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Abstract
Vertical Cavity Surface Emitting Lasers show significant promise for potential appli
cations in high speed, low cost optical interconnects. This is a direct result of the low
manufacturing costs as well as the superior modal performance and smaller divergence
angle.
This thesis develops this device in novel directions in order to find new applications
of VCSELs. In particular the understanding of phenomena such as thermal lensing
and transverse mode emission is important for optimizing the VCSEL design as well
as developing new types of VCSELs for a wide variety of applications.
This work deals with the growth and processing of both ion implanted and oxide
confined VCSELs. The effects of implanting heavier ion species such as Oxygen for
isolation are investigated. In particular the optical properties of heavily implanted ma
terial are found to be ideal for modal discrimination and are demonstrated to produce
single mode devices. The processing of ion implanted VCSELs is studied in depth
with important considerations identified for the production of stable and repeatable
VCSELs with low threshold and high output powers.
A modern material in the opto-electronic industry is the lateral or ”wet” oxide of
AlAs. This forms a stable, buried and mechanically strong oxide which has been sorely
missed in the GaAs/AlGaAs material system. This work investigates the properties
of this oxide and its potential in instigating post growth tuning techniques, such as
intermixing. It was found that lateral oxide is extremely efficient in the injection of
vacancies into the semiconductor - dramatically enhancing the rate of interdiffusion in
quantum wells.
The potential use of lateral oxide in DBR structures is investigated in depth with
the novel discovery that oxide DBR may also be tuned by interdiffusion if that is per
formed prior to oxidation. A detailed Transmission Electron Microscopy (TEM) study
was then undertaken to estimate the effect of intermixing on the material properties of
the oxide.
Oxide confined VCSELs are some of the most reliable and powerful VCSELs of
all the various designs. This work investigates the processing issues associated with
the oxide defined VCSELs and in particular the characterization of their modal per
formance. A novel method for the measurement and imaging of spatially overlapping
transverse modes is introduced. The method is used to identify the spatial distribution
of higher order transverse modes.
A novel type of VCSEL is then explored. The ’’steerable VCSEL” is a VCSEL

vii

which has an aperture specifically designed to enhance the effects of thermal lensing
01 the emission profile. This effect results in the laser beam being able to steer in
response to the average driving current. A free space optical switch is constructed
aid used to transmit data. The cross-talk and modulation properties of the switch are
dscussed and a model is proposed to explain this behavior.
Finally a summary and suggestions for future work are presented.
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Chapter 1
Foundations

1. Foundations

1.1

2

Introduction

Vertical Cavity Surface Emitting Lasers (VCSELs) have been developed for over a
decade. VCSELs are enthusiastically researched due to their potential uses in modern
optoelectronic systems, and the potential cost benefit that they offer. VCSELs have
already started to be integrated into the mainstream optoelectronic industry, being de
ployed in gigabit links and optical displays.
Optical interconnections are looked upon as potential solutions for the limitation
experienced in computer bus bandwidth using current technologies. In particular lim
itations in clock distribution, system synchronization and crosstalk are expected to be
alleviated [1].
As their name implies, Surface Emitting Lasers emit light in the vertical direction
perpendicular to their surface. This important fact is responsible for many of the ad
vantages that VCSELs have over their more conventional edge emitting counterparts.
Figure 1.1 illustrates the main differences between the VCSEL and the edge emitting
laser.
The VCSELs aperture is typically circular, allowing an output beam with no astig
matism. On the other hand, the edge emitting device has an aperture which is very
thin, and quite wide - leading to a very astigmatic beam. Beam quality is quite an
important property with VCSEL, as will be shown in chapter 5. VCSELs typically
may be butt coupled to fibers without any optical collimators, allowing for very high
efficiency coupling.
As can be seen in Figure 1.1, VCSELs are typically arranged in a 2 dimensional
array. This is because no post processing cleaving is required to extract the laser light.
Edge emitters, on the other hand, can form a one dimensional array at best since the
lasers need to be cleaved in order to create mirrors. This fact allows very dense pack
ing of VCSELs in comparison to edge emitting lasers. Devices have been fabricated
in which arrays were produced in order to boost both the output power and realise
array super-modes [2]. Two dimensional packing is also desirable in applications like
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Edge Emitting

Figure 1.1: A general comparison between the VCSEL and an edge emitting Laser

displays and wavelength division multiplexing.
Since VCSELs do not need to be cleaved, less processing is required to achieve
higher yeild. As a result the cost per device is a fraction of that of conventional edge
emitting lasers. By some accounts up to 75% of current semiconductor laser produc
tion is made of VCSELs.
As will be shown later in this chapter, VCSELs have a number of other desir
able properties for optoelectronic applications. Due to their extremely short cavity
length, VCSELs typically operate in a single longitudinal mode - leading to far nar
rower linewidths than standard edge emitting lasers (only surpassed possibly by dis
tributed feedback (DFB) edge emitters). This narrow linewidth makes VCSELs ideal
in applications such as Wavelength Division Multiplexing (WDM).
VCSELs have been found to be ’’radiation hard”. VCSELs exhibit strong resistance
to the introduction of defects by ionising radiation. This is mainly attributed to the
large depth of the active region from the surface and the many hetero-junctions serving
as traps for defect migration. This resilience makes VCSELs ideal for applications in
high radiation environments [3].
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VCSELs were initially only grown by Molecular Beam Epitaxy (MBE) due to the
low tolerances required. Once Metal Organic Chemical Vapor Deposition (MOCVD)
has matured to accommodate for the low tolerances required, VCSELs were being
grown using MOCVD. This work deals with MOCVD grown material. MOCVD is
preferred over MBE for commercial applications due to the lower maintenance costs
and larger volumes of material that can be grown at a time. MOCVD technology is
very well developed today and is prevalent in industrial applications.
This thesis deals with the different aspects of VCSEL fabrication. The first chapter
introduces the VCSEL as an advanced optoelectronic device. The engineering design
decisions involved in designing VCSELs are introduced and the work performed in the
literature explored in further detail.
Since the epitaxial material used in this work was produced by MOCVD, the first
chapter will also briefly introduce the MOCVD reactor and explain some of the con
siderations involved in the growth of AlGaAs material.
The research presented in this work is geared towards improving the quality of
VCSELs, and designing novel and challenging new VCSEL structures.

1.2

Metal Organic Chemical Vapour Deposition

The controlled epitaxial growth of semiconductors was initially achieved using MBE
technology which is constrained by geometry and ill suited for large scale industrial
manufacturing. The Metal Organic Chemical Vapour Deposition (MOCVD) technique
was first developed by Manasevit [4, 5] and co-workers. Since these early works,
MOCVD has been demonstrated to produce high quality AlGaAs material suitable
for making lasers, modulators and many optoelectronic devices [6, 7], This section,
reviews briefly the general principles behind the MOCVD growth technique.
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III-V Growth dynamics

The general reaction used in MOCVD is between the metal alkyls (Group III) and the
Hydrides (group V), for example a common pyrolitic reaction for producing AlGaAs
is:
xA1(CH3)3 +

(1 - jc)Ga(CH3)3 + AsH3

Al.vG ai_,A s + 3CH4

(1.1)

The metal-organic sources usually used include Trimethyl Gallium (TMG), Trimethyl
Aluminum (TMA1) and Trimethyl Indium (TMIn). The non-metal hydrides commonly
used are Arsine (ASH3) or Phosphine (PH3). The reacting species appear in the vapour
phase in the reaction chamber and are cracked under elevated temperatures to produce
monoatoms. These then diffuse onto the substrate and begin the crystal growth process.
As can be seen from Eq. 1.1 the growth rate can be controlled by either the group
III species or the group V species. An important growth parameter is the V/III ratio,
which is the ratio of the partial pressure of the group V species and the group III
species. Typically growth is controlled by having a V/III ratio which is greater than
unity, i.e. an abundance of Arsine is used, while growth rate is controlled through the
group III partial pressure. The number of moles flowing into the reactor is given as:
(Moles / m in)c = Flow x Dilution Factor/ 22.4 x 103
(Moles / min)M

x (Flow /22.4 x 103)

( 1.2a)
(1.2b)

Where G refers to gas sources and M refers to metalorganics. The dilution factor is
needed for pre-diluted sources, or for sources with dilution stages which further dilute
the sources. In our reactor pure Arsine was used while the dopants are pre-diluted
silane and dimethyl-zinc.
The V/III ratio is also important to the level of background doping incorporated
in the grown material. An illustration of a typical intrinsic doping curve is shown in
Figure 1.2. As can be seen, the lower the V/III ratio, the more p-type the material
becomes. This is generally attributed to Carbon incorporation from the methyl metalorganic sources, carbon being an efficient acceptor. For many applications undoped,
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p-type

n-type

V/III Ratio

Figure 1.2: Unintentional doping of GaAs. The carrier type and concentration are both
functions of V/III ratio [8]

or semi-insulating material must be grown, hence a calibration of the V/III ratio must
be carried out. It has even been shown that the natural C incorporation may be used
to make very highly doped GaAs material and coupled with carbon’s low diffusivity,
even delta doped structures have been achieved. [9]. At higher V/III ratios, the material
tends to become more n-type due to incorporation of Si from residual Silane impurities
present in the Arsine gas source.

1.2.2

Engineering design

The reacting species need to be carried into the reaction chamber, by an inert carrier
gas. Typical gases are Hydrogen or Nitrogen. Hydrogen is more commonly used
for growing high quality material because it is easier to produce Ultra High Purity
(UHP) hydrogen than nitrogen. In order to achieve the purity necessary to produce
high quality films (better than 99.99995%), a hydrogen purifier is used.
The basic design of an MOCVD reactor is broken into 4 main parts, as is shown
in Figure 1.3. The source panel contains mass flow controllers, bubblers and baths

Source Panel
Vent-Run Manifold
-C

-igure 1.3: Schematic diagram of the MOCVD reactor used in this work. The four main parts of tl
eactor are highlighted: 1. Source Panel, 2. Vent-Run Manifold, 3. Reactor Cell and 4. Scubber
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designed to deliver a precise well controlled and repeatable flow of sources. The VentRun Manifold is a complicated array of lines and valves designed to switch each
source between two main lines, the Vent line and the Run line. Any sources placed
in the run line are then directed into the Reactor Cell, where growth takes place. All
wastes are processed by the Scrubber system.
The MO sources are usually kept in temperature controlled bath bubblers used to
deliver MO rich vapor, with Hydrogen as the carrier. The hydrides are normally sup
plied in high purity gas cylinders, which are controlled through mass flow controllers.
In the case of TMIn, the source is more complex due to the fact that TMIn is a pow
dery solid at room temperature. The vapour is usually produced by forcing the carrier
gas through the powder, but due to sublimation effects, the vapour pressure is unpre
dictable. Hence a closed ioop control system is usually used to properly control the
bulk flow of the source. Such a system is the Epison, which monitors the velocity of
the gas mixture.
The Vent-Run Manifold needs to switch the flow between the vent and run lines
with minimum disruption to the source panel, hence it is important to keep the two
lines at the same pressure. A differential pressure controller is used to pressurize the
vent line appropriately.
a)

Gas Flow

Susceptor
Shower Head

C>

Shower Head

Figure 1.4: Different MOCVD reactor cells
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Then are many dif'ferent cell designs as is shown in Figure 1.4, including the Hor
izontal design (a), Vertical Design (b) and the Barrel reactor (c). All cells have a
susceotcr usually made from graphite or SiC. In our case the susceptor was SiC coated
graphite The susceptor carries the wafer, which is being heated using either RF heat
ing o: R lamps. The cell itself may be made from quartz or stainless steel. Since
depositi&n rate depends on the partial pressures of the reacting species and that in turn
deperdson the flow geometry, a great deal of work has been carried out on designing
the gas njection and general cell shape so as to achieve a uniform laminar flow over
the subsrates. This is the key to producing uniform, high quality epitaxy across the
entire ana of the wafer. A spinning susceptor is often also used to this end.
The pump is used to lower the pressure in the cell, and hence achieve a regu
lated coistant growth pressure. There are two regimes of MOCVD growth, one is
atmospheric pressure (AP-MOCVD), while the other is low pressure MOCVD (LPMOCVD), typically around 76 Torr. The low pressure regime generally provides better
growth iniformity at the expense of higher source flow rates required to keep a given
partial pessure.
The>curbber is used to safely neutralize and dispose of the highly toxic by-products
of the M3CVD process. Usually activated charcoal gas scrubbers or pyrolysis furnaces
are usee to detoxify the effluent.

1.2.3 VCSEL Growth
The grovth of VCSELs is extremely challenging. This is mainly due to the low toler
ance reamed for a working device [10, 11]. Growth rates must be precisely known,
and thenachine must be stable enough to maintain the same run to run growth rates.
Controbf the thicknesses of better than 1% accuracy are required to obtain good qual
ity V C SLs. The Thomas Swan reactor at the Australian National University was able
to growlayers with better than 5% thickness control, which was insufficient to pro
duce hih quality VCSEL material, hence final device structures were grown at Sandia
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National laboratories by A.A. Allerman for some of the work. However the majority
of test sTutures were grown by the author of this thesis at the ANU.
The m in technique used to guarantee growth rate stability is In-Situ monitoring.
This is us ally achieved by Laser Reflectometry (LR). A laser is placed above the
growth chmber shining light onto the wafer. The reflected light is measured by a
photo-ditetor. As the structure is grown the reflectivity at the surface changes. This
way it h pssible to control the thickness of each layer to within a tenth of the wave
length of ae Laser light [12]. Other techniques include pyrometric interferometry
[13, 14] ad substrate thermal emission [15].

1.3

(juantum Wells

Quantum /ells are arguably the most important technological development in fabri
cation tecinology for III-V semiconducting materials. As well as enabling the experimentastudy of low dimensionality physics, quantum wells have important uses
in device abrication. Since the density of states in a quantum well is quantized, it
is easier t(populate the well, leading to increased luminescence efficiency and lower
threshold urrent lasers, quantum wells are also widely used in detectors (Quantum
Well Infraed Photodetectors) and in modulators. The laser designer can reduce the
spectral gin bandwidth of the active region leading to more efficient pumping of the
operating /avelength.
Quantm well intermixing has attracted intense interest over the last decade due
to its potetial in post growth modification of the effective size of the quantum well.
Recently lore research was carried out into the mechanisms behind quantum well interdiffusio, answering many fundamental questions about the defect migration mech
anisms.
This sction explains briefly the effective mass approximation for the quantum
Well. A mdel is then illustrated, and this model is extended to the interdiffused quan
tum well. This model will be used later to calculate the interdiffusion length due to
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quantum well intermixing.

1.3.1

Quantum well Calculations

Quantum wells are reduced dimensionality devices in which electrons and holes are
confined to the plane of the well. The physical realization of the quantum well has
only been possible in the past two decades due to significant advances in epitaxial
growth technologies. Quantum wells were initially grown by Molecular Beam Epitaxy
(MBE), but MOCVD based quantum wells have quickly followed. Quantum wells are
used in this work both as an active gain material for laser fabrication, and as a tool to
understanding the physical processes involved in intermixing. Many references exist
on the optical properties of quantum confined structures, most notably [ 16].
The quantum mechanical description of an electron moving in a crystal can be
represented by the Schrödinger Equation:
H{)\\f =

Zm0

-fV(r) \\f = E\\f

( 1. 3 )

Where in this case V (r) is the potential created by the lattice itself. Since the lattice is
periodic with a period of a unit cell, the solution to the above equation is given by the
Bloch Waves:
\\f = e/k'rw( k,r)

( 1.4 )

Where w(k, r) is the Bloch function which is periodic in the lattice. In order to define
a spatially localized wave-function, one takes the superposition of many such Bloch
waves:

( 1.5 )

= F{r)u{r)
The above approximation is known as the envelope function approximation. It states
that the Bloch function is not a strong function of k, and can therefore be represented
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approximately by the value at the band-edge k = 0. Thus w(0,r) = w(r). The function

F( r) is known as the envelope function which is a superposition of plane wave com
ponents as in Eq. (1.4). Hence the localized wave function is a product of the Bloch
function at the band-edge multiplied by a slowly varying envelope function.
The wave function must be normalized so as:

(F\ F)

(u\n)

= —F Jfunit cell u* ud3r =

1

( 1. 6 )

mc

Of course the Bloch functions are orthogonal between the conduction and valence
bands: (uc \uv} = 0 . In a bulk material, the envelope function is simply:

F=

(1.7)

If an electro-magnetic field, represented by a vector potential A(r), is present, the
Hamiltonian for the system is perturbed:

H = H0 + [H '(r)e-im‘ + h.c.}

H'(r) = -^ -A ( r) ep
2m0

(1.8)

Where h.c. is the Hermitian Conjugate of H'{ r).
The transition rate is determined from Fermi’s golden rule:
271

?

We-+h= - r \ H ‘eh\ 8 (£ f - £ / ,

n

H'eh = (v?h\H'{r) \ye) = I
Jv

(r)\\fed3r

(1.9b)

Where the electron-hole modified Hamiltonian H'eh dictate the strength of the transi
tion, and involves the overlap of the hole and electron wave functions. The Hamilto
nian can be written in terms of the Transition Matrix Element:
l " ;" |2 = ( £ )

|M r |2 ’

|Mr |2 = («v|e-p|uc) ( F h|Fe)

(1.10)

There are a number of interesting facts arising from Eq. 1.10 and Eq. 1.9a:
• Transitions are only possible when the photon involved has exactly the same
energy as the difference between the electrons and holes’ energy, Ee —£), = / 2to .

)
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Allowed
Transitions

Forbidden
Transitions

Figure 1.5: Allowed and forbidden transitions at the band-edge

• The transition rate vanishes if the envelope functions are orthogonal since (F/, | F e }
0. This implies that some transitions are forbidden, even though the energy lev
els may exist. Assuming parabolic bands, it can be shown that envelope func
tions of different quantum numbers are always orthogonal to each other, only
allowing the E/r HH„ transitions. Figure 1.5 shows the allowed transitions. Note
that away from the band edge

(k ^

0), band-mixing effects cause a distortion of

the envelope functions, which leads to finite transition rates between forbidden
bands.
The quantum well transitions are therefore found by calculating the electron and
hole energies and wave-functions. We shall now consider a simple quantum well, as is
shown in Figure 1.6.
The well is formed by a barrier material of larger bandgap, and a well material of
a smaller bandgap. (e.g. AlGaAs for the barrier and GaAs for the well). The hetero-

14

1. Foundations

L
Conduction Band

G aA s

Al Ga As

Valence Band
Figure 1.6: Schematic of a GaAs/AlGaAs quantum Well. The conduction and valence
bands are modulated by the different junctions.

junction results in the modulation of the conduction band potential Vp, and the valence
band potential Vy as shown in Figure 1.6. The conduction band offset is defined as the
ratio v^ Vy and was initially believed to be close to 0.8 for GaAs/AlGaAs wells. The
commonly assumed offset is 0.61 [17, 18].

1.3.2

Conduction Band

A simple model for the conduction band assumes that the band is parabolic. This
approximation is often known as the Effective Mass approximation:

Vv
Where

2mi

(1.11)

, is the potential energy of the electron, and kxy is the momentum in the plane

of the well. The momentum in the plane of the well is not quantized, since the electron
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is not confined along these dimensions. Schrödinger’s Equation may be shown to be
reduced to the simpler form:

~ h : i j + w + V k ’i)Fz=EcFz(1' 12)
Where i = w,b is the index referring to the properties in the well and the barriers. Fz is
the electron envelope function, and Vj^,- is the in-plane momentum.
The solution to Eq. 1.12 can be written as:
Fz = A exp(ikzz) + B exp( - ikzz),

k2 =

n

(Ec - Vc(z))

(1.13)

Where /??, is the effective mass of the electron at the well or barrier, Vc(z) is the potential
of the layer, and A and B are constants to be determined from boundary conditions. E c
is the energy eigen-value of the electron. Continuity of the wave function enforces the
following quantities to be continuous across the interfaces:
Fz

1 dF;
a n d ----- f ni( dz

(1.14)

The boundary conditions force the wave function to decay exponentially, implying one
of the coefficients is zero. A consistent solution to the wave function is only obtained
when a Ec is an eigenvector. In the case of a symmetric, abrupt quantum well, the
eigenvalues may be found by satisfying:
tan A — )
\ 2J
cot ( k F \
\ z2)

=

mb kz

m*>kz

(1.15)
(1.16)

Where a r = (2 mb/ff)(Vb — Ec), is the decay factor in the barrier.
The Kronig-Penny model is a numerical method for solving eigenfunctions and
eigenvalues of quantum structures by assuming the potential to vary as a piecewise
continuous, constant function. This method is typically applied for solutions of energy
levels of crystals and impurity or defect levels. The basic algorithm is explained hence:
1. The potential is approximated by a piecewise constant function. The z axis is
divided into individual layers each having a constant potential V/.
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2. A value is chosen for the eigen-energy Ec.
3. Starting from negative infinity, the appropriate coefficient in Eq. 1.13 is set to
zero, while the other one is set to unity.
4. At each interface, the coefficients on the right side of the interface are found
from the coefficients on the left of the interface, and the continuity equations,
Eqs. 1.14.
5. At the positive infinity side the sign of the eigenfunction is found. (Care must
be taken, because the function is exponentially increasing here, and it is easy to
get numerical overflow).
6. If the sign of the eigen-function has changed since the last iteration, then a zero
crossing must have ocurred, and the eigen-energy value is adjusted appropriately.
7. The process is repeated until the eigen-energy is sufficiently convergent. The
eigen-function will decay to zero when the eigen-energy is correct.

1.3.3

Valence Band

The valence band of most semiconductors has quite a complex structure. The valence
band is usually considered to be made up of three subbands: The Heavy hole band,
the Light hole band and the Spin-Orbit band. The latter is usually ignored in most
calculations due to the large energy difference between it and the hole bands. The
light and heavy hole bands are considered to be parabolic in the bulk material, but
when confined in a quantum structure, the holes form a non-parabolic band due to
band mixing effects [16].
Since wells in this work are only examined by photoluminescence measurement
under low to moderate pumping rate, the majority of emission comes from the bandedge states, i.e. Those states which have kXJ = 0. Therefore for the purposes of this
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Table 1.1: Parameters used to model GaAs/AlGaAs quantum Structures

work, the two valence bands may be assumed to be parabolic and band-mixing ef
fects are neglected. These assumptions break when the pumping rate is very high, or
electrical excitation is used.
There is much disagreement in the literature about the values for the electron and
hole effective masses one should use. The PL emission from the well is not a strong
function of these parameters. Table 1.1 illustrates the values used in this computer
simulation.
A computer program was written to estimate how the energy levels are affected by
the intermixing process. The composition distribution, vv(x) after intermixing may be
shown to approximate:
vv(z) =

erf

Lz + 2z
T e rf
4 Ld

2z
4 Ld

(1.17)

Where w(o) is the initial barrier composition. The interdiffused well was approximated
with a staircase potential function, by dividing the well into a number of equal potential
layers. This approach is illustrated in Figure 1.7.
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Depth (nm)

Figue 1.7: Wavefunction as calculated for the electrons. Solid line shows the approxi
mate! potential profile (GaAs QW with AlGaAs barrier), while the dotted lines shows
the approximated wavefunctions.
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Figure 1.8: Geometry for the stratified medium problem. A TE wave is incident onto
a stratified layer at an angle of 0.

1.4

Distributed Bragg Reflectors

In this section, the design steps of DBRs as applied to VCSELs are outlined. Dis
tributed Bragg Reflectors are one of the most important elements in VCSELs. This
section first deals with the optical simulation and design of a DBR. Then the electrical
properties of semiconductor DBRs are examined. The final DBR design is shown to
be a compromise between an ideal optical and electrical design.

1.4.1

Optical design

Distributed Bragg Reflectors belong to a class of optical structures known as stratified
media. A Stratified Medium consists of a sequence of two dimensional uniform layers,
such that the dielectric constant is stepwise continuous across in one dimension, while
being uniform in the other two. The theory of stratified media is well developed,
atnd the most common use for such structures is their employment in anti-reflection
codings and specifically designed filters on optical elements. A complete account of
the theory is given in [21], a brief summary of the main steps in the derivation is given
heie, aiming to outline the steps taken in the implementation of the computer program
in Appendix C. 1. The theory will then be applied to the calculation of the reflectivity
o f nulti-layered semiconductor materials.
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Consider a TE wave incident onto a stratified layer of permeability e and permitivity /./, as shown in Figure 1.8. Since Ey = 0 and Ez = 0, it can be shown that Maxwell’s
equations can be separated into:
d2E x

d2E x
2 12
d (\ np)d Ex
+ - ^ r + n kaEx =
dy2
dz2
°“ '
dz
dz

(1.18)

......................

Where n2 = zp,k0 = co/c = 2n/X0. By substituting Ex = U(z)e^k°a-y_(0/) and Hy =
V(z)el^k°ay~(0t\ where a = n sin(0) one can separate the variables into the coupled set
of equations in U and V:
U'

(1.19a)

okofiV

=

V' = ikn ( e

-

—

)

u

(1.19b)

The matrix solution to these coupled first order differential equations is given as:
'

u '
V

Hz)
. G(z)
'

' Ua
f(z)
g(z) _ V *
.

'

(

1. 20 )

.

Where / ( z ) , F ( z ) , g ( z ) , G(z) are functional solutions to the equations. Hence it is
always possible to express the solution to the stratified media problem in the following
U(z)
matrix form, denoting Q =
V(z)
Q = NQo,

Qo = MQ

(

1.2 1 )

The matrix M is known as the characteristic matrix of the stratified layer. If we
have a uniform layer of refractive index n =

it can be shown that the characteristic

matrix is:
'

Where p =

cos(kanzcosQ)
—ipsin(k0nzcosd)

- j sm(k0nzcosQ) ‘
cos(/co^zcos0)

In the above analysis U and V fully characterize the field at one

point in space. We now consider the case of two consecutive stratified media, and
denote Qo as the incident field, Q2 as the transmitted field, and Qi as the field between
the two layers. Clearly from Eq. 1.21 we have,
Qo = M1Q1 = M1M2Q2

(1.23)
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Hence the overall characteristic matrix of a sequence of stratified media can be
found by the matrix product of the individual characteristic matrices of the individual
layers:
Mjotai = Ml M 2 . Mi = f j M j

(1-24)

Hence from Eq. 1.22 and Eq. 1.24 , one can calculate the characteristic matrix of
any stratified layer stack. If the refractive index is not constant throughout the layer,
a common approach is to subdivide the graded layer into many discretised uniform
layers and calculate the overall characteristic matrix for the layer.
Given a characteristic matrix for a multi-layer structure, one would like to calculate
the reflectivity and transmitivity for that structure. These quantities are directly derived
from the characteristic matrix as:
_ (mu
(mu

+ m \2 P o u t)P in
+ " l \2 Pout) Pin

- ( m i + m 22P out)
+ (m2 1 + m 22P om/)

_ ________________ 2 Pin________________

(mu

+ m \2 P o u t) P in +

(m2i +

(1.25a)
(1.25b)

rri22P 0ut)

The power reflectivity and transmission coefficients are given as:
^=kl2

T = \t\2

(1.26)

Refractive index data for the GaAs/AlGaAs system was obtained from [22], Ab
sorption in the semiconductor is taken care of by using the complex refractive index.
An example of the normal incidence reflectivity from a 25 pair GaAs/AlGaAs mirror
centered at 980nm is shown in Figure 1.9. The reflectivity exhibits a strong peak at
the designed wavelength, and a limited bandwidth. Outside the reflectivity bandwidth,
the reflectivity oscillates sharply. Note that at photon energies above the band-edge of
GaAs (approximately 880nm), strong absorption reduces reflectivity. Note also that
the baseline reflectivity is around 33%, which is the expected reflectivity from a single
thick layer of GaAs.
A commonly used DBR design in this work is the Aluminum Oxide DBR. A1 AOv
is formed by the lateral oxidation of AlAs, and has a refractive index of approximately
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1.57 (Depending on processing conditions). Hence an Al vOv/AlGaAs DBR has a very
large refractive index contrast - leading to wider bandwidth and higher reflectivity for
fewer oxide pairs. Figure 1.9 shows the reflectivity obtained from a 4 pair oxide DBR,
centered about 910nm. As can be seen, the reflectivity bandwidth is well in excess of
400nm. The inset shows the reflectivity change at the band edge. The loss coefficient
is non-zero below the band edge and is expressed as the complex part of the refractive
index.
Figure 1.9 illustrates an important design constraint. The high refractive index
material needs to be non-absorbing in a real DBR to obtain high reflectivities at the de
sign wavelength. This implies that there is a minimum on the composition of AlGaAs
which may be employed as the high refractive index material. In AlGaAs/AlGaAs
mirrors, raising the composition of the high refractive index material severely reduces
the refractive index differential between the layers - lowering the overall mirror band
width. In oxide mirrors this constraint is not significant since the bandwidth is very
large anyway, but in semiconducting mirrors it is important.
The peak reflectivity of a DBR resonator occurs with the high and low refractive
index layers both being a quarter wavelength. When the quarter wavelength rule is
broken, the peak reflectivity is expected to decrease. Breaking of the quarter wave
length rule often arises from the need to tailor the reflectivity bandwidth slightly [23],
or in the case of A lvOv/AlGaAs DBR in order to enhance the mechanical strength of
the stack.

1.4.2

Electrical Considerations

One of the most important properties of a DBR in the VCSEL design is its series resis
tance. Most VCSEL geometries rely on current injection via the top and bottom mirror.
In order to attain the very high reflectivities required for lasing to occur, semiconductor
based DBRs typically require between 18 to 25 pairs of high and low refractive index
layers. High series resistance of the mirrors has a detrimental effect on the output
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Figure 1.9: Top: Example of a 25 pair GaAs/AlGaAs mirror designed to have a peak
reflectivity about 980nm. Bottom: Oxide DBR with 4 pairs. The peak reflectivity is
about the same as the 25 pair mirror above. Both mirrors are grown onto a GaAs wafer.
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Figure 1.10: Band Diagram of a GaAs/AlAs DBR. On the left, a uniformly doped,
abrupt interface structure, on the right, a modulation doped, graded interface mirror.

power because it leads to Joule heating of the device.
The main problem with the abrupt interface, uniformly doped DBR is that the band
edge is also abrupt for both the electrons and holes [24]. This is shown in Figure 1.10.
The electrons meet with a band edge step on their way to the right. There are two ways
in which an electron can get across the barrier, by tunneling across the barrier, or by
the thermal excitation of electrons on top of the barrier. Since these mechanisms are
inefficient, current is severely restricted.
A common method to enhance the carrier flow is to heavily dope the mirrors [25].
However, this also increases free carrier absorption in the mirror which reduces the
reflectivity and degrading the device performance [26]. Free carrier absorption is par
ticularly large for n-type mirrors, due to the lower effective mass of the electron. So
typically the n-type mirror is less doped than the p-type mirror [27].
As can be seen in Figure 1.10, in a stepwise constant bandedge, the carriers need to
obtain their energy all at once when traveling across a barrier. If the interface is graded,
it is expected that the carriers will experience less impedance, and higher mobility.

1. Foundations

25

Figure 1.11: The bi-parabolic bandedge profile and the appropriate doping profile

The interface between the high and low refractive index layers can be graded linearly
[28, 25], or can be split into a number of intermediate composition layers [29, 30],
Detailed band edge calculations, show that the optimal shape for the undoped band
edge is biparabolic in form. Assuming the interface is broken up into 3 points Z\, Z2
and Z3 , the Bi-Parabolic shape [24] may be written:
E^

+ 2 ^ ? { Z ~ Z' )2

Ec(z) + AEc - i ^ ( z - z })2

fo r z\ < z < Z 2

(1.27)

for Z2 < z < Z3

While the doping takes the form:
1

c2

l A E c = ^ N d (Z3~Z2)

(1.28)

This is illustrated in Figure 1.11. One way to achieve a biparabolic profile is
through the use of intermixing by either impurity free interdiffusion [31] (e.g. SiC>2
capping) or impurity induced interdiffusion [32] (e.g. Si or Zn implantation). However,
due to the nature of the intermixing process, material quality is usually deteriorated, so
that the optical reflectivity is reduced. An alternative is the uni-parabolic profile [33],
which is easier to grow.
Although the biparabolic design represents the best electrical solution, it is not
optically optimal. This is because the doping is distributed throughout the interface.
The periodically doped DBR (PD-DBR) is a scheme, where doping is introduced only
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where the resonant optical mode has a local intensity minimum [26, 30]. In fact if the
nodal planes of the optical mode are delta doped, the mirror resistivity drops signifi
cantly without any measurable decrease in the reflectivity [30],
An important consideration in the design of a DBR mirror for VCSELs is the ability
to easily grow the required structure with the required tolerances. It is difficult to
produce smoothly graded interfaces from GaAs to AlAs in MBE due to the limited
cell temperature excursions, and in MOCVD due to the unreliability of mass flow
controllers at either extremes of their operation range. Hence it is often necessary to
have step discontinuities in the composition profile. An interesting approach to this
problem is using a Uni-Parabolic profile leading to near optimal bandedge, while still
allowing switching of the sources [33].
The use of graded interfaces, unavoidably results in the reduction of the peak re
flectivity for the same number of layers. Hence to reach the same level of reflectivity,
the number of layers in the DBR stack needs to increase- leading to further resistance
increases. It is a delicate balancing act between the optimization of the electrical and
optical properties of the DBR.

1.4.3

Contact compensation

Many VCSEL designs call for a metallic contact to terminate the DBR. The metal
is usually evaporated on the surface of the DBR, with either an aperture in it for top
emitting devices, or completely covering the top aperture, as in bottom emitting de
vices. Since metals are lossy, they have a skin effect, which changes the phase upon
reflection. The phase shift due to the skin effect is [28]:

Where nQ is the refractive index of the layer just below the metal, and n \,k \ are
the real and imaginary refractive indices of the metal in question. The phase matching
layer needs to give a phase shift of n - (j), to properly match the metal contact.
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For example if we have GaAs as the terminating layer (na = 3.52), and Au as the
metal (n\ = 0.177,£] = 5.973), then (j) = 60° and the phase matching layer should be
(180° -60° )/180° of a half wavelength.

1.5

Cavity Design

There are a number of design issues which need to be addressed when a cavity structure
is designed for a VCSEL. The first choice a designer needs to make is the number of
Quantum wells in the cavity, then the reflectivity of the DBRs must be chosen so as to
maximize the output power or minimize the threshold current. Since the gain overlap
factor with the gain medium QW is very low for VCSELs, the cavity needs to have
a very long photon lifetime. One of the most important technological factors in the
growth of VCSEL cavities is the tolerance required for the growth. This section will
briefly discuss the considerations required in designing the VCSEL growth conditions.

1.5.1

Material system considerations

Figure 1.9 shows the phase of the reflection coefficient. The phase is referenced to the
reflectivity at the center of the reflection band. As can be seen the phase is almost linear
throughout the reflection band. Hence a distributed Bragg mirror may be modeled as
a thin mirror and a wavelength dependent phase shift. The phase shift upon reflection
is approximated as a linear function of wavelength:
A0

= k(X - Resonance) =

(1 .3 0 )

Where AA, is the wavelength shift from the designed center reflectivity (note also
that k > 0 for a real DBR). A cavity consists of a spacer layer, with two DBRs on either
side. For the sake of this analysis we shall assume that the two DBRs are identical,
having a linear phase factor of k. Now we assume that the mirrors were grown accu
rately, but the cavity length has a growth with an error of AL. We try and estimate the
sensitivity ^ of the resonant wavelength to the cavity length. For resonance to occur
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the total round trip phase shift must equal 2n (or a multiple thereof):

kAX + 22nnspac.er(L + AL) = 2 k

(1.31)

A-new

Where «spacer is the refractive index of the spacer layer. One can easily show that:
dX _ - 4 tlL
(IL
Xk —2n

(1.32)

This clearly shows that the sensitivity of the resonant wavelength to the growth
accuracy of the cavity is minimized when the value of k is nearly zero. This implies
that to relax the growth tolerance on VCSEL cavities, it is highly desirable to have a
flat phase response mirrors. This comes about by using a large contrast DBR, such as
AljfOy/AlGaAs mirror. It is for this reason that A1 vOv/AlGaAs VCSELs are attracting
such interest from industry. However, dielectric mirror VCSELs are difficult to process
and also have thermal management problems due to the low thermal conductance of
oxides.
If working with a semiconductor system such as GaAs/AlGaAs, one can achieve
the higher refractive index contrast by increasing the composition differential between
the high and low refractive index layers in the DBR. Ideally GaAs/AlAs could be used,
but due to growth control consideration a ternary alloy is almost always used.

1.5.2

Threshold current considerations

The ability of VCSELs to achieve remarkably low threshold current is attractive for a
large number of applications, including thresholdless lasers, and micro-cavity lasers.
Obviously in any design, the aim is to minimize the threshold current. Some of the
more obvious strategies involve periodic gain structures and the positioning of the
quantum wells on the electric field nodes [34], These strategies aim to increase the
longitudinal confinement factor V. The threshold gain is determined from:
^Lggth — LeffCLi 4* In

1

(1.33)
>tto m
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Where the left side describes the gain in the system, and the right describes the loss
through material absorption and output light. L ef f is the effective cavity length, which
includes the penetration depth of the mirrors. R top and Rbottom are the top and bottom
mirror reflectivities. Normally one mirror is made highly reflective and the other not so
much, so as to couple light in one direction only. In that case the external differential
efficiency can be written as:
_

1

—

Rtop

1)D~ T]i2Le f f a i + \ - R lop

(1.34)

Then the required power density to reach a particular power P is given as:
eXo P
Jp = Jth + ------he r\ d

(1.35)

Clearly from Eq. 1.34 and Eq. 1.35, there is a value of Rtop which minimized Jp for
a given value of P [28]. It is interesting to note that if one mirror is highly reflective,
then the other mirror determines the external quantum efficiency of the device. If the
top mirror is too highly reflective too little light is coupled out from the device, and the
output power is low. If the top mirror reflectivity is too low, lasing will be suppressed
and high threshold currents will be required [35].
The number of quantum wells used in a VCSEL is an important design decision.
At a first glance it may appear that increasing the number of wells in the cavity should
produce more gain and reduce threshold, however, there are a number of conflicting
effects:
1. For more than one well, it is impossible to align the quantum well with the node
of the electric field, so a slight lowering of the confinement factor results.
2. The total transparency current is proportional to the number of wells, hence the
more wells, the higher transparency (hence threshold) current.
3. The differential gain is higher, the more wells there are. Hence the device will
need lower current to achieve the same power.

1. Foundations

30

Hence if the threshold current increases made from item 1 and 2 are not balanced
by item 3, performance will be degraded. Typically 3-5 wells are used in high power
VCSELs, and for very low threshold devices, only one well is used.

1.6

Vertical Cavity Surface Emitting Lasers

Vertical Cavity Surface Emitting Lasers (VCSELs) have gained tremendous popularity
of late because of their potential applications in short to medium range high speed data
links and their low manufacturing costs. This section gives a brief overview of the type
of VCSEL structures available and the optical and electrical properties of VCSELs.
Every laser must have both optical and electrical confinement in order to achieve
gain high enough for lasing. Different VCSEL designs use a variety of means to
achieve this confinement. The most important modern VCSEL designs include the
implant isolated VCSEL, the oxide confined VCSEL and the oxide DBR VCSEL. The
basic structures are illustrated in Fig. 1.12.

1.6.1

Optical Confinement

Optical confinement is extremely important for VCSELs, more so than in edge emit
ting devices. VCSELs typically have a gain volume which is extremely small in com
parison with edge emitting lasers, hence the optica! field must be very well confined to
have a sufficiently high overlap factor for low threshold lasing.
Optical confinement in the vertical direction is naturally achieved by the DBR res
onator. The electric field profile in a resonant DBR cavity is shown in Figure 1.13.
The cavity illustrated has A^oGasoAs/AlgoGajoAs DBRs and is designed to resonate
at 850nm. As can be seen the electric field envelope is maximized in the center of the
cavity and reduces exponentially as the light penetrates into the mirror. The maximum
electric field amplitude occurs in the centre of the cavity. In order to maximize the
overlap factor, the quantum well must be placed at the centre of the cavity. Note also
that the doping planes are arranged so that doping is heavy only where the optical field
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Figure 1.12: Common VCSEL Designs
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Figure 1.13: Electric field profile inside a VCSEL cavity.

strength is at a minimum. In order to reduce free carrier absorption, the mirror layers
closest to either side of the cavity are also lightly doped.
Lateral confinement is the key for low threshold devices. VCSELs have a rela
tively huge aperture in comparison to edge emitters. This leads to a large number of
transverse modes which are not desirable for many applications. VCSELs can operate
in essentially two modes, the weak guidance mode, and the strong guidance mode. If
a strong refractive index step exists between the core and the cladding, the resulting
mode pattern will have very closely spaced transverse modes with many polarizations.
One of the earliest VCSEL designs is the etched post VCSEL. This is shown in
Figure 1.12. The top mirror is etched vertically using a highly non isotropic etch such
as Reactive Ion Etching (RIE). This forms a wave guiding structure not unlike a step
index fiber. The strong refractive index difference between the semiconductor and air,
causes strong internal reflection and very strong confinement of the optical mode. The
result of this is a highly over-moded device, with a complex polarization behaviour.
This device also suffers from high scattering losses due to non-uniformities in the
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etched wall of the mesa.
Weak guiding is usually achieved by having a thermal lens forming in the active
region of the device. Thermal lensing is a result of current injection profiles which are
stronger in the centre of the aperture, than in the circumference. Since the center has
more current flowing through it, the temperature in the centre of the device is higher,
leading to a higher refractive index. The thermal lens is responsible for refocusing
the optical mode and countering the effects of diffraction. Thermal lensing effects are
very dominant with large aperture VCSELs, but are always present in Implant Isolated
VCSELs.
Weak guiding conditions usually produce transverse modes which are quite sepa
rated in frequency, and have quite good polarization properties. The disadvantages of
thermal lensing include poor modulation response, turn off transients and the relatively
high threshold currents, required to form the thermal lens.
One of the more popular VCSEL designs currently used is the oxide confined VCSEL. For larger aperture devices, the main mechanism for optical confinement is still
thermal lensing. However, for smaller apertures, the oxide aperture itself refocuses the
optical mode, due to the refractive index step between the semiconductor and oxide.
This effect is shown in Figure 1.14. The position of the oxide confinement layer affects
the lensing strength of the layer [36]. Thus if the oxide layer is positioned over a max
imum in the electric field, strong confinement is achieved, while if positioned at the
anti-node, weak confinement is possible [37, 36]. Recent work suggests that the shape
of the oxide confining layer may be manipulated by grading the growth of the AlGaAs
layer, to create a more lens like shape- to increase the optical confinement [38, 39].
Oxide confined structures have displayed typical thresholds of less than 100/j A.
Oxide confinement layers may be placed either above or below the active region.
Evidence suggests that having a double aperture in the laser increases the differential
quantum efficiency due to the increased optical confinement [40].
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Figure 1.14: Beam lensing from oxide aperture depends on the position of the oxide
confinement layer

1.6.2

Electrical Confinement

In order to pump the gain medium efficiently, the pumping current must be confined
to the device aperture. The current confinement problems faced in the VCSEL design
are similar to those faced in the edge emitting lasers, except that current must now be
confined in both lateral directions. Since the VCSEL structure is typically very thick
above the active region (3-4/jm), most confinement structures must be buried to just
above the active region.
Historically, etched post VCSELs and Implant Isolated VCSELs were the popular
methods of achieving the required current confinement. In the former case, current was
forced to flow through the post region, requiring accurate etching of the post so as not
etch through the active region. Etching of the active region leads to undesirable surface
recombination currents and requires complicated passivation steps. The later design
relies on the implantation process to effectively render the semiconductor around the
aperture insulating, creating a single current path through the aperture.
Although implant isolated VCSELs have quite good characteristics, like substrate
planarity, few processing steps and high yield, there are a number of undesirable side
effects. The implant induced vacancies and damage tend to diffuse into the active
region- shortening the effective lifetime of the device. Also due to implant straggle
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(spreading out of the implant profile after penetration into the wafer), the device aper
tures achievable are relatively large- implying higher thresholds.
The modern preference for state of the art VCSELs is oxide aperture confined de
vices. No damage is generated in the device, leading to improved device reliability
and lifetime. The fabrication process is also much simpler- not requiring an ion im
plantation facility. The threshold currents achieved by oxide confined structures have
been extremely low, reportedly less than 100/j A. Disadvantages of the oxide confined
process include lower control of device aperture (and hence threshold current) since
the oxidation process must be accurately calibrated.
Intra-cavity VCSELs have lately gained popularity due to requiring relaxed growth
tolerances. This is shown in Figure 1.12. The top mirror is made insulating (either by
growing undoped semiconductor mirror or by using an Al vOv/AlGaAs mirror [41]).
The current is injected from around the mirror into the active region as shown. The
current is confined with thin layers of A lvOv in a similar way as the standard oxide
confined structure.
Intra-Cavity VCSELs are interesting due to their lower threshold currents, and
higher efficiency. Disadvantages are the extra processing steps and the difficulty in
requiring a precisely calibrated etch step so as to stop at the right place.

1.6.3

Gain Alignment

In addition to optical and electrical confinement, the laser must have a positive optical
gain at the working wavelength. In VCSELs the working wavelength is determined by
the geometry of the cavity alone. The gain in VCSELs is maximized at the emission
wavelength of the Quantum Well. Unlike an edge emitter which has a cavity that can
support many wavelengths, the matching of the quantum well peak gain and the DBR
cavity resonance wavelength is not trivial. The problem is that the gain peak of the
QW shifts strongly with operating temperature, while the resonant wavelength of the
cavity shifts very little [42], Figure 1.15 shows how the Quantum Well’s gain may be
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Resonance

Figure 1.15: Gain Alignmnent problem- for lasing to occur the QW gain peak must
coincide with the resonance peak.

detuned so that when the device reaches operating temperature the Quantum Well’s
gain aligns with the resonance wavelength [43].
In order to calculate the misalignment, the operating temperature of the VCSEL
must be known. This technique has been used to fabricate cryogenic VCSELs [44,
45, 46] or high temperature VCSELs [47]. If the active region temperature changes
strongly with current, there will only be a small current regime for which the laser will
work. Hence it is desirable to lower the thermal impedance of the laser. This can be
achieved by bonding the device to a heat sink of copper [48].

1.6.4

Transient response

The transient response of VCSELs is important for many applications which require
high speed modulation of the light. Some VCSELs have been made with modulation
speeds above 2.5GHz, but an understanding of the way gain and photons interact in a
multi-moded VCSEL is crucial for correct VCSEL design [49].
One of the most limiting properties of the VCSEL is the thermal effects. Since in
a VCSEL the thermal profile of the aperture controls the modal losses, thermal time
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Turn off
Delay

Time
Figure 1.16: Typical transient response for a VCSEL. Note the extended turn-on and
turn-off delays caused by the thermal lens effect.

constant limit the modulation speed. For example consider a gain guided VCSEL,
which relies on thermal lensing to achieve threshold. In this case the time taken to
establish a thermal lens limits the turn on transient, also there is a settling time constant
associated with the stabilization of the thermal lens.
A typical modulation response for a gain guiding VCSEL is shown in Figure 1.16.
As can be seen there is a significant turn on delay caused by the finite time taken for
the thermal lens to form. The more the device depends on thermal lensing for lasing,
the longer the turn on delays are. In order to minimize turn on delays, it is necessary
to lower the device aperture to the point where thermal lensing is not significant. Bias
current selection is important in real applications in order to minimize the timing jitter
[50].
The turn off delay shown in Figure 1.16 is quite common when the laser is biased
so that the off current is lower than the CW threshold current, but is not zero. The
reason for the turn off delay is the lowering of the effective threshold current by the
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formation of the thermal lens. Thus while the thermal lens is in place, the off current is
sufficient to make the device lase. However, since the off current is lower than the CW
threshold current, it is insufficient to maintain the thermal lens. The lens eventually
dissipates and the laser turns off, after a substantial turn off delay. This may be avoided
by setting the off current to be much lower than the threshold current.

1.7

Conclusion

This chapter covered the details involved in the fabrication of a working VCSEL and
serves as a summary of the different techniques and designs available in the literature
for VCSELs to date.
First this chapter examined the basics of MOCVD growth technology. This re
vealed the difficulties that are encountered in realising the low growth tolerance re
quired in the growth VCSELs. A number of different in-situ monitoring techniques
were also examined, in particular the Laser Reflectivity Technique - which is the most
popular.
The specific design steps for VCSELs were then examined in detail. The prerequi
sites for lasing action were identified as optical and electrical confinement, as well as
a large overlap factor between the gain medium and the optical field.
The Distributed Bragg Mirror was introduced and the transfer matrix model (TMM)
was introduced. The problem of current conduction in hetero-junctions presents an
obstacle for the design of low voltage drop devices. This problem was shown to have
been solved by careful band-edge engineering of the hetero-junctions.
The material system choices for VCSELs were then explored. It was shown that the
ideal material system has large refractive index separation with low mechanical stress.
Ideally it should also be well conductive, although some designs can accommodate for
insulating mirrors - namely the Intra-Cavity VCSEL. It is also shown in the section
that oxide DBRs are extremely promising for VCSELs, since they have very high
reflectivity and wide bandwidth.
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The final section of this chapter explores the combination of all the building blocks
of the VCSEL into a complete device. The different VCSEL designs are explored, in
particular the Proton Implanted, Oxide confined and Intra-Cavity designs. The basic
lasing requirements of optical and electrical confinement are explored with each of the
designs.
The effects of the confinement methods are then compared with typical perfor
mance characteristics of the final devices. Effects such as aperture lensing, thermal
lensing and their effects of transients are explored in detail.

Chapter 2
Experimental Techniques
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In this chapter a short background will be given for some of the more standard
characterization techniques that were used throughout the rest of this work. Most of
these techniques are complex and convey a great deal of information. For the sake of
brevity, only a short outline of each technique is given describing those aspects which
are necessary for the following discussions.

2.1

Rutherford Backscattering Spectrometry

The technique of Rutherford Backscattering Spectrometry - Channeling (RBS-C) can
be applied to assess the crystalline quality of a material. The RBS-C technique is
quite a well established material characterization technique. The advantages of this
technique include the ability to measure defect concentration, rather than identify the
precise nature of the defects present.
The RBS-C technique consists of a collimated monochromatic beam of a single
isotope of He ions which is directed along a major crystallographic axis. This is illus
trated in Figure 2.1. The glancing angle detector collects backscattered ions, and is
capable of measuring the energy of these backscattered ions. The energy measurement
is done by reducing the energy spectrum into a series of bins, each of a given energy
width, and collecting the statistical number of counts in each bin.
Backscattered ions are typically generated at the surface as Figure 2.1 shows, where
ions which are not precisely aligned with the crystal ’’channels” tend to scatter. The
scattered ions from the surface carry the largest amount of energy, since no secondary
scattering processes can take place. This property results in a strong surface peak in
the spectrum, at the highest energy.
As can be seen in Figure 2.1, in a perfect crystal, the He ions will continue to travel
down the channels, and no back scattering is possible. In this case we expect very low
yield in all energy bins, except the ones representing the surface.
However, if a crystal defect exists, such as a vacancy or interstitial, there will be
a distortion in the lattice around the defect, causing some of the channels to close up
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Figure 2.1: Top: An outline of the Channeling RBS technique, Bottom: An example
of a sample with high level of crystalinity. The random and aligned RBS curves are
shown illustrating the strong supression of backscattered ions after alignment. Sample
used is a DBR structure consisting of AlAs/GaAs layers
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around the defect. This results in the scattering of the He ions by the defects to give
a backscattered yield. The backscattered He ions from within the crystal must travel
through a given length of material without channels, (Randomly oriented material).
The result is that secondary collisions will tend to reduce the energy of the backscat
tered ion at a rate which is proportional to the stopping power of He ions in the given
crystal. The overall result is apparent in the spectrum by a significant yield which is
located at a lower energy from the surface peak.
This property is illustrated further in the bottom part of Figure 2.1, which shows a
highly crystalline sample with low defect concentration as measured by the RBS. The
surface peak is highly discernible, and clearly the yield for depths below the surface is
quite low, indicating a low defect concentration in this sample.
By comparing the RBS spectrum from a randomly oriented sample, and knowing
that the perfectly channeled, perfect crystalline sample has little yield at all energies
below the surface peak, it is possible to set the boundary yield levels for amorphous
and crystalline samples. Hence a measure of the level of atomic disorder can be made
for any sample. Note that RBS measures the atomic defect density- this is not the
same as the defect density measured from electrical measurements, since electrical
measurements only measure those defects which are electrically active.

2.2

Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a common technique used for materials
analysis. The type of information supplied by the technique varies from simple struc
tural information- to detailed material properties. Both types of analyses are applied
in this work, hence a short explanation of the general experimental technique will be
given. Sample preparation is an important step for obtaining good quality TEM im
ages. Therefore sample preparation will be discussed in this section. Rather than ex
plain in detail the technique, the following sections will explain the type of information
that may be obtained from TEM measurements.
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Figure 2.2: Cross Sectional TEM sample preparation. Details of the technique are to
be found in the text

2.2.1

Sample Preparation

In order for electrons to be transmitted through a sample, the sample must be thinned
to electron transparency. This is the most critical part of TEM, since preparation tech
nique and care directly impact the final quality of images, as well as attainable reso
lution. Preparation must be meticulous since any contamination and damage imparted
to the sample in the preparation stage will also be shown in later analysis.
The details of the cross sectional TEM technique used in this work are shown in
Figure 2.2. The first step in the preparation (A) is to cut a rectangular sample of width
4mm by 5mm using the ultra-sonic cutting tool. Similarly sized rectangular samples
are then cut from a dummy GaAs wafer. These dummy samples are then glued to the
sample to form a cube (B). Care must be taken to press the sample and dummy firmly
so as to achieve a very thin glue layer between the two semiconductors.
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After curing the glue on a hot plate for a few minutes, the cube is mounted in a
special mount, and a circular ultra-sonic cutting tool is used to core out a cylinder (C).
Care must be taken to have the interface of interest exactly in the center of the cored
cylinder. After the cylinder is cored, it is fitted into a brass tube and glue is packed at
the sides of the core.
Once the glue in the brass tube is cured, slices are cut of width approximately
1mm, (D). These slices are then polished in a number of steps on polishing paper of
increasing grade, until a final polish is achieved with a 4000 grade paper.
After polish, the sample is dimpled from both sides until transparency is achieved
in the middle of the dimple. The samples are then milled in the Dual Ion miller until a
perforation is achieved, (E).
If, after examination in the TEM, the sample is not thin enough, further milling is
performed as necessary. Further milling is also required to move the perforation into
an area of interest on the interface.

2.2.2

TEM Technique

Once a good sample is produced, the TEM can provide much information. Obviously,
structural information is easily obtained by imaging the electron beam after transmis
sion. The magnification achievable in this way depends on many factors, such as
electron energy, and sample width but values of up to x 100,000 are easily achievable.
The Selected Area Diffraction Pattern (SADP) is an important source of informa
tion. It can be obtained by imaging the diffraction pattern of the electron beam onto
the screen, while the electron beam is apertured so as to only impact a selected region
of the sample. If the sample is crystalline, the diffracted electrons will form an array
of equally spaced dots, called diffraction zones. The spacing between these zones may
be used to calculate lattice spacing according to the Bragg condition.
If the sample is completely amorphous, the diffracted beam will be scattered equally
in all directions (it will still have a central zone lobe, though). If the sample is a com-
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bination of the two states, a super position of crystal diffraction zones, and uniform
disk illumination will result.
If the sample is polycrystalline i.e. consists of many small crystals, each oriented
randomly to the electron beam, a ring will result centered on the main zone, and with
a radius equal to the position of the other zones. This results because the diffraction
zones have been rotated due to the random orientation of the initial crystals.
The Dark Field Image (DFI) is obtained by tilting the electron beam, so that the
collecting aperture only intercepts an area which contains a single higher order diffrac
tion lobe. In the final image any bright points correspond to electrons which have been
diffracted into the higher order lobe. These electrons must have passed through the
crystal to be diffracted, hence crystalline sections appear bright, while voids appear
dark. Amorphous regions appear gray because there is always some scatter from the
amorphous region in every direction.
In this way TEM can be used to image the crystallinity of a material, isolating
crystalline and non-crystalline regions in the sample.

2.3

Reflectivity

The quality of material growth for VCSELs is extremely important. As explained in the
previous chapter, the reflectivity of the DBRs must be extremely high in order to allow
the VCSEL to achieve the long photon lifetime required for lasing to occur. Another
important quality for VCSEL DBRs and particularly resonators, is that the resonant
wavelength occurs in the correct place. This requires the grown material quality to be
high, as well as the thickness tolerances to be tight.
In order to measure the reflectivity of a grown structure, chopped monochromatic
light is shone onto the sample in near normal incidence using a light guide. The re
flected beam is collected by a detector. Signal to noise ratio is increased by using a
chopper and a lock-in amplifier. This is shown in Figure 2.3.
Typically the reflectivity measured is compared to simulations in order to assess
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Figure 2.3: Top: Setup for measuring the reflectivity of an oxide DBR with large
bandwidth. Middle: Uncalibrated reflectivity curves - note the strong absorption at
945nm due to Light Guide glass. Bottom: Calibrated reflectivity for resonator, clearly
seen is the resonant frequency at 770nm
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the level of drift present in the growth process. It is usually necessary to normalize
the reflectivity when measured in this way to remove errors due to the non uniform
response of the detector/light system. This is achieved by normalizing to the reflec
tivity spectrum obtained from measuring a set of reference mirrors, certified to have a
reflectivity greater than 99% over their bandwidth.
This normalization is shown in figure 2.3. As can be seen, the reflectivity curve
of the calibration mirrors exhibits non uniformities due to the black body radiation
distribution of the lamp, the Si detector’s responsivity and absorption peaks in the light
guide and optics. When measuring extremely wide band structures, such as A1 vOv
DBRs, 2 calibration mirrors with two different ranges (Near InfraRed, and Visible)
must be used and the reflectivity curve must be normalized separately over both ranges.

2.4

Ion Implantation

Ion implantation is a well established technique in the processing of semiconductors.
Although originally Ion implantation was used to dope semiconductors, in modern
processes it is usually used to selectively damage the semiconductor, hence creating
efficient and accurate device isolation.
This work uses an National Electrostatics Corporation (NEC) 5SDH-4 tandem ac
celerator as can be seen in Figure 2.4. The following few paragraphs will outline the
basic operations of this particular design. Other accelerators are available with differ
ent design and energy characteristics.
The NEC accelerator uses a SNICS-type (Source of Negative Ions by Cesium Sput
tering) cathode to generate the ions. This involves heating the cathode in an Ioniser.
Cesium vapour is used to sputter ions from the cathode which is made from powder
containing elements of interest pressed into a Cu cathode1. The ions are then extracted
from the source using an extractor and are then focused by an electrostatic lens into a

90° Magnet.
'in this work TiH was used to source protons, while TOO3 was used to source Oxygen
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Figure 2.4: Pelletron Tandem Accelerator
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This magnet is used to select a particular atomic specie from the source and inject
those into the tandem accelerator. It is possible to have a number of different source
designs including the popular arc discharge gas source.
The Tandem Accelerator is designed to accelerate ions to very high energies. The
front and back ends of the accelerator tank are grounded, while the terminal is situated
at the center of the tank. Terminal Voltages of up to 1.7MV are achievable in the NEC
implanter. The ions are forced to change their charge state once they reach the terminal
by the presence of the stripping gas (Usually N 2 ). The stripping gas strips electrons
from ions as they arrive at the terminal causing further acceleration.
An example will serve to illustrate the technique: In order to accelerate ions to
5MeV, the source may be set to 59keV, the terminal to 1.647MeV. The source will
inject CT ions at 59keV into the accelerator. These will then accelerate a further
1.647MeV to the terminal. Once there, the stripping gas will produce some 0 2+ ions
which will accelerate a further 2x 1.647MeV to produce 5MeV ions at 2+ charge state
on target.
The Analyzing magnet is used to select only those charge states of interest pro
ducing mono-energetic ion beams. These are then refocused onto the target and an
electrostatic scanning system is used to produce a uniform dose across the sample.
The NEC implanter at the ANU has a range of unachievable energies of approxi
mately 100-250keV.

2.5

Photoluminescence

Photoluminescence (PL) is a powerful analytical technique. It relies on the measure
ment of light emission due to the photonic excitation of a sample. Many material
properties can be measured using this technique, but in this work PL is used to mea
sure the near bandgap transition, due to excitonic or electron-hole recombination [51].
This gives a method for directly measuring the bandgap and studying the effects of
post growth tuning techniques.
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Figure 2.5: Experimental setup for Photoluminescence measurements

The experimental setup is illustrated in Figure 2.5. A blue-green HeNe laser is
used as the excitation source. The light is chopped at a few hundred Hz and focused
onto the sample in the cryostat. The samples are mounted using vacuum grease in a
closed cycle liquid He cryostat, which is cooled to approximately 12° kelvin.
The photoluminescence emission is then focused into a 75cm monochromator
which is computer controlled. The entrance of this monochromator has a high pass
filter allowing all wavelengths longer than 500nm. This is used to suppressed sec
ond order diffractive lobes in the monochromator. The exit slit is formed by a cooled
CCD array. This allows for the simultaneous and instantaneous measurement of the
spectrum.
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Figure 2.6: Setup used for measuring the near and far field patterns of VCSELs

2.6

Far Field and Near Field imaging

Some of the most commonly used techniques for laser characterization are the far field
and near field characterization. This type of measurement reveals information about
the type of transverse modes operating as well as information about optical confine
ment, thermal lensing and far field divergence. The technique is shown in Figure 2.6.
The measurement of far field is very simple. The laser is positioned in front of a
screen. The CCD is setup to capture the image of the screen by using a lens. Distances
along the screen are converted to angular divergence. The image may need to be
corrected slightly for large divergence angles. A shutter is installed into the CCD lens
allowing for the correction of exposure with increasing output power2.
The near field image is more difficult to obtain. The optics required to properly
image the near field are complex to design correctly. To this end a complete optical
microscope is used, with an additional eye piece lens required to properly focus the
2Note that the CDD’s Automatic Gain Control (AGC) has been switched off
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image onto the CCD. The optics are tested by checking the optical micrograph of the
laser’s surface. It is important to ensure that vignetting does not occur.
A further consideration is the working distance that is required between the objec
tive and the laser. In order to power lasers on the die, a probe needs to be used. This
places a minimum on the working distance. In our setup an objective of x40 was used,
with a eye piece of x20.

Chapter 3
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Introduction

Some of the very early VCSEL designs were implant defined in design. These have
the advantages of simpler processing steps, which are well suitable for mass produc
tion. In fact because the device aperture is completely controlled by photolithography,
device to device uniformity is easy to achieve. These factors, coupled with a lower
manufacturing cost made the implant defined VCSEL the first VCSEL design to be
mass produced commercially. There is still a great need to optimise the implantation
step, in order to help improve this VCSEL design.
Traditionally, proton implantation has been used to form the electrical isolation
needed in VCSELs. This is usually done because protons are known to create point
defects in GaAs, and, due to the lower stopping power for protons, they require lower
energies to penetrate sufficiently deeply into the top DBR. This is not expected to
impact significantly on the optical properties of the material, since the defects are too
small to significantly scatter the light.
Oxygen implantation is also a popular form of device isolation. This type of isola
tion is usually done in the fabrication of High Electron Mobility Transistors (HEMT).
The oxygen implantation typically requires much higher energies to penetrate the same
thickness of semiconductor as protons. Thus oxygen tends to cause extended damage
cascades and larger defect clusters. Oxygen is also known to form deep levels in GaAs
and is thus extremely efficient in carrier trapping, thus reducing the conductivity.
Although implant isolation of GaAs has been a widely studied topic in the liter
ature, for both protons and oxygen, it is rare to find any results related to the optical
material quality after implantation, particularly the degradation of complex optoelec
tronic structures such as DBRs.
This chapter deals with a series of experiments designed to study the effect of
implantation induced damage on the optical and electrical properties of DBRs. The
optical quality of the material is measured after implantation and subsequent annealing
to try and determine the stability of the damage to further processing. The optimization
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of the implantation step is then discussed including some of the device characteristics.

3.2

Implantation of DBRs for VCSEL Isolation

The implantation step is responsible for performing both the electrical and optical
isolation of the device. In this section, both Oxygen and the more traditional proton
implantation steps are used. The effect of these implantations on the overall isolation
properties of DBRs is studied in detail.

3.2.1

Experiment

The experiment involved the growth of both n-type and p-type DBRs. These were
grown in an identical manner to the mirrors that might be used in a real VCSEL.
The high refractive index material was Alo.2 Gao.8 As, while the low refractive index
material was Alo.9 Gao.i As. The interfaces were graded for 18nm. Growth was done
by MOCVD at 76 Torr. Figure 3.1 shows the design of this DBR.
The p-type mirror was grown on a p+ GaAs wafer, with orientation of 2 ° from
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Figure 3.2: ECV profile for p-type DBR

< 1 0 0 > . The doping source was Dimethyl Zinc. Zinc is known to be a fast diffuser
in GaAs, hence to limit the Zn diffusion, growth was carried out at 650°C . In order
to reduce free carrier absorption, a modulation doping scheme was used where the
graded composition layers were doped to a concentration of 5 x 10l8cm~3, while the
background doping level was kept at 5 x 1017cm-3 . The most serious concern initially
was the contrast in the doping ratio, and the sharpness of the doping profile. The
Electrochemical Capacitance Voltage (ECV) doping profile for the p-type mirror is
shown in Figure 3.2. As can be seen, the doped layers are very thin and there is
negligible diffusion induced broadening of the doping profile. Although ECV depth
profiling is not very accurate, the separation of the doped peaks is approximately at the
expected thickness of 130nm.
The n-type mirror was grown on a 2 ° off < 100> n+ GaAs wafer. A growth tem
perature of 750"C was used to achieve better material quality. The doping level was
lower due to increased compensation from Carbon incorporation. ECV measurements
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Figure 3.3: SIMS curves for p-type DBR: Note the Oxygen incorporation following
closely with the Aluminum content

show that the background doping was close to 1x 10l7cm-3 . A similar modulation
doping scheme was used as in the p-type mirror. Similarly, an undoped sample was
also grown on a semi-insulating GaAs wafer.
Since some of these samples were implanted with Oxygen, the level of Oxygen
impurities incorporated during growth was of interest. In particular the distribution of
impurities within the DBR is important, as it has been shown that AlAs is a sink for
Oxygen impurities [52].
The Secondary Ion Mass Spectrum (SIMS) for the p-type DBR is shown in Figure
3.3. The SIMS only produces relative concentrations rather than absolute concentra
tions, hence the arbitrary units for these curves. The depth has been calibrated to the
total time taken to sputter the entire stack, however, the sputtering rate in A1 rich AlGaAs appears to be much lower than that of Ga rich AlGaAs. As a result, the relative
thicknesses of the layers are incorrect.
As can be seen in Figure 3.3, the Oxygen concentration follows closely the Alu-
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minum concentration, indicating that most of the oxygen has been incorporated as
impurities during growth. Matrix effects may also play a role. Although the Zn signal
is rather noisy due to the small concentration of Zn, it is possible to see that the Zn
concentration is approximately 10 times higher in the transition region than in the bulk
layer, as expected.
The total number of mirror pairs was 25, to achieve a calculated reflectivity of
99.72%. The total thickness of the DBR was about 3/jm. Since the ideal implant
isolated VCSEL needs to be completely planar, the DBR must be uniformly isolated
throughout its thickness. It is generally accepted that the electrical isolation is a con
sequence of defect creation. Hence the mirrors were implanted to have a flat defect
(vacancy) distribution throughout their depth.
A flat vacancy distribution was calculated from TRIM (Transport of Ions in Matter)
[53] with multiple energies. The vacancy distributions for both protons and Oxygen
are shown in Figure 3.4. As can be seen, Oxygen ions cause about 100 times more
vacancies per ion than protons. Hence a lower dose of Oxygen should be used for
isolation.
The proton vacancy distribution shows a slight dip at a depth of about 1.6/,/m be
cause the energy ranges 150-250keV are not available in our accelerators. The author
had access to a low energy implanter covering the range up to 150keV, and a high en
ergy implanter covering the ranges up to lOOkeV and 250keV-5MeV. The combination
of both was used to achieve as flat a profile as possible. Despite this, the total vacancy
distribution is relatively flat.
The detailed implantation strategy is shown in Table 3.1. The table shows the set of
multipliers and their energies which were used for each dose. The doses were chosen
so that there is an overlap in the vacancy density produced. Hence the same vacancy
density is compared for both cases. For the sake of simplicity, in the following text,
the doses will be referred to as the multiplier used, rather than the entire sequence of
energies and doses.

3. Ion Implanted VCSELs

60

Oxygen Implant
Mirror End

2000
Depth (nm)

Hydrogen Implant
Mirror End

f A

\

/ x

2000
Depth (nm)

Figure 3.4: Total vacancy distribution as calculated by TRIM for both Oxygen and
Hydrogen implantations.
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Proton Implanted
Energy
Multiplier
25keV
1.23
2.24
50keV
lOOkeV
2.63
150keV
2.63
250keV
3.46
300keV
3.83
350keV
3.99

Oxygen Implanted
Multiplier
Energy
1.0
90keV
300keV
1.7
800keV
2.0
1500keV
2.5
2600keV
2.7
3800keV
2.7
5000keV
4.0

dose 1 = 1 x 10l4(cm- 2 )
dose 2 = 5 x 1014 (cm-2 )
dose 3 = 1 x 1015 (cm-2 )

dose 1 = 1 x
dose 2 = 1 x
dose 3 = 5 x
dose 4 = 1 x

1012(cm- 2 )
1013 (cm- 2 )
1013 (cm-2 )
1014 (cm-2 )

Table 3.1: Implantation strategy used to achieve a flat vacancy distribution in DBRs.

All samples were annealed for 30 seconds at 400"C ', 500"C , 600"C , 700°C and
800"C . The samples were covered with sacrificial GaAs wafers to prevent As desorp
tion for temperatures above 500"C .

3.2.2

Rutherford Backscattering Spectroscopy

The RBS spectra from Hydrogen and Oxygen implanted DBRs was taken after anneal
ing of the samples at the various temperatures. The He ion energy was 2MeV, and the
detector was placed at 80" from the normal. The results are shown in Figure 3.5.
The Oxygen implanted sample was implanted to a dose of l x l 0 13cm -2 , while
the proton implanted sample was implanted to a dose of 5x 10l4cm- 2 . According
to TRIM calculations from Figure 3.4, these doses should produce only a factor of
two difference in damage density. Clearly it can be seen that the defect levels for the
Oxygen implanted case are very high, nearly reaching the amorphous level. This is
contrasted with the hydrogen implanted case, where a much lower concentration of
'For 400"C anneals, the metal was deposited before the annealing step, while for the other tempera
tures each anneal was followed by metalization and curing at 4 0 0 "C for 2 minutes
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Figure 3.5: RBS spectra. Top: Hydrogen dose 1, Bottom: Oxygen dose 1. Compare
the extreme defect density for the oxygen implanted sample to the hydrogen sample.
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defects were observed for the unannealed case.
As heat treatment is applied to the sample, the atomic defect density of proton
implanted material decreases rapidly, finally recovering to nearly the as grown material
quality. This does not happen with oxygen implantation where atomic defect density
is still high even after annealing at a temperature above 700°C . This indicates that
atomic damage imparted by oxygen implantation is far more thermally stable than
defects imparted by hydrogen implantation.

3.2.3

Optical Reflectivity

Distributed Bragg Reflectors rely on resonance conditions to achieve maximum reflec
tivity. Photons are reflected at each interface and add up in phase to form the reflected
light. Hence if absorption is introduced, the reflectivity of the mirror is expected to be
drastically reduced. In light of this, the reflectivity of the DBR stack can be used as
a measure of the damage imparted to it by implantation. After all, the reflectivity of
the mirror is the only optical property of the DBR which is interesting from the device
perspective.
The reflectivity of the above samples was measured using a 0.5m Czerney-Turner
spectrometer according to the method described in Section 2.3.
In this study an absolute reflectivity change needed to be compared from sample to
sample. However, it is difficult to measure the absolute value of the reflectivity. Hence
there was a need to normalise reflectivity curves from sample to sample. In this case,
the reflectivity was measured far away from resonance condition. According to theory,
the average reflectivity far from resonance is approximately equal to the reflectivity of
the substrate (approximately 30%) [54]. Hence all samples were normalised to this
value.
This scheme yields a normalisation error of approximately 5-10%, which is satis
factory for qualitative comparison between samples.
Figure 3.6 shows a comparison between the reflectivities measured with proton
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Figure 3.6: Reflectivity for p-type mirrors. Multiple energy Hydrogen implant (Top)
dose 1x 101:icm~2, Multiple energy Oxygen implant (Bottom) dose 1x 10l4cm~2
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Figure 3.7: Reflectivity for n type mirrors. Multiple energy Hydrogen implant (Top)
dose 1x 1015cm~2, Multiple energy Oxygen implant (Bottom) dose 1x 1014cm-2
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implantation (dose 1x 101:,cm~2) and Oxygen implantation (dose 1 x 1014cm~2). As
can be seen after implantation with protons the reflectivity decreases, however, after
annealing the reflectivity recovers quite quickly.
After implantation with Oxygen, however, the reflectivity is severely degraded and
the resonance wavelength may be seen to shift towards longer wavelengths. The sam
ple can be seen to recover after annealing, with both the reflectivity increasing with
higher annealing temperatures, and the resonance returning to normal.
Figure 3.7 shows the reflectivity of the n-type mirror after implantation with pro
tons. As can be seen by this figure, the reflectivity is not affected very much for the
n-type sample. This is contrasted from the p-type case. This observation suggests that
the optical loss mechanism in the proton implanted sample has a free carrier absorp
tion component. This is evident due to the higher doping level in the p-type DBR and
consequent lower resistance.
By implanting the material, defects are expected to be introduced which increase
the optical losses in the crystal. This is expected to be done through two mechanisms,
scattering and absorption.
The scattering component of the optical loss is expected to increase with the atomic
weight of the implanted species. Heavier species lead to larger defect clusters, having
respectively larger scattering cross sections. In this experiment, the oxygen implanted
material exhibits far more degradation in its reflectivity. The scattering is so large with
the Oxygen implanted DBR that the refractive index increases accordingly.
The redshift experienced by the DBR after Oxygen implantation reflects the high
level of damage in the DBR. It is commonly known that amorphous GaAs has a higher
refractive index than crystalline GaAs. This increase in the effective refractive index
of the GaAs layers results in a redshift.
The absorption component of a photon at a defect site can result from direct photon
absorption or phonon effects. The defects will create energy levels inside the bandgap.
Absorption occurs when a carrier is promoted from a populated defect level. The
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probability of a carrier being trapped in the defect is expected to depend on the location
of the Fermi level.
In this experiment the defects imparted by the implantation appear to favor the
p-type material.

3.2.4

Electrical Properties

In order to verify that the doses used were sufficient for electrical isolation purposes,
the vertical resistivity was measured for both Hydrogen and Oxygen implanted sam
ples. This was done by evaporating ohmic contacts onto the front side of the sample,
while the back was coated with In-Ga eutectic. The contact metals used were AuZn
for the p-type samples and AuGe for the n-type samples. The I-V characteristics of the
samples were then measured using a commercial pA current source.
Example IV curves are shown in Figure 3.8. These correspond for hydrogen im
plantation into both p and n-type mirrors. As can be seen, the IV curves are quite
symmetrical in both the forward and reverse bias regime, indicating the metal contact
is ohmic and no Schottky rectification is occurring. The IV curves should ideally be
linear, but as can be seen are actually parabolic, indicating that there are depletion lay
ers within the structure. These depletion regions are due to the p/p+ and n/n+ junctions
resulting from the modulation doping.
Since the DBR consists of highly doped layers, the in-plane resistance is expected
to be much lower than the vertical resistance. The vertical resistance is crucial for
device isolation, while the in-plane resistance becomes important when devices are
placed very close to one another on the plane.
An example of the differential resistance curves for the oxygen implanted samples
are shown in Figure 3.9. As can be seen, the IV curves are symmetric indicating that
the contacts are ohmic. Some of the samples were not quite symmetric indicating some
rectification. This rectification could be caused by the metal contacts or, more likely,
by the many junctions formed in the mirror by the modulation doping.
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Figure 3.8: IV curves for multiple energy proton implanted p and n type DBRs. Dose
descriptions are found in Table 3.1
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In the Oxygen implanted DBR, the electrical resistance is maximized after anneal
ing at 400"C -500°C . Recovery is much more pronounced in the p-type DBRs than in
the n-type DBR. This is due to the larger initial doping level.
The proton implanted DBRs, shown in Figure 3.10, exhibit far more thermal sta
bility than the oxygen implanted samples. These results are contradictory to the results
obtained in bulk layers electrically isolated by proton and oxygen implantation. Oxy
gen implantation shows much higher thermal stability than proton implantation due to
higher cascades leading to defect clusters.
In the present case, conduction is mainly controlled by the resistance offered by the
hetero-interfaces. Changes created by proton implantation to the interface conduction
are more thermally stable than in the oxygen case. This is intriguing and requires
further studies to understand this phenomenon.
In order to compare the differential resistance of all the samples, a single represen
tative value of differential resistance was taken at a bias voltage of 1 Volt. This value
is considered to be in the regime of interest for VCSEL design. Figure 3.11 shows a
plot of this representative value for all samples produced.
Figure 3.11 shows an interesting trend. The oxygen implanted samples peak with
their differential resistance around an annealing temperature of 400f;C. In contrast the
proton implanted mirrors increase their resistance with annealing temperature, having
a maximum resistance at larger annealing temperatures than the oxygen implanted
samples. In fact the n-type sample does not peak at the temperatures and times studied.
In the widely studied case of GaAs implantation, it is generally agreed that the
primary mechanism for conduction in the as-implanted material is due to hopping
conduction caused by the point defects introduced by implantation. It is believed that
after annealing the defect concentration reduces leading to reduction in hopping con
duction. This leads to an increase in resistance as trap concentation is sufficient to
capture free carriers. This is the case for proton implanted samples.
However, correlating the RBS results and the reflectivity results, the oxygen im-
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Figure 3.9: Top: n-type Mirror with oxygen implant. Implanted Dose was
5x 1013c ir r 2 with multiple energies. Bottom: p-type mirror, Oxygen implanted with
average dose of 1x 1014cm-2. Note the electrical recovery after annealing
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Figure 3.10: DBRs with Proton implant of average dose l x l 0 14cm -2 . Top n-type
DBR, Bottom p-type DBR. The n-type mirror does not seem to recover at all, while
the p-type mirror recovers very slightly.
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Figure 3.11: Differential resistance at IV bias for Oxygen implanted samples (Top)
and proton implanted mirrors (Bottom). All Doses are in cm-2
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planted sample was shown to contain far more residual damage than the proton im
planted case, yet these samples appear to recover electrically at lower annealing tem
peratures.
This apparent contradiction can be explained by considering that the conduction
path in the DBRs is vertically through a large number of hetero-interfaces. The im
planted oxygen ions lead to partial amorphisation of the material. Previously, it has
been shown that the solid phase regrowth of heavily damaged material may fail with
the resulting creation of polycrystalline material [55]. It may be that in the case of
heavy oxygen implantation, upon annealing, the damaged material recrystallizes to
form poly-crystalline material between the hetero-interfaces. The polycrystalline ma
terial exhibits lower resistance than the damaged material due to interfacial conduc
tion paths. The creation of polycrystalline material is also suggested by the reflectivity
measurements performed above.
This process leads to reduced resistivity of the oxygen implanted DBR stack after
annealing. From the device perspective this is not ideal, and further dose studies are
required in order to prevent this premature electrical recovery.

3.3

Optimization of Implantation

The following section deals with the issue of implantation isolation of actual devices.
Whilst the previous section was restricted to dealing with DBRs, this section goes on
to explore the issues involved with the fabrication of devices.
A number of problems are encountered when applying the implantation steps to
actual devices. One of the most crucial parameters required in the optimization of the
implantation is the maximum energy of implantation. As will be shown this parameter
must be optimized carefully, since a low maximum implantation energy produces shal
low implants with unstable beams. If the implantation energy is too great, however,
the active region may not be adequately masked and defects may diffuse into the active
region.
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The processing of the device will be detailed and the effects of aperture size on
device characteristics further explored.
The wafers used for the VCSELs described in this section were grown by MOCVD
in Sandia National Laboratory. The grown structure is shown in Table 3.2.

Wavelength (nm)

Figure 3.12: Reflectivity of VCSEL wafer. The resonant wavelength varies between
842nm to 855nm across the wafer.
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Material
GaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
GaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
GaAs

A1 Start
0.16
0.16
0.92
0.92
0.16
0.16
0.92
0.92
0.16
0.16
0.98
0.98
0.54
0.40
0.30
0.20
0.20
0.20
0.20
0.30
0.40
0.54
0.54
0.98
0.98
0.60
0.16
0.16
0.54
0.92
0.92
0.60
0.16
0.06

nm

n/p

c.c.

11.6
109.1
36.3
26.1
42.0
26.1
36.3
26.1
42.0
26.1
36.3
26.1
42.0
13.7
23.2
23.7
24.7
8.0
8.0
8.0
16.0
24.7
23.7
23.2
17.4
11.9
42.5
13.8
48.5
12.1
1.7
11.9
42.0
13.7
48.5
99.4
200.0
GaAs

P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
uid
uid
uid
uid
w
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n

2.0E+19
2.0E+19
4.0E+18
4.0E+18
4.0E+18
3.0E+18
1.0E+18
4.0E+18
1.0E+18
1.0E+18
1.0E+18
4.0E+18
2.0E+18
2.0E+18
8.0E+17
5.0E+17
2.0E+17

A1 End

0.16
0.92
0.16
0.92
0.16
0.98
0.54
0.40
0.30

0.20
0.30
0.40
0.54
0.98

0.54
0.92
0.16

Substrate: 3” N+

Loops

15 Stop
15
15
15 Start
5 Stop
5
5
5 Start
1 Stop
1
1
1 Start

5 Stop
5 Start
2.0E+17
5.0E+17
8.0E+17
1.0E+18 1 Stop
1.0E+18 1
2.0E+18 1
3.0E+18 1
1.0E+18 1 Start
1.5E+18 35 Stop
1.5E+18 35
1.5E+18 35
1.5E+18 35
3.0E+18 35
3.0E+18 35 Start
3.0E+18
3.0E+18
(100)2° > (110)

Table 3.2: VCSEL structure as used in these experiments.
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This structure consists of five 80Ä GaAs quantum wells with Al0 .2 Ga0 .sAs barri
ers. Since free carrier absorption is greatest in p-type DBR, the top DBR stack is split
into two. The DBR which is close to the active region (5 Pairs) is made lightly doped
to minimize absorption. Modulation doping is also used to reduce absorption.
The DBR cavity is asymmetric with 10 less pairs on top than on the bottom creating a preferential emission from the top side. The reflectivity of this structure is
shown in Figure 3.12. From this curve it can be seen that the resonant frequency is at
853nm, while the reflectivity band starts at 826nm and ends at 881nm. This confirms
that the resonance is precisely at the center of the reflectivity band. This accuracy in
the growth process is essential to produce high quality devices.
It is worth noting at this stage the single Al0 .9 8 Ga0 . 0 2 As layer just above the active
region. This layer will be used in section 5.1.1 to define an oxide aperture with the
same structure. For the present chapter, however, it serves no purpose.

3.3.1

Device Processing

Ion implanted VCSELs were the first type of VCSELs to be commercially mass pro
duced due to the manufacturing advantages present in the ion implanted design. This
section will illustrate briefly the processing steps taken to produce the ion implanted
VCSEL. It is worthwhile to compare this processing technique to the Oxide confined
VCSEL design illustrated in Section 5.1.1.
The general process is shown in Figure 3.13. The first step after growth is the
deposition of metal in the shape of a contact. It was found that pure gold or TiAu had
the best adherence and hence were most suitable.
In order to protect the active region from the implantation, the next step involves
the depositing of an implant mask. This implant mask needs to be as thick as possible
in order to ensure that no ions are implanted in the active region. If the mask is not
sufficiently thick, the semiconductor under the contacts will be damaged and increase
its resistance. The result is a device with very high voltage drop, increased operating
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Figure 3.13: Processing steps required for Proton implanted VCSELs
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temperature and degraded performance.
The maximum energy used for implantation is also an important parameter that
needs to be tuned carefully. This is because if the energy is too high, the quantum
well region will suffer damage, as defects become introduced to it. These defects are
found to be highly mobile, a phenomenon causing rapid deterioration of the device
while in service [56]. On the other hand if the maximum energy of the ions is not
high enough, there will be a significantly thick region between the active layer and
the isolated layers to allow the diffusion of the current away from the aperture. This
current leakage results in higher threshold currents and lower power densities.
In our case we had approximately 3^/m of top DBR to isolate, and found that 6.51/jm of AZ-420 photoresist was sufficient to protect the active region. The photoresist

was spun at 3000 RPM, baked at 85°C for 30 minutes and then exposed for 3 minutes.
The final step is the removal of the photoresist. This can be a little difficult since
the radiation causes the photoresist to polymerize and harden.
Once the photoresist is removed, the sample may be annealed to activate the im
planted defects and wires may be bonded.

3.3.2

Implantation energy optimization

As briefly mentioned previously, the maximum implantation energy is critical for the
performance of the devices. This is because if the energy is too great, damage will be
introduced into the active region, where it may cause a deterioration of performance
during the device lifetime. This section describes an experiment designed to find the
optimal implantation energy.
A VCSEL wafer was metalized using the mask shown in Appendix A. The metal
used was pure gold which was annealed at 400°C for 3 minutes to enhance the ad
hesion. No isolation trenches were used, and the implant isolation masks were made
from AZ420 photoresist. After development, the nominal thickness of the photoresist
was 6-1/jm.
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Mask
Implant
Active Region

Figure 3.14: Non-Ideal Lithography conditions and their effects on Implantation pro
file.

The mask defines 4 sizes for the aperture: 19^m, 25/jm, 28^m, 32^um. During the
development of the photoresist significant undercutting occurs due to the thickness of
the photoresist. In addition, the development process does not result in a rectangular
mask. This effect is illustrated in Figure 3.14.
When the photoresist becomes very thick (« 6/um) as in this case, there is a sig
nificant amount of development under the mask. This causes the effective area of the
mesa to decrease by as much as the full thickness of the photoresist on each side (If
the photoresist develops isotropically, which is usually the case). This effect causes
the real aperture to be much smaller than the mask itself. Also development times are
critical for achieving repeatable aperture sizes.
Further, since the edges of the mask are not perpendicular to the surface of the
mirror, the implantation isolated area will not be vertical as shown in Figure 3.14.
This results in the widening of the effective aperture under high pumping currents.
For this reason it is impossible to measure the exact size of the aperture of implant
confined VCSELs, since it depends on the pump current. This is contrasted to the
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oxide confined design where exact measurement of the aperture size is possible as in
Figure 5.2.
Hence in the following discussion, the aperture mask diameter sizes will be used.
This size is larger by between lO-15/./m from the aperture size quoted for oxide con
fined VCSELs.
Four samples were made in this way and were implanted using protons. The maxi
mum energy used was 150keV for sample A, 120keV for sample B, lOOkeV for sample
C and 80keV for sample D. According to TRIM calculations, the penetration depths
were 1.5/jm, 1.2/jm, 1/rni and 0.75/./m respectively. Although these energies are not
high enough to penetrate all the way through the top mirror (1.9^um from Table 3.2), it
was found that higher energies than that would penetrate through the implant mask and
create damage within the device aperture - hence increasing the device voltage drop to
unacceptable levels.
Light vs current measurements were made of these samples, as well as far field
beam measurements and current vs voltage measurements. The absolute power of
the lasers was measured using a ILX optical power meter with an integrating sphere
attachment. Although the integrating sphere was used it had to be placed at least 1cm
away from the laser, which may have resulted in a slight loss of measured power.
Hence powers quoted here are an estimate of the real device power, which is expected
to be slightly higher.

Deep implant isolation
Figure 3.15 shows the light versus current measurements for sample A (maximum
implant energy 150keV). As can be seen the device with 28^m diameter aperture has a
threshold current of approximately 9mA. This threshold is then significantly decreased
as the device diameter is diminished further.
However, the threshold current is approximately the same for the smallest two
devices shown. This indicates that the confinement does not change very much as a
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----- 28pm Nominal Aperture
----- 25pm Nominal Aperture
-----19pm Nominal Aperture

Drive Current (m A CW)

Figure 3.15: Light vs. Current curves for different apertured devices from sample A

result of decreasing the implant aperture further below 25/Lim.
An interesting property of the laser to determine is the effect of the ’’thermal lens”
on the operation of the device. The thermal lens is created when the center of the
active region becomes heated due to the passage of current through it. As a result the
refractive index in the center of the aperture rises with respect to that of the perimeter
of the device, causing a lensing effect. The thermal lens assists in the guidance of the
light and hence lowers the observed threshold of the device. Although thermal lenses
cause a reduced threshold, they severely limit the effective bandwidth of the device.
This is due to the finite time taken to heat the device. In addition spurious transients
are introduced as a direct result of the thermal lens.
Figure 3.16 shows the LI curves obtained from the 28/jm diameter VCSEL and
\9/jm aperture VCSEL mentioned above. Note that the intensities of the low duty
cycle lasers have been scaled arbitrarily to make comparison easier. Clearly it can be
seen that the large area VCSEL exhibits a significant difference in threshold current
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Figure 3.16: LI Curves for a wide aperture laser and a small aperture laser for both
CW excitation and low duty cycle excitation

depending on the driving current’s duty cycle (or average temperature). On the other
hand the small area device does not exhibit a significant difference. This indicates that
the small aperture laser does not depend very much on the formation of a thermal lens
to achieve threshold. It would appear, however, that some of the higher order transverse
modes are temperature dependant due to the absence of kinks in the LI characteristics.
The wall-plug efficiency (rj) is an indicative figure of the overall measurable effi
ciency of the laser. It can be obtained by considering the total output power and the
electron-hole recombination rate in the laser, (see Equation 1.35):
out

he I —Ith
X e ^

(3.1)

Where Pout is the output power, and /, /,/, are the driving current and the threshold
current respectively.
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Using equation 3.1, the wall-plug efficiency of all lasers was calculated, and found
to be approximately the same (to within experimental error), at approximately 20%.
While the LI curves are linear just above threshold, they all exhibit kinks. These
indicate the onset of higher order modes. The wide area VCSEL exhibits a rather
linear LI curve with no significant kinks until the device saturation current. This is
most likely due to the fact that higher order modes start to operate as soon as threshold
is reached. The device with smaller aperture exhibits strong kinks at a number of
currents, where higher order transverse modes begin to operate.
This behaviour is much reduced for the devices with very small apertures. This can
be attributed to the better confinement achieved with smaller apertures. The maximum
power achieved within the linear range is also higher for smaller aperture devices.
Hence in order to have linear light vs current characteristics, it is essential to main
tain the device aperture as small as possible.
Shallow implant Isolation
Samples B and C were isolated using ions of maximum energy of 120keV and lOOkcV
respectively, and hence leave a thick un-isolated layer above the active region. There
is a large region of heavily doped DBR which remains conductive. This results in the
diffusion of current away from the isolated aperture effectively increasing the pumped
aperture area. This results in a sharp increase of threshold current and extremely un
desirable transverse mode behaviour.
The Light versus Current curves illustrated in Figure 3.17 show a severe degrada
tion in threshold current, as compared to the deeper implanted VCSELs. Threshold
currents have all risen significantly over 10mA. The smaller aperture devices have
shown strongly multi-moded behavior.
Figure 3.18 shows the LI curves as measured from sample B (max energy 120keV).
All lasers from this sample show a significantly lower threshold current under CW ex
citation, as compared to the low duty cycle excitation. This indicates that the formation
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Figure 3.17: Light vs. Current plots for shallow implant isolated VCSELs. Top: Max
imum energy 120keV, Bottom: Maximum Energy lOOkeV
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Figure 3.18: LI curves comparing the CW and the low duty cycle behaviour of each
laser. Sample has been implanted to a maximum energy of 120keV

of a thermal lens plays an extremely important role in the attainment of threshold con
ditions. All lasers on sample C (max energy lOOkeV) failed to lase under low duty
cycle excitation, indicating that the formation of a thermal lens is absolutely crucial
for lasing to occur when the implantation is too shallow.
An interesting observation in this sample was the large area VCSEL. Figure 3.17
shows two distinct lasing modes for the wide aperture (3 1/jm Nominal aperture) device
under CW conditions. This behavior is examined closely in Figure 3.19, which shows
the far field emission patterns of this laser.
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Figure 3.19: Far Field Pattern for wide aperture proton implanted VCSEL. Device was
isolated using max energy of 120keV protons. Note the device completely switches
off at 20mA before operating exclusively in the second order mode
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The first order mode takes the shape of a Gaussian mode which lases exclusively
just above threshold. As the current is increased, spatial hole burning completely ex
tinguishes the fundamental mode, and the second order mode lases exclusively.
Sample D (maximum implant energy 80keV) failed to lase altogether. The individ
ual lasers were observed to glow a significant distance away from the device aperture,
indicating very poor electrical confinement.
In conclusion the maximum energy of implantation is critical for effective isolation
of VCSELs. While the devices with deep implants exhibit low threshold currents, good
linearity and high output powers, device characteristics degrade when the implantation
energy is not high enough. This is a direct consequence of current diffusion increasing
the effective size of the aperture, causing large optical losses.

3.3.3

Spectral Characterization

The linewidth of the laser is a good indication of transverse mode activity. It is gen
erally difficult to directly measure the transverse mode behavior of VCSELs since the
modes have dynamic behavior on the time order of the relaxation oscillation frequency.
Hence usually the measurement of the line width can be used as an indicator for trans
verse mode activity.
An interesting aspect of transverse mode behavior is the effects of a thermal lens
on transverse modes. In order to study this effect, the line width of the wide aperture
(28,um diameter) proton implanted VCSEL (Maximum implant energy 120keV) was
measured as a function of current under CW and low duty cycle conditions. In order
to extract the line width, the full spectrum was measured at each driving current and
a gaussian fit was made. Figure 3.20 shows the 1/e linewidth as well as the peak
emission wavelength.
Figure 3.20 confirms that the low duty cycle (approximately 5%) excitation did
not result in a heating of the active region. This can be concluded from the relatively
constant emission wavelength of 846nm. However, the CW powered laser exhibited a
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Figure 3.20: Spectral Characteristics of proton implanted VCSEL (28/jm).
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large wavelength shift of almost 4nm due to the heating of the cavity.
The most interesting result from these observations is the decrease of the linewidth
of the CW excited laser. This indicates that the formation of the thermal lens is re
sponsible for the reduction of transverse mode activity. This suggests that the thermal
lens increases the optical confinement in the structure hence refocusing the light into
fewer transverse modes.
This result illustrates one of the properties that thermal lens exhibit in wide aperture
VCSELs. This refocusing of the light into fewer transverse modes is an important
property which will be examined more closely in Section 5.3.

3.4

Transverse mode supression

Transverse modes in VCSELs have long been considered a problem, representing in
creased modal noise, lower output powers and deterioration of the output beam shape.
In practice transverse modes are unavoidable at higher pumping currents. As shown
in previous sections, ion implanted VCSELs suffer from the emergence of transverse
modes due to the formation of a thermal lens.
A number of interesting techniques may be applied to implanted VCSELs in order
to decrease the power present in higher order transverse modes, or to increase their
threshold current. Most of those techniques rely on the fact that higher order modes
have a wider distribution of power across the aperture, as is seen in Figure 3.21.
Spatial mode filters rely on suppressing the power in higher order modes by intro
ducing unfavorable conditions at the aperture edge [57]. This has been done by using
amorphous GaAs (a-GaAs) regrown around the VCSEL post, creating an anti-guiding
effect and dissipating the higher transverse modes [58] or by etching the surface of
the VCSEL and filling it with a-GaAs [59]. Recent work uses regrowth techniques to
create an Anti-Resonant structure around the active region [60].
As shown in section 3.2.3, the implantation of heavy ions such as Oxygen into
GaAs/AlGaAs DBRs results in high levels of disorder increasing both the refractive
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Figure 3.21: Spatial mode filtering introduces unfavorable conditions at the edge of
the aperture, preferentially affecting the higher order modes. These modes typically
have a larger overlap with the spatial filter than the fundamental mode.

index and loss of the material. This effect can be utilized by creating an anti-guiding
effect to the higher order modes, as shown in figure 3.21.
In order to prove this theory a VCSEL was fabricated with the exact same process
and wafer as used in section 3.3.2, except that Oxygen implantation was used rather
than protons. The maximum implantation energy used was 3MeV and the dose scheme
was the same as shown earlier.
The LI curves for continuous wave (CW) excitation from these VCSELs is shown
in Figure 3.22. As can be seen for the wider aperture VCSELs, the LI curve shows
a definite saturation effect and a number of kinks in the linear region indicating the
emergence of transverse modes. The power for this device was comparable with the
proton implanted devices with a maximum collected light power of approximately
1.5mW. The maximum output power was still lower than the proton implanted device
probably due to increased losses from the ion implantation.
As the aperture is reduced further, it is possible to see lasing in two distinct modes.
The first mode lases with a high quantum efficiency, but quickly saturates as power
is diverted to the second order mode. The increased loss due to anti-guiding of the
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Figure 3.22: LI Curves for Oxygen implanted VCSELs

second order mode causes the quantum efficiency of the second order mode to be
extremely low (17-22mA) as power is diverted into an extremely lossy mode. As the
driving current is increased further the focussing effects of the thermal lens begin to
counter the anti-guiding effects of the oxygen implant (possibly because the spatial
extent of the laser beam is made smaller). From 22mA to 28mA the laser has reached
its maximum power lasing in predominantly the second order mode.
When the aperture is made small enough that there is considerable anti-guiding for
the second order mode ( \9/um aperture), the second order mode does not operate at all.
The laser shows a linear increase in power to 19mA indicating operation in a single
mode. Above that power level the laser rapidly turns off due to the dissipating effects
of the thermal lens, rapidly increasing device losses. There is no evidence of lasing at
higher order transverse modes in this case.
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The above experiment demonstrates that oxygen implantation can be used to se
lectively limit lasing in higher order modes by use of anti-guiding technique. This
anti-guiding is caused by the formation of higher refractive index material at the clad
region of the cavity, due to bombardment with heavy ions. However, the penalty that
must be paid for this selection is the reduction in overall device power. This occurs
because the anti-guiding region simply eliminates higher order modes, but does not
assist in diverting power back into the fundamental mode. Thus the cavity losses are
much higher and wall plug efficiency is lowered.
Clearly for a real device this technique must be incorporated with a technique used
to divert power back into the fundamental mode. Since the presence of the oxide
confined layer is thought to cause refocusing of the laser beam, this technique might
be useful in combination with oxide confined VCSELs.

3.5

Conclusions

This chapter dealt with ion implanted VCSELs. Of particular interest for ion implanted
VCSELs is the effect of damage on the electrical, and optical properties of the top
DBR. In this study, the effects of implanting protons and Oxygen into both p and n-type
DBRs was examined. Special test DBRs were grown using MOCVD with modulation
doped Zn and Si. The DBRs grown were similar to those used in VCSELs.
These samples were then implanted with oxygen using a flat vacancy distribution
implantation scheme, in three doses: l x l 0 13cm-2 , 5 x l 0 13cm~2 and l x l O l4cm- 2 .
Similarly samples from the same wafer were implanted with protons in three doses:
l x l 0 14cm ~2, 5 x lO l4cm~2 and l x l 0 15cm~2. Samples were produced from these
after annealing at 400°C ,500"C ,600°C ,700°C and 800°C .
The electrical resistance experienced by a vertical conduction path was measured
for all these samples immediately after implantation, as well as after annealing. It
was found that the Oxygen implanted DBR exhibit low resistance immediately after
implantation, but after annealing at 400°C -500°C increase their resistance to the max-
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imum level. Further annealing caused the crystal to recover and further decrease its
resistance.
This was contrasted with the proton implanted case which exhibited an increased
resistance with further annealing until temperatures above 700°C . Clearly this indi
cates that the defects imparted by the Oxygen implantation tend to recover electrically
faster than the proton implanted damage. This behaviour may be attributed to different
conduction mechanisms present in DBR stacks (vertical across interfaces).
The reflectivity of these DBRs was then measured showing that after implantation
the DBRs suffer a great deal of optical degradation. This novel result can be attributed
to increased scattering losses in the crystal. The Oxygen implanted samples exhibited
far more optical loss, and also showed a red shift in the resonance wavelength of the
DBR. This indicates that the Ga rich layers in the DBR had suffered an increased level
of damage up to the point of near amorphisation, which caused the refractive index of
these layers to change.
This novel result suggests that oxygen implantation can be utilized to create lossy
regions around the aperture. These regions dampen out higher order transverse modes
by increasing their optical losses - leading to better transverse mode selection.
Also it was observed that the Oxygen implanted mirrors presented thermally stable
optical loss, when compared to the proton implanted case- with residual optical loss
present even after annealing at 700°C .
It was also noticed that the p-type samples appeared to suffer more optical loss after
implantation. This can be explained by a loss component due to free carrier absorption
in the heavily doped p-type DBRs.
Channeling RBS was performed on these samples to examine the level of atomic
disorder. It was observed that the proton implanted DBRs had a medium level of
atomic disorder which recovered quickly after implantation - reinforcing the reflectiv
ity results. The Oxygen implanted DBRs exhibited high levels of initial damage and
a significant residual damage after annealing - also in agreement with the reflectivity
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results.
As a consequence of these observations, an Oxygen implanted DBR is expected
to have better transverse mode behaviour since the Oxygen implanted material is ex
pected to anti-guide transverse modes and hence suppress them over the fundamental
mode.
This work then continued to examine the issues involved with the fabrication and
testing of ion implanted VCSELs. A major issue of interest is the maximum energy
used to isolate the top DBR.
A study was made of the laser characteristics obtainable with different maximum
ion energy implantation - and hence a different implant depth. The study shows that
the implantation must be as deep as possible since deeper implanted VCSELs produce
better threshold currents as well as better transverse mode rejection. The maximum
depth of the implant is limited by the maximum thickness of the implantation mask.
VCSELs were fabricated with maximum wall-plug efficiency of 20%.
In order to confirm earlier findings, Oxygen implanted VCSELs were fabricated
and their transverse mode emission was controlled by the use of Oxygen implantation.
It was found that it is possible to completely suppress higher order modes by using
anti-guiding techniques but this comes at the cost of increased cavity losses and lower
wall plug efficiency.

Chapter 4
Aluminium Oxide - growth and
characterization
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Aluminum Oxide has been studied intensely recently as a potential novel material
for optoelectronic device processing. For Si semiconductor processing the native SiCb
has been used for years to establish well controlled isolation layers, buried layers and
to enable more versatile non planar processing technology. This capability has been
sourly missed in the GaAs processing world, where a mechanically stable native oxide
has not been available. The discovery that laterally oxidized AlAs can be made me
chanically stable and electrically insulating has opened up the possibility of fabrication
of more complex devices.
Laterally oxidized Aluminum Oxide has been widely applied to produce next gen
eration devices in the GaAs material system. Its wide applications include current
confinement structures for VCSELs and Edge emitting Lasers [61], as well as OxideSemiconductor Distributed Bragg Reflectors. The most important properties of lateral
oxide are the ability to form buried insulating layers, and having a very low refractive
index material in conjunction with the high refractive index AlGaAs semiconductor.
Despite the wide use of laterally oxidized AlAs in device fabrication, the properties
of the oxide itself are not well understood. This stems partially from the sensitivity of
the oxidation to many parameters, such as temperature [62], steam partial pressure,
doping [63, 64], and impurities in the virgin AlAs layers.
In this chapter, the optical and electrical properties of lateral Aluminum oxide are
examined. The sensitivity of oxidation rate to Gallium mole fraction is exploited to
introduce a new post-growth tuning method for oxide DBR resonators. Transmission
Electron Microscopy (TEM) is used to study the interfacial properties of lateral oxides.

4.1

Lateral oxidation - Procedures

In their classical experiment, Dallesasse et al [65] demonstrated that buried AlAs lay
ers may be oxidized from the cleaved facet of the epilayer, by placing the sample in
a steam ambient under high temperatures for some time. They report that the oxida
tion rate is dependent on a number of parameters, including initial AlAs thickness,
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oxidation temperature and steam partial pressure.
More recently lateral oxides are formed by exposing the edge of an etched mesa
to steam ambient at temperatures between 420<9C and 48CPC . This process is demon
strated in Figure 4.1. The steam partial pressure depends on the temperature of the
water bath and the flow rate of dry nitrogen through it. Note that it has been reported
that the presence of Oxygen in the oxidation ambient actually decreases or stops ox
idation altogether, effectively sealing the walls of the AlAs against further oxidation.
This is thought to originate in the formation of non-porous dense oxide at the AlAs/air
interfaces.
Furnace at 420°C

Sample

Figure 4.1: Experimental Setup for Lateral oxidation

A setup similar to that depicted in Figure 4.1 was built in our lab. Although the
oxidation process appears to be rather simple, it is difficult to achieve a reproducible
and controllable oxidation rate [66], There are a number of engineering issues that
need to be addressed:
1. Temperature gradient in furnace needs to be accurately calibrated, and the oxi
dation boat be positioned at the same distance down the furnace tube at all times.
As can be seen in Figure 4.2, there is a region of around 2-3cm which is uniform
enough to repeatedly reproduce the calibrated oxidation rate.
2. Since the oxidation rate is sensitive to the oxidation temperature, a thermocouple
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Figure 4.2: Temperature Gradient of oxidation furnace with water temperature set at
95°C and Nitrogen flow set to lOOsccm

was constructed with a close proximity to the boat. This allows in-situ monitor
ing of oxidation temperature.
3. Flow rate of dry Nitrogen must be controlled accurately. A mass flow controller
is used to provide a constant, repeatable and controlled flow rate.
4. The water temperature must be monitored accurately. A temperature controller
was used to ensure the water temperature was constant throughout the experi
ment.
5. A quartz boat and carrier was made out to facilitate rapid insertion and extraction
time. Better control was achieved by pre-heating the boat before placing the
sample on it.
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6. Heat loss in pipes contributes to condensation of steam inside pipes. This results
in non-reproducible steam saturation level in the oxidation chamber itself. This
problem was solved by placing line heaters to keep all piping hot.
7. Care must be taken to avoid oxygen from entering the furnace. This is because
Oxygen tends to create a non-porous oxide, effectively sealing the AlAs layers
[67]. This is achieved by having a long necked tube at the furnace exit.
Despite all the precautions taken, it was found that the oxidation rate could not be
controlled to better than 5-10%.

4.2

Quantum well Intermixing

Intermixing techniques have previously been applied successfully for edge emitting
lasers. The interdiffusion process results in the modification of the Quantum well
shape according to Eq.

1.17. This results in an overall blue shift of the emission

wavelength.
Traditionally, interdiffusion was enhanced by use of Impurity Induced Disorder
ing (IID) [68]. This relied on injection of impurities into the lattice - utilizing their
increased diffusion rates to enhance interdiffusion.
More recently a more reliable technique had been utilized - Impurity Free Vacancy
Diffusion (IFVD) [69]. IFVD relies on the injection of vacancies into the GaAs lattice.
These vacancies have high mobility and tend to enhance the interdiffusion rate. Ga is
known to dissolve in many dielectric caps, e.g. SiÜ 2 . When heated, Ga migrates into
the cap - leaving many Group III vacancies in the lattice. These then diffuse through
the structure causing intermixing between group III atoms at the well/barrier interface.
The cap material is quite important when considering its effectiveness in promot
ing intermixing. For example, it was shown that using inert materials such as SrF 2
completely inhibits interdiffusion [70].
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The problem with using dielectric caps for interdiffusion is that the Quantum wells
must be close to the surface of the wafer to achieve the greatest degree of interdiffusion.
In addition, the presence of hetero-junctions between the wells and the cap inhibit the
diffusion of vacancies - hence lowering the interdiffusion effect. For these reasons it
is difficult to promote interdiffusion of VCSELs by use of SiC>2 caps.
This section examines the effectiveness of using A1 vOv, or lateral wet oxide for
promoting interdiffusion in GaAs based semiconducting structures. The main advan
tage presented by using A1 vOv is the ability to bury the oxide, and thus place it in very
close proximity to the quantum wells. This enhances the degree of intermixing and
allows use of lower annealing temperatures.

4.2.1

Experiment

In order to measure the degree of intermixing caused by A1 vOv capping, a test structure
was grown by MOCVD. This test structure is shown in Figure 4.3. The test structure
consists of four GaAs quantum wells separated by Al0 .2 Gao.sAs barrier.
G a A s C ap (20nm)

QW1

QW 2
QW 3
QW4

Figure 4.3: Test structure used for QW intermixing measurements
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Oxidation trenches were etched 50/jm apart. Two sets of samples were made, one
set was oxidized, while the other set served as a control set. The samples were annealed
at 800"C , 850"C , 900°C and 950°C for 30 seconds.

4.2.2

Results

Figure 4.4 shows the photo-luminescence emission for those samples which were not
oxidized. Clearly, the emission wavelength for these samples was not changed much.
However, after oxidation, PL emission was shifted quite dramatically. This shift can
be attributed to the injection of group III vacancies into the crystal by the oxide.
It is well known in the literature that G a 2 Ü 3 is very thermally stable [71]. It is quite
possible that during the annealing stage, Ga is removed from the surrounding GaAs
layers, converting the A lvOv into Ga20ß. This may be the main driving mechanism for
injection of group III vacancies.
Figure 4.5 shows the shifts obtained from intermixing with the oxide cap. Clearly,
the PL shifts achieved without oxide capping are negligible, and hence are not included
in the bottom figure. The oxide capping corresponds to shifts in excess of 40nm which is quite a large shift.
The bottom part of Figure 4.5 shows the interdiffusion length as calculated from
the model presented in Section 1.3.2. Remembering that QW1 is closer to the oxide
cap - while QW3 is about 200nm farther - it can be seen that the degree of intermixing
is clearly higher the closer the wells are to the oxide layer.
This fact outlines the importance of A1 vOv as the dielectric enhancing the interdif
fusion. It is relatively easy to make buried A lvOv layers. This enables A lvOv to be
placed in very close proximity to the Quantum wells hence maximizing the interdiffu
sion effect for thick structures.
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Figure 4.4: Photo-Luminescence emission from a 4 quantum well GaAs/AlGaAs
structure, Top: control (unoxidized) sample, Bottom: Sample with 90nm of lateral
oxide.
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Annealing Temperature (°C)
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Quantum Well Number
Figure 4.5: Analysis of PL Shifts. Top: comparison of shifts between oxidized (dashed
line) and non-oxidized (solid line) samples. Bottom: Corresponding L j as calculated
by model in Section 1.3.2
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Intermixing of DBRs

Intermixing is an extremely attractive technique for post-growth tuning of quantum
well devices. While intermixing has been extensively used to tune the wavelengths
of edge emitting lasers [52, 72], modulators and solid state waveguides, it can not
be directly applied for the tunning of vertical cavity devices, such as VCSELs and
Resonant Cavity Photo-Detectors (RCPD). This stems from the fact that the emission
wavelength in VCSELs is controlled by the resonance of the cavity rather than the
emission of the quantum well (See Section 1.6.3). The following section discusses a
novel method for applying intermixing techniques to tune the resonant wavelengths of
cavities. This technique is directly applicable for tuning intra-cavity VCSELs and wet
oxide RCPDs.

4.3.1

Introduction

One of the most promising structures in modern opto-electronic device design is the
Oxide DBR. As was shown in Section 1.5.1, higher reflectivity is achieved when the
refractive index contrast between the quarter wave layers is maximized[73]. With a
refractive index of around 1.5 for the oxide, and 3.5 for the semiconductor, it only
takes 4-5 pairs of an oxide mirror to achieve the same reflectivity as 25-30 pairs of
conventional semiconductor DBRs. This fact alone attracts much interest to oxide
DBRs, since growth time (and hence cost) is significantly reduced. As well as a higher
reflectivity an enormous bandwidth is possible with oxide DBRs covering well over
400nm in some cases. The high contrast also leads to relaxed tolerances [74, 75].
Also as shown in Figure 1.9, the phase imparted upon reflection in a DBR is an
important consideration for growth tolerances. A flatter phase response is achieved by
using high contrast mirrors and translates to much reduced growth tolerances.
The above are all very good reasons why one would like to use oxide DBRs. In
practice, though, oxide DBRs are challenging to fabricate in a reproducible fashion.
One important reason for that is the enhanced stress built up within the mirror during
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oxidation. Most reports in the literature have focused on the interface properties of
oxide/GaAs, reporting interfaces as sharp as a few monolayers and good adhesion
[76]. However, DBRs intended for use in VCSELs must not contain GaAs as the
high refractive index material, since GaAs absorbs in wavelengths of interest. This
section examines the interface properties of oxide/AlGaAs DBRs in the context of the
fabrication of VCSELs.
It has been reported in the literature that upon oxidation AlAs forms a stable amor
phous oxide. The reaction which is thought to occur is [77]:
2AlAs + 3H20 -» 2A sH3 + A120 3

(4.1)

The oxide suffers from the removal of Arsenic and therefore shrinks, while the density
of the oxide is much reduced. The oxide layer’s thickness has been observed in ihe
literature to shrink to about 90% of the original AlAs layer thickness. This represents
a tremendous amount of stress buildup in the oxide/semiconductor interfaces. The
Arsenic is removed by the out diffusion of Arsine gas, while the reaction is driven by
the in-diffusion of steam. Hence the oxide formed must be porous to allow the free
exchange of gases.
If the oxide is too long, the built up stress is released by the mechanical failure of
the structure, resulting in the peeling of the mesa from the substrate. Figure 4.6 shows
some optical micrographs of this effect.
After a number of failed attempts to form an oxidized quarter wave stack, it was
decided to try reducing the overall thickness of the oxide, in order to lower the stress
built up. To compensate for a thinner oxide layer, a slightly thicker semiconductor
layer was used. The shift away from the ideal quarter wavelength Bragg condition
caused a slight reduction of the reflectivity and bandwidth, so an extra pair of semi
conductor/oxide layers was added to compensate for the initial degradation.
Intermixing is a promising technique for post growth modification of photonic de
vices. The main use of intermixing is the reshaping of quantum wells, so that multi
wavelength devices are realized. For example, multi-wavelength edge emitting lasers
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Figure 4.6: Modes of failure for wet oxidation as shown by optical micrographs. Top
two images show a center of the mesa peeling off due to high compressive strain in
oxide layers. Bottom image shows structure with thinner oxide layers- showing good
adherence and uniform oxides.
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have been fabricated successfully using intermixing [ 12 ] .
Similarly it would be extremely advantageous for Distributed Bragg Resonator
(DBR) based structures to have a useful post growth tuning process. The problem with
the application of intermixing to shifting the wavelength of VCSELs is that while the
emission wavelength of the quantum well may be shifted, the lasing wavelength does
not shift at all. This is because the lasing wavelength in a Distributed Feed Back (DFB)
structure (including DFB lasers) is wholly determined by the thicknesses of the layers
making up the DBR layer- not by the shape of the interfaces.
Recently a number of methods have been proposed for shaping the buried oxide
layers as used in VCSELs.

Particularly, methods have been developed to form a

tapered- or lens like shape with which to terminate the oxide aperture in VCSELs,
(see Section 1.6.1). This tapering relies on the fact that AlAs with a small amount
of Ga (a few percent) present, tends to oxidize at a far slower rate than pure AlAs.
Hence if the Ga composition is graded near the AlAs/AlGaAs interface, an oxidation
rate differential results, causing a tapered oxidation front.
It is not immediately obvious why variation in the Ga composition on the nano
scale should affect the oxidation rate in this way. It has been reported that thin layers
of GaAs which are completely immersed in AlAs are completely oxidized, although
the oxidation rate is slower. Despite this, graded layers of smaller scales are still found
to affect the oxidation width.
Post growth tuning of the DBR wavelength has been shown by grading the Ga
mole fraction near the GaAs/AlAs interface [78]. The method relies on the fact that
oxidation rate drops off quickly with increasing Ga levels in the AlAs. Hence the
oxidation rate slows down the thicker the oxide becomes. If the sample is kept in the
oxidation chamber for longer, the oxide becomes thicker - leading to an overall shift
of the resonant wavelength.
This presented the first real attempt to form a system for post growth wavelength
tuning of the resonant wavelength of oxide DBRs. The disadvantage with the above
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method is that the oxidation time is the factor that is responsible for the thickness of
the oxide. This rules out the ability to selectively tune different areas of the wafer to
form monolithic, multi-wavelength devices.
In this section we consider a novel way to achieve post growth tuning. For the
first time we show that standard intermixing techniques can be used in order to form
a graded interface between the GaAs and AlAs layer prior to oxidation. This can then
control the final thickness of the oxide.
Since intermixing is already a well established technique, it is the preferred method
for monolithic integration applications. It is widely accepted in the literature that in
terdiffusion is enhanced by the presence of group III vacancies. There are basically
two ways of introducing these vacancies: A) Ion implantation Induced Interdiffusion
(HID), comprises the implantation of various impurities into the material, forming va
cancies and interstitials. B) Impurity Free Vacancy Diffusion (IFVD) relies on the
injection of group III vacancies by various dielectric caps, such as SiCh. In order to
generate and diffuse the vacancies, the sample must be heated in the temperature range
of 800°C to 950"C .
In the fabrication of intermixed quantum well lasers, IFVD is preferred since it is
thought that the electrical characteristics of the material are better preserved without
the introduction of impurities. However with oxide DBR structures the electrical prop
erties of the material are irrelevant since the oxide itself is an insulator. Hence in this
experiment it was decided to use IIID so as to obtain uniform interdiffusion across the
DBR layers.

4.3.2

Experiment and Results

All the structures were grown using low pressure Metal-Organic Chemical Vapour De
position (MOCVD) at 76 Torr on 2 ° off (100) semi-insulating GaAs wafers. It has been
observed in the literature that lateral oxidation of AlAs yields an oxide of high opti
cal quality, however the resultant structural mechanical stability is reputed to be low.
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25keV
50keV
lOOkeV
150keV

Dose A (cm 2)
6 .15x I0 14
11.2x 1014
13.15 x 1014
13.15x I0 14
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Dose B (cm 2)
1 .2 3 x l0 15
2 .2 4 x l0 15
2.63x 1015
2 .6 3 x l0 15

Table 4.1: Proton Implantation Scheme for the two sets of doses.
The resulting oxide shrinks by about 10% in volume. This change in the volume of
the material upon oxidation causes large internal stresses in the structure [78]. Since
vigorous processing steps were necessary in our experiment to achieve intermixing,
the structure required relatively high mechanical stability. This was achieved by de
creasing the thickness of the oxide below the quarter wavelength thickness required to
make an ideal resonator. This deviation from the optically ideal resonator design re
sulted in slightly lower reflectivity of the DBR mirrors and wider resonance. However,
since the refractive index contrast between the oxide and the semiconductor was so
large (n oxi(/e ~ 1.55 , n^iGaAs ~ 3.4) the loss in reflectivity was more than adequately
compensated for by adding one more pair to the DBR. The DBRs used consisted of 4
pairs of 67nm Alo.2 Gao.8 As with 105nm of AlAs which oxidized to 95nm A1 vOv. The
cavity used consisted of 113nm of Alo.2 Gao.8 As. This design gave a resonant wave
length of approximately 760nm which was slightly longer than the absorption edge at
730nm. AlAs was used to create the lateral oxide layers in order to obtain the largest
oxide width change after intermixing.
Ion implantation induced intermixing was used to interdiffuse Ga and A1 atoms
from the Al0 .2 Gao.sAs layers and the AlAs layers before oxidation. In order to ob
tain uniform intermixing along the entire resonator, a multiple energy implantation
scheme was used. The energies and doses used are shown in Table 4.1. This implan
tation scheme was found to give a reasonably flat vacancy profile by Trim95 calcu
lations [53]. Rapid thermal annealing at 900"C and 950°C for 30 seconds was used
to facilitate the intermixing. After annealing, lO^um wide trenches were etched 70^m
apart to allow lateral oxidation of the resonator. Oxidation was carried out at 420°C

4. Aluminium Oxide - Growth and characterization

110

As Grown
900°C 30 Sec, Dose A
950°C 30 Sec, Dose A
900°C 30 Sec, Dose B

3 0.8

700
800
Wavelength (nm)
Figure 4.7: Measured reflectivity of intermixed oxide resonators. Measured resonance
peaks as compared to the simulated reflectivity are shown in the inset.

for 1 hour under ambient steam obtained by bubbling dry N 2 through water at 95°C.
The reflectivity of the samples was measured by directing chopped white light
through a 0.5m Czerney-Turner monochromator, and measuring the reflected intensity
using a silicon wide area detector with a lock-in amplifier. The reflectivity was normal
ized to a set of reference dielectric mirrors covering the range of 450nm to 1 lOOnm.
As can be seen from Figure 4.7, the resonant wavelength has red shifted after inter
mixing. This red shift ocurred because of Ga-Al interdiffusion which made the AlAs
layer more Ga rich. The higher concentration of Ga has slowed down or even stopped
oxidation in the longitudinal direction causing the oxide layers to be much thinner than
what they would have been.
Assuming that Fick’s second law of diffusion applies, i.e. isotropic diffusion which
is independent of the concentration of A1 or Ga, we can write the Ga concentration in
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the AlAs layer as [79]:
w{z) = w0

Lz - 2 z
4Ld

(4.2)

where Lj is the diffusion length, Lz is the initial width of the AlAs Layer (L z « 95nm
in our case), and w0 is the Ga level in the surrounding layers (80%). It has been
reported that the oxidation of AlGaAs is highly selective with respect to the Ga mole
fraction [80],
For a given oxidation temperature, as the Ga mole fraction is increased in the AlAs
layer, the oxidation rate drops rapidly. Hence given a fixed oxidation time, there will be
a Ga mole fraction which will stop any further oxidation in the longitudinal direction
of the AlAs layer, thus reducing the resulting oxide thickness. Figure 4.8 shows how
Equation (4.2) may be solved to produce the reduced oxide thickness given the Ga
mole fraction at which oxidation stops. As the Ga mole fraction at which oxidation
stop decreases, the oxide thickness becomes far more sensitive to the diffusion length.
As is shown in the literature, performing the oxidation at lower temperatures causes
the oxidation to proceed more slowly and hence to depend more strongly on the Ga
mole fraction [80]. This can be seen to be preferable since the change in the layer
thickness due to intermixing is more pronounced.

4.3.3

Modeling

The center wavelength of a DBR mirror shifts with the change in oxide thickness and
is given as [78]:
(4.3)
Where nox and nsemi are the refractive indices of the oxide and semiconductor,
kexp accounts for oxide shrinkage. Atox is the change in the oxide thickness due to
intermixing. Shifting of the center wavelength of a DBR mirror changes the phase
response of the mirror. This in turn causes a shift in the resonant wavelength of the
cavity.
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- L d. = 0.5nm
■AL = lnm
£] L = 3nm

Oxidation stop (Ga mole Fraction)
As Grown

Oxide Layer
Figure 4.8: Illustration of the mechanism by which intermixing causes a resonance
shift. AlAs does not oxidize when the Ga mole fraction is significant, hence after
intermixing the total thickness of the oxide layer is reduced from the thickness before
intermixing. The plot shows the final width of the oxide layer versus the Ga mole
fraction at which oxidation stops.
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Sample

Oxide thickness

u

Dose A at 900°C
Dose A at 950°C
Dose B at 900°C

91.0nm
85.6nm
77.0nm

0.7nm
1.8nm
3.4nm

Table 4.2: Simulated values of oxide thickness and calculated Lcj.
As Figure 4.8 shows, the reduced width of the oxide layer also leads to the elonga
tion of the cavity at the oxide layers’ expense. This causes an increase in the resonant
wavelength, which is confirmed by the red shift observed in the resulting reflectivity
spectra.
Figure 4.7 also shows simulated reflectivity curves which were obtained by using
the Transfer Matrix Method (TMM) [54] with optical parameters given by Adachi et
al [22]. The oxide width was obtained from (4.2) taking oxide shrinkage into account.
The resulting values of L({ and the thickness of the oxide are displayed in Table 4.2.
This calculation shows that the change in layer thickness is a strong function of the
interdiffusion length. Hence even a small interdiffusion length may result in a large
shift in the layer thickness. The literature shows typical values of L(/ of up to 4nm. In
particular for proton implantation Lci may get to the vicinity of 2.5nm at doses of about
1 x 10l5cm~2 with anneals of less than 900°C, as determined from photoluminescence
measurements, [81]. This agrees well with the results obtained in this study, since in
this study anneal temperatures in excess of 900"C were used.
The model presented in this paper assumes that the oxidation in the longitudinal
direction of the AlAs layer proceeds by an identical process to the lateral oxidation
of AlAs layers. Hence we assume that data measured by lateral oxidation studies
may be applied to this case [80]. However, recent studies suggest that the oxidation
rate depends strongly on different properties of the AlAs/AlGaAs interface, such as
surface energy [82],
The simulation reported in Table 4.2 relies on the assumption that the oxidation
rate is significantly reduced in material with a Ga mole fraction of more than 5%. This
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assumption is rather arbitrary, but from Figure 4.8 it can be seen that for the values
of Lj of interest (up to approximately 3nm) the resonant wavelength does not depend
strongly on the mole fraction of Ga. This leads to approximately 10% error in the
simulated results given that the dependance of Ga mole fraction is between 5% to
10% .

4.4

TEM Study of oxide DBRs

In the previous section, a novel way for the post growth tunning of oxide DBRs was
proposed. This method is very promising for the fabrication of monolithic, multi
wavelength opto-electronic devices for applications in modern WDM networks.
This section examines the effects the technique has on the material quality of the
DBR. This consideration is important since degradation of the interfaces due to inter
mixing may result in the decrease of cavity finesse and increase in optical scattering.
Transmission Electron Microscopy (TEM) is a well established technique used to
study the properties of semiconducting materials. TEM allows for direct observation
of structure as well as giving accurate measurements of chemical compositions on
the nano-scale using associated techniques such as Energy Dispersive Spectroscopy
(EDS). The details of TEM sample preparation and techniques are illustrated in section
2. 2. 2 .

4.4.1

Experiment

In order to examine the oxidation process closely, a test DBR resonator structure was
grown. The high refractive index layers consisted of 47nm of Alo.2 Gao.8 As, while
the low refractive index layers consisted of 120nm of AlAs- which, after oxidation,
is transformed to 1 lOnm of oxide. The DBRs consisted of 4 pairs, on either side of
a cavity, 95nm in thickness of Alo.2 Gao.8 As. The DBR was terminated with 47nm
of Alo.2 Gao.8 As as a cap. A sample was also prepared from the same wafer and was
implanted with protons to a dose of 1x lO ^cm - 2 , and annealed at 900"C for 30 sec-
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Figure 4.9: Native Oxide DBR resonator

onds to enable intermixing, as described previously [83], This structure is illustrated
in Figure 4.9. For convenience the thicker cavity AlGaAs layer will be called cavity
layer, while the thinner DBR AlGaAs layers will be called DBR layers in the following
discussions.
5/jm trenches were lithographically defined, 50,um apart, giving a total oxide width
of 25^um. The samples were oxidized in the oxidation chamber for 20 minutes at a
temperature of 450°C . The Nitrogen flow rate was 160sccm, and the bath temperature
was 95°C .

4.4.2

Non-Intermixed DBR

Cross sectional TEM was made of the non-intermixed DBR. The Bright Field image
is shown in Figure 4.10. This shows sharp transitions between the AlGaAs layers and
the oxide. The oxide appears as the lighter material, while the semiconductor is darker
in color. The cavity layer can be seen to be thicker than the DBR layers as expected.
The AlGaAs layers appear to be uniform in composition with sharp interfaces to the
oxide.

4. Aluminium Oxide - Growth and characterization

Figure 4.10: Bright Field Image of non-intermixed DBR
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Figure 4.11: Convergent Beam Electron Diffraction of non-intermixed sample. Top:
oxide layer, bottom: cavity layer
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Figure 4.11 shows Convergent Beam Electron Diffraction (CBED) images from
this sample. The electron beam was focused into a small spot, positioned within a
layer of interest and the electron diffraction image was taken. The top figure illus
trates the diffraction pattern arising from the beam illuminating only the oxide layer.
This diffraction pattern only has a single zero’th order disc - indicating the layer is
amorphous.
The CBED image of the cavity layer is shown at the bottom of Figure 4.11. This
shows a regular lattice of discs indicating that the cavity layer is perfectly crystalline.

4.4.3

Intermixed DBR

Cross sectional TEM samples were made for the intermixed DBR, as described in Sec
tion 2.2. 1'he Selected Area Diffraction Pattern (SADP) of the DBR is shown in figure
4.12. The SADP shows contributions from polycrystalline material (A), crystalline
material (B) and amorphous oxide material (C). Pointer A indicates a polycrystalline
AlGaAs material, since the ring is at the same radius as the AlGaAs lattice spacing.
Pointer B shows the diffraction pattern due to the AlGaAs as deduced from the lat
tice spacing. Pointer C shows contributions from the oxide, as rings with a different
spacing than the AlGaAs reflections.
The Bright Field Image (BFI) of the unannealed sample is shown in figure 4.13.
The image shows the oxide layer having uniform consistency, with a porous look. The
thicker cavity AlGaAs layer, seems to remain crystalline, but there are some granular
layers adjacent to it. These are probably oxidized AlGaAs layers [84],
A Dark Field Image (DFI) was also taken of the same area. The DFI was centered
about the < 200> zone reflection, and had the aperture closed down to isolate this zone
only. The DFI shows clearly that the central part of the cavity AlGaAs layer is crys
talline. However, there are large spots appearing in the interfacial region, between the
oxide and the semiconductor. This indicates that the interface region contains poly
crystals of AlGaAs. This is also confirmed by observing similarly large polycrystals,
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Figure 4.12: Selected Area Diffraction Pattern for the unannealed DBR. (A) Polycrys
talline AlGaAs ring, (B) Crystalline AlGaAs and (C) polycrystalline oxide rings

when aligned away from any zone reflection but still on the ring (Point C in SADP
in Figure 4.12). This suggests that the partially oxidized layers adjacent to the Al
GaAs layers consist of a mixture of Aluminum oxide as well as large disoriented poly
crystals of AlGaAs. This observation also agrees with [85]. These may be responsible
for reducing the stress built up during oxidation [86].
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e 4.13: Bright Field Image (BFI) of intermixed DBR
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Energy Dispersive Spectroscopy (EDS)

In order to measure the chemical composition of the oxide, a microprobe analysis was
used in an Energy Dispersive Spectroscopy (EDS) system built into the TEM.
The principles of EDS are simple: An electron microprobe is formed by narrowing
down the aperture so as to get an electron beam impinging on the sample at a specific
point. The diameter of the electron beam can be made very small, in our instrument it
was about 30-40nm.
This microprobe is then directed onto the area of interest in the sample, and an
X-ray detector is used to measure the X-ray energy signatures emanating from the
sample. Each element has a known X-ray signature, that is a set of relative amplitudes
at predefined energies. If a material contains a mixture of elements, such as in a chem
ical compound, the spectra for each element simply add up to produce a composite
spectrum. Thus it is possible to analyze the material composition of the sample in this
way.
In order to increase the signal to noise ratio of the EDS measurement, and to reduce
the size of the microprobe beam, the electron beam was stigmated in the microscope.
The stigmatic axis was aligned along one of the layers so as to maximize the area of
the beam inside the layer of interest. The approximate footprint of each microprobe
measurement is shown in the top part of Figure 4.15.
Figure 4.15 shows the EDS signature of the oxide layer alone. No trace of As is
left after the conversion of AlAs into A1 vOy. This fact reinforces the chemical reaction
described by Eq. 4.1. Clearly the oxidation had been complete in converting all of the
AlAs into oxide - completely removing As in the process.
Figure 4.15 also shows the EDS spectrum obtained from the AlGaAs layers. Al
though the microprobe is very narrow there is some excitation outside the AlGaAs
layers, due to the oxide. This causes contribution to the spectrum for both Oxygen
and Aluminum. However, since the oxide does not contain any Ga or As, the relative
quantities of these elements can be reliably measured without any contribution from
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Figure 4.15: Top: Electron microprobe locations and shapes. (A) Thick AlGaAs,
(B) Oxide, (C) Thin AlGaAs. Bottom: Energy Dispersive Spectroscopy (EDS) of the
oxide layer measured at above positions.
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surrounding layers.
In order to correctly interpret the EDS data obtained from the AlGaAs layers, a
normalization step must be performed [87]:
jC av
rC a v = kCaAs Cav
S ts
Ms
^D B R
j DBR
r-DBR
S ts

~

^GaAs j DBR
Ms

(4.4a)
(4.4b)

Where, C ^ v and C^asv are the concentrations of Ga and As in the cavity of AlGaAs
layer, and CqRR and C%fR are the concentrations in the DBR layers. Similarly, 7 ^ v
and I ^ v are the measured peak intensities for the cavity layer. Now since Ga is not
removed by the oxidation process, the concentration of Ga must remain the same in
both cavity and DBR AlGaA.s layers. Dividing Eq. 4.4a by Eq. 4.4b:
r^DBR
jDBR iCav
*Ms
_ M s l Ga
r^Cav
jCav jDBR
^A s
M s l Ga

ia

'

rv
’ '

From the above equation it can be seen that the Ga peak is normalized for both EDS
measurements, i.e.

/ I

= 1, the ratio of As concentration can be deduced di

rectly.
Figure 4.15 shows the spectra for the two AlGaAs layers normalized to the Ga
peak. As can be seen, the As peak of the thinner AlGaAs layer is about 20% lower
than the As peak of the thicker AlGaAs layer. Also shown is the GaAs EDS signature,
taken from the substrate, normalized to the Ga peak. Comparisons of GaAs, thicker
AlGaAs layer and thinner AlGaAs layer indicate that As is progressively lost during
oxidation from the AlGaAs layer. The As loss mechanism is most likely the same as
that described in Eq. 4.1. These observations suggest that there is no significant As
precipitation at the interfaces contrary to [76, 88].
In the lower part of Figure 4.15, where AlGaAs levels are compared to GaAs, the
AlGaAs spectra are normalized so their Ga peak is 80% of the magnitude of the Ga
peak from the GaAs sample.
A number of interesting facts may be inferred from the EDS spectra:
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• There is virtually no Arsenic left in the oxide after oxidation. This supports the
reaction mechanism as shown in E q.4.1. The oxidation process is very efficient
at removing residual Arsenic.
• The cavity AlGaAs layer has much more Arsenic in it than the DBR layer. Since
oxidation removes Arsenic as observed above, this indicates that the DBR Al
GaAs layer has suffered more oxidation. This is probably due to its lower thick
ness.
• The EDS spectrum coming from the DBR AlGaAs layer shows slight signatures
of Oxygen and larger Aluminum signature. This is probably due to excitation of
the adjacent oxide layers by the boundaries of the microbeam.
• The polycrystalline layer oxidized into the AlGaAs layers is approximately the
same thickness for all the AlGaAs layers. This is probably a function of the
intermixing length and oxidation temperature.
The fact that the AlGaAs has undergone some oxidation severely detracts from
its appeal in DBR applications. Clearly, the intermixing process causes the AlGaAs
layers to be more susceptible to oxidation. This polycrystalline layer forming at the
interfaces is probably responsible for a loss of cavity finesse due to increased scattering
losses.
A possible remedy to this problem may be to perform the oxidation at a lower
temperature. This way, oxidation is gentler and may not spread into the AlGaAs layers.

4.5

Conclusions

This chapter dealt with lateral, ”wet” oxidation of A1 rich layers. First the practical
aspects involved with achieving a high quality - repeatable lateral oxide are discussed.
Experimental procedures and apparatus for characterization of oxidized DBRs are de
scribed.
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One of the most promising structures in semiconductor opto-electronics is the
growth and fabrication of Oxide DBRs. These are studied in detail in this chapter.
Samples were grown using MOCVD of an 8 layer DBR resonator. The thickness of the
Oxide was reduced in order to increase the structure’s mechanical strength. The res
onator had a thick layer of AhoGasoAs for a cavity, and thinner layers of AboGasoAs
for the DBR.
These samples were then oxidized and examined in a TEM. The Selected Area
Diffraction Pattern shows that the structure consists of crystalline, polycrystalline and
amorphous materials. The BEI illustrates that the thicker layers of AlGaAs were still
crystalline, the oxide was amorphous and that there were polycrystalline layers at the
junction between the oxide and the AlGaAs.
Energy Dispersive Spectra (EDS) were taken of the oxide layers indicating that
no As was present. This supports the reaction sequence discussed in the literature by
which As is depleted from the AlAs layers during oxidation, as steam is allowed in.
The EDS spectrum of the thicker and thinner AlGaAs layers indicated that some
As was lost from the thinner layers - suggesting that these layers were also partially
oxidized at the interfaces.
The effects of pre-oxidation intermixing were then studied in this chapter. The
same resonators as were used in the previous experiment were implanted with protons
of multiple energies with doses of approximately 1x 10l5cm-2 , and 2x 10l5cm -2 . The
samples were then annealed at elevated temperatures in order to facilitate intermixing.
It was found that large shifts of the resonant wavelength were achievable - above
50nm. A model is proposed to explain this behavior. The shift in the resonant wave
length is caused by the reduction in effective thickness of the oxide layer due to inter
diffusion of Ga into the AlAs layers.
Finally a TEM image was taken of an intermixed sample to verify this behaviour.
The TEM shows that the interfacial - polycrystalline region has been extended past
the interface and into the AlAs layer, hence causing a reduction in the thickness of the
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oxide layer.
This type of technology can be used to post-growth tune the wavelength of intra
cavity VCSELs, hence simply yielding a monolithic, multi-wavelength VCSEL array.

Chapter 5
Transverse Modes in VCSELs
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Oxide confined VCSELs are the most common type of VCSELs fabricated today,
due to their ease of processing, long device lifetimes [89] and low threshold currents.
This chapter examines the processing and fabrication of oxide confined VCSELs. The
characterization of the higher order mode behaviour of oxide confined VCSEL is also
examined, and a novel design of a multi-moded oxide defined VCSEL which is capable
of being electrically steered is introduced.

5.1

Device Fabrication

As detailed in section 1.6, in order for VCSELs to attain the high current density re
quired for lasing, a current confinement structure is essential. In the oxide confined
VCSEL this structure is formed by laterally oxidizing a current confining layer be
tween the top DBR mirror and the active region, [90]. Lateral oxide has proved to be
a good choice for an aperture due to creating low optical loss [25].
There are a number of issues that need to be addressed during the growth of the
device. It is important to have the oxide layer as close to the active region as possible so
as to minimize current diffusion under the oxide layer. As is also explained in section
1.6.1, the exact position of the oxide layer above the active region is determined by the
steady state standing wave profile in the cavity. The oxide layer must be positioned at
the anti-node of the standing wave field, so as to minimize scattering and increase the
intra-cavity lensing effect (See Section 1.6.2).
Once the structure has been grown, the processing steps required to fabricate the
device depend on the type of device, and the desired characteristics of the device. In
this chapter, two main designs will be examined in detail. The first is the conventional
VCSEL device - where a major design goal is the attainment of lower device threshold
and high quantum efficiency. In order to produce a device of these characteristics it
is important to lower the number of transverse modes operating. The second type of
device is a novel device structure which aims to control the types of transverse modes
operating and therefore perform useful steering of the output beam as is useful in beam
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switching applications.
Both devices use the same wafer for their growth. The processing steps completely
define the resulting devices’ characteristics.

5.1.1

VCSEL processing

In order to achieve very low threshold currents, it is important to keep the device
dimensions very small. It has been reported in the literature that threshold current is
expected to decrease with decreasing aperture diameters up to a point where the small
aperture results in increased scattering losses.
Figure 5.1 shows the main processing steps taken in the preparation of a VCSEL
from the as grown wafer. These steps are outlined in detail in the following paragraphs.
After the VCSEL is grown it is cleaned thoroughly. The wafer contains top and
bottom DBRs, made from a material which does not oxidize readily, in our case 20%
A1 content AlGaAs. Just above the active region is a layer made from AlAs or AlAs
with a very small quantity of Ga. The interfaces were graded between the AlAs layer
and the surrounding layers in order to increase the adhesion of the layers and increase
the overall mechanical stability.
The next step is the patterning and metalization of the current aperture. In most of
these lasers the metal aperture consisted of a square ring of inner diameter \0/um and
external diameter of 30^um. This first metalization step is needed in order to obtain a
well controlled and even current distribution into the aperture. The presence of the ring
contact makes the second alignment step simpler. The best metal to use for this step is
pure gold, since it is resistant to the corrosive environment in the oxidation chamber.
It was found that since the very top layer in the VCSEL stack is so highly doped, the
Schotky contact was nearly ohmic for pure gold.
The next step is the patterning and etching of the VCSEL Mesa. This is achieved
by protecting small rectangular areas in the center of the aperture and wet etching the
remaining wafer using an 8:1:1 ratio of F L O ^ C L ^ P O ^ The etching time is not
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Figure 5.1: Processing steps required for processing an oxide confined VCSEL
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crucial as long as the AlAs layer has been exposed. The active region may be etched
through, providing the oxidation depth is sufficiently long (greater than 5-lO^m) to
prevent surface recombination at the mesa edge.
Immediately after etching, the sample was placed in ethanol to prevent further
oxidation of the AlAs layer in air. This was found to increase the repeatability and
reliability of the oxidation process. The sample was then loaded in the furnace and
oxidized under steam ambient in a similar manner to that described in section 4.1. The
timing of the oxidation is very crucial: If the oxidation is left too long, the oxide will
completely cover the aperture and no current will flow, destroying the sample. If on
the other hand oxidation time was not sufficient, the aperture is still rather large and
threshold current density can not be reached. The oxidation rate was found to not be
repeatable enough to obtain consistently accurate results, hence it was found that in
order to minimize the error in the oxide length, the mesa size should be made as small
as possible. This way a 5-10% error in the oxidation rate would be translated to a
2-5/jm error in the aperture size.
At this stage the lasers may be tested by placing a probe on the top contact and
painting InGa eutectic solution on the back side of the wafer. Threshold current may
be obtained and lasing characteristics measured. If the lasing threshold is still too
high, it was found that a further oxidation in the furnace helped to reduce the aperture
size. However, the oxidation rate of the second oxidation step was found to not be
repeatable.
The following two steps are required if the devices need to be packaged. Many
devices were not packaged in our lab, because we had the facilities to test devices
from the die without packaging. For many tests this was sufficient. However, for
collaboration purposes some devices were packaged and sent to other institutions to
be analysed.
The packaging steps involve a planarization step, where a high viscosity polymer
is applied and patterned around the aperture in order to reduce the surface roughness
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resulting from the etching of the deep mesa. This usually employed spinning photo
resist and hard baking in a furnace for several hours.
After the planarization step, a further metalization was used to deposit large pads
which would form contact with the gold ring deposited initially. These pads were then
bonded to a commercially available package by using a wire bonder.

5.1.2

Laser Testing and Characterisation

As mentioned earlier, the most crucial step in the processing of the VCSELs is the
oxidation step itself. The oxidation timing must be precisely correct to obtain the
desired aperture size. Conveniently, the device need not be fully processed before
testing the characteristics [91]. A sample device may be taken after the oxidation and
powered by using a thin probe. This allows for direct testing of the aperture size by
using an optical microscope. An example is shown in Figure 5.2.
After forming a contact with the probe, and injecting a small amount of current
(under 0.1mA), the active region will start spontaneously emitting light. By adjust
ing the focal length of the optical microscope it is possible to measure precisely the
aperture dimensions. This way oxidation rate may be precisely calibrated.
LI Characterisation
Another important method of characterizing VCSELs is by measuring the LI and IV
characteristics of the device. In our experiments the output light was collected by a
Silicon detector at a distance of a few centimeters from the Laser’s top aperture. A
typical Light vs. Current curve is shown in Figure 5.3.
Figure 5.3 shows the CW LI-IV curves measured from a wide aperture device, of a
square aperture approximately 20^m on each side. The voltage curve shows an initial
voltage drop of approximately 2.3 Volts, but a very low resistance rising to 3.8 Volts
at 30mA of pump current. This indicates that the contacts are of high quality, and the
ohmic resistance of the DBR stack is very low.
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Figure 5.2: Optical Micrograph of VCSEL being tested after oxidation. Top, with
the top contact in focus, bottom with the aperture in focus. The laser is powered
throughout the test at a very low driving current, using the probe (lower right).
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Figure 5,3: LI curves of typical Oxide confined VCSEL

From the LI curve it can be seen that the device has two separate thresholds. The
first at 5mA leads to a very weak first mode, while the second threshold at approxi
mately 12mA leads to extremely efficient lasing action. This example illustrates that
the device operates in 2 distinct transverse modes. This behavior is typical of VCSELs
in general.
The next feature of interest in the LI curve is the thermal roll-over above 20mA.
This can be explained by considering the Gain Alignment problem shown in Figure
1.15 [92]. Here the QWs’ emission wavelength is aligned with the resonance wave
length at the device’s operating temperatures. When increasing the current, the emis
sion wavelength drifts out of alignment - reducing the overall power output, until fi
nally extinguishing the laser altogether.
Although the thermal roll over also occurs for proton implanted VCSELs, it usually
leads to device degradation. This occurs because the elevated temperature increases the
diffusion of defects into the active region, hence reducing the radiative recombination
rate. Since in oxide confined VCSELs, the defect density is much lower, the thermal
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shutdown is reversible and has no adverse effects on the device lifetime.

Spectral Measurements
Spectral measurements reveal much information about the modes excited in a VCSEL.
This can then be correlated to information extracted from LI measurements to observe
directly the evolution of transverse modes in the VCSEL.
Figure 5.4 shows the spectra for low duty cycle excitation of an oxide confined
structure as well as the LI curves. As can be seen the kink in the LI curve above
10mA approximately corresponds to the emergence of the second transverse mode.
The second mode is approximately 1nm below the fundamental mode. Vertical Cavity
Surface Emitting lasers (VCSELs) are unique in that the cavity is short enough to only
support a single longitudinal mode. This fact, in combination with the extremely high
cavity finesse cause VCSELs to exhibit much reduced emission line width. Many
applications require the laser to operate in a single mode, like Wavelength Division
Multiplexing (WDM).
Despite the fact that all VCSELs operate in a single longitudinal mode, most VC
SELs begin to operate in a number of transverse modes at higher pump currents. Trans
verse mode operation is more pronounced in VCSELs over edge emitting lasers since
the aperture of VCSELs is typically 5-10 times larger than the aperture of edge emit
ting lasers.
In this work the transverse mode characteristics of VCSELs is examined. It is
shown how the transverse modes may be controlled and reduced, as well as used ef
fectively to produce a novel steerable VCSEL design. A method has been developed
to measure the transverse mode contents of an output beam as a tool for the design of
better modal control in VCSELs.
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Figure 5.4: Low duty cycle excitation of an oxide confined VCSEL. Top: Spectra
at various driving currents. Bottom:Corresponding LI curves. Vertical Lines mark
driving currents used for spectra
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Figure 5.5: Setup for characterization of transverse modes

5.2

Mode characterization

The transverse mode behavior of VCSELs is of immense interest from the device per
formance perspective. It is important to not only reduce the number of higher order
modes, in order to decrease threshold current, but also there is a need to study the dif
ferent types of higher order modes and their polarizations [93]. It has been often noted
that the polarization state of VCSELs is often unstable exhibiting oscillations between
degenerate polarization states [94].
The experimental observation of higher order transverse modes is challenging since
the transverse modes are spectrally close together, while spatially overlapping. Hence
traditional near field observations (e.g. as observed with a microscope and CCD cam
era) are not capable of resolving the different transverse modes. The fundamental
problem is in performing a measurement which will simultaneously resolve the spa
tial and spectral characteristics of transverse modes. Early experimental attempts have
included imaging the output beam through a monochromator [95, 96], a method quite
effective for gain guided VCSELs (where modal separation is large), but less than
ideal for index guided VCSELs. More modern approaches include Near Field Scan
ning Optical Microscopy (NFSOM)[97] and scanning the near field with a fiber [98]
(most effective for wide aperture lasers).
Further complications arise when apparatus is placed in close proximity to the
front edge of the VCSEL, since the transverse mode behavior is strongly dependent on
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optical feedback [99, 100]. Particularly, NFSOM is unable to measure the effects that
external reflections pose on the modal structure of the VCSEL. Often it is of interest
to characterize the device under time delayed feedback conditions [101].

5.2.1

Experiment and Apparatus

In order to separate the transverse mode structure it is necessary to separate the out
put beam into different spectral components at overlapping spatial positions. This is
achieved by the setup outlined in Figure 5.5. The VCSEL array is imaged by using a
microscope. The objective power is 20x while the eyepiece power is 2 0 x . The image
plane is first located with a CCD and a fiber is positioned on that plane. The fiber
(multimoded - 60/jm core diameter) is used to sample the light at the spatial position.
This light is then passed to a monochrometer in order to analyse the modal structure.
The overall magnification attained by the magnifying system was about 25 (i.e. the
lOjUm VCSEL was imaged onto a 250/./m disk in the image plane, I). Figure 5.6 shows
the spectra obtained both when the fiber is located at the center of the beam and at
the peripheral. The VCSEL used for these experiments was a 10fjm diameter aperture,
index guided structure.
As can be seen, there are two dominant modes operating under these current in
jection conditions (5.8mA, threshold current approximately 4.5mA). The fundamental
mode is operating at a longer wavelength (848.2nm), while the second order mode is
operating at 847.8nm. Clearly as the fiber is moved away from the center of the beam,
the second order mode increases in strength, while the first order mode decreases in
strength.

5.2.2

Model

The VCSELs may operate in a number of different modes, each having a different
frequency. Assuming each mode to be completely coherent, the electric field at the
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Figure 5.6: Spectra taken at three places in the main beam. (A) Center of beam, (B)
about half way between the center of the beam and the edge, (C) close to the perimeter
of the beam

aperture of the device may be described as a superposition of N modes:
N

E = ^e,-(x)exp;'co/r

(5.1)

i=i

By performing an intensity measurement of the near field, one may only obtain the
sum of the intensities of all the modes. In order to resolve them, the spectrum analyzer
was used as in the setup above to obtain the frequency dependence of the intensity
distribution, resulting in the convolution, [ 102, 103]:
N

/ ( C0,x) = 2 > (c o -c o ,)

X

I ej(\ -

t)

/ ( t)J t

(5.2)

1=1

Where g(co) is the broadening function (or impulse response) of the spectrum ana
lyzer1, and /( x ) is the combined impulse response of the fiber, and the imaging sys
tem. Hence in effect we get N broadened peaks, at each point in space. In order to
'Since we assume the modes are coherent, the spectrometer broadenning function may be factored
out of the convolution
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fully resolve each mode, the Rayleigh condition must be met. Note that if the broaden
ing function g(co) is wider than the modal separation, a correction must be applied to
each mode to account for the modal overlap and hence estimate the actual magnitude
of each mode.
The fiber’s impulse response was estimated to be of Gaussian shape with a \ / e
width of 60^m. Hence a deconvolution of the fiber response function and the measured
profile was used to sharpen the image.
In order to estimate the function 7(o),x), we sampled the plane / in a Cartesian grid
pattern, with samples separated by Ax. The maximum allowed separation Axmax was
found by considering the far field divergence angle, 0max. Since kx and 0 are Fourier
transform pairs, the Nyquist limit [ 103] is:
Ax max

tcM

MX

0max^

20max

(5.3)

Where M is the magnification of the optical system. Hence, according to Nyquist’s
theorem, as long as we choose Ax < Axmax, the original function / ( co, x) can be found
exactly by FFT interpolation methods.

5.2.3

Results

The CW modal distribution of the VCSEL was measured at a constant current of
5.8mA. The second order mode was quite pronounced at that current, and was sep
arated by 0.4nm from the fundamental mode. The measured spatial distribution for the
two lowest order modes is given in Figure 5.7.
As was shown in previous models, [104], the fundamental mode of the VCSEL is
a Gaussian with a \ / e width equal to the aperture size. This compares well with the
measured mode depicted in Figure 5.7(B).
Since the VCSEL is circularly symmetric, we expect the TEMoi and TEM jo modes
to be degenerate (i.e. have the same wavelengths) , and of equal power. The measure
ment of the second order mode shows that this mode consists of a degenerate combina-
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Figure 5.7: (A) Distribution of second order mode at 5.8mA, (B) distribution of the
fundamental mode at 5.8mA.
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(a) TEMqoat 5.0mA

(b) TEM01 at 4.6mA

(c) TEM01 at 4.8mA

(d) TEM0I and TEMI0at 5.0mA
10|nm
Near Field Distance

Figure 5.8: Evolution of the transverse modes with current. Top Left: First order mode
at 5.0mA. Then clockwise - evolution of second order mode from threshold
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tion of TEMoi and TEMio modes, but their power is not equal. This could be because
of some fabrication errors in the actual device.
It is clear, however, that the TEMoi and TEMio modes are both present and have
the same wavelength, as far as our spectrometer can determine.
The experiment was repeated at different currents to check the modal evolution of
the second order mode. This is shown in Figure 5.8. The fundamental mode is quite
close to gaussian for all currents. The second order mode starts to appear about 4.6mA,
but looks like having two main lobes. This is consistent with the TEMoi mode. The
degenerate TEMio mode does not appear until injection current is greater than 4.9mA.
Since the TEMoi and TEMio modes are separated closely in the frequency domain,
the monochromator can not resolve the two modes.
Hence we can conclude from these results that the second order mode consists of
the degenerate TEMoi and TEMio modes. It can be seen that one of these modes has
a lower threshold current. This could be attributed to spatial dampening of this mode
or to polarization effects.

5.2.4

Far Field Measurements

Far Field measurements are simple to make, and are invaluable for the quick observa
tion of the VCSEL’s modal performance during the fabrication process. The Far field
emission pattern of a laser and its variation with current gives a good indication of the
laser’s modal performance.
Figure 5.9 illustrates the technique used to image the device’s far field emission
pattern. The device is placed in front of a screen. The image of the screen is then cast
onto a CCD camera. The camera feeds the image digitally to a PC equipped with a
video capture card.
Figure 5.10 illustrates a particular far field emission pattern from a 20/rni aperture
rectangular VCSEL. As can be seen the far field emission consists of a circular, daisy
mode pattern. The emission just above threshold had a wide divergence (^ 6 0 ° ). As
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Figure 5.9: Experimental setup used for far field imaging.

the current is further increased, the divergence of the emitted beam is reduced.
This observation inspired the idea of steerable lasers. If a laser could be made to
move its far field emission pattern according to the injected current, many applications
requiring rapid optical steering could become viable. This is the topic of the next
section.
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Figure 5.10: Far Field beam patterns from a 20/um circular VCSEL. Driving current is
A: 9mA, B: 13mA, C: 15mA and D: 21mA
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Steerable VCSELs

Vertical Cavity Surface Emitting Lasers (VCSELs) present a number of advantages
over conventional edge emitting lasers. Some of these advantages include the ability
to fabricate VCSELs in dense, closely packed 2D arrays, lower handling and process
ing costs and extremely good output beam shapes with low astigmatism. All these
properties combine to make VCSELs extremely valuable for optical interconnect ap
plications [105, 106].
Free space optical interconnects have been researched intensely over the past decade
as a method of constructing highly parallel smart pixel arrays [107]. One desirable
property in smart pixel technology is a steerable laser [108], for applications such as
dynamically reconfigurable interconnects [109], optical switches [110], and free space
optical multiplexers. Steerable VCSELs have been implemented using non-uniform
current injection [111], integrated optical beam routers [112, 113], However, the steer
ing angle achieved was relatively small in relation to the spot size. This makes it
difficult to produce low crosstalk free-space interconnects.
It has been observed frequently that wide aperture VCSELs are found to lase in
daisy modes at lower currents [114, 115]. This has been identified as a current spread
ing effect [116], causing the laser to operate almost exclusively near the perimeter of
the aperture.

5.3.1

Experiment and Results

The VCSEL was grown by MOCVD. Square contacts were deposited with 40/jm width
and 20/./m aperture. Rectangular mesas were etched of dimensions 60^umx 50/um, and
the aperture was defined by a standard oxidation step in a furnace at 425°C [117]. The
final width of the aperture was approximately 9/imx 18^um, as measured by an optical
microscope. The size of the aperture in one dimension is made quite small in order
to better confine the current, and hence limit the number of modes operating in that
direction, while still supporting many modes in the orthogonal direction.
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Figure 5.11: Far field of steerable Laser as measured under a number of different
driving currents
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The threshold current for the laser was 8mA, while the maximum current attainable
was about 40mA at CW excitation. Far field was measured using a CCD placed behind
a screen. Due to the rectangular shape of the aperture, the far field consisted of 2
main lobes. The angular separation of these lobes was found to depend on the driving
current, as is shown in Figure 5.11.
Figure 5.12 shows the power distribution of the laser beam as a function of driving
current. To arrive at this figure, the beam profile along the major axis of the laser was
measured as a function of driving current. The lower part of Figure 5.12 shows the
intensity profiles stacked up in the vertical direction. As can be seen, the intensity
profile at each current consists of a superposition of a number of transverse modes. As
the current is increased, transverse modes which are closer to the normal are excited,
while those modes that are further from the normal become extinguished. This effect
results in the shifting of the beam towards the center. Clearly the actual transverse
modes do not change their spatial positions indicating that the cavity does not change
with heating, but instead, that the formation of a thermal lens causes the redistribution
of light amongst the transverse modes. Figure 5.13 shows the same intensity plot, but
with polar coordinates. This representation emphasizes the steering nature of the laser
beam.
The steerable property of this wide area VCSEL is promising for applications in
beam switching- free space optical interconnects. In particular we used the VCSELs
as an electrically controlled switched source. This was done by placing two detectors
above the VCSEL. The first detector D1 was placed at a distance of 6cm above the
laser and 4cm away from the normal. A second detector D2 was placed at the same
height but 12mm closer to the normal. Both detectors had an aperture of diameter
3mm. This setup is illustrated in Figure 5.14.
At first a constant current was injected into the laser, so as to maximize the light
shining on each detector. Under CW excitation we found that for these particular pa
rameters, D1 received maximum power when the current was 16.2mA. At this current
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Figure 5.12: The beam profile as a function of the driving current. Top: False color
image, the whiter areas represent brighter regions of the intensity. Bottom: Waterfall
graph at selected currents.
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Figure 5.13: Polar plot of the beam profile obtained at 3 driving currents.

the power received in D2 (crosstalk) was 18.2dB lower than the maximum power at
D2. When the current was increased to 26.3mA, D2 received its maximum power
which was about 1.7dB higher than the maximum power in D l. At this same current
the crosstalk power received at detector D 1, was 23dB lower than the maximum power
at D l.
In order to measure the transient behavior of the VCSEL, the VCSEL was modu
lated using a low duty cycle square wave. The on time was set at 15/ lis. The transient
signal from D2 was measured using an oscilloscope. The results are plotted in Figure
5.15.
At first, the on current was set to be below the current at which the laser beam
points directly at D2. This caused the beam to slowly move until some of the beam
was overlapping with detector D2 (Curve A). The on current was then set so that the
laser beam was in alignment with the detector, at approximately 26mA. This is shown
in curve B. It takes about 20/ js for the beam to reach steady state and realign with the
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Dl

D2
Light Beams

VCSEL
Figure 5.14: Experimental setup used for measuring steerable VCSELs as optoelec
tronic switched lasers

detector.
When the on current is increased further past the optimal current, the power at
D2 reaches a maximum, after approximately 10/js , and then begins to decrease slowly
(curve C). Clearly the beam is steering first into alignment and then slowly out of
alignment past the detector. This observation is further reinforced by curve D, which
has the on current set at 35mA. The power at the detector peaks about 9/js after the
current pulse, and then quickly extinguishes as the beam sweeps completely out of
alignment of the detector.
An interesting observation is seen in curve E, where the off current is set to 12.3mA.
Here, the laser is biased above threshold, even when the pulse is off, and therefore con
tinues to lase as the thermal lens is dissipated. This causes a secondary pulse after the
current pulse has turned off. This behavior is very similar to that observed by [49, 118],
therefore it may be concluded that thermal lensing is the major factor in the steering
behaviour. Hence the angle of the output beam depends on the localized heating of the
active region.
From the above measurements it can be seen that steering is quite a slow phe-
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Drive Current

Figure 5.15: Transient behavior of Steerable VCSEL, as seen from detector D2. lon is:
A) 21.3mA, B) 25.7mA, C) 30.0mA, D) 35.0mA, E) 38mA. 10yy is zero for A-D, and
12.3mA for E

nomenon having time constants of the order of several microseconds. This is still an
acceptable behavior in an optical switch, where the steering of the laser beam sets up
a channel, upon which a fast bit stream is imposed. In this application, switching time
can be quite slow, while modulation speed is very high. Clearly since the steering of
this device is controlled by the current, the current modulation of the light needs to be
modulated faster than the thermal time constant of the thermal lens.
System cross talk can have a negative impact on a free space interconnect system
performance, particularly when transmitting at very high bit rates [119]. In the case of
the steerable VCSEL, a large component of the cross talk arises from the instability of
the beam as a result of the large thermal time constant.
In order to measure this time constant, the crosstalk between two channels is mea
sured as a function of modulation conditions. In the case of the steerable VCSEL, the
crosstalk depends on the modulation characteristics as well as the separation between
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Figure 5.16: Lines of constant crosstalk power.

the two detectors. In order to investigate the dependence of the crosstalk on the mod
ulation characteristics, we measure the average power in detector Dl, while the beam
is aligned on detector D2. The amplitude and modulation frequency are then varied.
This is illustrated in Figure 5.16.
As the frequency is increased, the modulation amplitude must also be increased in
order to maintain the same crosstalk power. If the modulation frequency is increased
past 50kHz, we found that increasing the modulation depth did not result in the in
creasing of the crosstalk power. The minimum crosstalk power measured under high
frequency conditions was the same as the steady state crosstalk power. Hence in a
real application, the laser will need to be modulated at a minimum frequency of about
50kHz, at maximum modulation depth. The average power must also remain con
stant so a constant power coding scheme such as a Manchester code should be used to
further stabilize the thermal lens.
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Figure 5.17: Current flow model for the steerable VCSEL.

5.3.2

Model

In order to better understand the processes involved in this form of steerable lasers, a
model was developed.
A proposed model to explain this is shown in Figure 5.17. The model illustrates
current crowding effects in a top emitting VCSEL. The top DBR is approximated by
a Laplacian (isotropic and charge free) slab of width 3^um. The VCSEL has a ring
contact around an aperture of diameter 10^/m. The active region is the same diameter
as the aperture and is isolated by buried lateral oxide. The boundary conditions at
the top aperture, the sides and the oxide regions satisfy the Neumann condition (no
current flow). The potential at the top contact is taken to be V. The active region is a
Description
Thickness of top DBR
Aperture Radius
Cell density
Boltzmann constant
Saturation current
Resistivity

Constant
Thickness
r
N
kß
js
a

Value
3/jm
5/ jm

10/jm-1
l.380658e-23 JK T1
3e-14 Am-2
257e-5 n r r r 3

Table 5.1: Table of constants used in the simulations.
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pn junction obeying the diode equation:
j{r)

=

j s S exp

(5.4)

Where kß is Boltzmann’s constant, e is the electric charge, j s is the saturation or
leakage current and m is the ideality factor, taken as 2. Clearly the potential distribution
at the active region is:
(5.5)
The current distribution is assumed to be the same at the top of oxide layer as it is
at the active region itself. The current distribution across the top of the oxide aperture
is found by solving Laplace’s equation in the top slab under the given boundary condi
tions. The current is then calculated through the active region, and the potential at the
active region is recalculated. This process repeats until the model converges.
It was found that the presence of a diode-like interface at the active region tends to
flatten the current distribution a little. This happens since from Eq. 5.5 the potential
drop increases with current. Hence the regions with high currents will increase their
potential which will control the current.
The current density is shown in Figure 5.18. As can be seen the current consists of
a constant component which is uniform across the aperture as well as a non-uniform
or current crowding component. This is maximized at the perimeter of the aperture.
For small aperture devices, the current density is expected to be relatively uniform.
However, for larger area devices, current crowding effects are more significant. This
result agrees favorably with the analytical solution presented in [116].
The temperature distribution within the DBR itself is then calculated from the heat
equation:
£ V 2m+ WK ■Vu = op —
dt

(5.6)

Where K is the thermal conductivity, o is the specific heat, and p is the density of the
material. At steady state, assuming the thermal conductivity to be constant we arrive
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Figure 5.18: Calculated Current Density for VCSEL

at:
V2m = 0

(5.7)

Which is Laplace’s equation. It is now possible to solve this by using Green’s theorem.
The Green’s function can be shown to be:

sM

1
V d 2 + x2

(5.8)

Where d is the vertical distance from the active region. The temperature distribution
at a distance d from the active region can be found from the convolution:
T( x, d) =

J'

q(s)

-ds
\ / d 2+ { x - s ) 2

(5.9)

where q(x) is the heating function (forcing function). This can be qualitatively written
as:
q(x) = kJ2(x)

(5.10)

and k is a proportionality constant incorporating the material resistivity, density and
heat capacity. The temperature distribution for 3 representative currents is given in

158

5. Transverse Modes in VCSELs

----- L ow Pump Current
----- M edium Pump Current .
----- High Pump Current

D istance across aperture (pm )

Figure 5.19: Temperature distribution for three representative driving currents

Figure 5.19. As can be seen, at low pumping currents, two distinct peaks occur in the
temperature profile. Since refractive index increases with increasing temperature over
the range of temperatures of interest, this results in two distinct thermal lenses.
This thermal lensing is responsible for forming two distinct beams at low currents.
Clearly, however, as the pumping current is increased, the current distribution becomes
more uniform across the aperture, as is shown in Figure 5.18, this results in a single
thermal lens. As the pumping current increases, the absolute value of the temperature
increase is also greater, leading to stronger thermal lensing refocusing the beam into a
single beam.

5.4

Conclusions

This chapter examined the transverse mode behaviour of VCSELs. The emphasis
of this chapter was the design and fabrication of oxide confined VCSELs, and the
transverse modes which arise as a result of these structures.
The transverse mode characteristics which are different between the oxide confined
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and proton implanted devices. Whereas in the latter, there is weak guiding within the
cavity susceptible to thermal lensing, the former case has stronger guiding within the
cavity causing more stationary mode structure with less dependance on the thermal
lens for lasing.
The processing steps required to produce high quality, repeatable oxide defined
VCSEL are outlined. The main advantages for the oxide confined process include the
ability to test the device during every stage of processing - hence eliminating defective
devices from the manufacturing process.
The important characterization techniques are outlined. In particular the Light vs.
Current curves are shown, these display a thermal roll over. This roll over occurs due
to misalignment of the Quantum Well emission wavelength with the resonant wave
length of the cavity. Spectral measurements display well separated transverse modes transverse modes can be correlated with kinks in the LI curves.
A novel way for the characterization of transverse modes is demonstrated. This
way relies on the spectral separation of the spatial distribution of transverse modes.
The technique is useful to map out the spatial distribution of a particular transverse
mode of interest. The technique has been applied successfully to isolate the first and
second order modes from a circular VCSEL.
Far field measurements were made on large aperture circular VCSELs. These show
lasing in daisy modes. The far field divergence angle of the daisy modes changes
depending on the driving current.
This property is then used to construct a steerable VCSEL. The laser has two sym
metrical beams, which move closer to the normal with increasing currents. The steer
ing range was between 30° from the normal to the normal. This was done over 30mA.
The threshold current for this device was around 8mA. The aperture size of this laser
is approximately 16^mx9^m.
The steerable laser is then used in an electrically activated optical switch imple
mentation. The cross talk suppression obtained was better than -18dB. Minimum
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modulation speed was found to be 50kHz. Transient measurements indicate that the
steering mechanism is a thermal one.
A model is proposed to explain the steering behavior. The model shows that under
low pumping currents, current crowding effects are significant. These crease 2 dis
tinct thermal lenses- in effect creating two separate beams. As the pumping currents
increase, the current becomes more uniform - leading to focusing of the two beams
closer together. At high pumping currents, there is only a single thermal lens.
The steerable laser was shown to be useful in dynamically reconfigurable intercon
nects. There is a potential for these devices in optical back planes and optical switching
applications.

Chapter 6
Summary and Further Work
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This work mainly focussed on developing novel approaches to device design, pro
cessing and testing of VCSELs.
Today, it is estimated that VCSELs make up the majority of mass produced low
cost lasers. The focus of research has shifted into more novel uses for VCSELs. It has
become apparent that the devices are extremely robust and cheap to produce, and work
is underway to develop novel VCSEL devices. Examples of these novel innovations
include tunable VCSELs, long wavelength VCSELs and steerable VCSELs.
This work contributed to the development of novel VCSEL devices in many ways.
The ion implanted VCSEL is a common VCSEL design, usually using proton implan
tation for electrical isolation. In this work the use of heavier species implantation was
explored, and in particular Oxygen implantation. A comparative study of the isolation
properties of both proton implantation and oxygen implantation was made on p and
n-type DBRs as are used in VCSELs. The study explored the effect of implantation on
the optical and electrical properties of the DBR.
It was found that oxygen is very effective at creating large damage cascades caus
ing large optical losses in the DBR. The result of this damage is an overall increase in
the refractive index of the DBR as well as an increase of optical loss. The electrical
isolation due to oxygen implantation was found to be less thermally stable than in the
proton implantation case, due to re-crystallization effects, mainly due to the forma
tion of polycrystalline regions. This suggests that implantation conditions need to be
chosen to avoid amorphisation of device structures.
The increase of the refractive index in the oxygen implanted DBR was shown to
lead to an overall lowering of transverse mode excitation by comparing proton im
planted VCSELs with oxygen implanted VCSELs. This general behavior can be at
tributed to the anti-guiding introduced losses in the implanted material being more
pronounced for higher order transverse modes. This technique was used to fabricate
linear response, low modal content ion implanted VCSELs.
Lateral ”wet” Aluminum oxide is a very popular material used in GaAs/AlGaAs
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based opto-electronic devices. This thesis demonstrated novel applications for this
oxide. The oxide was demonstrated to enhance the interdiffusion of quantum wells
very efficiently. Wavelength shifts of over 40nm (corresponding to an interdiffusion
length Lt{ ^ 10/4) were observed. This property could be used in the post growth tuning
of the quantum wells in optoelectronic devices.
Traditional post growth tuning techniques do not apply to VCSELs, since the emis
sion wavelength depends on the cavity geometry rather than the quantum well transi
tion energy. This work demonstrated a novel process for the post growth tuning of
oxide DBR cavities, by performing the intermixing step prior to the oxidation of the
DBR. This method is very effective in shifting the resonant wavelength of the cavity,
with shifts as large as 50nm easily achieved.
A TEM study of this post growth mechanism was also shown. The oxidation pro
cess was shown to remove As from AlAs. A poly-crystalline interface layer was found
between the AlGaAs and the oxide. This interface layer thickness appears to depend
on the intermixing and oxidation conditions.
One of the most interesting properties of VCSELs is the transverse mode behaviour
of the device. A novel method for transverse mode characterization was presented. The
method relies on imaging the near field of the laser and then using a fiber scanning
apparatus to measure the spatial distribution with spectral separation. The method is
then used to image the fundamental as well as the second order modes of a VCSEL
despite the fact that they overlap spatially.
A novel steerable VCSEL was presented in this work. The laser has two beams
symmetrically separated from the normal. As driving current is increased, the beams
steer towards the normal. The device demonstrated wide steering range from 30° away
from the normal to near normal emission. An optical switch was constructed using this
novel device. The switch consisted of two detectors situated 1cm apart and 6cm above
the device. The output beam could be aligned with each detector by adjusting the
driving current appropriately.
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Transient waveforms were measured using these detectors, while the laser was
modulated at various frequencies. This demonstrated that the steering effect has a time
constant of the order of microseconds. A crosstalk measurement was also performed
under various modulation depths and frequencies. It was observed that crosstalk levels
increased for low modulation frequencies, while crosstalk was unaffected at better than
18dB, when modulated above 50kHz.
This observation indicates that the steering behavior is primarily thermally driven.
A model was then presented showing that thermal lensing coupled with current spread
ing is responsible for the observed laser behavior.

6.1

Further work

Recent work in the development of high speed processors has been setting new clock
frequency goals on an annual basis. It is now feasible to clock CPUs at higher than
1GHz and 2-3GHz appears to be quite possible with current technology. This trend of
high clock rates for CPUs has been hampered by the physical limitations imposed on
the interconnecting circuits and buses involved.
The system bus is the main interconnect responsible with delivering data between
different resources, such as CPU and memory to different peripherals, such as Hard
Disks, Network connections and video processors. Traditional computers have an
electrical bus consisting of copper tracks on a dielectric motherboard.
When one considers that at current CPU clock rates, the physical extent of electri
cal buses approaches the dimensions of the electromagnetic wavelength of the clock
signals. The task of properly managing radiation and electromagnetic cross-talk be
tween electrical interconnects is becoming more and more challenging. In practice bus
speeds have not been able to match the equivalent increases in CPU speed, and cur
rently run at 10-15% the speed of the CPU. This factor leads to bottle necks typically
associated with low memory bandwidth and limited I/O speeds.
A topic of intense research in the last few years had been the implementation and
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viability of optical interconnects for inter-board and inter-chip communications. These
are seen as promising technologies used for implementing future high speed buses in
computers. The free space interconnection is seen as a possible candidate achieving
complex, robust interconnects within a small confined space.
Vertical Cavity Surface Emitting Lasers (VCSELs) have a number of attractive
properties for optical interconnect applications. VCSELs can be mass produced very
cheaply since no manual cleaving is required. In addition, VCSELs have been pro
duced with very low threshold currents and high quantum efficiency. These factors
make VCSELs very suitable for applications where a large number of lasers needs to
be packed into a small space with acceptable power consumption requirements.
There are three traditional approaches for implementing optical buses. These are
shown in Figure 6.1. The fiber channel bus (part A) has each resource and peripheral
connected to every other one via an optical fiber. The light from all these fibers is then
mixed onto a central coupler. This approach requires that only one resource/peripheral
communication occur at any one time since the channel is occupied. Also since power
is distributed equally to all peripherals at once, the total fan out is limited.
Free space optical interconnects (part B) dispenses with the need for fibers by split
ting the output light into a number of beams, each aligned with a particular peripheral.
These dispense with the cost and complexity of fiber connections and require much
less space. The fallback with this design is that the optics are difficult to produce accu
rately. Again, simulatenous data transfer operations are not possible, and total fan-out
power depends on the laser power.
Steerable lasers are ideal for free space optical buses. Each transmitter is capable
of aligning with a single peripheral, as required, leading to low crosstalk with other
peripherals and allowing simultaneous connections to be carried. Since the steerable
laser is capable of steering smoothly through a range of angles, electronic feedback
may be used to dynamically align the beams, placing far lower tolerances on the micro
optics. This idea is illustrated in Figure 6.1.
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Figure 6.1: Proposed optical bus solutions. A) Fiber Channel bus, B) Free space opti
cal interconnects with fixed optics, C) Free space, dynamically reconfigurable optical
interconnects using steerable lasers

In addition since the fan-out of each steerable laser remains the same, regardless of
the number of peripherals connected to it. The power levels can remain low - leading
to better system efficiency.
Probably the most exciting outcome of this work is the potential implementation of
an optical free space bus from the steerable lasers presented in this work. The steerable
lasers were demonstrated to operate satisfactorily on the device level - providing large
steering range, relatively high power and low crosstalk. However further work needs
to be carried out to implement a system level optical bus from these devices.
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A. Device Processing Techniques

A.l

Masks

The following masks were used for each step of processing

Metalization
Pads

oooooooooo
oooooooooo
oooooooooo
oooooooooo
oooooooooo
oooooooooo
oooooooooo
oooooooooo
oooooooooo
oooooooooo

Isolation
Trenches

Implantation
Masks

Figure A.l: Mask for proton isolated VCSEL. Diameter of metalization pads 100,um,
diameters of implant masks range from 19/,/m to 32^m

Appendix B
Growth Programs
B.l

VCSEL Growth programs

The following figures detail the growth parameters used for growth in the ANU’s
MOCVD reactor. There are a number of sources represented by the different columns,
these are TMG (1 and 2), TMA1 (1 and 2), TMIn, Arsine (1 and 2), and Phosphine.
The dopants are DMZn and SiPG
The tempertature for each step is also indicates as well as the time in minutes and
seconds. Pressure is indicated in Torr, and a description is given to each step.
All sources have three possible states, indicated by a letter adjacent to the flow
rate in seem. These letters can be P for Purge - the source is not used. V for vent
- source is being pressurised and switched to the vent line, and R for run - source is
being switched into the cell and is running.
Ramps are indicated by the letter L, while a repeated loop is indicated by a number
surrounding the loop in the second column.
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Appendix C
Computer programs
C.l

Reflectivity Calculations

/ * T h i s p r o g r a m o u t p u t s t he powe r r e f l e c t i v i t y a b r a g g m i r r o r
*
We R e q u i r e t wo f i l e s : ” n ” i s t he r e f r a c t i v e i n d e x
*
and ” k ” i s t h e l o s s */
5 # i n c l u d e < m a t h h>
# i n c l u d e < s t d i o . h>
# i n c l u d e < st d 1i b . h>

10

FILE * fo u t ;
c h a r c _f i 1e [ 2 0 ] = ” ” ;
struct

c o mp l e x

{
double
»5

d o u b le

real;
im a g e ;

};
struct

refractive.index

{
20

s t r u c t c o mp l e x n;
double energy ;

}
mat erial [20] [21];
25 / * t h e f o l l o w i n g v a r i a b l e
char name[ 30 ][ 30 ] ;
c h a r n a me . ma x ;

holds

t he

strings

for

t he

material

voi d r e a d . n ( c h a r * n. f i l e , c h a r * k _ f i l e )
30 {
FI LE * f i n ;
char r u b b i s h [255];
i n t j , i , i n d e x =0;
f l o a t e n e r g y , t mp ;
35
f i n = f o p e n ( n . f i l e , ” r ” );
i f ( f i n ==NULL) {
f p r i n t f ( s t d e r r , ” C o u l d - n o t - o p e n - t h e ~ n - f i 1e \ n ” );
e x i t ( — 1);
40

};

/ * Get

rid

of

t he

c omme nt s

at

the

start

of

t he

file

*/

*/

190

C. Computer programs

whi l e ( f g e t s ( r u b b i s h , 2 5 5 , f i n ) > 0 & &
f s c a n f ( f i n , ”% d ” , & i );
n a me . ma x = i ;
f o r ( j = 0; j < n a me . ma x ; j ++)

45

r u b b i s h [ 0] = =

{
fscanf

(fin,

”„ % s _ ” , n a m e [ j ] ) ;

};
50

whi l e

(fscanf

(fin,

”„ % f „ ” , & e n e r g y ) > 0)

{
for

{
55

(j

= 0; j < n a me . ma x ;

j ++)

f s c a n f ( f i n , ”„ % f - ” , & t m p ) ;
m a t e r i a l [j ][ i n d e x ]. n . r e a l = t mp ;
m a t e r i al [ j ][ i n d e x ]. e n e r g y = e n e r g y ;

};

index ++ ;

};
i n d e x + +;
m a t e r i a l [ j ] [ index ] . energy
fclose ( f i n ) ;

60

= 0;

i n d e x = 0;
f i n = f o p e n ( k . f i l e , ” r ” );
i f ( f i n==NULL) {
f p r i n t f ( s t d e r r , ’’C o u l d - n o t - o p e n - t h e - k , . f i 1e \ n ” );
e x i t ( — 1);

65

};
/ * Get r i d o f t h e c omme nt s */
wh i l e ( f g e t s ( r u b b i s h , 2 5 5, f i n ) > 0 & & r u b b i s h [ 0 ] = = ’ # ’ );
f g e t s ( r u b b i s h , 2 5 5, f i n ) ;
whi l e ( f s c a n f ( f i n ,
f
, & e n e r g y ) > 0)

70

{
75

for

(j

= 0; j < n a me . ma x ;

j ++)

{
fscanf ( t i n ,
f - ” , & t mp );
m a t e r i a l [j ][ i n d e x ]. n . i ma ge = t mp;
so

i n d e x + +;

};
fclose

85 s t r u c t

(fin);

c ompl ex

to.com plex

(double

{
s t r u c t c o mp l e x
y . re al = x ;
y . i ma ge = 0 ;
r e t u r n ( y );

90

y;

};
struct

layer

{
95

double t h ic k n e ss ;
int composition ;
char lo o p ;
c h a r power;

}
too l a y e r s [ 2 0 ] ;
i n t max ;
s t r u c t c o mp l e x
s t r u c t mat r i x
struct

n.inc,

c o mp l e x

a;

n.out ;

x)

191

C. Computer programs
struct
struct
struct

c o mp l e x b;
c o mp l e x c ;
c o mp l e x d;

no };
struct

mat r i x

e ye

()

{
struct
x.a =
x.b =
x.c =
x.d =
return
120

m a t r i x x;
t o. compl ex
t o. compl ex
to.complex
to.complex
(x);

( i );
(0);
(0);
( 1 );

};

void

d.matrix

(struct

mat r i x

c)

{
p r i n t f ( ” [% f+% f i
f+%f i _ \ n %f + %f i , „ %f + %f i ] \ n ” , \
c . a . r e a l , c . a . i ma g e , c . b . re al , c . b . i ma g e , c . c . r e a l , \
c.c.image, c .d .re a l, c.d.image);

125

}
s t r u c t c o mp l e x i ()
130 {
s t r u c t c o mp l e x i ;
i . re a 1 = 0 ;
i . i mage - 1 ;
r e t u r n ( i );
135 };
struct

c o mp l e x

mul t

(struct

c o mp l e x

a,

struct

c o mp l e x b)

{
struct
c.real
c.i mage
return

140

c o mp l e x c ;
= a. r e a l * b . r e a l — a . i m a g e * b . i m a g e ;
= a . r e a l * b. image + a . i ma g e * b . r e a l ;
( c );

};
145 s t r u c t

c ompl e x

add ( s t r u c t

c o mp l e x

a,

struct

c o mp l e x b)

a,

struct

c o mp l e x b)

{
s t r u c t c o mp l e x c ;
c.real = a.real + b.real;
c . i ma ge = a . i ma ge + b. i ma g e ;
r e t u r n ( c );

150

};
struct

c o mp l e x

sub ( s t r u c t

c o mp l e x

{
155

s t r u c t c o mp l e x c;
c.real = a.real — b.real;
c . i ma ge = a . i ma ge — b. i ma g e ;
r e t u r n ( c );

};
160
struct

c o mp l e x

c.div

(struct

c o mp l e x

a,

struct

{
165

170

s t r u c t c o mp l e x t m p ;
do u bl e t mp 2 ;
t mp2 = b . r e a l * b . r e a l + b . i m a g e
b . i m a g e = —b. i ma g e ;
t mp = mul t ( a , b );
t mp. r e a l = t mp. r e a l / t mp2 ;
tmp . i ma ge - tmp . i ma g e / t mp 2 ;
r e t u r n ( tmp );

* b.image;

c o mp l e x b)

192

C. Computer programs

};

d o u b l e abs ( s t r u c t c o mp l e x a )
175 {
r e t u r n ( s q r t ( a . r e a l *a . r e a l + a . i ma g e * a . i ma ge ))
};

s t r u c t mat r i x ma t . mu l t
180 {
s t r u c t mat r i x c ;
add ( mul t ( a . a
c .a
add ( mul t ( a . a
c .b
add ( mul t ( a . c
c .c
add ( mul t ( a . c
c .d
r e t u r n ( c );

(struct

,
,
,
,

b .a
b.b
b .a
b.b

),
),
),
),

ma t r i x

mul t
mul t
mul t
mul t

(
(
(
(

a
a
a
a

a,

.b
.b
.d
.d

,
,
,
,

struct

b .c
b.d
b.c
b.d

ma t r i x

b)

));
));
));
));

};

i n l i n e s t r u c t mat r i x ma t . p o we r ( s t r u c t
190 {
s t r u c t ma t r i x t m p ;
t mp - eye ( ) ;
f o r (; n > 0 ; ---- n)

{

t mp -

};

return

mat . mul t

(x,

mat r i x

x,

i nt

n)

t mp )

(t mp);

};
200

inline

struct

c ompl ex

det

( struct

mat ri x

x)

{
return(sub(mult(x.a,x.d), mult(x.b,x.c )));
};

205 i n l i n e

struct

mat ri x

inv(struct

mat ri x

x)

{
s t r u c t mat ri x y;
s t r u c t c ompl ex d = d e t ( x ) ;
y.a=c.div(x.d,d);
y . b=c _di v ( mul t ( t o . c o m p l e x ( — 1 ) , x . c ), d );
y . c = c _ d i v ( m u l t ( t o - c o m p l e x ( —l ) , x . b ) , d ) ;
y . d = c . d i v ( x . a , d );
r e t u r n ( y );

2 io

};

215

struct

c o mp l e x n ( i n t

composition,

double

wavelength)

{
/ * F i r s t we c a l c u l a t e t he e n e r g y */
double energy ;
s t r u c t c o mp l e x t mp;
int i ;
e n e r g y = 1 . 0 5 4 5 7 e —3 4 / 1 . 6 0 2 1 8 e — 1 9 * 2 * 3 . 1 4 1 5 * 3 e 8 / w a v e l e n g t h /1 e —9;
/ * S e a r c h t h e c o r r e s p o n d i n g m a t e r i a l c ol umn f o r e n e r g y */
f o r ( i = 0; m a t e r i a l [ c o m p o s i t i o n ][ i ]. e n e r g y < e n e r g y && \
m a t e r i a l [ c o m p o s i t i o n ][ i ]. e n e r g y != 0; i + + );
t mp = add ( m a t e r i a 1 [ c o m p o s i t i o n ][ i ]. n , \
mul t ( m a t e r i a l [ c o m p o s i t i o n ][ i — 1 ]. n , t o . c o m p l e x ( — 1 ) ) ) ;
t mp = mul t ( t mp , t o . c o m p l e x (( e n e r g y —\
m a t e r i a l [ c o m p o s i t i o n ][ i — 1 ] , e n e r g y ) / ( m a t e r i a l [ c o m p o s i t i o n ] \
[ i ]. e n e r g y —m a t e r i a l [ c o m p o s i t i o n ][ i — 1 ]. e n e r g y ) ) ) ;
r e t u r n ( a d d ( t m p , m a t e r i a l [ c o m p o s i t i o n ][ i — 1 ]. n ) ) ;
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s t r u c t c o mp l e x
/ ♦ D e f i n e t he

193

c . e x p ( s t r u c t c o mp l e x x)
exp f u n c t i o n for c ompl ex

a r g u e me n t s

*/

{
240

struct
c.real
c.image
return

c o mp l e x c;
= exp ( x . r e a l ) * c os ( x . i m a g e ) ;
= exp ( x . r e a l ) * s i n ( x . i m a g e ) ;
( c );

};
245
struct

c o mp l e x

c.cos

(struct

c o mp l e x

x)

{
x = mul t ( i ( ) , x );
r e t u r n ( mu l t ( t o . c o m p l e x ( 0 . 5 ) , add ( c . e x p
( t o . c o m p l e x ( — 1), x ) ) ) ) ) ;

250

(x),

c.exp

( mu l t \

};
struct

c o mp l e x

c.sin

(struct

c o mp l e x

x)

{
255

x = m u lt(x ,i());
r e t u r n ( m u l t ( m u l t ( t o _ c o m p l e x ( 0 . 5 ) , m u l t ( t o _ c o m p l e x ! —1 ) , i ( ) ) ) , \
a d d ( c . e x p ( x ) , m u l t ( t o . c o m p l e x ( —l ) , c _ e x p ( m u l t ( \
t o _ c o m p l e x ( —l ) , x ) ) ) ) ) ) ;

};
260
struct

m a t r i x m i r r . u ( i n t c o m p o s i t i o n , do u b l e w a v e l e n g t h , \
doubl e t h i c k n e s s )
/ * Get s a l a y e r and c a l c u l a t e s t he r e f l e c t i v i t y */

{

265

s t r u c t c o mp l e x n l ;
s t r u c t mat r i x r e f ;
s t r u c t c o mp l e x o p t . t h i c k ;
nl = n ( c o m p o s i t i o n , w a v e l e n g t h ) ;
o p t - t h i c k = m u l t ( t o - C o m p l e x ( 2 * 3 . 1 4 1 5 9 2 7 / w a v e l e n g t h * t h i c k n e s s ) , n l );
ref.a = c.cos (opt .thick );
r e f . b = m u l t ( t o _ c o m p l e x ( — l ) , m u l t ( c . d i v ( i ( ) , n l ), c. si n ( o p t_ t h i c k ) ) ) ;
r e f . c = m u l t ( t o . c o m p l e x ( —l ) , m u l t ( m u l t ( i ( ) , n l ) , c . s i n ( o p t . t h i c k ) ) ) ;
ref.d = ref.a;
r e t u r n ( r e f );

270

275 };
s t r u c t c o mp l e x r e f l e c t ( s t r u c t m a t r i x x)
/ * C a l c u l a t e s t he r e f l e c t i v i t y of a mi rror */
{
s t r u c t c o mp l e x a , b , c , d;
a = mul t ( a d d ( x . a , mul t ( x . b , n . o u t ) ) ,
b = add ( x . c , mul t ( x . d , n . o u t ) ) ;
c = c . d i v ( s u b ( a , b ) , add ( a , b ) ) ;

280

return

n.inc);

( c );

285 };
s t r u c t c o mp l e x t r a n s m i t ( s t r u c t m a t r i x x)
/ * C a l c u l a t e s the r e f l e c t i v i t y of a mi rror */

{
290

s t r u c t c o mp l e x a , b , c , d;
a = mul t ( a d d ( x . a , mul t ( x . b , n . o u t ) ) ,
n.inc);
b = add ( x . c , mul t ( x . d , n . o u t ) ) ;
c = c . d i v ( mul t ( t o . c o m p l e x ( 2 ), n . o u t ), add ( a , b ) ) ;
r e t u r n ( c );

295 };
s t r u c t mat r i x m i r r o r ( d o u b l e
/ * Let s c a l c u l a t e a m i r r o r

{
3(X)

i n t i = 0, s t a r t , l o o p = 0 ;
s t r u c t mat ri x M, N;

wavelength)
*/
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double
struct
305

194

depth=0,depth2;
l a y e r 1a y e r s _ 1o c a 1 [ 2 0 ] ;

f o r ( s t a r t = 0; s t a r t < 2 0 ; s t a r t + + )

{
l a y e r s . l o c a l [ s t a r t ] = l a y e r s [ s t a r t ];
l a y e r s . l o c a l [ s t a r t ]. p o we r — ;
};

3io

M = eye ( ) ;
for (i = 0 ;

i < ma x;

i ++)

{
if

( 1a y e r s . 1o c a 1 [ i ] . l oop == 1)
s t a r t = i ; / / Remember t h e s t a r t

of

the

loop.

315
M=

m a t . m u l t (M, m i r r . u ( 1a y e r s . 1o c a 1 [ i ]. c o m p o s i t i o n , \
w a v e l e n g t h , l a y e r s . l o c a l [i ]. t h i c k n e s s ) ) ;

i f ( l a y e r s _ l o c a l [ i ] , powe r >0)
{
l a y e r s . l o c a l [i ]. p o we r — ;
i = s t a rt —1;

320

};

};
325

return

(M);

};

s t r u c t mat r i x p r o f i l e ( d o u b l e wa v e l e n g t h , d o u b l e
/ * L e t s c a l c u l a t e a m i r r o r */
330 {
i n t i = 0, s t a r t , l o o p =0;
s t r u c t m a t r i x M, N;
d o u b l e d e p t h =0, d e p t h 2 ;
s t r u c t l a y e r 1a y e r s _ 1o c a 1 [ 2 0 ] ;
335
f o r ( s t a r t =0; s t a r t < 2 0 ; s t a r t + + )
l a y e r s . l o c a l [ s t a r t ] = l a y e r s [ s t a r t ];

340

M = eye ( ) ;
f o r ( i = 0; i < max ; i + +)
{
i f ( 1a y e r s . 1o c a I [ i ]. l oop == 1)
s t a r t = i ; / / Remember t h e s t a r t

345

of

t he

length)

loop.

i f (1 e n g t h > ( d e p t h + l a y e r s . l o c a l [ i ] , t h i c k n e s s ) )

{
depth = depth + l a y e r s _ l o c a l [ i ] . t h i c k n e s s ;
M = m a t . m u l t (M, m i r r . u ( 1a y e r s _ 1o c a 1 [ i ] . c o m p o s i t i o n , \
w a v e l e n g t h , l a y e r s . l o c a l [i ]. t h i c k n e s s ) ) ;
350

}
else

{
M = m a t . m u l t (M, m i r r . u ( l a y e r s . l o c a l [ i ]. c o m p o s i t i o n \
, w a v e l e n g t h , l e n g t h —d e p t h ) ) ;
break;

355

};

i f ( l a y e r s . l o c a l [i ] . p o we r > 0 )

{
360

1a y e r s . 1o c a 1 [ i ]. p o we r — ;
i = s t a r t —1;

};
}
365

i f ( s t r c mp ( c . f i I e , ” ” ) > 0 )
f p r i n t f ( f o u t , ”% f „ % d \ n ” , l e n g t h , l a y e r s , l o c a l [ i ]. c o m p o s i t i o n );
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return

(M);

};

370
int
I*

r e a d . f i l e ( c h a r » « f i l e n a me )
Thi s one r e a d s in t h e i n p u t

file

*1

{

FI LE * f i n ;
float a ;
c ha r b [2 0 ] , c [ 2 0 ] ;
c ha r d [ 2 0 ] ;
int e , i ;
i n t i nd e x = 0;

375

380

f i n = f o p e n ( f i l e n a m e , ” r ” );
i f ( f i n ==NULL)
{ f p r i n t f ( s t d e r r , ” C o u l d - n o t - o p e n - i n p u t - f i l e . . . \ n ” );
e x i t ( — 1);
};
w h i l e ( f s c a n f ( f i n , ”%f - %s- %s- %s- %d\ n” , & a, &b, & c , & d , & e ) > 0)

385

{
1a y e r s [ i n d e x ] . t h i c k n e s s = a;
f o r ( i = 0 ; i < na me - ma x ; i + + )
i f ( s t r c mp ( b , n a m e [ i ] ) = = 0)

390

{
1ay e r s [ i n d e x ]. c o m p o s i t i o n = i ;
br e ak ;

};
395
if

( i =z= n a m e . m a x )

{
fprintf
exit
400

(stderr,

” C o u l d - n o t - f i n d - m a t e r i a l - i n - n „ f i l e \ n ” );

( — 1 );

};

if

(strcmp

(d,

” s ” ) = = 0)

{
l a y e r s [ i n d e x ] . l o o p = 1;
l a y e r s [ i n d e x ]. po we r = 0;

405

}
else

if

(strcmp

(d,

” e ” ) = = 0)

{
I a y e r s [ i n d e x ] . l o o p = 2;
l a y e r s [ i n d e x ]. power = e;

4io

}
else
{
l a y e r s [ i n d e x ] . l o o p = 0;
l a y e r s [ i n d e x ]. p o we r = 0;

415
};

i ndex ++ ;

}
max = i n d e x ;
fclose ( f i n ) ;
return ( 1 ) ;

420
};

v o i d h e l p ()
425 { f p r i n t f ( s t d e r r , \
’’ R e f l e c t - —- c a l c u l a t e s - t h e - r e f l e c t i v i t y - f o r - a - b r a g g - m i r r o r
\ t Usa ge : r e f l e c t [ o p t i o n s ] f i lename
\ t \ t f i l e n a m e is a p r o p e r l y c o n s t r u c t e d mi r r o r f i l e
\ t —b w a v e l e n g t h \ t Be g i n at t h e s p e c i f i e d w a v e l e n g t h ( 8 5 0 )
430
\ t —e w a v e l e n g t h \ t E n d at t h e s p e c i f i e d w a v e l e n g t h ( l OOOnm)
\ t —s s t e p s \ t T a k e s t e p s of w a v e l e n g t h ( l n m )
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\ t —n fi 1en a me \ t Us e
\ t —k f i l e n a m e \ t U s e
435

440

445

filename
filename

for
for

t he
t he

n data ( n)
k data ( k ) \ n ” );~};

v o i d mai n ( c h a r a r g e , c h a r * a r g v [ ] ) {
s t r u c t m a t r i x a , c , N;
s t r u c t c o mp l e x x , r , t ;
i nt err , i ;
doubl e depth ;
/»Defaults*/
c h a r f i l e n a m e [ 2 0 ] = ’’ m i r r . m i r ” ;
c h a r n . f i l e [ 20] = ” n ” , k . f i l e [ 20] = ” k ” ;
double begin=850;
d o u b l e end = 1000;
d o u b l e s t e p = 1;
d o u b l e l a mb d a = 850;
if ( argc==l)

{
450

455

460

465

help ();

e x i t ( — 1);}
else
f o r ( i = 1;i< a r g c ; i ++)
if(strcmp(argv[i],
b ” )= = 0)
b e g i n = a t o f ( a r g v [+ + i ] ) ;
else
i f ( s t r c m p ( a r g v [ i ] , ” —e ” ) = =0 )
end = a t o f ( a r g v [ + + i ] ) ;
else
i f ( s t r c m p ( a r g v [ i ] , ” —s ” ) = =0 )
s t e p = a t o f ( a r g v [ + +i ] ) ;
else
i f ( s t r e mp ( ar g v [ i ], ” —w” )= = 0)
l ambda=atof(argv[++i ]);
else
if(strcmp(argv[i ]
n ” )==0)
s t r c p y ( n . f i l e , ar g v [ ++i ]);
else
i f ( s t r c m p ( a r g v [ i ] , ” —c ” ) = = 0)
s t r e p y ( c . f i 1e , ar gv [ + + i ] ) ;
else
i f ( s t r c m p ( a r g v [ i ] , ” —k ” ) = = 0 )
s t r c p y ( k . f i l e , a r g v [ + +i ] ) ;
else
i f ( s t r c m p ( a r g v [ i ] , ” —h ” ) = = 0 )

{
470

help ();

e x i t ( — 1);
}
else

s t r e p y ( f i l e n a m e , a r gv [ i ] ) ;
475

n.inc = to.complex (1);
r e a d . n ( n . fi 1e , k _ f i 1e );
err = re ad -file (filename );
480

/*

Ai r */

f o r ( l a mb d a = b e g i n ; l a mb d a < e n d ; l a m b d a + = s t e p )

{
n.out = n( 0,l ambd a) ;
/ * Ga As */
n . i n c = t o . c o m p l e x ( 1 );
/ » A i r */
r = r e fl e c t ( mi r r o r ( l a mb d a ) ) ;
/ / r e f l e c t a n c e is a b s ( r ) " 2
t = t r a n s m i t ( m i r r o r ( l a mb d a ) ) ;
/ / t r a n s m i t a n c e is n . i n c / n . o u t * a b s ( t ) ~ 2
p ri n t f ( ”%fJ%>f \ n ” , l a m b d a , a b s ( r ) * a b s ( r ) ) ;

485

};
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# T h c s e a r c a f ew c omme nt l i n e s . T h e r e mu s t a l w a y s he an e mpt y l i n e
# b e t w e e n t h e c o mm e n t s and t h e d a t a . The s t r i n g s at t h e t o p o f t h e
# c o l u m n a r e t h e s t r i n g s wh i c h s h a l l be r e p r e s e n t e d in t he i n p u t f i l e ,
# f i r s t c o l u mn i s t h e e n e r g y c o l u m n . The n u mb e r a t t h e c o r n e r i s t h e
# t o t a l c o l u m n s t h a t m u s t be c o n s i d e r e d .
12
1. 0
1. 1
1.2
1.3
1.4
1.5
1 .6
1 .7
1. 8
1. 9
2. 0
2.1
2. 2
2. 3
2. 4
2. 5
2. 6

0
3.426
3.458
3.495
3.542
3.617
3.666
3.700
3.742
3.786
3.826
3.878
3.940
4.013
4.100
4.205
4.333
4.492

0. 1
3 . 4 10
3.428
3.452
3.484
3.530
3.572
3.611
3.678
3.716
3.775
3 . 8 20
3.876
3.940
4.018
4. 111
4.220
4.353

0. 2
3. 361
3.379
3. 401
3.429
3. 465
3. 457
3.536
3. 635
3. 662
3.700
3.759
3. 815
3. 87 1
3.940
4.022
4. 1 1 8
4.235

0. 3
3.300
3. 3 1 7
3. 338
3. 363
3. 394
3. 404
3.456
3. 509
3. 5 9 2
3. 650
3.690
3.750
3. 815
3. 8 7 2
3. 9 4 5
4.032
4.135

0.4
3.243
3.260
3.280
3.304
3.332
3. 341
3.378
3.422
3.479
3.559
3.664
3.686
3. 747
3.820
3 . 88 1
3. 957
4.047

0. 5
3.202
3 . 2 19
3.238
3. 26 1
3.288
3.283
3.329
3.368
3. 4 1 7
3.477
3.558
3.665
3.696
3. 761
3. 838
3. 903
3. 9 8 5

0. 6
3.147
3.163
3.182
3.203
3.227
3. 2 37
3. 274
3. 3 13
3. 354
3.405
3. 467
3.546
3. 6 5 8
3.690
3. 7 5 8
3. 8 3 7
3.909

0. 7
3. 088
3.103
3. 1 20
3.139
3.162
3.153
3.188
3.225
3. 26 1
3.306
3.361
3. 425
3.500
3. 595
3.696
3.746
3. 823

# T h e s c a r c a f ew c o mme n t l i n e s . T h e r e mu s t a l w a y s be an e mpt y l i n e
# b e t w e e n t he c o mme n t s a nd t he d a t a . The s t r i n g s a t t h e t o p of t he
# c o l u m n a r c t h e s t r i n gs wh i c h s h a l l be r e p r e s e n t e d in t h e i n p u t f i l e ,
# f i r s t c o l u mn i s t he e n e r g y c o l u mn . The n u mb e r at t he c o r n e r i s t he
# t o t a l c o l u m n s t h a t mu s t be c o n s i d e r e d .
0
0
0
0
0
0
0.059
0.093
0. 123
0. 157
0. 179
0. 21 1
0.240
0.276
0.320
0. 371
0. 441
0.539

12
1 .0
1. 1
1. 2
1. 3
1 .4
1.5
1. 6
1.7
1.8
1. 9
2. 0
2. 1
2. 2
2. 3
2. 4
2. 5
2.6

0 1
0
0
0
0
0
0
0.059
0.082
0.099
0. 127
0.17 1
0.199
0.237
0.276
0.320
0.382
0.462

0. 2
0
0
0
0
0
0
0.00
0.002
0.082
0.094
0. 1 18
0.165
0.202
0.242
0.288
0. 341
0.409

0.3
0
0
0
0
0
0
0
0
0.008
0 .1 1 1
0. 145
0.167
0.202
0.227
0.258
0.305
0.367

0 4
0
0
0
0
0
0
0
0
0
0.003
0. 059
0. 100
0.134
0. 178
0.219
0.268
0.319

0. 5
0
0
0
0
0
0
0
0
0
0
0.002
0.088
0.133
0.164
0.205
0.245
0.292

0.6
0
0
0
0
0
0
0
0
0
0
0
0. 0 0 5
0.063
0. 126
0. 157
0. 205
0. 262

0.7
0
0
0
0
0
0
0
0
0
0
0
0 .0 0 0
0 .0 0 0
0.002
0.069
0.129
0.184

the

0. 8
3. 035
3.049
3.065
3.083
3.103
3.124
3.147
3.173
3.202
3.236
3.277
3. 322
3. 378
3.440
3.519
3. 6 3 5
3. 738

0.9
2.989
3.002
3. 017
3. 033
3.052
3.073
3.096
3.122
3. 151
3. 183
3. 221
3. 263
3. 312
3.369
3. 438
3. 524
3. 637

1
2.915
2.928
2.942
2.958
2.975
2.994
3.015
3.039
3.064
3.092
3.123
3.156
3.193
3.248
3.317
3.376
3.442

oxide
1. 57
1. 57
1. 57
1. 57
1. 57
1. 57
1. 57
1. 57
1. 57
1. 57
1. 57
1. 57
1. 57
1. 57
1. 57
1. 57
1. 57

0.9
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

oxide
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

t he

0. 8
0
0
0
0
0
0
0
0
0
0
0
0 .0 0 0
0 .0 0 0
0.003
0.004
0.013
0.104

Table C. 1: Refractive index data ”n” and ”k” file for AlGaAs and oxide
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Corrections to Thesis

Pages
12,14
29
21, 3rd para.
30
35

35

48
51
5G
130
140
156

Corrections
equations 1.10,1.11 are cited from[16]
equations 1.34,1.35 are cited from [28]
transmission should be transmitivity
’’centre” should be ’’center”
citation [41] should also include ”M. P. Creusen, ’Design and
Fabrication of an intra-cavity contacted vertical cavity surface
emitting laser’, Eindhoven University of Technology, The Netherlands,
1996 ISBN: 90-5282-695-1”
Intra cavity VCSELs are also very suitable for high speed RF modulation
Due to lower parasitic capacitance. Cite: A.V. Krishnamoorthy
et al., ’’vertical-cavity Surface emitting lasers flip-chip bonded
to gigabits per second CMOS circuits”, IEEE Photon. Technol. Lett.
11(1), p. 128-130,1999.
” ... uses an National... ” should be ” uses a National...”
”... is used to supresses..” should be ”..is used to suppress..”
”.. with orientation of 2° from..” should be ’’with 2° off-orientation..”
’’Schotky” should be ’’Schottky”
equation 5.1 is cited from [102]
equation 5.4 is cited from [116]
Table 1: List of Corrections

Symbol
X

k
r
x, y , z
w(x)
ka
ni,ki
k

Section
1.2.1
1.3.1
1.3.1
1.3.1
1.3.3
1.4.1
1.4.3
1.5.1

Description
mole fraction
linear phase factor
Lattice position vector
Lattice position parameters
Composition profile
Free Space linear phase factor
Real and imaginary components of refractive index
Arbitrary constant
Table 2: List of Notations

