, model - 05-LHP-l 11) was used. The laser has a maximum power 

of 5 mW and principally emits at 632.8 nm. This laser is very compact and handy, and
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does not require cooling or use of a big power supply. It is, therefore, a convenient 

source for PL characterisation of most III-V materials.

Though all the three lasers can be used for PL, only the Ti-Sapphire could be used for 

PLE experiments, which require a tunable source. The Ar^ and He-Ne lasers are 

strongly absorbed near the sample surface exciting carriers in the barrier layers, whereas 

the Ti-Sapphire laser penetrates deeper into the structure and could be used to excite the 

PL either resonantly or non-resonantly in the well. For the PLE experiment, the Ti- 

Sapphire laser was calibrated over a wide range of wavelengths by computer controlled 

rotation of the micrometer which, in turn, rotates the biréfringent filter. The output 

power of the Tsunami varies considerably as a fimction of the lasing wavelength. 

Therefore, a home made electronic feedback circuit was employed to control the Ar^ 

pump laser power in order to keep the Tsunami output power constant during the PLE 

scan. A fraction of the Ti-Sapphire output was diverted using a 5° wedge, positioned at 

the Brewster angle to the incoming beam, to a silicon photodiode which supplies the 

control signal to the feedback electronics. A low excitation power was always used in 

both PL and PLE experiments to ensure that the intensity of the luminescence signal 

was directly proportional to the pump power. Neutral density (ND) filters were used 

either to to cut the excitation power to avoid band filling or to cut the luminescence 

from the samples to avoid saturating the detector.

4.2.2 Monochromator

The luminescence from the sample was collected using plano-convex lenses L2 and L3 

and focused to the entrance slit of the monochromator. For the maximum efficiency and 

minimum scatter, the /  - number of L3 was chosen to match the /  - number of the 

monochromator. The monochromator used in the system is an 0.85 m double grating 

spectrometer (SPEX - 1404) that selectively passes luminescence on the basis of its 

frequency. It consist of two reflection gratings with 1200 grooves/mm, mounted on 

Czerny - Turner type mountings. The reflecting facets of the gratings are blazed such 

that most of the optical power is concentrated into the first order diffraction at 1.0 pm 

wavelength. However, an appreciable amount of optical signal could be detected on
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Figure 4.1 : Schematic o f  experimental setup for PL and PLE experiments.
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either side of the blaze wavelength with efficiency failing to 50% of the maximum value 

at 2X/3 and IX. A  fundamental grating equation applied to Czerny - Turner mount can 

be written as

mÀ = d{ sin cr + sin>9 ) (4.1)

where m is the order of the diffraction, X is the wavelength of the diffraction peak, d is 

the grating spacing, and a  and p are angle of incidence and diffraction respectively. Eq. 

(4.1) can be written in a more convenient form as

mÀ = 2d sin 0 cos ̂  (4.2)

where 0 is the grating angle relative to the zero order position and ^ is related to the 

incident and diffracted angles by

a  = 0 + (|) and P = 0 - ((). (4.3)

The spectrometer was scanned through the desired spectral range by a Mini-Step-Driver 

(MSD) using a programme written locally which rotates the gratings in the vertical 

plane for every single step of the scan. As the grating is rotated, the angles a  and P 

change, although the difference between them remains constant and is fixed by the 

geometry of the spectrometer. At any grating position, only the wavelength which 

satisfies Eq. (4.2) passes through the monochromator and light of other wavelengths is 

absorbed by the collimators.

An important relation of angular dispersion can be found by differentiating eq. (4.2) 

which is related to the linear dispersion by a simple relation

where f  is the focal length of the slit in mm and x is the linear dispersion.

The resolving power of a grating, which quantifies the ability of a grating to resolve two 

adjacent wavelengths, is given by the following expression based on the Rayleigh 

criteria

À W
—  = mN = m —  (4.5)
OA, d

where bX is the minimum separation between wavelengths that are just resolved, N is 

the total number of grooves, W is the total width of the grating, and d is the grating
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Spacing. Thus the resolving power of the grating depends on the total width or size of 

the grating. It is important to differentiate between grating resolving power and the 

resolution capability of the monochromator which will depend on a number of factors 

such as slit width and height, and signal throughput. Maximum throughput is attained if 

the focusing lens L3 subtends at least as large a solid angle at the entrance slit as does 

the collimating mirror Ml in the spectrometer. This ensures that the luminescence 

illuminates the full width of the grating and as a consequence improves the resolution of 

the system. Similarly the slit width, which determines the bandpass of the signal, has 

important consequences over the resolution of the system. Bandpass is the width of the 

spectrum passed by a monochromator slit when illuminated by a signal with a 

continuous spectrum and is proportional to the reciprocal of the linear dispersion. With 

a 1200 grooves/mm grating, the monochromator gives a reciprocal linear dispersion of 

0.47 nm/mm for He-Ne line at 632.8 nm. Thus a 50 pm wide slit will give a slit-limited 

resolution of 0.02 nm.

4.2.3 Detector

A photomultiplier tube (PMT) was used in photon counting mode to detect the emission 

or absorption features of the dispersed luminescence from the monochromator. Among 

the photosensitive devices in use today, the PMT is a versatile device that provides 

extremely high sensitivity and ultra-fast response. A typical photomultiplier tube consist 

of a photoemissive cathode (photocathode) followed by focusing electrodes, an electron 

multiplier, and an electron collector (anode) in a vacuum tube. When light enters the 

photocathode, it emits photoelectrons into the vacuum. These photoelectrons are then 

directed by the focusing electrodes towards the electron multiplier where they are 

multiplied by the process of secondary emission. The multiplied electrons are collected 

by the anode as an output signal. The PMT used in our setup was a 2" diameter head-on 

type tube (Hamamatsu, R3310-02) having InGaAs(Cs) photocathode and linear focused 

CuBeO dynodes. The InGaAs(Cs) photocathode allows high sensitivity over a wide 

spectral range from 300 to 1040 nm. Moreover, in the range 900 - 1000 nm, InGaAs has 

much higher S/N ratio than other photosensitive cathode materials. Some other
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characteristic features include high quantum efficiency of 25% at 1.0 îm, fast rise time 

of 3.0 ns at 1.5 kV, and very low dark counts, typically 30 cps at -20°C.

The PMT was housed in a special thermoelectric refrigerated chamber (TE-182RF, 

Make-PR Inc.) designed to provide appropriate cooling and to provide full protection 

from RF interference for photon counting applications. The housing cools the tube 

cathode to approximately 40°C below ambient temperature and therefore the dark 

counts are significantly reduced.

4.3 InGaAs/AlGaAs SQW Lasers Grown by MBE

Two strained InGaAs/AlGaAs single quantum well (SQW) lasers were grown on 

patterned n"̂  GaAs substrates by MBE. Substrates were patterned using conventional 

photolithography and wet chemical etching to produce about 2.0pm deep (100) ridges 

with side walls at 31°. Ridges of different widths on 100 pm pitch were aligned along 

the [011 ] direction parallel to the major flat of the substrate. The substrate patterning 

process is described in detail in section 3.3 of chapter 3. The laser structure NRC1718 

was grown using As2 throughout whereas the laser structure NRC1741 was grown using 

As2 for everything except the active region which was grown using As .̂ There are many 

advantages reported in the literature for growing InGaAs/AlGaAs lasers by MBE using 

As2- Aside from the improvement in the material q u a l i t y t h e r e  are other factors also 

which suggest the relative advantages of As2 over As  ̂ in MBE growth. The growth of 

high quality AlGaAs cladding layers can be performed at a substrate temperature as low 

as 610°C with As2  ̂ instead of 680 - 700°C needed with As  ̂ At this temperature, one 

can prevent the Be diffusion into the undoped regions and can also avoid the Ga- 

desorption region (Tg > 640°C) which would otherwise adversely affect the AlGaAs 

compositional uniformity. Moreover, the quality of the AlGaAs is largely independent 

of the As2 overpressure as long as it is above the level at which Ga-stabilised growth 

occurs, unlike the case of As^ where the range of group V/III ratio is quite narrow^. Both 

the lasers were grown under optimum conditions to facilitates indium migration from 

the side-facets onto (100) ridge top and have exactly similar structure. The layer
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Structure o f  both lasers, growth conditions, and comparison o f their luminescence 

behaviour and lasing characteristics will be presented in later sections.

4.3.1 Layer Structure

The lasers were grown in a VG V80H solid source M BE machine on In-ffee mounted 

substrates. The layer structure is that o f  a standard GRINSCH laser and a schematic o f 

the conduction band profile is shown in Figure 4.2. A 50 nm GaAs layer, a short period 

GaAs/AlAs superlattice, a 600 nm buffer layer were grown before the bottom cladding 

layers. The cladding consists o f a 120 nm graded Al^Gaj.^As layer (x = 0.25 to 0.70), a 

1.2 pm AlGaAs layer (Al-70%) with 15 Â thick GaAs smoothing layers inserted after 

every 0.2 pm , and again 120 nm graded Al^Ga^.^As (x = 0.70 to 0.25). The active region 

consists o f a 70 Â In^Gaj.xAs (x = 0.20) SQW surrounded by 400 Â GaAs barriers from 

either side. The top cladding layers are similar to the bottom one but without the GaAs 

smoothing layers. The whole structure was capped within 200 nm GaAs layer. The top
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Figure 4.2 : Schematic diagram o f the conduction band profile o f  the 
graded index separate confinement heterostructure laser.
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and bottom cladding layers are doped at 5 x 10*̂  cm'^ with Be and Si respectively, 

leaving 360 nm core region on either side of the QW undoped. Similarly, the buffer 

layer is Si doped at 2 x 10** cm'^ while the cap is heavily Be doped at 3 x 10*̂  cm"̂ .

4.3.2 Growth Conditions

The lasers were primarily grown to compare the indium migration behaviour using As2 

or As4 and, therefore, optimum growth conditions facilitating indium migration off the 

side walls were employed. Arsenic, either in the form of AS] or As ,̂ was supplied from 

a valved cracker cell. In order to achieve smooth transition from As2 to As^ during the 

growth of active region in NRC1741 laser, the growth was interrupted for a total period 

of 15 min. on either side of the QW while the cracker-zone temperature was ramped 

from 950°C to 400°C and again back to 950°C. A growth interruption was applied after 

a few monolayers growth of GaAs at the first GaAs/AlGaAs interface and a few 

monolayers of GaAs before the second GaAs/AlGaAs interface. Before and after the 

completion of each growth interruption period, the growth rate was also varied from 1.2 

A/s to 0.5 A/s and again back to 1.2 A/s respectively. This was done to ensure that the 

claddings on both side of the QW are essentially grown using As2 while the QW is 

essentially grown using As  ̂ with low arsenic flux. All layers except those in active 

region were grown at 625°C whereas the active region was grown at 480°C. The 

substrate temperature was measured using an infrared pyrometer, referenced to the 

melting point of InSb (525°C). The active region was grown with low arsenic flux and 

at a growth temperature as low as 480°C, as discussed in chapter 3, to encourages high 

degree of indium migration off the facets whilst maintaining a high enough indium 

mobility on the adjoining (100) surface to allow the excess indium to redistribute itself 

evenly over the patterned mesas.

4.3.3 PL/PLE Spectra

Both lasers were characterised by PL and PLE to assess the luminescence efficiency and 

quality of the grown material. PL was excited using a He-Ne laser with very low
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excitation density while for the PLE spectra the Ti-Sapphire laser was timed between 

1.35 and 1.48 eV keeping the output power constant at 25 mW. This was reduced to 5 

mW using appropriate ND filters before entering into the cryostat window. Low 

temperature PL and PLE spectra recorded at lOK from the unpattemed area of the 

substrates are shown in Figure 4.3. The PL peaks of NRC1718 and NRC1741 

correspond to 1.353 eV and 1.357 eV respectively whereas the ê  - hh, transitions in the 

PLE spectra lie at 1.356 eV and 1.360 eV respectively. A small Stokes shift of 3.0 meV 

observed in both samples indicates a very low level of defect or impurity incorporation 

during the growth and suggests free-exciton recombination as a dominant radiative 

process. Very sharp and intense PL peaks (FWHM « 4.0 meV) indicate smooth 

interfaces with excellent uniformity in the thickness of grown layers .̂

PL
NRC1718 
(All As,)

PLE

PL

PLE

1.32 1 .34 1.36 1 .38  1 .40 1 .42 1.44 1 .46 1.48 1.50

Energy (eV)

Figure 4.3 : 10.0 K PL and PLE spectra obtained from the 
unpattemed area of NRC1718 and NRC1741.

In order to determine the extent of In-migration away from the mesa side walls, PL 

spectra were taken from the patterned regions of both samples consisting of nominally
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20 nm ridges with 100 |im groove spacings. Spectra were recorded when a 50 pm laser 

spot was focused centrally on the ridge top and samples both ridge and groove regions. 

Figure 4.4(a) shows a 10 K PL spectra of NRC1718 and consists of a number of peaks. 

In addition to the main dominant peak at 1.356 eV corresponding to the groove region, 

other observed peaks represent emissions from ridge (1.351 eV), upper half of the side 

wall (1.345 eV), lower half of the side wall (1.336 eV), and ridge - side wall intersection 

(1.317 eV). The PL peaks were assigned to different parts of the patterned mesa by low 

temperature CL measurements. Ridge emission is red shifted only by a small amount 

(5.0 meV) in comparison to the groove emission. Moreover, the side wall emissions are 

observed at lower energy than ridge emission which suggest that side walls are In rich 

compared to the ridge top. This result is contrary to the previous work of the growth of 

InGaAs/GaAs QWs on patterned substrates using As  ̂where the QW emission from the 

ridge top is red shifted in comparison to the groove emission, with much larger shift, 

due to accumulation of indium from side walls. As a result, side wall emissions were 

observed at higher energy than the ridge emission^. In the case of NRC1718, it appears 

that indium from the side walls ‘piles-up’ at the ridge-side wall intersection without 

migrating onto the (100) ridge surface. This may be understood if one considers the 

much shorter surface lifetime of As2 in comparison to As ,̂ which decreases the reaction 

time of In, and thus its surface diffusion length* (see section 2.2.3, chapter 2).

The growth of NRC1718 was repeated to grow an exactly similar structure on another 

patterned piece of the same wafer. However for this growth, NRC1741, in order to 

utilise the effects of In-migration as well as to be able to grow high quality AlGaAs 

cladding layers, the whole structure was grown using As2 except that the active region 

which was grown using As .̂ The growth sequence of NRC 1741 and the transition from 

As2 to As4 and back to As2 during the growth has been discussed in the previous section. 

A low temperature PL spectra recorded at 10 K from a patterned area, consisting of 

nominally 20 pm ridges with 100 pm groove spacings, is shown in Figure 4.4(b). In 

contrast to NRC1718, the spectra of NRC 1741 consists of two peaks separated by 34 

meV. The higher energy peak at 1.348 eV corresponds to the emission from the groove 

region whereas the lower energy peak at 1.314 arises due to QW emission from the 

ridge top. The ridge emission is shifted by 43 meV to lower energy with respect to the
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ridge top. The ridge emission is shifted by 43 meV to lower energy with respect to the 

emission from the unpattemed area due to accumulation of excess indium migrated from 

the sidefacets. The groove emission is broadened due to spatial variation of indium 

away from the sidewalls on both sides of the ridge. The narrow linewidth of ridge 

emission (FWHM 4.7 meV) indicates that the excess indium is pseudomorphically 

accomodated on the mesa top without relaxation of strain.

. N R C 1 7 1 8  
(A ll A s ,)

1.28 1.30 1.32 1.34 1.36 1.38

Energy (eV )

Figure 4.4 ; Low temperature PL spectra of (a) NRC1718 and (b) 
NRC 1741. Spectra were taken when about 50 pm diameter laser spot 
was focused on nominally 20  pm ridge top to excite the 
luminescence.
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This conclusion from the PL spectra was further confirmed using spatially resolved low 

temperature cathodoluminescence (CL). In Figure 4.5 two images of a mesa of all As2 

(top) and AS2/AS4/AS2 (bottom) samples are shown. Each image consists of a secondary 

electron image (on the left), showing the mesa top, sidewalls and adjacent grooves, and 

a CL image (on the right) recorded at a wavelength which corresponds to the emission 

from mesa top. It is apparent in the top CL image (a) that mesa top and adjacent groove

■ .-f * S S i
I 3pm I
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Figure 4.5 : SEM images of patterned mesa (left) and CL images 
(right) recorded at wavelengths corresponding to the emission from 
ridge top of (a) NRC1718 (All AsJ and (b) NRC 1741 (As/As/AsJ.
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regions both have almost same indium composition as the emission from grooves can 

also be seen at the same wavelength. Moreover, the central bright region on the mesa 

top is very narrow in comparison to the total width of the mesa, indicating that In is very 

unevenly distributed over the mesa top. On the other hand bottom CL image (b) clearly 

shows the contrast between the ridge emission (bright region) and groove emission 

(dark region) and shows that the excess In-concentration is uniformly distributed over 

the entire width of the mesa top.

4.3.4 Evidence of Photonic Coupling

The laser structure NRC1718 was further investigated for its peculiar luminescence 

properties using low temperature spatially and spectrally resolved CL spectroscopy. A 

piece of the wafer from the border of the patterned area was probed by the electron 

beam at different points away from the facet intersection with the (1 0 0) ridge surface 

(ridge-edge) over a long distance. The resulting CL spectra, plotted in 3D form, is 

shown in Figure 4.6. The first CL plot corresponds to the emission when the electron 

beam is positioned at 2 pm away from the facet intersection. It consists of three peaks 

representing emissions from the ridge-edge, from the base of the facet and from the 

ridge centre respectively as shown by arrows in the inset. As the electron beam is 

scanned further away from the facet intersection over the semi-infinite ridge, the main 

ridge peak gets stronger whereas the peaks corresponding to ridge-edge and base of the 

facet gradually diminish. Though the spot size of the scanning electron beam is only 

about one micron, the emissions from the ridge-edge and from the base of the facet can 

still be seen even at 60 pm away from the ridge-edge. It is clear that excitons can not 

diffuse over such a long distance^. We explain the observed behaviour as being due to 

photonic coupling between different bandgap regions. The laser structure is basically a 

waveguiding structure, therefore, the photons which are created due to radiative 

recombination of excited carriers in regions far away from the ridge-edge are very 

efficiently coupled to a deeper well at the ridge-edge, creating electron-hole pairs which 

recombine radiatively.
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The photonic coupling behaviour was further examined by scanning the CL across the 

semi-infinite ridge at different temperature. The ratio of the integrated CL intensity of 

main ridge peak over ridge-edge peak is plotted in Figure 4.7 as a function of distance 

away from the ridge-edge. The best fit to the curves at all temperatures gives almost the 

same gradient which indicates that the absorption coefficient within the laser cavity is 

independent of temperature. This further rules out the possibility of diffusion of carriers 

within the cavity to explain the observed luminescence, as the diffusion is essentially a 

temperature dependent process. The plots corresponding to 25 K and 8 K become flat 

beyond 30 pm and 50 pm respectively and the effect needs further investigation.

Figure 4.6 : NRC 1718 - a sereies of CL spectra recorded at 10 K when electron - 
beam is posioned at different distances away from intersection on semi-infinite ridge.
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Figure 4.7 : Log of the integrated CL ratio of the intersection and the main 
ridge emission as a function of distance away from the mesa edge.

4.3.5 C arrier Escape and Photon R ecycling

CL emissions from the centre of nominally 20 gm ridge are plotted in Figure 4.8 for 

different temperatures. At 5 K three peaks are observed representing emissions from the 

ridge-centre, from the base of the side wall and from the ridge-edge. As the temperature 

increases, the intensity of the main ridge peak also increases whereas the intensity of the 

two other peaks quench. Moreover, the area under the curve at all temperatures remains 

nearly the same. This behaviour would suggest that the carriers generated in the wells at 

the ridge-edge and base of the side wall due to coupling of photons from other regions.
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escape out o f the wells at higher temperatures. These free carriers are then recaptured by 

the well at the ridge-centre where they recombine radiatively, generating photons*®. 

These recycled photons strengthen the ridge luminescence whereas the luminescence 

from ridge-edge and base o f  the side wall diminishes due to carrier escape mechanism.
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F igure  4.8 : CL spectra o f NRC1718 at three different 
tem peratures recorded from the centre o f  a nominally 20 pm 
wide ridge.

4.3.6 Broad Area Devices

An unpattemed piece from the outer centimetre o f  both wafers was used to make broad 

area lasers to assess the quality o f  the material. The broad area lasers consist o f a wide 

stripe o f FP cavity, homogeneously pumped, and do not require current confinement in 

the lateral direction, m aking the fabrication process relatively simple and easy. Lasers 

were fabricated using standard photolithography and wet chemical etching. Resist was 

applied, exposed and developed to define 260 pm wide stripes. The chlorobenzene
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process was employed for the metallisation of the top contact. This process produces the 

desired undercut resist edge profile for metal lift-off^*. The detailed process is described 

in Table 4.1. Ti-Pt-Au was evaporated by metal lift-off technique for the top contact. 

Following the metallisation of the top contact, the heavily doped cap layer was 

chemically etched with H2S0 4 iH2 0 2 :H2 0  to electrically isolate the laser stripes. 

Substrates were thinned down to 100 pm before back-side metallisation. Ni-Ge-Au was 

evaporated and alloyed at 415°C for 15 seconds in a rapid thermal aimealer (RTA) for 

the back contacts. Lasers with different cavity lengths were cleaved and test pulsed with 

a 1% duty cycle. The output power from the laser as a function of injected current was 

measured with a calibrated InGaAs photodetector and the wavelength measurements 

were performed using a 0.5 m monochromator with the Czemy-Tumer grating 

mounting.

Table 4.1 : Chlorobenzene process for metal lift-off.

Process Conditions

1. Resist Coating i. Spin resist 1400-26 @ 5000 rpm for 30 sec. 
Wait for 5 min.
ii. Soft bake the resist at 70°C for 1 min.

2. Edge-bead removal i. Expose with UV light (14mW/cm^) for 2 min. 
with light field edge-bead mask.
ii. Develop for 10 sec. in 3 5 I/H2O (1:5).
iii. rinse in DI water flowing bath for 3 min. and 
blow dry with N2.

3 Pattern for lift-off i. Expose with UV light (14mW/cm^) for 5.5sec.
ii. soak in chlorobenzene for 6 min.
iii. rinse in freon for 15 sec.
iv. Bake at 70°C for 45 sec.
V. Develop 2 to 3 min. in 3 5 I/H2O (1:5). 
vi. rinse in DI water flowing ba& for 3 min. and 
blow dry with N2.
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The threshold current density (Ĵ )̂ o f  a broad area laser is an accepted parameter to 

assess the material quality, and its minimisation is a desirable feature in most 

applications. Strained InGaAs/GaAs lasers have been shown previously to exhibit very 

low  threshold currents, due to strain-induced symmetrization o f  conduction and valence  

band densities o f  s t a t e s A  typical LI curve o f  N R C 17I8 broad area device with  

cavity length o f  600 pm is ploted in Figure 4.9. Initially, as the injected current 

increases, the output power also increases due to spontaneous em ission, as in normal p-n 

junction diode under forward bias, up to the threshold point. In this region the gain 

within the cavity is not sufficiently high for the amplification to dominate over 

spontaneous em ission. However, above threshold the round-trip gain within the cavity  

exceeds the total loss. A s a result, the output power from the laser suddenly goes up due 

to stimulated em ission o f  photons. The slope o f  the LI curve becom es more steeper in 

this region. The threshold current density is determined by extrapolation o f  the curve to 

the current density axis. The nature o f  the spectral output also changes as incoherent 

spontaneous em ission below  threshold is eventually replaced by dominant laser modes 

above threshold.
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Figure 4.9 : (a) Light - Current characteristic o f  N R C 1718 laser and (b) schematic 
o f  the setup used for measurements.
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The variation of the threshold current density as a function of the cavity length and 

corresponding emission wavelength of both lasers is shown in Figure 4.10. The 

threshold current density versus cavity length data are very similar for the two lasers, 

yielding record-low values of 44 A/cm  ̂ for the all-ASj '^and 46 A/cm  ̂ for the 

AS2/AS4/AS2 lasers, respectively, for a cavity length of 3 mm. Threshold current densities 

of these lasers match very closely to the minimum theoretically predicted value of 43 

A/cm  ̂ The values of were calculated from the measured threshold currents, 

divided by the area of the device. In calculating the area of the device, the effect of 

current spreading in the lateral direction was also taken into account. As a result, an 

effective stripe width of 270 pm was used instead of 260 pm width of the actual metal 

stripe. The threshold current density decreases with increase in cavity length as the 

contribution due to mirror losses relative to the internal material losses declines. The 

data of emission wavelengths at threshold for both lasers of various cavity lengths also
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Figure 4.10 : Plot of the threshold current density and the emission wavelength as a 
function of cavity length for two InGaAs/AlGaAs SQWlasers grown by MBE 
using (a) Aŝ  throughout (circles) and (b) As/As/As^ growth sequence (triangles).

show a similar trend. The wavelength variation with cavity length is influenced by the 

carrier density at threshold. As the threshold current density and thus the threshold
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carrier density ( n j  increases, the first sub-band levels (n=l in this case) in the 

conduction and valence bands fill up and the effective energy separation between the 

electron and hole transition levels increases. This effect, known as band-filling^’, causes 

the wavelength to decrease as the cavity length is reduced and n*,, increases. For longer 

cavity lengths the carrier density within the cavity decreases implying there is less 

change in the bandgap due to either bandfilling or renormalisation'*. The lasing 

wavelength, therefore, approaches to el - hhl transition energy of QW emission.

The output power from the laser depends upon the inter-cavity photon density (Nph), 

above threshold, which can be written as

p̂h = 7, -  J,h) (4 6)

where r)j is the internal quantum efficiency indicating what fraction of injected carriers 

is converted into photons, e is the electronic charge, d is the width of the active region, 

and Tp is the photon life time given by

— = ”* (a„ + « b j  (4-7)
P

where Vg is the group velocity of the emitted photons, a„, is the mirror loss term and 

represents the material losses. It is evident from Eq. (4.6) that once threshold is reached, 

the intracavity photon density increases linearly with a further increase in J. Since 

photons escape out of the laser cavity at a rate of Vgtt̂ , the power coming out of each 

facet can be written as

P^.=\{hy)v,a„VN^=^[-H "̂-  1(7- 4 ) (4.8)

where V is the volume of the active region and the factor 1/2 is introduced assuming

equal reflectivities from each facet. Since the photons which are generated at a rate of

1/ip, escape out of the laser cavity at a rate of VgŒ̂ ,, the differential (external) quantum

efficiency, T|j, of a laser can be written as

photons escape rate a„=    - = n , -------  • (4.9)photons generation rate a„ +

Substituting in Eq. (4.8), we find that is directly proportional to the slope of LI curve, 

i.e.
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d l

Using the expressions for a„ and a^  ̂ in Eq. 4.9, r\̂  can be written as 

— = . L + - .

(4.10)

(4.11)

This is an important relation originally derived by Biard et al’’ and predicts that r\̂  

increases with a reduction in cavity length L. The internal quantum efficiency and 

internal material losses of a semiconductor laser can be determined from the intercept 

on Y-axis and from the slope, respectively, by plotting the reciprocal of external 

quantum efficiency versus cavity length using Eqs. (4.10) and (4.11). The experimental 

data for both NRC1718 (all Asj) and NRC1741 (AS2/AS4/AS2) lasers are shown in Figure 

(4.11). The straight lines are linear fits to the data. The internal efficiency and loss were 

also comparable, 69% and 0.70 cm ’, respectively, for the all AS2 laser, an 74% and 1.5 

cm ', respectively, for the AS2/AS4/AS2 laser̂ ®. These results show very high quality of 

the growth performed by MBE and mainly can be attributed to the exceptionally clean 

state of the MBE machine.
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Figure 4.11 : Reciprocal of external quantum efficiencies versus 
cavity length of NRC1718 (circles) and NRCl741 (triangles) lasers.
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4.4 InGaAs/AIGaAs Split Contact Devices

It is now very clear from the PL and CL studies of NRCl 718 and NRCl 741 lasers that 

the use of As  ̂is essential during the growth of InGaAs QWs on patterned substrates to 

facilitate In-migration from the side facets. However, better quality high aluminium 

content AlGaAs cladding layers can be grown using Asz rather than As ,̂ at a low growth 

temperature. Therefore, the growth scheme (AS2/AS4/AS2), in which only the active 

region is grown using As ,̂ is appropriate for the fabrication of split contact devices on 

variable step width mesas. In this way one can achieve not only the required selective 

area bandgap control due to In-migration but also the device efficiency can be enhanced, 

by separate optimisation of growth conditions for different layers. A SQW 

InGaAs/GaAs/AlGaAs laser, NRCl911, was grown on n  ̂ (100) GaAs substrate, 

patterned into variable step width mesas for different types of devices using the new 

regrowth mask. The features of the new regrowth mask and substrate patterning process 

are described in chapter 3. The laser has a similar layer structure as that of the previous 

two lasers and was grown using the AS2/AS4/AS2 growth sequence, previously described 

for the growth of NRCl 741. After growth, the wafer was cleaved into individual 12x12 

mm  ̂ device squares. The FP lasers were fabricated using the process developed at the 

IMS, NRC Ottawa, Canada. The device mask which has been described in chapter 3, 

was used for different processing steps involved in the fabrication of devices.

4.4.1 The Fabrication Process

The complete fabrication process involved several steps, defining a 3 pm wide ridge at 

the centre of the mesa along the whole length of the device, dielectric deposition, 

metallisation for the contact pads etc. The different steps involved in the processing are 

described in the following Table 4.2.



GaAs BASED QW DEVICES 153

Table 4.2 : Process for the fabrication of Split Contact Devices

Process Conditions

1. Pattern for Wet Etch
Etch to remove cap layer 
between gain and absorber 
sections.

i. Solvent clean (acetone 20°C (x2), isopropyl alcohol 
80°C (x2) ).
ii. Spin 1400-26 @5000 rpm for 30 s.
iii. Soft bake @ 90°C for Imin.
iv. Expose for 2.7 s using Layer 1 (IMP) of the device 
mask (VKG-Ml).
V. Develop in 3 5 I/H2O (1:5) for 45 s.
vi. Rinse and blow dry.
vii. Postbake @ 120°C for 2 min.
viii. Wet etch in H2SO4/H2O2/H2O (1:8:160). Etch rate 
(~ 2 1 0 0  A/min.)

2. Pattern for Metal Stripe
To evaporate metal on a 
3 pm wide stripe all the way 
down to the centre of mesa.

i. Solvent clean.
ii. Vapour prime for 5 min.
iii. Spin 1400-26 @5000 rpm for 30 s.
iv. Soft bake @ 70°C for Imin.
V. Use chlorobenzene process and pattern using 
Layer! (MS) of mask VKG-Ml.

3. Metallisation i Microwave descum for 1 min.
ii. Dip in HCI/H2O (1:1) for 30 s.
iii. Evaporate Ti-Pt-Au (500Â/750Â/750Â).
iv. Evaporate Cr (1000Â).
V. Lift-Off in hot NMP.

4. Descum i. Microwave descum for 1 min.

5.RTA i. At 350°C for 30 s in flowing N2 or N2/H2 gases.

6 . Pattern for Ridge Etch i. Solvent clean.
ii. Vapour prime for 5 min.
iii. Spin 1400-26 @5000 rpm for 30 s.
iv. Soft bake @ 90°C for Imin.
V. Edge-bead removal.
(Expose 1 min 30 s, develop 10 sec in 3 5 I/H2O)
vi. Expose for 2.7 s using Layer3 (RE) of mask VKG- 
Ml.
vii. Develop in 3 5 I/H2O (1:5) for 45 sec.
viii. Resist Stabilisation.



154 GROWTH ON PATTERNED SUBSTRATES

(DUV 15min, bake @ 100°C for lOmin., 
DUV 15min, bake @ 120°C for lOmin.)

7. Descum i. Microwave descum for 1 min.

8. Ridge Etch i. Etch 3 pm ridge about 1.4 pm deep at the centre of 
mesa by RIE using BClg/He.
(see chapter 3 for deatils on dry etching).

9. Resist Stripping i. Use JlOO @ 90°C vrith ultrasonic for 20 min.
ii. Rinse with acetone, isopropyl, and in DI water 
flowing bath for 5 min and blow dry with N2.
iii. Microwave descum for 1 min. without Farady cage.
iv. Repeat i, ii and iii.

10. Oxide Deposition i. Solvent cleaning.
ii. Dip in HCl/HjO (1:1).
iii. Deposit 2000 Â Si02-

11. Pattern for oxide etch i. Vapour prime for 5 min.
ii. Spin 1400-26 @5000 rpm for 30 s.
iii. Soft bake @ 90°C for Imin.
V. Edge-bead removal.
(Expose 1 min 30 s, develop 10 sec in 3 5 I/H2O)
vi. Expose for 2.7 s. using Layer 5 (PE) of mask 
VKG-Ml.
vii. Develop in 3 5 I/H2O (1:5) for 45 s.
viii. Resist Stabilisation.
(DUV 15min, bake @ 100°C for lOmin.,
DUV 15min, bake @ 120°C for lOmin.)

12. Descum i. Microwave descum for 1 min.

13. Oxide Etch
To open a 2.5pm window 
on ridge top for top contact 
and 5 pm window at the 
border and through the 
middle of the device for 
cleaving.

i. Etch oxide by RIE using CHF3 and O2. 
(see chapter 3 for deatils on dry etching).
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14. Resist Stripping i. Use JlOO @ 90°C with ultrasonic for 20 min.
ii. Rinse with acetone, isopropyl, and in DI water 
flowing bath for 5 min and blow dry with N2.
iii. Microwave descum for 1 min. without Farady cage.
iv. Repeat i, ii and iii.

15. Pattern for Contact 
Pads

i. Solvent clean.
ii. Vapour prime for 5 min.
iii. Spin 1400-26 @5000 rpm for 30 s.
iv. Soft bake @ 70°C for Imin.
V. Use chlorobenzene process and pattern using Layer 
6 (PD) of mask VKG-Ml.

16. Metallisation i Microwave descum for 1 min.
ii. Dip in HCl/HjO (1:1) for 30 s.
iii. Evaporate Ti-Pt-Au (250A/550A/1000A).
iv. Transfer to thermal evaporator and evaporate 
6000Â Au (rocking).
V. Lift-Off in hot NMP.

17. Substrate Thinning i. Back thin the substrate down to 100 pm.
ii. Polish off damage.
iii. Solvent clean.
iv. Rinse in DI water flowing bath for 10 min.

18.RTA i. At 350°C for 30 s in flowing N2 or N2/H2 gases.

19. Back Side 
Metallisation

i Microwave descum for 1 min.
ii. Dip in HCI/H2O (1:1) for 30 s.
iii. Evaporate Ni-Ge-Au (250Â/550Â/800Â) on back 
side of sample.

20. RTA i. At 415°C for 30 s in flowing N2 or N2/H2 gases.

The fabrication process turned out be very reliable and successful with a very high yield 

of approximately 95%. Figure 4.12 shows a high magnification picture of the surface of 

a fully processed device, taken from a camera attached to the microscope eye-piece.
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Each individual device has a narrow absorber section in the middle and a wide gain 

section on either side o f the absorber section. Both absorber and gain sections are 

covered with large contact pads. Each device has words and numbers written on it, 

which give the length and width o f  the gain and absorber sections. For example the 

device shown in the picture shows G450 and A40 written on either side o f  the central 

ridge and indicates that the lengths o f  the gain and absorber sections are 450 pm and 40 

pm respectively. Similarly, G30A10 written on the left o f  the central ridge indicates that 

the width o f the gain and absorber sections are 30 pm  and 10 pm respectively. Figure 

4.13 shows a high resolution SEM image recorded at a steep angle to the surface and 

shows the shape o f the patterned mesa, the etched region between gain and absorber 

sections, the highly anisotropic etched ridge at the centre o f  the mesa and the contact 

pads on the two sections. -------------------------------------------------------------

After processing, each row o f  the 

12x12 mm^ piece was cleaved through 

the middle into bars, each bar 

consisting o f 24 devices. Then each 

individual bar was cleaved into three 

smaller bars, each consisting o f eight 

devices. Each bar was mounted on a 

sixteen pin dual in line (DIE) type 

headers using silver epoxy compound. 

The gain and absorber sections o f  each 

device were wire bonded to the pins o f 

the header.

Figure 4.12 : M icroscopic view  o f  a fully 
processed device with @0 pm  long absorber 
between 4 5 0  pm  long gain section on 
either side o f  the absorber.
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1 M m
, 0 0 0

F igure  4.13 : SEM image o f  split conatact device grown over a 
variable stepped width mesa. The gain (wider mesa) and absorber 
(narrow mesa) section contacts are split by a 10 pm  etched gap.

4.4.2 Lasing Characteristics

For LI measurements, the devices were mounted on a heat sink and cooled by a 

thermoelectric cooler. Partially pumped devices with a fixed cavity length o f 420 pm 

and variable absorber lengths were tested using a calibrated InGaAs detector and an 

oscilloscope. The gain section was pumped with short electrical pulses o f  1% duty cycle 

and the absorber section was connected to ground. Figure 4.14 shows the variation o f 

the threshold current as a function o f  the length o f  the unpum ped absorber section. The 

trend shows a general increase in the threshold current with an increase in the absorber 

length. The threshold current increases due to the fact that the gain in the active region 

has to saturate the losses in the unpumped passive section^*. This requires a higher 

threshold gain and therefore high current injection to achieve the required threshold 

carrier density. The data points for the absorber lengths o f  50 pm  and 90 pm, 

respectively, show the opposite trend which is attributed due to non-uniformity o f the 

material. This may also be due to an increase in defect density at some points, randomly 

distributed over the wafer, as the wafer was grown before the machine was opened for
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cells refilling. The material at the bottom of the cells is expected to be less pure. Also 

shown in the inset of the Figure 4.14, is a typical LI curve of a device with 360 pm long 

gain section and 50 pm long absorber. The LI curve shows a steep rise in the light 

output at the threshold, followed by a normal diode behaviour without an absorber. The 

observed differential characteristic of the LI curve can be explained due to absorption 

saturation in the unpumped section caused by bandfilling with photogenerated carriers^ .̂ 

At the threshold, the absorber gets completely saturated and the device starts lasing. The 

total gain within the cavity suddenly increases due to the optical feedback, and the 

output power shows a steep rise. Further increases in the gain current have no effect on 

the absorber, and the device shows the normal behaviour of a laser diode.
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Figure 4.14 : Variation of threshold current as a function of length of the 
absorber in partially pumped two segment split contact lasers with a fixed 
cavity length of 420 pm. The inset shows a typical LI curve of device, 
pumped with 1% duty cycle pulses, with the length of the gain (pumped) 
and absorber (unpumped) sections 360 and 50 pm respectively.



GaAs BASED QW DEVICES 159

4.4.3 Bistability and Self Pulsation

The presence of a saturable absorber at one end of a segmented contact laser plays an 

important role in the dynamic behaviour of the device, and it can cause bistable 

operations or self-sustained pulsation^^. Self sustained pulsations have been commonly 

observed in GaAs/AlGaAs lasers. In degraded AlGaAs lasers this behaviour has been 

attributed due to dark-line defects^  ̂ reducing the radiative efficiency of the device. 

Dixon et al̂  ̂have explained the origin of sustained oscillations due to strong absorption 

by non-radiative centres near the cleaved mirrors reducing the injected carrier density. 

Harder et aP^ have shown experimentally that, the negative differential resistance across 

the absorber in a segmented contact GaAs/AlGaAs buried heterostructure (BH) laser 

leads to either bistability or pulsations, depending on the electrical bias conditions. 

Kawaguchi^^ has derived conditions for self-sustained oscillation or bistability in 

segmented contact devices in terms of the carrier lifetimes in the gain and absorber 

sections. It has been shown that the device exhibit bistability if the carrier lifetimes in 

the two sections are nearly equal. On the other hand, when the carrier life time in the 

absorber section is quite small compared to that in gain section, self-sustained 

oscillations are seen in the output. Ueno et aP* have analysed the conventional rate 

equations for the occurrence of self-sustained pulsations and bistability in segmented 

contact lasers with a built-in saturable absorber and derived general conditions in terms 

of ratios of carrier life time and differential gain, and ratio of absorption coefficient to 

the total cavity loss. For bistable behaviour the condition can be written as

where Xq , and Aq, A^ are the carrier lifetimes and the differential gain in the gain 

and absorber sections respectively, and p is the normalised unsaturated absorption loss. 

Similarly, the condition for the pulsating case can be written as
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These conditions explain qualitatively the previous experimental observations in a 

convincing manner. For example in degraded GaAs/AlGaAs lasers, the dark-line defects 

produce strong absorption (large I pi ) and short carrier life time in the absorber - 

(large Tg/xa ), leading to self sustained pulsation.. Similarly, the bistable operation 

observed in InGaAsP/InP lasers can be explained due to small ratio of Xq/xa as a result

of Auger recombination, in the high carrier density gain region^ .̂
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Figure 4.15 : The LI curves of a two segment split contact device 
with the gain and absorber sections 330 pm and 80 pm long 
respectively. The gain section is pumped with triangular electrical 
pulses while the bias on the absorber section is varied.

Figure 4.15 shows experimentally observed data for L-I curves of a two segment laser 

with the total cavity length of 420 pm, split into 330 pm gain and 80 pm absorber 

sections separated by a 10 pm etched region. The gain section was pumped with 

triangular electrical pulses of pulse base-width 5 ps and the pulse amplitude of 40 mA. 

The absorber was connected to a load resistance of 55 Kf2. For 0 bias on the absorber.
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the laser is “turned on” when the gain current increases up to 30 mA and “turned off’ 

when the current drops down to 23 mA from its maximum value giving a hysteresis 

width of 7 mA. The hysteresis width increases up to 14 mA for a reverse bias of 2.0 V 

on the absorber. Application of a reverse bias on the absorber efficiently extracts the 

carriers from the absorber section, increasing the absorption. As the laser threshold is 

determined by saturation of the absorber, the “turn on” current increases with the 

reverse bias on the absorber. Once the absorption is completely bleached, the device 

starts lasing leading to a flat-hand condition in the absorber section. Under flat-band 

conditions, the voltage across the absorber is clamped at a constant value corresponding 

to the quasi-Fermi level separation in the active region, making the “turn off’ current 

independent of the bias on the absorber.

The output light from the device was analysed using a fast photo-diode and a microwave 

spectrum analyser. The gain section was pumped with 20% duty cycle electrical pulses 

through a 50 Q terminator to the pulse generator while the absorber section was directly 

connected to the d.c. bias. For zero bias on the absorber, when the gain section was 

pumped above threshold, relaxation oscillations in the light output were seen. The light 

output oscillate with a period of 20 ns corresponding to a frequency of 50 MHz. The 

oscillations observed in the output light are shown in Fig. 4.16. The frequency of 

oscillation also changes as a function of bias on the gain or absorber section. For 0 bias 

on the absorber, when the bias on the gain section was increased above threshold, the 

oscillation frequency goes up from 50 MHz at 4 V to 428 MHz at 5.4 V. Similarly, 

when the gain section was biased above threshold at a constant voltage 7 V, the 

oscillation frequency decreased from 842 MHz at 0 bias on the absorber to 181 MHz 

when the absorber section was reverse biased at -2 V. The variation in the relaxation 

frequency as a function of the bias on the gain and absorber sections is shown in 

Fig.4.17. The relaxation oscillation frequency of a semiconductor laser can be 

determined by small signal analysis of the rate equations and can be written aŝ ^

(4.14)
P
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where A is the differential gain of the laser, Pg is internal photon density within the 

active region and ip is the photon life time as given by Eq. (4.7). It is evident from 

(4.14) that to increase the relaxation oscillation frequency and hence to increase the 

useful linear region of the modulation response, one needs to increase the optical gain 

coefficient A, decrease the photon life time, Xp and operate the laser at as high an 

internal photon density Pg as possible. An increase in the forward bias in the gain 

section effectively increases the photon density within the cavity and therefore, the 

observed behaviour is consistent with Eq. (4.14). Similarly when the absorber section is 

reverse biased, the photon density within the cavity is reduced due to absorption and the 

oscillation frequency is expected to go down.
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Figure 4.16 : Oscillations in the output light of a split contact device 
when the gain section is pumped above threshold and the absorber 
section is grounded.

The laser performance was degraded over a period of time and its threshold voltage 

exhibited a fast increase. The threshold voltage increased from 2 V to 6V over a period 

of six months.
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These devices were also tested for mode-locking using an auto-correlation set up. 

Devices were not able to produce high frequency mode-locked pulses under any bias 

conditions. One of the possible reasons may be that the absorber does not saturate more 

easily than the gain in the pumped section which is the main requirement for passive 

mode-locking due to saturable absorption^ \
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Figure 4.17 : Variation of the relaxation oscillation frequency as 
a function of (a) forward bias on the gain section and (b) reverse 
bias on the absorber section of a split contact device.
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4.5 Conclusions

The process of indium migration during the growth of InGaAs QWs by MBE on 

patterned substrates has been studied, when arsenic is supplied either as tetramers-As^ 

or as dimers-As2 during growth. It has been shown that the use of As  ̂facilitates indium 

migration off the side-facets onto surrounding (100) planes, and at appropriate substrate 

temperature and group V flux the excess indium distribute itself uniformly over the 

entire width of nominally 20 pm wide mesa. On the other hand when arsenic is supplied 

as cracked As2 molecules, a ‘pile-up’ of indium is seen at the facet intersection with the 

(100) surface which inhibits the indium migration process. However, the broad area 

lasers, grown by either using As2 throughout or using As2 for everything other than the 

active region which was grown using As  ̂ , exhibit extremely low threshold current 

density and very high internal quantum efficiency in both cases. These results 

demonstrate the ability to grow very good quality material by the over-growth technique 

for optoelectronic device applications. Segmented contact devices were fabricated by 

growing InGaAs/AlGaAs SQW laser on variable step width mesas with the gain section 

on a wider mesa and an unpumped, thin absorber section on narrower mesas. Devices 

displayed bistability with a large hysteresis or self-sustained pulsations depending on 

the load impedance biasing the absorber section.
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InP Based QW Structures Epitaxially 

Grown on Patterned Substrates

5.1 Introduction

Patterned substrate overgrowth of InGaAs/GaAs QW systems has been widely studied 

and as far as the phenomenon of indium migration is concerned, it is well understood 

how to produce a desirable bandgap difference in the adjacent regions of a device for 

optoelectronic integration. This work further extends the same technique to the growth 

of InP based QW structures to achieve selective area bandgap control for the fabrication 

of long wavelength integrated devices on patterned substrates. The emission wavelength 

of an InP based system can be tuned between 1.3 pm and 1.55 pm which is the 

technologically important regime for optoelectronic communication systems. With this 

in view, we have studied the growth behaviour of two material systems, InGaAs/lnAlAs 

and InGaAs/lnP respectively, lattice matched to patterned InP substrates. The 

InGaAs/lnAlAs QWs were grown using MBE on InP substrates patterned by wet 

chemical etching into ridges and grooves with angled side-facets. However, InGaAs/lnP 

QWs were grown using CBE on InP substrates patterned into undercut mesas by 

chemically assisted ion beam etching. The InGaAs/lnAlAs system is particularly suited 

for the growth of quantum devices because of the high mobility of the charge carriers

167
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due to the small effective mass, and large conduction band discontinuity providing 

better confinement of the carriers. Optical techniques such as SEM and PL were used to 

characterise a number of samples. As in the previous chapter, CL has been used as a 

supplementary technique to identify the various features of the PL spectra. The PL 

spectra of InGaAs/InAlAs QWs reveal an emission corresponding to the facet 

intersection with the (100) surface. The importance of this emission in determining the 

effective flux of the growth species at any point on the mesa surface, using a simple 

analytical model, will be discussed in this chapter. The CBE growth of InGaAs/InP 

heterostructures on undercut mesas shows facetting behaviour which has been exploited 

to produce inverted-V shape structures for the in-situ fabrication of quantum wires. This 

chapter is broadly organised into two parts. The first part, after a brief description of the 

experimental setup, describes results for the InGaAs/InAlAs system. Results for 

InGaAs/InP are described in the second part.

5.2 Experimental Arrangement

Samples were characterised by low temperature PL spectroscopy using a continuous 

flow He-cryostat, a 0.5 m single grating spectrometer, and a liquid nitrogen cooled 

germanium detector. Luminescence from the samples was excited using a He-Ne laser 

and a suitable combination of ND filters were used to keep the excitation power low. 

The resulting luminescence from the sample was collected using gold coated off-axis 

parabolic mirrors and piano convex lenses which focus the PL at the entrance slit of the 

0.5 m focal length single grating spectrometer (SPEX 500M). The spectrometer has a 

linear dispersion coefficient of 1.6  nm/mm in the plane of the exit slit, for 120 0  

grooves/mm grating, which corresponds to a resolution of « 0 .2  A for 100  pm slit width. 

The germanium detector (North Coast) positioned at the exit slit of the monochromator 

was cooled with liquid nitrogen and shielded from stray radiation to minimise the 

background noise. Germanium detectors provide extremely low noise performance in 

the near-infrared range of 0.8 - 1.8 pm at liquid nitrogen temperatures. Standard lock-in 

techniques were used to detect the signal. The experimental arrangement for PL 

measurements is shown in Figure 5.1. Peaks of the PL emission from various regions of 

the patterned mesa were identified using low temperature, spatially resolved CL
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measurements. CL is particularly suited for the optical characterisation of epitaxial 

structures grown over patterned substrates where the feature sizes are of the order of a 

few microns. The electron beam in a CL system can be very accurately focused to a very
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Figure 5.1 : A schematic of the experimental setup used for photoluminescence 
characterisation of InP based QW structures.

fine spot less than 1.0 pm in size, which allows a direct comparison of the relative 

luminescence efficiency of different regions of a patterned mesa. The CL spectra and 

images were obtained using an Oxford Instruments Ltd. Mono CL collector with a 

liquid nitrogen cooled Northcoast Ge-detector, attached to a JEOL JSM-840A scanning 

electron microscope. Extensive use of the scanning electron microscopy has been done
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to obtain cross-sectional images of the layers, which provide important information 

about various growth features.

5.3 The InGaAs/InAlAs System

The optical properties of InGaAs/InAlAs QWs grown on patterned InP substrates were 

investigated using low temperature PL and CL techniques. CL was used to identify the 

spatial origin of the emission and to estimate the compositional change due to migration 

of indium from side facets along the mesa surface. Undoped (100) InP substrates were 

patterned into ridges and grooves of different mesa width using conventional 

photolithography and a relevant mask. The substrates were then etched in a solution of 

HCl : H 3 PO 4  ( 1 :9 )  producing an array of ridges with a (100) mesa top on a 100 pm 

pitch with 21° side facets. Ridges were approximately 1.3 pm deep and aligned along

the [0 1 1 ] direction, parallel to the primary flat of the substrate. Prior to the growth

substrates were thoroughly cleaned to remove any remaining contamination left on the 

surface during the patterning process. Substrate patterning and cleaning processes are 

described in detail in chapter 3.

5.3.1 Layer Structure

The samples were grown in a Vacuum Generators, V80H solid source MBE machine. 

The layer structure of the sample NRCl859 grown over a patterned InP substrate is 

shown in Figure 5.2. It consists of a 2000 Â thick InGaAs buffer, 750 Â InAlAs bottom 

cladding layer, 75 A InGaAs QW, 1000 A InAlAs top cladding layer and 20 A InGaAs 

cap layer. All the grown layers were lattice matched to InP. The structure was grown at 

500°C, primarily using As2, apart from the InGaAs QW and 250 A core region on either 

side, which was grown using As .̂ To achieve the smooth transition from As2 to As^, 

2ML of GaAs was deposited, growth was interrupted on either side of the core region, 

and the cracking zone temperature of the arsenic cell was ramped over a period of 

approximately 10  minutes.
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Figure 5.2 : Layer structure of a lattice matched InGaAs/InAlAs SQW 
(NRC 1859) grown over patterned InP substrate.

5.3.2 PL and CL Characterisation

Figures 3(a) and (b) show 4 K photoluminescence spectra taken from an area of the 

sample patterned with 10 pm wide ridges, to produce 3.5 pm ridges after etching. 

Figure 3(a) shows the spectrum when the 50 pm diameter laser spot used to excite the 

luminescence is positioned centrally in the groove region between ridges and samples 

essentially virgin material. The strong peak at 0.89 eV is assigned to excitonic 

recombination in the QW whilst the low energy peak at 0.79 eV corresponds to the 

emission from InGaAs buffer. In contrast, Figure 3(b) shows the photoluminescence 

spectrum obtained when the laser spot is moved approximately 50 pm to lie on top of a 

ridge. Due to the large size of the laser spot it still samples a significant area of the 

groove region which is evident by a peak observed at 0.89 eV. However, the signal
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intensity is significantly reduced and the peak is broadened due to spatial variations in 

the indium concentration away from the facet. Using low temperature 

cathodoluminescence, it is confirmed that the low energy peak at 0.81 eV arises from an 

essentially uniform quantum well on the (100) ridge top, while the emission at 0.85 eV 

is produced at the facet intersection with the (100) surface. The emission from the ridge 

is red shifted by more than 70 meV with respect to the groove luminescence as a result 

of the accumulation of indium from the side facets onto the ridge top. This is further 

confirmed by observing very weak, higher energy emissions at 0.92 and 0.96 eV which 

are associated with the indium depleted regions on the upper and lower portion of the 

ridge facets respectively. Moreover, the small FWHM of 4.0 meV of the ridge emission 

suggests that the excess indium over the ridge top is uniformly distributed without 

relaxation of strain.
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Figure 5.3 : 4.0 K PL spectra of a InOaAs/InAlAs SQW latticed matched to InP 
obtained when a 50 pm laser spot used to excite the luminescence from (a) 100 pm 
groove region between 3.5 pm wide ridges, and (b) from the ridge top.
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Four CL images of the same 3.5 îm wide ridge between 100 iim grooves are shown in 

Fig. 5.4. The upper most image (a) is the secondary electron image showing the surface 

of the ridge, side facets and adjoining grooves. The second image (b) is a 

monochromatic CL image formed using the signal at 0.89 eV corresponding to the 

groove emission. At this energy the luminescent groove region is bright and no emission 

is observed from other parts of the patterned mesa. The third image (c) is recorded at 

0.81 eV which corresponds to the emission from the ridge top. The central region of the 

ridge top is uniformly bright which indicates that the excess indium, migrated from the 

side facets onto the ridge top, is uniformly distributed. The last image (d) was recorded 

at 0.85 eV and shows the bright regions which correspond to the emissions from facet 

intersections with (100) surfaces on either side of the ridge.
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Figure 5.4 : Four CL images of NRC 1859 showing (a) the top view of a 3.5 pm 
wide mesa joined by the angled facets to the adjoing groove regions, (b) the 
emission from the groove regions, (c) the emission from the centre of the mesa top 
and, (d) the emission from the facet intersections with (100) surfaces.
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In order to study the energy shift between the ridge and groove luminescence as a 

ftmction of mesa width, photoluminescence spectra were taken fi*om different regions of 

the patterned sample consisting of (100) surfaces of different mesa widths on a 100 pm 

pitch. Figure 5.5 shows a composite 4.0 K PL spectra taken fi*om nominally 40, 20, and 

10 pm ridge widths respectively, separated by 100 pm grooves. The emissions jfrom the
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Figure 5.5 : A composite 4.0 K PL spectra of InGaAs/lnAlAs SQWs 
lattice matched to InP, obtained from nominally 40, 20, and 10 pm 
mesa top respectively, on 100 pm pitch.

groove regions between the ridges and fi-om the buffer layers are observed at fixed 

energies of 0.89 eV and 0.79 eV respectively for all the three spectra. The ridge 

emission, however, which overlaps the groove emission in the case of nominally 40 pm 

wide ridge, gradually shifts to lower energy for narrower ridges due to increased indium 

concentration on the mesa top. The ridge emission in the case of the nominally 20 pm 

wide ridge is comparatively broad compared with the 10 pm ridge emission, which 

indicates that the indium distribution on wider ridges is non-uniform as compared to
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narrower ridges. A remarkable feature of the PL spectra is that the emission 

corresponding to the facet intersection with the (100) surface is independent of the ridge 

width and is always observed at a fixed energy of 0.85 eV. This suggests that the 

effective flux of the growth species reaching the facet intersection with the (100) 

surfaces is independent of the mesa width. This experimental observation is consistent 

with theoretical predictions and will be discussed in detail in the next section.
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Figure 5.6 : Relative change in In-composition away from the 
facet intersection as a function of distance over the mesa top.

The extent of indium migration from the side facets onto the (100) surface was studied 

by mapping the CL emission away from the facet intersection at the bottom of the mesa. 

The peak positions of the CL emissions were used to calculate the effective flux of 

indium at different positions on the mesa, indium composition, the well width, and the 

bandgap of the QW using a finite well model. Within the model it is assumed that the 

only thing which is changing during growth is the In flux reaching different planes. The
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relative change in indium composition as a function of distance away from the facet 

intersection on the (100) groove region is plotted in Figure 5.6 on a log scale. The 

dotted line is a linear fit to the data. The diffusion length of indium on the (100) surface 

is extracted from the slope of the fit and is found to be 3.7 pm. This value is 

significantly smaller than that reported for strained InGaAs/GaAs QWs grown over 

patterned GaAs substrates ( ~ 25 pm ) at 520°C\

5,3.3 Simple Analytical Model

A simple model based on diffusion of the growth species has been developed to 

completely understand the growth behaviour on patterned substrates. A schematic of the 

model is drawn in Figure 5.7 which shows the shape of a patterned mesa and the flux of 

the growth species reaching the various planes indicated by arrows. The mesa width is 

represented by W and the other parameters of the growth species taken into account are 

the surface density N, normal incidence flux G, natural life-time x, diffusion coefficient 

D, and diffusion length on the (100) surface L. It is assumed that equal amounts of 

additional flux F, from the side facets, reach the adjoining (100) ridge and groove 

surfaces. Under steady state conditions, the diffusion equation for the growth species 

can be written as

The boundary conditions on the injected flux from the side facets reaching on the (100) 

ridge surface from either side of the ridge can be written as

ÔX

ÔN= + F and D — = - F .  (5.2)
x ^ -W p .

Using these boundary conditions, the solution of Eq. (5.1) can be written as

f  f W\ I f W'S I \
(5.3)

Equation (5.3) represents the general solution of Eq. (5.1) and can be used to calculate 

the effective flux at any point on the mesa top. Assuming that the mesa width W »  L, 

the solution at two particular positions on the mesa top are discussed below.
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Patterned Substrate

F ig u re  5.7 : Schematic o f the analytical model describing 
grow th behaviour over a patterned substrate. Arrow s represent 
the direction o f  the impinging flux o f the growth species 
reaching on various planes.

Case I

At X = + W/2, at one edge o f  the mesa, the solution (5.3) takes the form

A /r F
= 1 + — or, a = \ + â (5.4)

where a  is called the flux factor and Œq is a constant. It is evident from Eq.(5.4) that the 

flux factor at the facet intersection with the ( 100) m esa surface will remain, constant at 

the ridge edge, irrespective o f the mesa width, which is a direct result o f  our assumption 

o f  a constant injected flux F at the bottom and top o f  the mesa. This is in agreement with 

the experim ental results shown in Figure 5.5 where the intersection peak stays at the 

same energy for three different mesa widths.

Case II

At x = 0, i.e. at the centre o f the mesa top, the expression for the flux factor deduced 

from Eq. (5.3) can be written as

a  =  1 + 2 a r
( i + '

(5.5)
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An important feature of this model is that the PL or CL peak corresponding to the 

emission from the facet intersection with the (100) mesa surface can be used to calculate 

the effective flux at the intersection using the model. Once the effective flux at the facet 

intersection is calculated, the value of a  at any position on the mesa top can be predicted 

using Eqs. (5.4) and (5.5). From Eq. (5.5) it is evident that a  is always < 1 + ao for wide 

mesas, and tends to 1 + ao for very narrow ones. This means that the ridge emission 

should theoretically always be at higher energy than, or equal to, the intersection 

emission. Figure 5.5 shows that experimentally this is not so for the narrowest mesa, 

and hence, despite the good agreement shown in Table 5.1, the simple model needs 

refinement for very narrow mesas.

Table 5.1 : A comparison of the experimental values of various parameters with 
those predicted by model.

Mesa Width a Well Width In-Comp. a
(pm) (Theory) (Exp.) (Exp.) (Exp.)

12.5 1.04 76 A 52.7 % 1.04

3.5 1 .20 81 A 59% 1.17

5.4 Selective Area Epitaxy of InGaAs/InP

As has already been discussed in chapter 3, the control of indium migration over a 

patterned substrate is very sensitive to the facet angle and the dimensions of the (1 0 0 ) 

surface, as well as the growth conditions. Wet etching processes which were used to 

pattern GaAs and InP substrates for the growth of GaAs/InOaAs and InGaAs/InAlAs 

QWs respectively, have proven very unreliable in terms of both the facet angle and the 

mesa width. Control over patterning is essential in order to have control over the indium 

migration process, so that the desired bandgap difference between adjacent regions of a 

device can be achieved. Dry etching processes, on the other hand, have better control 

over the lateral dimensions of the etched features. We have therefore used CAIBE to 

avoid the problems associated with the wet etching process. Undercut mesas were
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produced on InP substrates for the growth of InGaAs/InP heterostructures by CBE. 

There are two main advantages of growing over undercut mesas. The first is that any 

interaction between growth in the etched groove regions and on the side facets can be 

avoided, which would otherwise have adverse affects. The second one, which is even 

more important, arises due to the selective nature of the growth. Growth on such a 

patterned mesa shows facetting behaviour. Under the appropriate growth conditions, 

( l l l )B planes are produced during growth over mesas oriented along the [Oil] 

direction. One can therefore expect to achieve consistently uniform indium migration 

from the side facets onto the mesa top, in different growth runs under similar growth 

conditions, as a result of constant facet angle and mesa width.

However, in CBE growth processes, the group V sources, arsine (AsHj) and phosphine 

(PH3), are thermally cracked into dimers before passing into the growth chamber^. As 

has been already discussed in chapter 4, the use of group V dimers instead of tetramers, 

during MBE growth of GaAs/InGaAs QWs, inhibits the indium migration process and 

the migration length of indium on the (1 0 0) surface is limited to the order of a few 

microns only. We therefore performed CBE growth of InGaAs/lnP heterostructures on 

mesas as narrow as 2 .0  pm to utilise the indium migration for lateral bandgap control. 

Complete triangular shape structures, bounded with smooth ( l l l )B facets, were grown 

on 2.0 pm wide mesas oriented along the [Oil] direction. This demonstrates the 

possibility of growing quantum wires (QWRs) by placing the QWs close to the vertex 

of these structures. This seems to be a superior technique compared to the conventional 

techniques of etching and regrowth^ "* for the fabrication of quantum wire structures, as 

the wires can be formed completely in-situ without the recourse to post growth 

processing. The important thing about this growth technique is that the lateral patterning 

of the QWs occurs as a result of the growth process itself. Earlier, Colas et al̂  have used 

a similar approach for lateral dimensional control of GaAs/AlGaAs QWs structures 

grown by MOCVD.

Generally, two kinds of selective growth technique are being used for the fabrication of 

QWR structures. The first one is growth over partly masked substrates®’’’* . The second 

one is growth over non-planar substrates’’*®’". Both approaches utilise diffusion of
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growth species from a nongrowth surface to an adjacent growth surface. Kapon et 

were the first to demonstrate the fabrication of uniform arrays of GaAs/AlGaAs 

quantum wires on V-grooved substrates using MOCVD. Koshiba et al^\ on the other 

hand, have grown GaAs quantum wires on top of inverted-V shape structures, 

selectively grown on narrow ridges, using MBE. Using the same technique and a SiOj 

mask with narrow window openings, Arakawa et al*̂  have demonstrated the fabrication 

of vertical microcavity InGaAs strained quantum wire lasers. Selective area epitaxy also 

permits single step growth of a buried structure. In this manner, Moseley et al’® obtained 

a two dimensional electron gas in an InGaAs layer grown by MOVPE on the (111) side 

walls of a patterned InP substrate.

Selective area epitaxial growth over partly masked substrates, using CBE, offers unique 

characteristics compared with other conventional growth techniques such as MOCVD 

and MBE. The use of organometallic sources and ultra high vacuum environment in 

CBE, results in a very clean oxide mask with no residue after the growth as opposed to 

MOCVD or MBE in which a polycrystalline film tends to deposit over the oxide mask’̂ . 

There is a vast literature on selective growth by CBE using partly masked substrates. 

However, there are very few reports on growth over patterned substrates by CBE. 

Sugiura et al'* have made a detailed investigation of facet formation for a number of 

mesa orientations and demonstrated the growth of a buried heterostructure, similar to a 

laser, during the growth of InGas, InGaAsP and InP layers by CBE over patterned InP 

substrates.

In the present work, we have explored the facetting behaviour during the growth of 

InGaAs and InP layers by CBE over undercut mesas produced by chemical assisted ion 

beam etching of InP substrates. This section deals with the details of growth conditions 

used for the growth of such structures and their structural and optical characterisations 

to understand the growth behaviour.
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5.4.1 Substrate patterning

Two inch diameter n-type sulphur doped (100)±0.2° oriented InP substrates were 

patterned into undercut mesas with approximately 30° angle with the vertical plane 

using CAIBE. The detailed patterning process is described in section 3.3.4 of Chapter 3. 

Ridges as wide as 20pm and as narrow as 2 pm with 100 pm groove spacings were 

etched up to a depth of 3.0 pm and aligned along the [Oil] direction. Substrates were 

thoroughly cleaned after the patterning process and before loading into a CBE Riber 

32? machine equipped with a turbomolecular pump and a cryopump ensuring a pressure 

in the low 10'  ̂ Torr range during growth at a typical rate of 1 pm per hour. Cleaved 

pieces of the patterned substrate were indium mounted onto two inch silicon wafers 

which were in turn held by tungsten clips to a hollow molybdenum block. The blocks 

were placed into the growth chamber and brought to UHV conditions. A number of 

samples were produced by growing alternative layers of InGaAs and InP over such 

patterned substrates to understand the facetting behaviour during the growth.

5.4.2 Growth Conditions

Typical growth conditions for sample CBE97016 are illustrated in Table 5.2. Arsine and 

phosphine were introduced into the growth chamber through a cracker heated at 950°C 

whereas group III sources were introduced at 90°C by H2 carrier gas bubbling through 

triethylgallium (TEG) and trimethylindium (TMI) bubblers held at 30° and 37°C 

respectively at a pressure of 40 Torr. All the layers were grown at a substrate 

temperature of 435°C with the substrate rotating at several rpm. The structure was 

grown approximately at a rate of 0.5 pm/hr for InP and 1.0 pm/hr for InGaAs lattice 

matched to InP. Prior to growth, the substrate was heated to 500°C for 10 minutes under 

a high flux of phosphine to remove the oxides fi-om the surface. Then a thin layer of InP 

was grown before the first InGaAs marker layer close to the substrate. After the first 

marker layer, 7 periods of -2000 Â thick InP and -300Â InGaAs layers were grown. 

Finally, a 2000 Â thick InP cap layer was grown. The thin InGaAs marker layers helped 

to delineate the time evolution of the facet growth in SEM observation.
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Table 5.2 : Growth conditions for the sample CBE97016. Flow rates are given 
in percent of full scale on mass flow controller.

Material Loop Period
N

TEG
( % )

TMI
( % )

PH,
( % )

AsH3(2 )
( % )

Time T,

InP - - - 11.2 10 - 2  min. 435°C

InGaAs - - 2 0 11.2 - 15 3 min. 435°C

InP Begin 7 - 11.2 10 - 25 min. 435°C

InGaAs End - 2 0 11.2 - 15 2  min. 435°C

InP - - - 11.2 10 - 25 min. 435°C

5.4.3 Structural Characterisation

To study the growth morphology on non-planar substrates, unstained, cleaved cross- 

sections of the grown structures were examined using a JEOL field emission scanning 

electron microscope (FE-SEM) in the standard back-scattering configuration. A cross- 

sectional view of a nominally 7 pm wide mesa oriented along the [Oil] direction is 

shown in Figure 5.8(a). Thin bright lines represent InGaAs marker layers embedded 

between thick InP spacer layers (dark trapezoidal regions between two bright lines). The 

first marker layer was grown very close to the substrate and marks the beginning of the 

growth. The heterostructure layers form a shape with a concave top bounded by (111)B 

planes on either side. It is evident that almost no growth occurs on ( l l l )B planes and 

the thickness between two consecutive InGaAs layers keep on increases as growth 

proceeds in the [100] direction. It has been already discussed in chapter 3 (section 3.2.1) 

that growth on a particular facet depends on the effective flux reaching that surface and 

the sticking coefficient of the growth species on that plane. Due to variations in these 

parameters along the various crystallographic directions, the growth rate on ( l l l )B 

planes is low as compared to the (100) plane. As a result group III adatoms are weakly 

adsorbed on the ( l l l )B planes as compared to that on the (100) plane where they are 

readily incorporated. Impinging group III adatoms on ( l l l )B planes would, therefore.



InP BASED QW STRUCTURES 183

migrate to the (100) plane due to a built up concentration gradient. This also explains 

the concave profile on the mesa top as the diffusing species from both sides follow an 

exponential decay. A fraction of the growth species impinging on the (l ll)B plane 

migrates towards the base of the mesa facilitating the growth in the vertical direction.

Figure 5.8 : Four SEM images of the sample CBE97016. Image (a) shows the cross- 
sectional view of a structure grown over nominally 7 pm wide mesa whereas image 
(b) shows the top view of the same structure. Similarly, images (c) and (d) show the 
cross-sectional and side views respectively of a structure grovm over nominally 20  
pm wide mesa.

Similar growth behaviour has been seen for GaAs/AlGaAs grown in atmospheric 

pressure MOCVD'*. The migration of growth species from non-growth (lll)B planes 

and the observed growth behaviour on the mesa top is schematically shown in Figure 

5.9. The growth profile in the etched groove region between two ridges can also be seen



184 GROWTH ON PATTERNED SUBSTRATES

in image 5.8(a). The growth in the groove region proceeds in a similar manner to that on 

the mesa top forming ( l l l )B facets and a decaying profile from the edges of the (100) 

surface towards the centre of the groove. Image (b) in Figure 5.8 is recorded at a steep

___________________________  angle and shows the top view of (100) surfaces

in the groove regions and a concave surface on 

the mesa top bounded by (111)B facets. It can 

be seen that extremely smooth facets are 

produced during the growth with very good 

uniformity of the grown material over the 

mesa top and even in the etched groove region 

without producing any defects. Another 

striking feature that can be observed in image 

(b) is that the growth in the groove regions on 

either side of the etched mesa does not interact 

with the growth occurring over the mesa and a constant gap is maintained along the 

entire length of the mesa. Images (c) and (d) show the cross-sectional and side views 

respectively, of a similar structure grown over a wider mesa of nominally 20  pm mesa 

width. Most of the mesa top is flat except at both the edges where the surface migration 

of the growth species form a decaying profile with a characteristic diffusion length of 

approximately 2 pm.

Substrate

Figure 5.9 : Schematic description o f  the 
effect o f  diffusion from the nongrowth 
( l l l ) B  plane grown on a [Oi l ]  oriented 
undercut mesa.

The smoothness of the facets was examined using atomic force microscopy (AFM). 

Figure 5.10 shows an AFM image of a facet generated during the growth on a patterned 

mesa and its corresponding roughness analysis. The measured average root mean square 

(rms) roughness was found to be 0.4 nm which shows that atomically flat facets can be 

generated during the growth under the conditions used. The arrow shown in the figure 

points in the direction of growth from the base of the facet towards the mesa top. An 

important observation in the AFM image is the vertical dark lines which represent the 

InGaAs marker layers. It can be seen that these lines get darker as growth proceeds 

which indicates that more indium accumulates at the edges of the mesa due to migration 

from (lll)B side walls and the InGaAs layers grown at the top of the mesa may be 

strained rather than lattice matched to InP. Another important feature in the image is the
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observation of terraces which indicate the occurrence of a layer-by-layer growth mode 

due to adatom migration on the facet.

Roughness Analysis
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Figure 5.10 : An AFM image of the (lll)B plane generated during the 
growth. The arrow points towards the direction of facet development as 
growth proceeds on the mesa top.

Reproducibility of the grown structures is a major issue and depends, not only on the 

growth conditions, but also on the cleanliness of the patterned mesa before growth. In 

particular, defect-free, clean edges of the mesa are required for the generation of smooth 

facets. An SEM image in Figure 5.11 shows the side wall view of a structure grown 

under similar conditions (sample no. CBE97052) to those used for the growth of 

CBE97016, over a nominally 20 pm wide mesa. It can be seen that the growth produces 

very uniform, defect-free (100) surfaces on the mesa top which has very sharp edges 

with a decaying profile towards the centre of the mesa. However, two types of defects 

can be seen at the base of the side wall. The first type of defect induces a localised 

growth in the adjacent groove region which seems to catch up with the growth on the 

facet. The growth on the facet seems to remain largely unaffected by this localised 

growth in the groove region. The second type of defect induces a nucleated grov^h over 

the facet which certainly can affect the compositional uniformity of the material grown
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over the mesa top due to non-uniform migration of growth species off the facets. These 

defects may be produced by the CAIBE process due to bombardment of energetic ions 

which may be hard to remove in the cleaning process.

Figure 5.11 : SEM image of the sample CBE97052 showing defects 
produced at the sidewall during the growth.

Figure 5.12 shows two TEM images of the sample CBE97052. Image (a) is taken from 

the centre of a wide mesa and clearly shows the InGaAs marker layers (dark lines) 

embedded between uniformly thick InP layers. Image (b) shows the curved growth 

profile at the edges of the mesa and in the adjacent groove region.

In order to generate completely inverted-V shape structures for the growth of quantum 

wires just below the vertex, the previous growth of CBE97016 was repeated on 

narrower undercut mesas. Ridges with a nominal width of 2.0 pm on a 100 pm pitch 

were etched by CAIBE and were aligned along the [Oil] direction. Patterned pieces of 

the substrate were thoroughly cleaned using the process described in section 3.3.6 of 

Chapter 3. The details of the layer structure and the growth conditions are described in 

Table 5.3 below.
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Table 5.3 : Growth conditions for the sample CBE97121. Flow rates are given 
in percent of full scale on mass flow controller.

Material Loop Period
N

TEG
(% )

TMI
(% )

PH,
(% )

AsH3(1)
(% )

Time T,

InP - - - 13 10 - 2 min. 435°C

InGaAs - - 20 13 - 21 3 min. 435°C

InP Begin 6 - 13 10 - 25 min. 435°C

InGaAs End - 20 13 - 21 2 min. 435°C

InP - - - 13 10 - 25 min. 435°C

0 0  (b)
Figure 5.12 : Two TEM images of the sample CBE97052 showing (a) uniformly 
spaced marker layers at the centre of a wide mesa, and (b) the concave growth 
profile at the edge of a mesa top and near the base of the mesa in the etched groove 
region respectively.

The structure was grown at a constant temperature of 435°C (thermocouple 

temperature) corresponding to a growth rate of approximately 0.5 pm/hr for InP and 1.0 

pm/hr for InGaAs lattice matched to InP. Two SEM images of structures are shown in 

Figure 5.13. Image (a) shows a high magnification view of the cross-section. A
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complete triangular structure bounded by (ll l )B planes has been generated on top of 

the mesa. The growth in adjacent groove regions on either side of the etched mesa is 

non-interacting with the growth on the mesa top and produces the same facets as on the 

mesa top. The grown structure is symmetric about the centre of the mesa. On the mesa 

top the distance between consecutive InGaAs marker layers increases as the growth 

proceeds and the growth profile becomes more curved near the top of the mesa due to 

migration of indium molecules from (l l l)B planes. Similar growth behaviour can be 

seen in the groove regions where the generated (lll)B facets maintain a constant gap 

between them and the adjacent patterned mesa. Due to the additional flux of group III 

species reaching the (100) plane, the growth rate on the (100) plane over the mesa top is 

expected to increase as compared to the growth on unpattemed areas of the sample. 

Image (b) in Figure 5.13 shows the side wall view of the triangular structure on the 

mesa top and the top view of the groove region. It can be seen that extremely smooth 

facets are produced which facilitate uniform migration from both sides to the mesa top. 

Also evident from the image is the uniformity of the material grown in the etched 

groove region. This growth clearly demonstrates the possibility of growing a quantum 

well close to the vertex just before completion of the triangular shape. Due to quantum 

confinement of the carriers in lateral and longitudinal directions, these structures are 

expected to exhibit the characteristics of quasi-ID structures.

V X I S , 0 8 0  1 5 m
1 O H rn

X 3  ,  5 0 0

Figure 5.13 : Two SEM images of the sample CBE97121 grown over nominally 2.0 
pm wide undercut mesa. Image (a) shows the cross-sectional view of a complete 
triangular structure whereas image (b) shows the smooth facet produced in-situ during 
growth.
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5.4.4 Optical Characterisation

After succeeding in growing complete triangular structures with smooth side facets 

over the etched mesas, we attempted to grow thin quantum wells close to the completion 

of the vertex. The growth run of sample CBE97121 was repeated to grow four 70 Â 

Ino53Gao47As / InP QWs on an InP substrate patterned into undercut mesas using a 

mask Avith stripes nominally 2 and 3 pm wide on a 100 pm pitch aligned along the [011] 

direction. The growth conditions used for the growth of sample CBE97125 are outlined 

in Table 5.4. The sample was grown at 435°C corresponding to a growth rate of 0.5 

pm/h and 1.0 pm/h for the growth of InP and InGaAs layers lattice matched to InP 

respectively

Table 5.4 : Growth conditions for the sample CBE97125. Flow rates are given 
in percent of full scale on mass flow controller.

Material Loop Period
N

TEG
( % )

TMI
( % )

PH3

( % )
AsHjCl)

( % )
Time Ts

InP - - - 13 10 - 94 min. 435°C

InP Begin 4 - 13 10 - 4 min. 435°C

InGaAs End - 2 0 13 - 21 25 sec. 435°C

InP - - - 13 10 - 10 min. 435°C

The growth behaviour was studied by examining the cleaved cross-sections of the 

sample with field emission SEM whereas the luminescence firom the sample was 

analysed using low temperature CL. Figure 5.14 shows four SEM images. Image (a) is a 

cross-sectional image and shows a complete triangular shape grown on the mesa top. 

The InGaAs active layers, being very thin, can not be observed in cross-sectional view. 

The side wall view of the grown structure is shown in image (b). Side wall shows some 

roughness which may be due to continued growth over facets after completing the 

triangular shape over the mesa top. Image (c) is a cross-sectional image of grown 

structure on a 3 pm wide mesa and shows an incomplete triangle with a concave top.
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Image (d) is the side view of the same structure. It is evident from this image that the 

facets are generally smooth when growth has not completed a triangular shape. If 

growth continues even after completion of a triangular shape, it results rough facets as 

shown in image (b).

1 u
1 7 rmn

1 /  m m

Figure 5.14 : Four SEM images of the sample CBE97125. Image (a) shows the cross- 
sectional view of a complete triangular structure grown over 2 .0  pm wide mesa while 
image (b) shows the side view of the same structure. Similarly image (c) and (d) show 
the cross-sectional and side views, respectively, of a structure grown over 3 .0  pm wide 
mesa.

The luminescence from these MQW structures was analysed using low temperature CL. 

Figure 5.15 shows a composite CL spectra from a 3 pm wide mesa. The spectrum 

shown by a solid line represents the luminescence from near one of the edges of the 

cleaved cross-section. The spectrum shown by a dotted line represents the luminescence 

when the electron beam was positioned between the ridges at the centre of 100 pm wide 

groove. The central groove region remains unaffected by the migration process and so
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the luminescence shown by the dotted line can be taken as a reference signal 

representing the luminescence of the virgin material. The reference signal consists of a 

single peak at 0.86 eV which indicates that all the four wells in the central groove region 

have the same composition and thickness. However, the luminescence from near the 

edge of the mesa shows a second peak indicating different composition or thickness of 

QWs near the mesa edge. The dominant peak at 0.81 eV is red shifted by about 45.0 

meV as compared to the reference signal which is attributed due to accumulation of 

indium from the side facet.

C(U
C

0.70 0.75 0.80 0.85 0.90 0.95 1.00
Energy (eV)

Figure 5.15 : CL emission (solid line) obtained by positioning the electron 
beam near one edge of the cross-section of a structure grown over nominally 
3.0 pm wide mesa. The emission from the groove (dotted line) was obtained 
by positioning the electron beam at the centre of 100 pm wide groove 
between ridges.

The narrower ridges on which growth produced complete triangular structures, showed 

no emission when viewed from the top and the electron beam was positioned directly at 

the vertex. However, significant luminescence was obtained in the cross-sectional view
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when the electron beam was positioned near the vertex. The resultant luminescence is 

shown in Figure 5.16. Again, the luminescence shown by a dotted line represents the 

reference signal obtained from the centre of the groove. The luminescence shown by a 

solid line is blue shifted by more than 400 meV as compared to the reference signal. As 

the electron beam was positioned very close to the vertex, where the mesa width may be 

of the order of a few nanometers, it is most likely that the observed luminescence is 

from the side facets. This indicates that on the narrower ridges, the QWs may be grown 

on the facets after the completion of the triangular shape. The observed blue shift 

suggests that the grown wells on the facets are much thinner than the wells in the planar 

groove region.

s:3

0.7 0.8 0.9 1.0 1.1 1.2 1.3
Energy (eV)

Figure 5.16 : CL emission (solid line) obtained by positioning the 
electron beam near the vertex of the cross-section of a complete 
triangular structure. The reference signal (dotted line) was 
obtained by positioning the electron beam at the centre of a 1 0 0pm 
groove between ridges.
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It is clear from these observations that it can be extremely tricky to place QWs close to 

the vertex of a triangular structure just before completing the grovvth. One possible way 

to achieve this objective may be to grow a complete triangular structure first, and then 

etch back a few nm of grown material to get a fiat top. The active layer may then be 

grown on the etched-back surface followed by the growth of the top barrier layer. The 

carrier confinement in the active region of these structures with the lateral and 

longitudinal dimensions of a few nm is therefore expected to show the characteristics of 

QWRs.

5.5. Conclusions

In this chapter growth behaviour of InGaAs/InAlAs and InGaAs/InP QWs on patterned 

InP substrates was studied. The InGaAs/InAlAs QWs were grown by MBE using As  ̂

for the active region and Asj for the barriers. Utilising indium migration from the angled 

facets, a red shift in excess of 70 meV was obtained in the QW emissions between the 

adjacent regions of a substrate. Such a huge shift suggests this technique shows promise 

for the integration of long wavelength devices on patterned substrates in a single step 

growth for optoelectronic applications. A simple growth model based on diffusion of 

growth species was developed which uses the luminescence peak corresponding to the 

facet intersection for the in-situ characterisation of the grown material. The model 

shows a close agreement between the experimental and calculated values. The CAIBE 

technique was used to produce undercut mesas on InP substrates. Growth of InGaAs/InP 

heterostructures on undercut mesas resulted in smooth facets, facilitating uniform 

indium migration. Growth on mesas as narrow £is 2.0 pm resulted in complete triangular 

structures bounded by smooth facets which shows promise for the in-situ fabrication of 

QWRs.
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Conclusions and Future 

Recommendations

In this project the technique of growth on patterned substrates has been investigated for 

the integration of multi-functional optoelectronic devices, utilising indium migration 

from the side facets. The process of indium migration and its dependence on the 

geometrical consideration of the mesa shape and size under various growth conditions 

and growth techniques was studied. In particular, indium migration is found to be 

extremely sensitive to the nature of arsenic species. It is observed that for the growth of 

GaAs/InGaAs QWs using MBE, the use of arsenic tetramers (As^) facilitates indium 

migration off the facets whilst the use of arsenic dimers (AS2) inhibits it. Similarly, 

different indium migration behaviour is seen during the growth of InGaAs active layer 

by MBE and CBE respectively. In MBE grown samples, indium migration occurs from

the A-type of facets when the ridges are oriented along the [011] direction whereas in

CBE grown samples it is observed that indium migration occurs from the B-type of 

facets when the ridges are oriented along the [Oil] direction.

Two GaAs/InGaAs SQW GRINSCH lasers were grown using MBE. The first laser was 

grown using Asj throughout while the second laser was grown using Asj for everything 

except the active region which was grown using As  ̂ . The results of PL and CL

195
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spectroscopy in conjunction with SEM reveal that insignificant amount of indium 

migration occurs in the all Asj grown laser whilst a significant amount of indium has 

been observed in the second laser grown using As  ̂for the active region. Moreover, the 

excess indium was found to be uniformly distributed over the entire top of a mesa as 

wide as 20 pm. Broad area devices of both these lasers exhibit record low threshold 

current densities and very high external quantum efficiencies.

A new mask set was designed and a process for the fabrication of split contact FP and 

DBR lasers was developed. InGaAs/GaAs/AlGaAs SQW lasers were grown by MBE on 

GaAs substrates patterned into variable step width mesas using new mask and ridge 

waveguided split contact devices were fabricated. The devices when pumped in the gain 

section (wider mesa) leaving the absorber (narrower mesa) unpumped, showed bistable 

or pulsation behaviour depending on the bias conditions on the absorber section. It is 

quite evident from this work that the growth technique and fabrication process, both 

work nicely. It is, therefore, recommended for future work to grow more such samples 

on variable step width mesas patterned by the new mask and study the gain and 

absorption saturation in the wider and narrower sections, respectively, for the 

application of ultra short pulse generation, utilising saturable absorption in passive 

mode-locking configuration.

The technique was further extended for the growth of InP based QW structures for the 

application of long wavelength integrated devices. InGaAs/InAlAs QWs, lattice 

matched to InP, were grown by MBE on InP substrates, patterned into ridges and 

grooves joined by angled facets. The growth sequence of AS2/AS4/AS2 in which the 

barriers on both sides of the well are grown using AS2 while the QW is grown using As  ̂

was used. An energy shift in excess of 70 meV between the emissions from the centres 

of nominally 10 pm wide ridge and 100  pm wide adjacent groove was obtained in the 

low temperature PL spectra. Moreover, an additional peak from the facet intersection 

with the (100) surface was seen which was used for in-situ characterisation of the 

effective flux. In-composition and the well width at different points on the mesa top 

using a simple analytical model. The values of these parameters calculated by the model 

are found to be in good agreement with the experimental observations.
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In order to achieve consistency in results and controlled variations in the physical 

properties of the grown material due to indium migration in the adjacent regions of a 

patterned mesa, a dry etching technique, CAIBE, was performed for substrate 

patterning. Dry etching process are known to have better control over the lateral 

dimensions of the etched features, CAIBE was performed to produce undercut mesas on 

InP substrates and InGaAs/InP heterostructures were grown by CBE. Complete 

triangular structures bounded by atomically fla t ( l l l )B planes were generated due to 

selective nature of growth. These results show the possibility of growing QWRs, totally 

in-situ, by placing the QWs near the vertex of the triangular structures. However, it is 

very difficult, in practise, to place the QWs only a few seconds before completion of a 

triangular shape. We, therefore, recommend to complete a triangular structure over a 

narrow undercut mesa, first growing a thick InP buffer layer, then use in-situ etching to 

etch a few nanometers of material at the top. The QWs may then be grown over the 

etched surface followed by growth of the top barrier layer. The QWs grown over such 

structures with the lateral and longitudinal dimensions of a few nanometers are expected 

to exhibit the quasi-one dimensional confinement of charge carriers.


