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Abstract 

This thesis presents the design, fabrication, characterisation and theoretical 

modelling of oxide confined GaAs/AlGaAs VCSELs operating around 850nm 

wavelength. Three VCSEL structures utilising different oxide aperture thickness were 

designed. The oxide apertures contained in these VCSELs can be easily formed 

through the selective wet oxidation process. Detailed experimental investigations were 

performed on these devices with emphasis placed on the dependence of the resonant 

wavelength characteristics, the threshold and modal properties on the aperture size and 

oxide thickness. A feasibility study of polarisation control through using non- 

symmertical apertures was also carried out. These experimental activities were 

supplemented by theoretical modelling which included calculation of resonant 

wavelengths and eigenmode sizes using a scalar variational method that assumed 

Hermite-Gaussian transverse field variations. In addition, the light-current 

characteristics of the first two eigenmodes were also simulated by solving the photon 

and carrier rate equations, after their modal reflectance and transmittance had been 

calculated. The theoretical predictions were then compared with the experimental 

findings and ways of improving the model have also been suggested. 

The oxide apertures in these VCSELs provides both current constriction and 

optical confinement. The resultant index guiding strength is dependent on the 

thickness as well as on the longitudinal position of the oxide. Devices with stronger 

guiding have smaller mode sizes which results in lower modal reflectance, larger blue 

shifts in resonant wavelengths from that of plane wave values, and larger wavelength 

separations between the fundamental mode and the higher order modes. Devices with 

smaller aperture sizes also have larger spectral separations and blue shift in resonant 

wavelengths. When the symmetry in aperture shape is broken, the wavelength 

degeneracy between the TEM, o and TEM0, mode is also broken. Among the three 

VCSEL structures, the one with the strongest guiding provides single mode operation 

at larger aperture size and is less affected by thermal lensing effects. However, lower 

threshold currents and higher efficiencies can be obtained from devices with weakest 

guiding. Despite being more susceptible to thermal lensing effects, single mode power 

up to 1.72mW and threshold current as low as 350µA can be obtained from devices 

with weakest guiding design. 
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Chapter 1 Introduction 

Since its invention in 1979 [1], there have been intensive research efforts on 
Vertical Cavity Surface Emitting Laser (VCSEL) for applications in optical 

communication, optical recording, free space and fiber based optical interconnects, as 

well as short distance data links [2,3]. VCSELs are attractive for such wide ranging 

commercial interests because they offer surface normal, circularly symmetric and low 

divergence laser beams. This relaxes alignment tolerances in any optical system, and 

results in high direct fiber coupling efficiency without the need for expensive optics 
[2,4]. In addition, they can also be easily fabricated into densely packed two- 

dimensional arrays on a wafer scale, and the possibility of on-wafer testing and 

screening also makes them ideal for high volume, low cost mass production [5,6]. 

Over the past four years, the selective wet oxidation of AlAs and high Al 

composition Al Ga, 
_,, 
As layers (x> 0.8) has become a popular technique for producing 

the oxide apertures used for current constriction as well as providing optical 

confinement in both VCSELs [7-11] and edge emitting lasers [13,14]. The schematic 

of a typical top emitting VCSEL containing a single oxide aperture, which also 

applied for the VCSELs studied in this work, is shown in Figure 1.1. This technology 

has been utilized with such great success that a record breaking wall-plug efficiency 

of 57% [7] and single mode power of 4.8mW [8] has been achieved recently in 850nm 

GaAs based oxidized VCSELs. Significant reduction in threshold current down to a 

mere 9µA has also been achieved in the InGaAs based 980nm oxidized VCSELs [9]. 

In addition, ultra small working VCSELs with an aperture size down to about 0.51im 

have also been successfully fabricated [10]. In fact, selectively oxidised VCSELs 

consistently exhibit lower threshold currents and voltages than the implanted VCSELs 

fabricated from the same wafer [11]. In addition, selective oxidation technology has 

also been used to fabricate low threshold current VCSELs incorporating high index 

contrast ratio Al, Ga1_xAs/Al,, O,, Distributed Bragg Stacks (DBRs) which are more 

tolerant to variation in layer thickness [12]. This oxide technology has also been 

proposed for incorporation in Al,, Ga, 
_,, 

As-based MESFET [15] and HBT [16] devices, 

fabrication of optical elements like micro-lenses[17] and optical waveguides [18], 

with varying degrees of success. Thus, just as the ease of formation of native silicon 
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Chapter I Introduction 

oxide has made possible the existence of Si integrated circuit technology, the AlGaAs 

based oxide is making increasingly significant impact on optoelectronic devices even 

though various aspects of its formation are still under intensive research [19]. 

p-contact 

p-DBR 

4_ oxide aperture 

1- QW(s) 

Substrate 

n-contact 

Z 

Figure 1.1 : Schematic of a typical oxide-confined top emitting VCSEL. The arrow 

shows the z-axis convention used in this thesis. 

Presently, VCSELs with an emission wavelength of about 850nm are of great 
interest as transmitters for optical interconnections and short distance high speed data 

links [2,20]. The performance requirements for VCSELs in such applications are low 

threshold current, high power output single mode emission and a fixed predetermined 

polarisation orientation. While low threshold current is needed for low power 

consumption and ease of thermal management, a stable linearly polarised single mode 
light output is essential for achieving minimum relative intensity noise (RIN) and 

maximum bit error rates (BER) [21]. Because of the significant impact that the oxide 

aperture has on the VCSEL performance, there have also been intensive research 

efforts to provide qualitative models as well as quantitative numerical analysis [22- 

25], for explaining the mechanisms of mode confinement /selection and the aperture 

size dependent optical losses in this type of laser. Hence, in accordance with these 
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Chapter 1 Introduction 

global aims, the main objective of this work is to evaluate the dependence of lasing 

performance of GaAs/AlGaAs VCSELs on the oxide aperture through theoretical 

simulations as well as experimental studies. By varying the thickness and position 
(with respect to an antinode of the optical standing wave) of the oxide aperture, three 

VCSEL layers with different index guiding strengths have been designed and studied 
in detail in this work. In addition, the effects of asymmetry in the aperture shape on 

the modal and polarisation characteristics are also examined. 
The rest of this thesis is organised as follows, and is summarised in the flow 

chart in Fig. 1.2. Chapter 2 reviews the relevant background theory that is necessary 

for understanding the physics of VCSELs in particular and lasers in general. In 

Chapter 3, design assessments based on the theoretical predictions and experimental 

results obtained from the (plane wave) lasing performance of broad area VCSELs and 

broad area in-plane lasers made from VCSEL material are discussed. Next, the scalar 

variational method for analysing the frequency and mode size characteristics of the 

eigenmodes confined in the oxide apertured VCSELs is described in chapter 4. 

Comparisons between the theoretical and experimental results are also discussed in 

this chapter. This is followed by the purely theoretical chapter 5 which analyses the 

dependence of the modal reflectivities, photon lifetimes and threshold current 

densities, on the aperture sizes and shapes. Then, the experimental results on the 

lasing performance of the oxidised VCSELs studied in this work are presented in 

chapter 6. These experimental findings are also compared with the theoretical 

predictions calculated using the approaches described in chapter 5. Finally, the 

conclusions of this work are given in chapter 7, which also include recommendations 

for future work. 
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Chapter 1 Introduction 

Theoretical work 

Calculate one-dimensional 
parameters of VCSELs and in-plane 
multilayered waveguide structures 
through plane wave field analysis. 

(Chapters 2,3 & Appendix A) 

Approximate the 2-D transverse field 
variations of eigenmodes in oxide 
apertured VCSELs using Hermite- 

Gaussian functions. Determine 
resonant wavelengths and mode sizes 
for a given aperture size using scalar 

variational method. (Chapter 4) 

Calculate the modal reflectance and 
transmittance of the Hermite- 

Gaussian eigenmodes which can be 
deconvolved into LSE wave 

components. Determine cold cavity 
photon lifetimes of the eigenmodes. 

(Chapter 5) 

Solve steady state photon and carrier 
rate equations in order to calculate 

the light-current characteristics from 

which laser parameters such as 
threshold current density, optical 

power output and effective photon 
lifetimes can be determined. 

(Chapter 5) 

Compare and analyse 
experimental and 

theoretical results. 
(Chanters 4& 6) 

Figure 1.2 : Flow chart of the work carried out for this Ph. D. thesis. 

Experimental work 

Develop selective wet 
oxidation technology. 

(Appendix F) 

Material assessment and 
device fabrication. 

(Appendix F) 

Device assessment which 
include spectral and light- 
current measurements. For 
devices of various aperture 

sizes, deduce values for 
parameters such as wavelength 
separation between eigenmodes, 
threshold current density, single 
mode power, effective photon 

lifetime inferred through 
spontaneous emission 

linewidth, etc. (Chapters 4& 6) 
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Chapter 2 VCSEL Background Theory 

2.1 Introduction 

This chapter is intended to provide some of the basic background in laser 

physics needed for Vertical Cavity Surface Emitting Lasers (VCSELs). Firstly, 

Maxwell's equations which are indispensable for electromagnetic analysis of VCSEL 

properties are noted. The transfer matrix method is then introduced as a versatile 

mathematical tool needed for the simulation of electromagnetic wave propagation 
inside a VCSEL cavity. This is followed by a revision of some basic laser formulae. 

Finally, the numerical method for analyzing multilayered planar waveguide using the 

transverse wave admittance is also discussed. This is relevant since some useful 

parameters can be determined from in-plane lasers that are made from VCSEL 

material. 

2.2 Maxwell's Equations and Wave Equations 

Electric and Magnetic fields that vary with time are governed by physical laws 

described by a set of first order differential equations known collectively as 

Maxwell's equations. For linear, isotropic and homogeneous medium, these equations 

in the so-called time implicit form (e'`°` dep endece) are [ 1] [2] 

OxE=-jwµH (2.1) 

OxH=J+ jwsE (2.2) 

0"E =P (2.3) 
s 

0"H=0 (2.4) 

where E and H are the space vector complex phasors of the time harmonic fields, 

carrying information of magnitude and phase on the corresponding fields. CO (=27Ef 

where f is oscillation frequency of the fields) is the angular frequency; c and µ are the 

permittivity and permeability respectively of the medium traversed by the wave, J is 
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Chapter 2 VCSEL Background Theory 

the total current density vector and p is the charge density. These equations are 

complemented by the so-called constitutive relations that describe the relationship 
between the field and flux densities. They are given by 

D= EE (2.5) 

B= µH (2.6) 

J=JS+ aE (2.7) 

where a is the conductivity of medium, J$ is the source current density vector, D and 

B are the vector electric and magnetic flux densities respectively. 
In order to derive a single equation for E from Maxwell's equations for a 

source free region, one has to take the curl of equation (2.1). Then, using the well 

known vector identity Vx (V x F) = 0(0 " F) - V2F, plus the relations in (2.2) and 

(2.7), the time independent vector wave equation (or Helmholtz equation) for the 

electric field is obtained as 

V2E+k2E =0 (2.8) 

where k is known as the wave number. In a source free medium where e and it are 

spatially constant, it is given by 

k2 = 0)2µs (2.9) 

A similar equation exists for the magnetic field, and can be written in the form as (2.8) 

by replacing E with H. Most semiconductor material has a very weak magnetic 

response and thus µ- µo (i. e. = permeability of free space). However, its permittivity 

c is complex if it is absorptive [3,4]. Hence, in this case the wave number is also 

complex and is related to the complex refractive index N by 

k=w µosoe = k0 e, = k0N (2.10) 

7c 
where ko = co µoso == (2.11) 

0 

is the wave number in free space; c, is the complex relative permittivity, X. and c are 

the free space wavelength and velocity respectively. The complex refractive index N 

is related to the absorption loss by 

N= sý = n-jkcxt = n-. 1 
a (HO) 

(2.12) 

where n is the real refractive index, lc, 
x, 

is the so-called field extinction coefficient, and 

a is the power absorption coefficient in per unit length. 
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Chapter 2 VCSEL Background Theory 

For undoped intrinsic semiconductors, the main source of absorption loss is 

due to interband absorption when incident photons with energy above the bandgap 

energy are attenuated. If the material is doped through impurity doping, then free 

carrier absorptions and/or band-tail absorption can also attenuate waves with photon 

energies below the bandgap. In the gain medium of lasers such as quantum wells 

(QWs) in VCSELs, where the injected carriers recombine radiatively to produce 

stimulated emission, a becomes zero when the injected carrier density reaches the 

transparency value i. e. the onset of population inversion. Above transparency, optical 

gain becomes available and the complex refractive index of the gain medium can still 

be expressed in the form of (2.12) by allowing a=-g where g is the power gain 

coefficient in per unit length. 

In equation (2.8), the vector fields E and H can be separated into three scalar 
field components in rectangular coordinates. Thus, this give rise to a set of scalar 

wave equations which for each component of electric field is given by 

V2E; +k2E; =0 (2.13) 

where E. can be either E, Ey or E. and is now a scalar phasor. Again, a similar form of 

this equation exists for the magnetic field and can be obtained by replacing E. with H;. 

2.3 Electromagnetic Waves and Transfer Matrices 

In an unbounded medium, the simplest solution to the vector wave equation 

(2.8) is the plane wave solution whose complex wave function can be written in 

rectangular co-ordinates as 

LY(x, y, z) _''(r) =A exp(±jk " r) =A exp[±j(kxx+kyy+kZz)] (2.14) 

where `i'(x, y, z) or 'Y( r) is the vector wave function for E or H, A is a complex 

constant. The wave propagation vector, k is equivalent to k=k,, x+ ky y+ kZ z where 

k, ky and kZ are the phase constants in their respective directions. The vector r gives 

the direction and traveled distance of the waves and can be written as 

r=x x+ y y+ zz. For equation (2.14) to satisfy the vector wave equation (2.8), the 

following must hold : 
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Chapter 2 VCSEL Background Theory 

k2=kx+k2+kz (2.15) 

These types of waves are called plane waves because the phase front where the field 

amplitude is constant (or k. r = constant) is a plane. Although they are the most 
fundamental type of waves allowed by the wave equation, the guided modes in many 

types of the waveguides can be viewed as being made up by superposition of a 

number of such plane waves. 
A plane wave approaching a planar dielectric discontinuity plane between two 

homogenous media (with real or complex c) can be considered as a TE, TM or TEM 

wave, depending on the incident angle as well as the polarisation direction of the 

fields. Referring to Figure 2.1, assume that the dielectric discontinuity boundaries are 

along the x-y plane, and the directions of the incident plane waves are such that there 

is no field variation in the x-direction i. e. ä/ ax =0 and kX= 0. The definitions of 

these waves (which can be deduced from the Maxwell curl equations) are : - 
(i) Transverse Electromagnetic (TEM, to z) waves which are incident normally upon 

the discontinuity. Their scalar E or H fields components lie entirely parallel to the 

boundary and have zero normal field components i. e. EZ =0, HZ = 0. Following 

Fig. 2.1(a), the tangential component pairs available are Ex and Hy 

(ii) Transverse Electric (TE, to z) waves which are plane waves incident upon the 

normal of the interface at an oblique angle. In this case E. =0 but H. is finite. 

Following Fig. 2.1(b), the other two tangential field components are E,, and Hy. 

(iii) Transverse Magnetic (TM, to z) waves which are also oblique incident plane 

wave but with finite EZ and HZ = 0. According to Fig. 2.1(c), the other two scalar 

tangential field components are H,, and Ey. 

From (2.14), the general wave functions for these two-dimensional waves are given 

by 

`P(y, z) =A exp(jkyy)exp(j(3z) (2.16) 

where the phase constant in the z-direction is given a new symbol ß to indicate the 

direction normal to the discontinuity plane i. e. x-y plane. It is given by 

k for (TEM)Z wave since ky =0; (2.17 a) 

= 
Vk2 

- ky for (TE)Z and (TM), waves (2.17 b) 

as can be deduced from (2.15). For VCSEL which contains many such boundaries, the 

z-axis is often called the longitudinal axis since it is perpendicular to the reflecting 
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mirrors and 0 is called the propagation constants of the guided modes. The x-y 
directions are usually collectively known as transverse or lateral directions. 

H; 

X-º 
E; Ht 

X-º 
Er Et 

Hr 

medium A medium B 

(a) TEM to z wave 

E; 

Er 

V-XHr 

medium A 

Et 

H t\ 

medium B 

(c) TM to z wave 

v 
x 

z 

(d) coordinate systems 

Figure 2.1 : Classifications of waves (2D) incident on a dielectric discontinuity, 

together with the definitions of the coordinate systems. The subscripts "i 

", "t" and "r" denote the incident, transmitted and reflected waves 

respectively. The symbol (X) represents direction into the paper i. e. 

positive x-direction while the symbol (") represents otherwise. 

2.3.1 Formulations of Transfer Matrix Method 

When plane waves are incident upon a plane of dielectric discontinuity. 

between two homogenous media, their energy is partly reflected from or transmitted 

H; 

E; 

Er 
vX 

Hr 

Ht 

EX\ 

medium A medium B 

(b) TE to z wave 
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through the interface. The Distributed Bragg Reflector (DBR) is a wavelength 
dependent reflector made up by a number of such discontinuities between 

homogeneous media. It usually consists of an assembly of dielectric thin layers with 

alternating refractive indices. It is the combined effects of all the discontinuities on the 

incident waves that give rise to the unique reflection and transmission properties of 

the DBR. Before the power reflectance from and transmittance through a dielectric 

thin layer or an assembly of thin layers like DBR can be calculated, the relations 
between the field amplitudes at each individual boundary are needed. These relations 

can be readily obtained from applying the boundary condition at the interfaces 

involved. The boundary condition at the interface between two dissimilar dielectric 

materials requires that the tangential components of E and H are continuous across it. 

In the following derivations which are generalized for TEM, TE and TM waves, the 

complex amplitude of the tangential field components are simply denoted as E and H 

with specific subscripts and/or superscripts to indicate their origins. 
Firstly, consider layer 1 of the multilayered structure shown in Figure 2.2 

existing from z=0 to z=d, (where the z-axis is the vertical direction shown in the 

VCSEL schematic in Fig. 1.1). The summation of the fields within this layer at the 

boundary z=0 is given by 

Eo = Eö +E- 0 

Ho =H'-H- = Y, (Eö 
-E- 

(2.18) 

(2.19) 

where Eö and HO are the positive-going (in +z direction) resultant wave amplitudes, 

Eö and HO are the negative-going (in -z direction) resultant wave amplitudes, and Y, 

is the characteristic wave admittance of layer 1. Dielectric media present different 

values of admittance to TEM, TE and TM waves and the derivations of these 

admittance values are detailed in Appendix A. The fields at boundary 1 can be 

determined by altering the phase factor of the waves to allow for a shift in the z- 

coordinate from 0 to +d,. The resultant tangential fields within the layer at boundary 

z= d, are thus given by 

E, = Ei +E; = Eö exp(-jß, d, ) + Ej exp(+jß, d, ) (2.20) 

H, =H; -H; =Y1[Eöexp(-. )ßßd1)-Eöexp(+j131dl)] (2.21) 

After some manipulations using equations (2.18) to (2.21), the following "transfer" 

equations are obtained : 
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Eo = E, cos(p, d, ) + H, jsin(ß, d, ) 
Y, 

Ho = jY, E, sin(ß, d, )+H, cos(ß, d, ) (2.23) 

Together, equations (2.22) and (2.23) can be written in a matrix notation as 

E01=1 cos(ßld, ) jsin(p, d, ) / Y, Ei 
(2.24) 

Ho jY, sin(pld, ) cos(ßld, ) H, 

The 2x2 matrix on the right hand side of (2.24) is usually called the "characteristic 

matrix" or "transfer matrix" of layer 1. 

Eo E, E2 E3 
Ho H' H2 H3 

E, 
H1 

incident 
medium 

1121314 

Er 
4---- 

1-4 

EQ-1 EQ 
HQ-1 HQ 

y V>X 
Z Eý EW 

Eo E, E2 E3 Hv HW 
Ho H, H2 H3 ........ 

; 

11 Q1 

Exi 

d, d2 d3 d4 dQ-I dQ 

(2.22) 

Et 
Ht 

exit 
medium 

Figure 2.2 : Tangential electric and magnetic field components of a multilayer 
structure made up by Q number of dielectric layers. 

In order to obtain the relation between the fields at the entrance boundary 0 

and exit boundary Q, the boundary conditions are then applied repeatedly at the rest 

of the interfaces between the layers shown in Fig. 2.2. The resultant characteristic 

matrix for the assembly of the stacks is then given by 

EQ Cos(ßgdq) jsin(ßgdq)/Yq EQ [H: ] = sin(ß d) cos(ß d) H 
(2'25) 

a=1 
iaaqasQ 

which is simply the product of the characteristic matrix of each constituent layer q 

with thickness dq, admittance Y. and propagation constant (3q 
, taken in the correct 

order i. e. layer 1 is the closest layer to the incident medium and layer Q is the next to 

the exit medium. In the exit medium, since there are only transmitted fields (E1 , 
H1 ) 

but no reflected fields, the continuity condition thus ensures that E, = EQ and H, = HQ. 
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The (2x2) matrix of equation (2.25) can then be reduced to just involving refractive 
indices as in 

Eo /Et 7-Q-ý cos (ßgdq) jsin(ßgdq) / Yq 1 [Bl 

0/ EtY0 =1 
1 JYq sn(ßqdq) cos(ßqdq) Y- 

(2.26) 
H s 

where as defined in Appendix A, Y (in italic Anal font) is the wave admittance 

normalised with respect to the TEM wave admittance in free space YO i. e. Y= Y/ Yo 

= N. Thus, Ys and Yq are the normalised admittance of the exit medium/substrate and 
layer-q respectively. Note that the symbols B and C are assigned to the elements of 

the resultant (2x1) matrix. Using the similar definition of characteristic admittance for 

the constituent layers, the input admittance of the whole assembly of stacks, YM , can 

then be determined by 

YM = 
HE o= YMYo =CB Yo 

0 
(2.27) 

where YM is the normalized input admittance of the assembly given by the ratio C/B. 

2.3.2 Reflectance, Transmittance, Absorptance and Resonant Wavelength 

Referring to Fig. 2.2, the resultant field amplitudes at the entrance boundary 0 

are also related to that of incident field (E; , H) and reflected fields (Er , Hr). These 

relations are governed by 

Eo=E; +Er =E1(1+r) 

Ho =Hi -Ht =Y; E; (1-r) 

(2.28) 

(2.29) 

where Y; is the admittance of the incident medium. Using equations (2.27) through 

(2.29), the field reflection coefficient r which is defined as the ratio of the reflected 
field amplitude to the incident field amplitude can be obtained by 

r =E, -Yi 
- YM 

_Y- 
YM 

= E; Y; +YM Y; +YM 
(2.30) 

On the other hand, the field transmission coefficient, t, is defined as the ratio of the 

transmitted field amplitude to the incident field amplitude. As can be deduced from 

(2.26) and (2.30), t is given by 

1+r 
B 

(2.31) 
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Electromagnetic waves carry energy along when they propagate through a 

medium. For time harmonic waves, the time averaged power per unit area, P (also 

called Intensity), carried by the fields is given by [1] 

P= 
2 

Re(EH *) =2 Re(Y) EE* (2.32) 

where E and H are complex amplitudes of the orthogonal scalar fields. The direction 

of the vector ExH which is known as Poynting vector, gives the direction of the 

power flow. The reflectance, It, which is defined as the ratio of the total reflected 

power (P) to the total incident power (P) is simply given by 

R= 
L" 

=rr* Pi 
(2.33) 

for these plane waves. The transmittance, T, which is defined as the ratio of the total 

power transmitted (PT) through the multilayer stacks into the exit medium (or 

substrate) to the total incident power, can be calculated using 

T= 
PT 

= 
Re(Y, )tt* 

P; Re(Y; ) 
(2.34) ' 

Usually, part of the incident power will be attenuated by the doped constituent 

semiconductor layers making up the DBR. Thus, the absorptance A which gives the 

fraction of the incident power absorbed in the assembly of stacks is given by 

A=1 -R-T 

as a direct result of conservation of power. 

(2.35) 

While designing a VCSEL structure, it is very important to ensure that its 

cavity resonant wavelength closely matches the gain peak wavelength of the gain 

medium (usually quantum wells) in order to achieve low threshold gain. In analogy 

with the classical Fabry Perot interferometer theory, the passive cavity resonant 

wavelength of a properly designed VCSEL can be readily identified from the sharp, 

narrow "resonant dip" which appears in the high reflectance region of the calculated 

or measured reflectivity spectrum (or equivalently as the transmission peak in the 

transmission spectrum). This calculated reflectivity spectrum is thus useful in material 

assessment since it allows comparison of features present in the experimental 

spectrum obtained through Photo-Reflectance (PR) measurement with the theoretical 

predictions. 
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2.3.3 Electromagnetic Standing Wave, Confinement Factor and Plane Wave 

(1-D) Threshold Gain 

In a multilayer structure like a VCSEL (refer to Fig. 2.1), an electromagnetic 

standing wave is formed within the whole structure due to the superposition of the 

forward-going and backward-going traveling waves within each constituent layer. 

From the design viewpoint, it is useful to compute the spatial variation of the standing 

wave since it provides information on regions within the VCSEL where the field 

amplitudes are high and thus heavy doping must be avoided to prevent absorption. 

The gain medium should also be positioned to centre on the antinode of the standing 

wave in the cavity to enhance the available stimulated gain. As will also be shown in 

chapters 4 and 5, the relative position of the oxide aperture with respect to an antinode 

or node of the standing wave in a selectively oxidised VCSEL will determine the 

transverse waveguiding strength (index guiding) as well as the amount of the aperture 

size dependent optical loss suffered by the device. 

Referring to Fig. 2.2 again, the amplitude of the electric field E� at an arbitrary 

position v, can be easily computed by slightly modifying (2.26) into the form of 

E, /Et 1 ]=[B, ] 
[H/Y0Ej = [M"] 

Y, C� 
(2.36) 

where M� is the product of the characteristic matrices taken from the exit medium up 

to position v. Then, the normalized squared magnitude of the electric field can be 

easily computed from ! BVIZ (with respect to the transmitted field), I tB, I2 (with respect to 

incident field) or ItB, / rj2 (with respect to reflected field). It is also possible to 

calculate the absorption loss (A�, ) suffered between any two positions of interest, say 

positions v and w, as a fraction of the incident power. This simply involves 

calculating the difference in the normalized field intensity (with respect to incident 

field) at these positions as given by 

Pý L- 
-* 

Re(Y�) * Re(Y ) 
Aý =- (tBý)(tBv )- (tBW )(tBW) "' (2.37) 

Pi A Re(Y1) Re(Y; ) 

where B,,, is the matrix element (1,1) of the resultant (2x1) product matrix calculated 

up to position w. 

Since the threshold gains of VCSELs are highly dependent on the thickness as 

well as the relative position of the gain medium within the spatial field distribution, it 

is useful to define a figure of merit which measures the "effectiveness" of the gain 
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medium. This usually appears as the so called optical confinement factor, r, which is 

the ratio of the integral of the electric field magnitude squared within the gain region 

of thickness d to that within the whole laser structure over the 3D space [5], 

Jlf l E12 (x, y, z) dxdydz 

r= gý' =r r= rxr r= (2.38) 
IfJ1E, 2 (x, y, z) dxdydz xy =y 

whole structure 

where the ratio in the longitudinal z-direction (w. r. t the definitions in Fig. 2.1), ['i, is 

usually called the longitudinal confinement factor for a VCSEL, and the combined 

product ratio in the x-y direction (i. e. r., y = 1"J", ) is often known as the transverse 

confinement factor. Using the transfer matrix method for plane waves described 

above, I'Z can be calculated by simply dividing the sum of the area of the squared 

electric field magnitude standing wave distribution within the gain region by the sum 

of the area over the whole structure. As will be discussed in section (2.5), the 

transverse confinement factor for stripe lasers can be calculated in similar fashion. 

Using the transfer matrix method discussed in preceding sections, it is possible 

to calculate the plane wave (1-D) threshold gain of a VCSEL numerically with great 

accuracy. A laser is said to have achieved self oscillation (i. e. lasing) when the 

"internal" gain provided by the gain medium is sufficient to balance the net loss. 

Referring to Fig. 2.2 again, this implies that the amplitude of the incident field E; is 

zero and this occurs only when the QW(s) have finite gain rather than absorption. 

Consequently, it can be deduced from (2.30) that the oscillation threshold is :- 

Y. = -Y; or YM =- Y" (2.39) 

i. e. the (complex) admittance are matched at the incident boundary. In actual fact, this 

impedance matching condition is also met at any other boundaries along the structure. 

The computation of the threshold gain then simply involves varying the wavelength 

and material gain of the QW(s) until the condition specified in (2.39) is fulfilled for 

the real and imaginary parts. This procedure will thus yield the plane wave (1-D) 

threshold gain gthas well as the lasing wavelength. The latter is almost identical to the 

passive cavity resonant wavelength determined in sub-section 2.3.2. Compared to the 

analytical formulae that will be discussed in section 2.4, this numerical method has 

the advantage that it is exact and there is no need to estimate the longitudinal optical 

confinement factor through the approximation of the so called effective cavity length 
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[6]. It also correctly takes into account the possible absorption within the cavity and 

the DBRs. 

2.4 Basic Laser Formulae 

Although the numerical approach of using the transfer matrix method 
discussed in preceding sections is precise, it is useful to examine some analytical laser 

formulae that can reveal the significance of relevant parameters affecting the laser 

performance in a more explicit manner. 

2.4.1 Threshold and Resonance Conditions 

A laser is said to reach its threshold when the gain provided by the active 

medium compensates all the propagation and mirror transmission losses so that the 

magnitude and phase of the electric field of the cavity resonant mode(s) is/are 

conserved after one round trip in the cavity. The need to conserve magnitude (or 

stored energy inside the cavity) gives rise to the threshold gain condition and the 

requirement on phase constitutes the resonance condition. This can then be expressed 

as [4] 

rfrbexp(-j2PCLC) =1 (2.40) 

where rf and rb are the field reflection coefficients of the front and back mirrors, LL is 

the cavity length. ßý is the complex propagation constant inside the cavity region and 

is given by 

Pc = kc + j\ l 
rg" 

2 
cc c 

l (2.41) 

where kk is the real part of the complex propagation constant , 17 is the confinement 

factor. The terms expressed in power coefficients per unit length, g,,, and ac are the 

threshold gain provided by the gain medium and the average internal loss of the cavity 

respectively. Then by equating the real and imaginary parts of (2.40), the threshold 

and phase conservation conditions can be obtained. The threshold condition is given 

11 
by rg, = a+ a, = a+ 2Lc RfRb 

(2.42) 
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where Rf and Rb (R= IrJ2 ) are the reflectance of the front and back mirrors, and am 

represents the total mirror loss in per unit length. The product Fgt, is also usually 

referred to as modal threshold gain. This equation implies that in order to achieve low 

threshold gain, the total optical loss i. e. (a, + cc. ), has to be minimised and the 

confinement factor must be maximised. Meanwhile, the phase conservation leads to 

=1 exp[ j(-2kcL, +4r +4b)l (2.43) 

where 4f and ýb are the phase shift on reflection from the front and back mirrors as 

deduced from r= Irl e'4. Rearranging, (2.43) leads to the resonance condition for 

modal resonant wavelength 

2nnc 
L r+ýbý = mit 1. o 2 

(2.44) 

where n,, is the real refractive index of the cavity medium and m is an integer number. 
Although the threshold and resonance formulae given by (2.42) and (2.44) are 

generally applicable to both VCSELs and in-plane stripe lasers, the implications of 

certain parameters are actually different for the two types of laser. For most in-plane 

stripe lasers, except for multi-section lasers, the gain lengths are equivalent to the 

cavity lengths between the cleaved mirrors. Hence, the longitudinal (i. e. direction 

normal to the mirror planes) confinement factor is unity for all the guided modes, 

although the transverse and lateral confinement factors have to be calculated 

numerically or by using analytical solutions available for simpler structures [4]. In 

VCSELs, thin quantum wells that make up the gain media are usually placed at or 

close to the antinode of the optical standing wave formed in the longitudinal direction 

normal to the plane of the DBRs. Since the standing wave actually extends into the 

DBRs (as will be shown in Chapter 3), strictly speaking it can only be calculated 

accurately using the numerical approach discussed in section 2.3.3. However, this 

problem is usually circumvented by introducing a term called effective cavity length, 

Lca� [6], which is given by L.,, = L, + Lan(f) + Lp�(b) where Lv�(, ) and Lp�(b) are the so- 

called energy penetration depths (L, 
�) of the front and back mirrors. This effective 

cavity length term is used to take account of the field penetration into the mirrors in 

the calculation of r.. Assuming that the spatial field variation of the optical standing 

wave can be approximated by a cos(kz) profile, the longitudinal confinement factor 

F. of VCSEL is simply given by 
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r 
dgw nqw 

1+ 
cos(2kclg)sin(kcdQW) 

_r 
ngwdqw 

2.45 Z- Lay 
q 

ked enh Lca,. 

where nqw, is the total number of quantum wells, dq,, is the quantum well thickness, Iq 

is the distance between antinodes and the centres of each quantum well. I ,., h is the so- 

called enhancement factor and indicates the dependence of I'. on the positions and 

thickness of the quantum wells. If all the quantum wells are centred on the antinodes 

and are sufficiently thin such that sin(kcdgw) A, kcdqw, r,. then approaches the 

maximum value of 2. There have been a few suggestions on how to approximate the 

value of Lp, analytically, but the most commonly adopted are derived from the 

coupled mode theory [6], expressed by 

_ 
tanh(2xL) L°`° 

2x 
(2.46) 

where x and L are the coupling constant and total length of the mirrors respectively. 

For DBR consisting of pairs of quarter wave thickness layers, x is given by 20n / 2c 

where An is the index difference between the paired layers. (Note : in section 4.2, an 

alternative formula is derived based on a scalar variational expression) 

2.4.2 Threshold Current, Power Output. and Efficiencies 

The relation between the material peak gain (gpeak) of a quantum well with 
injected current density can usually be fitted both theoretically and experimentally by 

a simple two-parameter semilogarithmic expression [5] 

gpeak - golln 
J 

tr 
( for J >Jtr) (2.47) 

where g01 is an empirical gain coefficient and J1 is the transparency current density. 

Combining (2.42) and (2.47), the threshold current density Jt, for a multiple quantum 

well laser that lases at the gain peak wavelength is then given by 

J= ngw tr eX 
a° +a'° 

= 
n�, J. 2aýLý -ln(RfRb) 2.48 ý, P exP () 

rli. t 
rgo, Tl1nt 2L. r'gor 

where flint is the internal quantum efficiency representing the fraction of the injected 

current that contributes to the radiative recombination in the gain media. The 

threshold current is then the product of current injection area and threshold current 

density. 
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Above threshold, the steady state optical power output from the laser is given 

by 

Pout = lext 
hf 

(I-Ith) (forI>It, ) (2.49) 
q 

where hf is the photon energy of the laser light, q is the electronic charge, I is injected 

current, It, is the threshold current; gext is the so-called external quantum efficiency 

expressed by 

exc - 
out 

Inc 
a+ ccm /qcm 

(2.50) 

ln(1 / Rf Rb ) 
ý'°` 2aCLe + ln(1/RfRb) 

and gives the ratio of the total number of photons emitted by the laser above threshold 

to the number of carriers injected into the active region of the laser. Rearranging, 

(2.50) can be rewritten as 

1_1 1+ 
lac Lc 

next Hint ln(1/RfRb) 
(2.51) 

For stripe lasers, equation (2.51) is frequently used to extract the experimental values 

of the cavity loss a, and internal quantum efficiency ii;,,, from the measurements of rýext 

on broad area lasers of different cavity length. To a good approximation, Rf = Rb for 

this type of laser. From the plot of 1/rI. against L, , the intercept of the resulting 

straight line gives the value of 1/'lint which in turn can be used to infer a, from the 

slope, if the reflectivities are known. This experimental value of a, can then be 

substituted into (2.42) to determine the modal threshold gain Fg,. Assuming unity 

lateral confinement factor for these broad area lasers and since the transverse . 
confinement factor can be calculated, a plot of material gain g of the gain medium 

against radiative current density J,, d (where J�d = lint Jth) can then be obtained. As will 

be shown in chapter 3, the experimental plot of gQw vs. Jmd obtained through this 

procedure can be compared with the theoretical one, using stripe lasers made from 

VCSEL material. 
In contrast to the uncoated in-plane stripe lasers, the reflectivity of the bottom 

(back) mirror of a top (front) emitting VCSEL is always designed to be higher than 

that of the output top (front) mirror to maximise the extraction of light output. Taking 

into account of the fact that some portion of light may be absorbed in the output 
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mirror, the external differential quantum efficiency (rleXa, op) 
) for top emitting VCSEL 

can be estimated as 

lext(top) = 1lintrltop - lint 
Tip 

2acLc + ln(1 / RtoPRbot) 
(2.52) 

Ttop 
lint 

20CcLc + (1-RtopRbot) 

where ln(R'') = (1-R) if R st; 1, i is the output coupling efficiency through the top 

DBR, Ttp and R,,, are the transmittance and reflectance of the top DBR, R, 
o, 

is the 

reflectance of the bottom DBR and ac is the cavity loss (different value from that of 

an in-plane laser). Another figure of merit on the laser performance is the power 

conversion (or wall-plug) efficiency (il. ) which is current injection dependent and is 

defined as the ratio of optical power output to the electrical input. For top emitting 

VCSELs, it is given by 

11 
wp = 11 

ext(top) 

(I-Ith) V9 
(2.53) 

I Vg + IR 

where I is injection current, It, is the threshold current, Vg is the bandgap energy and R 

is the series resistance of DBRs. 

2.5 Transverse Wave Admittance and Planar Waveguide 

As discussed in section 2.4.2, it is possible to estimate the gain-current 

relation of the quantum wells by making broad area in-plane stripe lasers (60µm stripe 

width is used in this work) using the same material as used for the VCSEL. However, 

before this can be done the value of the transverse confinement factor must be known. 

To obtain this value theoretically, an approach similar to the "transverse resonance" 

method [2] was employed. Referring to Fig. 2.2, assume that the cleaved facets for 

such broad area stripe laser are parallel to the x-z plane such that the cavity length is 

determined by the distance between the mirrors along y-axis. Since the stripe width 

along the lateral x-axis is many times the lasing wavelength, this laser appears like a 

planar multilayered waveguide whose guided modes propagate in the "longitudinal" 

y-direction and are guided only in the "transverse" z-direction, i. e. ö/ 8x = 0, k,, =0 

and thus r=1. The guided modes in such a waveguide are classified as TE or TM 
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modes. They can be considered to be a superposition of a pair of TE or TM waves that 

are propagating along the y-axis with identical propagation constant k., but with ± 

phase constants in the z-direction (or a pair of TEM plane waves that are making an 

plus/minus oblique angle with the z-axis). Hence, the standing wave formed extends 
in the z-direction. As before, the relation between ß and lc, can be readily obtained 
from (2.17b). Note that the definitions of longitudinal and transverse directions of 

these stripe lasers / planar waveguides are different from that of VCSEL. 

Using the transfer matrix method described earlier, the propagation constant ky 

and phase constant ß of the guided modes can be determined as follows. Firstly, it is 

assumed that the modes are purely decaying in the media above the topmost layer and 

below the lowest layer of the waveguide structure, but either propagating or 

evanescently decaying waves are allowed in any other layers. Then for any guided 

modes, the impedance matching condition as given by (2.39) must be met. As in that 

instance, the matching condition are also met automatically at other interfaces. 

Depending on the layer dimensions and actual structure design, only a set of discrete 

values of k,, and ß will be found to satisfy this condition. The guided mode with the 

largest value of propagation constant ky and lowest value of phase constant ß (related 

to lc by (2.17b)) is considered to be the fundamental mode. Subsequently, the 

transverse standing wave pattern can be calculated easily using the procedure 

described in section 2.3.3. Then, the "transverse" confinement factor T for any guided 

modes can be evaluated according to their respective field profiles. 
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Chapter 3 Design Issues 

3.1 Introduction 

This chapter deals with design aspects for oxide apertured VCSELs used in 

this work. It begins with an overview which includes details of the practical 

limitations that constrain the design flexibility. This is then followed by assessments 

of the plane wave values of reflectivity, threshold gain, threshold current density and 

output coupling efficiency of the designed VCSEL structures. Finally, some 

preliminary experimental results from broad area VCSELs and in-plane lasers are 

presented so that certain devices parameters can be estimated for use chapter 5. 

3.2 Design Overview 

The VCSEL materials used in this work were grown using the Metal-Organic 

Vapour Phase Epitaxy (MOVPE) technique. The details of these VCSEL structures 

are shown in Figure 3.1. Several growth constraints and practical device fabrication 

problems affected the design flexibility of these VCSELs. For 850nm GaAs VCSELs, 

A1,, Ga, 
_XAs 

is the natural material choice for the reflector stacks since it can be easily 

grown (the difference in lattice constant between GaAs and AlAs is less than 0.16% 

[2]) and provides sufficiently high refractive index contrast ratio for producing 

working VCSELs [3,4]. At the optical wavelength of 850nm, available data on the 

absorption coefficients [2,3] shows that while Alo_, Gaa, 9As is absorptive to light, 

Alo. 2Gao, 8As should be transparent. Therefore, Ala. 2Gao. 8As is chosen as one of the 

constituents of the DBR. 

In the ideal absorption free case, the maximum normal incident reflectivity 

(R,,, ýX) at the designed central wavelength of a DBR formed by exact quarter-wave 

thick stacks, can be deduced from equations (2.26) and (2.30) as 
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2p 2 

n, nl 

Rm = 
n, n2 

2p 

+ 
n` n, 
n; n2 

(3.1) 

where n, and n2 are the refractive indices of the mirror layers (stacks start with the 

layer having n), n; and ne are the refractive indices of the incident and exit media, 

and p is the number of mirror pairs. For a fixed number of mirror pairs, the reflectance 

of the mirror is thus dependent on the index contrast ratio n, /n2. For a large number 

pair of stacks (i. e. p --> co), R,,,. approaches unity and the bandwidth (0X) of the first 

order reflectivity stopband can be estimated by [1] 

ý, -, 2o 
sin-, Ini ný 0ý, = 7t n, + n2 

(3.2) 

Again, this formula indicates that a DBR with a large index difference/contrast ratio 

offers a wider stopband width. Hence, in order to achieve the desired mirror 

reflectance using a minimum number of layers as well as with wide high reflectance 
bandwidth, the material with lowest refractive index i. e. AlAs would be the most 
logical option for making up the mirror pair. However, for single oxide apertured 
VCSELs, Al,, Ga, 

_xAs with x<0.95 [5] must be used in order to provide sufficient 
lateral oxidation selectivity so that oxide apertures do not form elsewhere within the 

mirrors other than the designated location. Unfortunately, due to the limitation of the 

growth reactor mass flow controllers for Trimethylaluminium (TMA) [6], the highest 

Al content Al Ga, 
_XAs with x<1.0 available for this work is Alo. 8Gao 2As. Hence, 

Alo. 2Gao. $As/Alo. 3Ga02As mirror pairs are used for the top DBR except for the first 

period where AlAs replaces Ala. $Gao. ZAs to form the oxide aperture. 
During device fabrication, mesas were etched through the top DBR to expose 

the AlAs layer for oxidation (refer to Fig 1.1 in chapter 1), and usually stopped at the 

upper end of the bottom DBR in order to avoid unnecessary increase in mirror 

electrical series resistance. Thus, two different DBR material combinations can be 

used for the bottom DBRs : they are 15.5 pairs AlO. 2Gao. $As/A1,. 8Gao. 2As in the upper 

part of the bottom DBR to provide an extra etch depth tolerance of about 2µm, and the 

AI0.2Gao8BAs/AlAs combination making up the rest of the bottom DBRs to minimise 

the number of mirror pairs required to achieve the desired reflectivity. 

25 



Chapter 3 Design Issues 

p+ - GaAs 5o A 

p- Alo. 2Gao. sAs 424 A 

p- Alo. 5Gao. 5As 200 A 

p- AL 3Gao. 2A 471 A 

p- A1o. sGao. sAs 200 A 

p- Alo. 2Gao. BAs 424 A 

p- Al0. sGao. 5A 
-- --- ---- -- - 

200 A 
inn i7Pn 

i. 
nn 9 

I l! - (1{! IA vvv i J�v if. VV l1 1 

p-AI08Gao: As 0124013852 

> capping layer 

xM (= 27) Top DBR 

) Oxide aperture 

i- AI0.3Gao. 7As 980 A 

i -GaAs QW1 100 A 

i- Al 0 3Ga0 7As 100 A 

i -GaAs QW2 100 A 

i- Ala. 3Gao,, As 100 A 

i- GaAs QW3 100 A 

i- A10.3Gao,, As 990 A 

n- Ala, $Gao. 2As 580 A 

n- Al0.5Gao. 5As 200 A 

n- Al 02Gao. &As 424 A 

n- Alo. 5Gao. 5As 200 A 

n- Alo. BGao. 2As 471 A 

n- Alo. 5Gao. 5As 200 A 

n- Alo. 2Gao. 8As 424 A 

n- Alo. 5Gao. 5As 200 A 

n- AlAs 492 A 

n- Alo. 5Gao. 5As 200 A 

n- buffer layers 

n- GaAs substrate 

3 QWs in a 
1X cavity 

x P(=15) 

Bottom DBR 

xQ(=27) 

Figure 3.1 : Details of the full VCSEL structures used in this work. The structures 

containing 600A, 350A and 200A AlAs layer in the first pair of top DBR 

are referred to as strong, medium and weak guiding designs in this 

thesis. 
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Besides providing the necessary optical feedback for lasing, the DBRs also act 

as the current carrying media for carrier injection into the gain region. While a large 

refractive index difference between the two constituents of the DBR structure is 

responsible for high optical reflectivity, the accompanying energy bandgap difference 

which increases with index difference, also results in potential barriers (spikes) at the 

"reverse biased" heterojunctions [4]. These barriers impede carrier flow in the DBR 

structures and constitute series resistance which is usually higher for the p-DBR than 

the n-DBR, due to the much higher effective mass of holes than electrons. Besides 

limiting the power conversion (i. e. wall-plug) efficiency through causing a higher 

biasing voltage, as can be deduced from equation (2.53), the series resistance also 

gives rise to device internal thermal heating. This promotes carrier leakage in the 

active region and thus further deteriorating the laser efficiency. The electrical 

conduction of the DBR can be improved by compositional grading and modulation 

doping of the heterojunctions to enhance thermionic and tunnelling currents through 

the potential barriers [7,8]. However, such schemes for reducing the series resistance 

of DBRs require sophisticated growth control that is not easily implemented at 

Sheffield. Therefore in this work, a single step grading scheme [4] is used, where a 

200A AI,. SGao. SAs intermediate layer is inserted at each heterojunction. The mirror 

stacks are also uniformly doped throughout to dopant concentrations of -3.0 x 1018 

cm 3(C doped) for the p-type top DBR and -2.0 x 1018 cm-1 (Si doped) for the n-type 

bottom DBR. 

As can be deduced from (2.44), the resonant wavelength is very sensitive to 

the total optical thickness (nL) of the cavity. Thus, the VCSEL cavity design should 

be made as simple as possible to avoid misplacement of resonant wavelength. On the 

other hand, it is also desirable to grade the QW-cladding regions using a grading 

scheme such as the GRINSCH structure [9] or the staircase structure [10] to provide 

more efficient carrier capture in the quantum wells. Neither of these schemes were 

adopted since it is more difficult to ensure cavity optical thickness uniformity across 

the VCSEL wafer [6]. Thus, the VCSELs used in this work only contain three 100A 

GaAs quantum wells that are clustered around the only antinode of the optical 

standing wave available in the 1-% (optical thickness) cavity, and are separated by 

Alo. 3GaVAs barriers/cladding layers from each other and the mirrors. 
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As mentioned in Chapter 1, the main objective of this work is to study the 

effects of the oxide thickness on the VCSEL operating characteristics. For this 

purpose, the three VCSEL structures used are nominally identical except for the 

thickness of the oxide apertures embeded in the first mirror pair of the top DBR. The 

details of these structures are shown in Fig. 3.1. In order to vary the strength of the 

index guiding, the thickness of the to- be- oxidised AlAs layers are chosen to be 

200A, 350A or 600A respectively. As shown in Fig. 3.8(b) to 3.8(d) in section 3.3.2, 

these AlAs layers are designed to be situated between the antinode and the node of the 

optical standing wave. As will be shown later in chapter 4, the index guiding strength 

in an oxide apertured VCSEL is dependent on the thickness and the longitudinal 

position (i. e. distance from an antinode/node of the optical standing wave) of the 

oxide. Therefore, for ease of identification, these VCSEL structures are addressed as 

"strong guiding" (600A oxidised AlAs), "medium guiding" (350Ä oxidised AlAs) and 

"weak guiding" (200A oxidised AlAs) respectively in the rest of this thesis. 

3.3 Design Assessments 

In this section, the dependence of the mirror reflectance, threshold gain and 

threshold current density, and output coupling efficiency on absorption loss and 

number of mirror pairs will be discussed. From these considerations, VCSEL designs 

which give a target threshold current density of around lkA/cm2 for broad area 

devices (diameter > 10µm) are determined. The VCSEL structures under 

consideration are those illustrated in Figure 3.1. The values of the layer thickness were 

calculated assuming a plane wave resonant wavelength of 850nm. The presence of the 

thin degenerately doped (1x1019 cm-') 50A GaAs capping layer on top of the top DBR 

is necessary to reduce the formation of the surface oxide as well as for obtaining a low 

resistance ohmic contact. The Alo, $Ga,. 2As layer in the dotted box exists only for the 

cases of medium guiding (350A AIAs) and weak guiding (200A AlAs) layers, to 

ensure zero phase shift on reflection from the top mirror. The numerical calculations 

involved below are based on the transfer matrix method discussed in the previous 

chapter and the widely accepted refractive index values of A1,, Ga, 
_xAs 

from S. Adachi 

[3]. 
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3.3.1 Plane Wave Reflectivity of Top and Bottom DBRs 

In order to achieve high output efficiency and low threshold gain, the 

reflectance of the bottom mirror must be made as close to unity as possible. Figure 3.2 

illustrates the effects of using two different DBR constituents (refer to Fig. 3.1), i. e. P 

pairs of (A10.2Gao. 8As/Alo. 5Gao_SAs/AI0.2Gao. BAs/Alo. 5Gao. 5As) and Q pairs of 
(Alo. 2Gao, 8As /Al0.5GaO. 5As /AlAs/Al0.5Gao. 5As), as well as that arises from inserting 

intermediate layers on the reflectance stopband bandwidth of the bottom DBR. For 

meaningful comparisons, all mirror stacks are assumed to be absorption-free and the 

total number of mirror pairs are kept at 30. As expected, the mirror with the largest 

index contrast ratio i. e. P=O, Q= 30 pairs (curve (iii)) has a wider stopband width than 

the other two mirrors designs with lower ( curve (i)) and hybrid ( curve (ii) ) index 

contrast ratios. Therefore, by adopting the hybrid design (ii), some reduction in 

bandwidth of the stopband was traded for fabrication tolerance on the mesa etch 
depth. Curve (iv) also shows that ideal abrupt step junction mirror without 
intermediate layers has the widest bandwidth among the four designs. 

4 

(i) P= 30, Q=0 

CD 
82 

co 
aý 
aý 

3 

(ii) P= 15, Q= 15 

(iii) P=0, Q= 30 

I 

(iv)P=0, Q=30 
(no intermediate 
grading layers) 

0 
780 800 820 840 860 880 900 920 

wavelength (nm) 

Fig 3.2 . 
Calculated reflectivity spectrum of bottom DBRs with different 

combinations of mirror periods P and Q. Curves (i), (ii) and (iii) have 

been offset for the sake of clarity. 
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By fixing P mirror pairs to 5,10 or 15, Fig 3.3 illustrates the variation of peak 

reflectance with (P+Q) mirror pairs for various values of uniform absorption 

coefficient. The peak reflectance curves flatten off for a large number of total mirror 

periods, and the maximum peak reflectance that can be obtained is dependent on the 

mirror combination as well as on the amount of absorption. As expected, a larger 

value of P mirror pairs results in larger total number of mirror pairs (P + Q) required 
for a particular value of reflectance in all cases. For P= 15, increasing the total 

number of mirror pairs beyond 42 (i. e. Q> 27 pairs) results in little improvement in 

reflectance and might also increase the mirror series resistance unnecessarily. Thus, a 
42 pair DBR (P=15, Q=27) is chosen for forming the bottom mirror of the VCSELs 

used in this work. The advantages of using a DBR with larger index difference is 

obvious from Figures 3.2 and 3.3 (and also equations (3.1) and (3.2)). Although not 

adopted for the VCSELs studied in this work, the feasibility of making high index 

contrast ratio mirrors using AlO/Al0.2GaO. $As and Al OJAl0.5GaO. 5As has also been 

investigated. These results are detailed in Appendix B. 
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Fig 3.3 : Peak Reflectance of bottom DBR versus (P+Q) x no. of mirror periods for 

different values of uniform absorption coefficients in all layers. 
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Fig 3.4 : Peak reflectance of top DBR of strong guiding design versus M number of 

mirror pairs for different values of uniform absorption coefficients 

Fig. 3.4 shows the variation of peak reflectance of the top DBR with 
increasing number (M) of mirror pairs in the top DBR for the strong guiding design. 

Its stopband bandwidth is similar to that shown in the curve(i) of Fig 3.2. As in the 

case of the bottom DBR, the peak reflectance reaches a different limit for a large 

number of mirror pairs for different values of absorption coefficient. The effect of the 

degenerately doped GaAs capping layer is negligible and in fact slightly increases the 

reflectance for M<35 pairs. This is because the extra index step provided is more than 

sufficient to offset the absorption loss in such a thin layer where the electric field is 

very weak. The peak reflectance of the top DBRs containing 200A or 350A AlAs in 

the first pair are very close to that with 600A AlAs with a difference in reflectance no 

more than 0.03%. 

3.3.2 VCSEL Plane Wave Properties : Threshold Gain, Output Coupling 

Efficiency and Optical Standing Wave 

The threshold condition of a laser requires sufficient gain to overcome the 

optical losses before oscillation can be achieved. Besides the mirror transmission 

losses, the absorption losses also play very important parts in determining the lasing 

performance of VCSEL. The use of impurity doping in DBRs results in absorption 

losses which are mainly due to free carrier absorption and the so-called band-tail 
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absorption [12-13]. Free carrier loss involves the absorption of photons whose energy 

are below bandgap, by free carriers which are consequently raised to a higher energy 

state within the same conduction or valence band. The free carrier absorption 

coefficient can be estimated by [12] 

4TC2 

n ,, q 2X2 
afc = 

m*nc'cotic 
(3.3) 

where nc is the free carrier concentration, n is the refractive index, m' is the effective 

mass of the carriers and rc is the effective scattering time, the inverse of which is the 

damping rate of the free carrier oscillation. The value r, is usually estimated from the 

carrier mobility µ4, where tic = m' µc /q. On the other hand, band-tail absorption 

usually involves near bandgap transitions between ionised impurity states (i. e. band- 

tail states formed by donor/acceptor states) and the opposite band-edge. It has been 

suggested by Casey [13,14] that the total free carrier absorption loss due to doping 

impurities near the bandgap energy for GaAs at room temperature, can be estimated as 

a (cm"') e 3x10-18 n+ 7x10-" p (3.4) 

where n and p are the n-type and p-type dopant concentrations respectively. However, 

this estimation includes both free carrier absorption and band-tail absorption where 

the low energy bandtail states extended as far as 120meV from the bulk GaAs band 

edge (1.424eV) as deduced from figures in ref. [13]. Thus, this phenomenological 

formulae is not suitable for the case where the bandtail state energy levels of 

A1xGa, 
_xAs are far higher than the photon energy. 

For the VCSELs discussed here (excluding the GaAs capping, buffer and 

substrate layers), AIa. 2Gao. $As has a direct bandgap energy (1.66 eV) closest to the 

emission photon energy (; 1.46eV). Due to the lack of reported results, it is not certain 

whether the extent of the bandtail states of AI0.2Gao. $As is similar to that of GaAs. 

Hence, calculations were carried out assuming the absorption losses in Alo. 2Gao. 8As 

are given either by (3.4) which includes bandtail absorption, or purely due to free 

carrier losses estimated by (3.3). As for the other constituent reflector stacks with 

higher Al fractions, only free carrier absorption losses are considered. The relevant 

values for effective mass are taken from reference [2] where heavy hole masses are 

used for p-doped layers and an extrapolated conduction band effective mass is used 

for n-doped AI0.2Gafl. gAs. For n-doped Al,, Ga, 
_XAs with x=0.5,0.8,1.0, the x-valley 

conductivity masses are adopted due to the indirect nature of their bandgaps. For 
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carrier mobility, the values for p and n-doped GaAs at 2x1018 cm-3 [4] are used for 

AL 2Gao. 8As while values for Alo. SGao. SAs, taken from references [15] and [16], are also 

used for Al0.8Gao22As and AlAs layers due to lack of published data. The estimated free 

carrier absorption losses for the p-type top DBR stacks (doping concentrations 

3.0x1018 cm-) and n-type bottom DBR stacks (doping concentrations 2.0x10'$ cm3) 

at 850nm are shown in Table 3.1. As for the nominally undoped cavity, the free carrier 
loss is assumed to be negligibly small. It is obvious that the estimated free carrier 
losses for Alo. 2Gao, $As given in Table 3.1 are much lower than that given by equation 
(3.4) of Casey, i. e. 21cm' for p-type and 6 cm' for n-type AI0. ZGao. BAs at similar 
doping concentrations. This seems logical since equation (3.4) includes the effects of 
both free carrier and band-tail absorption. 

Having estimated the absorption coefficients of the DBR constituent layers, 

the threshold gain was then calculated using the numerical approach described in 

section (2.3.3). Figure 3.6 illustrates the dependence of the plane wave threshold gain 
for the strong guiding VCSEL layer on the number of top mirror pairs for three 

different sets of absorption values. Case A assumes all the constituents of VCSEL are 

absorption free, thus gives the lowest threshold gain among the three curves. Case B 

considers only free carrier losses in all layers and this assumption also applies to Case 

C except for the Alo. 2Gao. gAs layers where absorption losses obtained from Casey's 

equation (3.4) are adopted. As expected, the threshold gain reduces with increasing 

mirror pairs and reduction in mirror absorption. It is also found that the threshold 

gains for the "medium" and "weak" guiding designs are just slightly higher by no 

more than 40 cm' in both cases. Therefore, any difference in threshold gain (or 

threshold current density) among the oxidised devices with different oxide aperture 

thickness will be mainly due to the oxide thickness dependent excess optical losses. 

Materials Alo. 2Gao. 8As Alo. SGao. SAs Ala, BGao. 2As AlAs 

Dopant types p n p n p n p n 

ar, (ßm7) 0.56 1.95 1.37 2.74 1.28 3.29 1.24 3.75 

Table 3.1 : Estimated free carrier absorption coefficients at 850nm using equation 
(3.3) for p and n-type DBRS with dopant concentrations of 3.0x1018 cm3 

and 2.0x10`8 cm' respectively. 
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Figure 3.6 : Variation of plane wave threshold gain ( GO with Px (mirror pairs) in 

the top DBR. Case A: no absorption loss in any layer; Case B: only 

free carrier loss in all layers; Case C: Free carrier loss in all layers 

except for A10.2Gao. $As where absorption losses near band-edge 

from eqn. (3.4) are assumed. 

For a given injected carrier density, the optical gain g(N) generated by a 100th 

GaAs/Alo. 3Gao., As QW at 300K is given by [17] 

4N+ `Y min 

g(N) = gox N 
(3.5) 

tr 

where the gain coefficient, goN, is 1373.3 cm-' , Ntr is the transparency carrier density 

given by 2.36 x 10'8 cm' and Nmi. = 1.62 x 1015 cm-' is the value inserted by the author 

to ensure that an unpumped (i. e. N= 0) QW has only a maximum absorption 

coefficient of 104cm2 [18]. The relation of gain - injected carrier concentration (g - 

N) calculated from equation (3.5) is shown in the inset of Fig. 3.6. In the absence of 

significant optical field (i. e. below threshold), and ignoring the carrier diffusion as 

well as carrier leakage effects, the carrier density concentration N is related to the 

injected current density (J) into the active region by 
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dN 
__ 

J 
_Rsp°" (N) _N -CN3 (3.6) 

dt gnq, V 
d 

qw t nr 

where RP ... ( N) is the spontaneous recombination rate and can be considered to vary 

as BN' at moderate carrier density. B is the bimolecular recombination coefficient and 
has a typical value of 1x10'10 cm's'' for GaAs [19], corresponding to a radiative 
lifetime (i. e. ti�d (117) = 1/ BN) of l Ons for N=1x 1018 cm-. The non-radiative 

recombination lifetime zN is a function of interface quality as well as the number of 

impurity and defect states in the vicinity of the well. It is usually independent of 

injected carrier concentration and has value in the range of a few ns [19-21]. Thus, 

non-radiative recombination consumes quite a significant portion of injected carriers 

at low injection carrier density level. The last term in (3.6) represents the Auger 

recombination rate which is insignificant in GaAs since C is in the order of 10"30 cmb/s 

[22], corresponding to a few hundreds of nanoseconds at the carrier density of interest. 

Thus at steady state, the injected current density can be estimated as 

J= Jr, d + JN = qnqwdqw BNZ +N 
TN 

(3.7) 

where Jrad is the radiative current density due to the spontaneous recombination and J,,,, 

is the non-radiative current density due to the non-radiative recombination. 
Figure 3.7 shows the variation of the predicted threshold current density ( J, ) 

for the strong guiding layer with M mirror pairs in the top DBR, where either only 

radiative current density or both radiative and non-radiative current density are 

considered assuming ti ,= 
5ns. These curves were calculated using the threshold 

gains obtained under the conditions set by cases A, B and C in Fig. 3.6 From this 

figure, it was decided to use M= 27 mirror pairs in the top DBR, corresponding to an 

ideal absorption free (i. e. case A) threshold current density (J. d + Jn) of 967 A/cm2. 

Taking account of the absorption losses set by case C, the predicted threshold current 

density for the strong, medium and weak guiding designs are almost identical at 1.15 

kA/cm2,1.17 kA/cm2 and 1.20 kA/cm2 respectively. 
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Figure 3.7 : Variation of predicted threshold current density ( Jt, ) taking into 

account only radiative current density (J, 
g) or, both radiative and 

non-radiative (J, u) current density for strong guiding VCSEL layer. 

Fig 3.8(a) shows the typical plane wave "squared electric field profile" formed 

within the whole VCSEL structure (such as that shown schematically in Fig. 1.1) at 

threshold and at the resonant wavelength of 850nm, normalised with respect to the 

field at the boundary between the last layer of bottom DBR and the substrate, i. e. 

buffer layers are neglected. Enlarged versions, emphasising the spatial field variation 

in the vicinity of the cavity region and the positions of the AlAs (oxide aperture) 

layers, are illustrated in Figure 3.8(b), (c) and (d) for the strong, medium and weak 

guiding VCSEL layers respectively. In the strong guiding design, the AlAs layer is 

thicker and closer to the antinode than in medium and weak guiding designs. The 

implications of the thickness and longitudinal positions of the oxide on the lasing 

performance will be discussed theoretically in Chapter 5, and based on experimental 

results in Chapter 6. 
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Figure 3.8 (c) : Variation of the optical standing wave in the vicinity of cavity region 
for the "medium guiding" (i. e. 350A AlAs) VCSEL design. 
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Figure 3.8 (d) : Variation of the optical standing wave in the vicinity of cavity region 

for the "weak guiding" (i. e. 200A AlAs) VCSEL design. 
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It is also possible to evaluate the net power flow in the VCSEL structure by 

calculating the spatial variation of the time averaged power density (Pr) given by 

(2.32) i. e. V2 real(EE x Hy) according to the co-ordinate systems in Fig. 2.1(d). 

Mathematically, using eqn. (2.18), (2.19) and (2.32), P. can be shown to be equal to the 

summation of the forward-going (+) and backward-going (-) power density flows, i. e. 
(�3E+H) + 

(- 12E-H-). As in the case of a standing wave distribution, it is 

normalised with respect to the value obtained at the boundary between the last layer of 

bottom DBR and the substrate. Figures 3.9(a) and 3.9(b) show the spatial variation of 

(plane wave) P,, inside a strong guiding VCSEL at threshold where the latter figure 

offers an enlarged illustration for the region surrounding the cavity. The sign of the 

power density is negative in the top DBR because the direction into the substrate is 

defined as the positive z-axis. This means that values of P. >0 represent the transport 

of energy towards the substrate and those of P. <0 represent power flow towards the 

surface of top DBR. In Fig. 3.9(b), the amplification of the power flux by the QWs 

can be easily recognised. This suggests that the output coupling efficiency (i ) from 

the top DBR can be obtained by 

_I 

PZ 
( top out) 

I 

top I PZ 
(top) 

I+I I'Z (bottom) 
(3.8) 

where as shown in Fig 3.9(a), IPz ( )I is the maximum magnitude of the power density 

in the upward direction (-z direction), IPz 
. )I 

is the corresponding value towards the 

substrate and IPZ I is the transmitted power output from the top DBR i. e. value at 

the interface between the airNCSEL surface. 

Using the definition given by eqn. (3.8), the output coupling efficiencies 

through the top DBR were calculated for cases A, B and C and the results are plotted 

in Figure 3.10. For M= 27 mirror pairs chosen for the three VCSEL designs used in 

this work, the predicted plane wave values of i are very similar for the strong, 

medium and weak guiding structures at 0.783,0.785 and 0.787 respectively, using 

values of absorption coefficients set by case C. The corresponding values of i 

calculated using the phenomenological eqn. (2.52) are 0.774,0.776 and 0.778 

respectively, very close to those calculated using eqn. (3.8). Thus, in subsequent 

chapters eqn. (2.52) is used to calculate rl. P. 
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substrate i. e. buffer layers are neglected. The curve was calculated 

under the condition set by " Case C ". 
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Figure 3.9(b) : Spatial variation of time average power density, P. in the vicinity 

of cavity region for the strong guiding VCSEL structure. 
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Figure 3.10 : Output coupling efficiencies through top DBR (il,. d calculated using 

eqn. (3.8) for absorption coefficients values set by cases A, B and C, for 

the strong guiding VCSEL structure. 

3.3.3 Transverse Confinement Factor for Stripe Laser made from VCSEL layer 

Using the method described in section 2.5, the transverse field variation in a 

planar multilayer longitudinal waveguide formed from the strong guiding VCSEL 

material was calculated. Figure 3.11 shows the spatial field variation for the lowest 

order TEO mode (nff = 3.325) guided in such a waveguide together with the refractive 

index profiles of the Al., Ga, 
_., 

As layers. The calculated value of the transverse 

confinement factor (Fe) deduced from this field variation is 9.6%. The highest value 

for a higher order mode is much smaller at 1.5% for the TE2 mode, where most of the 

field energy is spread out into the DBRs rather than being contained within the cavity 

region. Note that a TE mode is assumed since the GaAs QWs offer higher TE gain 

than TM gain. In addition, the TE modal reflectivity is also higher at the 

semiconductor/air interface. 
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Figure 3.11 : Spatial variation of the transverse electric field of the fundamental TEo 

mode guided by the multilayer waveguide made from VCSEL structure 

of "strong guiding" design. 

3.4 Assessments of Broad Area Devices 

Broad area devices are useful for extracting some of the parameters used in 

VCSEL simulations. From in-plane stripe lasers, the gain-current relation, the internal 

quantum efficiency, and the gain peak wavelengths can all be estimated. For the broad 

area (>10µm diameter/size) oxide apertured VCSELs, where size dependent 

diffraction losses are negligible, the absorption loss in the DBRs can also be 

estimated. 

3.4.1 Broad area in-plane stripe lasers 

Using the VCSEL material from the "strong guiding" layer, broad area (60µm 

metal stripe width) in-plane stripe lasers with various cleaved cavity lengths had been 

made and assessed under pulsed conditions (Ills pulse length, 10kHz repetition rate). 
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Figure 3.12 illustrates the variations of the inverse differential quantum efficiency 

( 1/rl, x, 
) with cavity length ( Lc) measured at just above threshold. 
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Figure 3.12 : Variation of inverse external differential quantum efficiency vs. 

cavity length of broad area in-plane stripe laser made from strong 

guiding VCSEL material. The inset shows the gain peak wavelength 

as a function of threshold current density per-well. 

From equation (2.51) discussed in section 2.4.2, the inferred values of internal 

quantum efficiency (, qi,, ) and cavity optical loss (ac) from the slope and intercept of 

the fitted curve are 0.821 and 7.8 cm' respectively where R=0.29 was assumed. The 

inset of the figure also shows the corresponding lasing wavelengths which can 

assumed to be the gain peak wavelength for various injection current density per-well. 
Obviously, the blue shift in the gain peak wavelength slows down with increasing 

injection current density as the band-tail states are filled up and bandgap re- 

normalisation comes into play. At an injection current density of about 500 A/cm2 

per-well (i. e. predicted value at threshold for the VCSELs designed), the gain peak 

wavelength should thus be below 863nm. 

Using the experimental values of ii;., and ace, the relation of experimental peak 

gain (gaak) vs. radiative current density (J, 
ad = lint Jth ) for a single QW can also be 

deduced from 
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gpeak =r °C ,+i1 RJ 
ý3. t oý 

c 
where IF, is the calculated transverse confinement factor. Figure 3.13 shows both the 

experimental and the theoretical curves of gpeak vs. J. d. The theoretical curve was 

calculated assuming Jrad = BN2 where B= 1O ° cm3/s and the relation between gp, 

and N was deduced from eqn. (3.5). 

300 
^ ga (exp. fit) = 414.2 cm' 

OCR Ir, 
E Jt, (exp. fit) = 76.2 A/cm2 

250 
Ca - ga (theory) = 654.9 cm 
a' °? 200 Jtr(theory) = 88.9 A/cm2 
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ca 
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Radiative current density per well, Jrad (A/cm2) 

Figure 3.13 : Plots of peak gain vs. radiative current density (per well), inferred 

from experimental results and theoretical calculations. 

The two curves were then fitted using the 2-parameter logarithmic relation 

expressed by eqn. (2.47). These yield a lower gain coefficient gp, (mdý for the 

experimental fit (414.2 cm-') than that from the theoretical prediction (654.9 cm'). 

The experimentally determined radiative transparency current density J, ýmd) of 76.2 

A/cm2 is also lower than the expected value or 88.9 A/cm2. Although not a perfect 

match, this comparison does show that the theoretical values assumed are in the right 

range. The reason for the lower experimentally deduced J,, (,., d) could be due to the 

reduction in the total spontaneous recombination rate, caused by the inhibition of 

spontaneous emissions in the vertical direction and/or the photon recycling effect [23]. 
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This would cause an increase in effective carrier lifetime and a corresponding 
decrease in radiative current. As for the lower experimental value of gain coefficient, 
it could be because the modal facet reflectivity and/or the transverse confinement 
factor are lower than that assumed. 

It should also be noted that the experimental g, ak vs. J, 
ad curves in Figure 3.13 

were plotted under the assumption that the internal quantum efficiency at sub- 

threshold (also referred to as the radiative efficiency [24]) is similar to that above 

threshold (also called the "differential" internal quantum efficiency [24]). Strictly 

speaking, this is not true since both radiative and non-radiative currents are dependent 

on the injected carrier density and the regime of laser operation. In reference [24] 

where a more sophisticated method has been employed to determined flint , the 

experimental results indicate that the value for below-threshold internal quantum 

efficiency could be about 5% lower than that above threshold. It also suggests that 

current spreading and recombination in the barriers are the major reasons for 11; n< <1 

above threshold, which otherwise would approach unity since the carrier density in the 

QWs is approximately pinned yielding a radiative efficiency of >98%. Bearing this 

uncertainty in mind, the simple method presented here does provide a way for 

checking the gain peak wavelength and the lasing quality of the quantum wells. 

3.4.2 Broad area VCSELs 

As will be shown in Chapter 5, oxidised VCSELs with large aperture sizes 

(>10µm) suffer from negligible size dependent optical diffraction loss and thus their 

modal reflectance are almost identical to the value of plane-wave (1-D) reflectivity. In 

order to estimate absorption losses in the DBRs, the threshold current densities and 

external differential quantum efficiencies of these broad area VCSELs (about 15um 

near-square device size) have been measured under pulsed condition using a shorter 

pulse length of 40ns and a 50kHz repetition rate. The devices chosen for assessments 
have lasing wavelengths of about 865-866nm, close enough to the projected gain peak 

wavelength. The average threshold current densities are found to be (1.62 ± 0.04) 

kA/cm2, (1.48 ± 0.04) kA/cm2 and (1.39 ± 0.04) kA/cm2 respectively for the strong, 

medium and weak guiding devices respectively. The corresponding average external 

differential quantum efficiencies are 41.3%, 45.0% and 48.4%. Obviously, these 

values are quite different from those predicted in section 3.3.2. Results from polaron 
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profiling performed on these wafers [25] shows that the doping concentration in the p- 

DBR fluctuates between 2 x10'$ to 6x10'$ cm-3 as compared to the expected value of 3 

x 1018 CM-3 . These fluctuations also seems to be more serious in the strong guiding 

wafer, which may explain why its efficiency and threshold are slightly inferior to 

other wafers. During the wafer growth, while the Alo. 2Gao. $As and Alo, 5Gaa, 5As layers 

in p-DBR were intentionally carbon doped, the aluminium rich p-Alo. BGao. 2As layers 

were unintentionally doped due to the presence of intrinsic carbon background 

doping of 2x10'8 to 3x10'a cm 3 from the decomposition of the metal organic precursor 

[6]. Thus it is likely that the polaron profiling results indicate the p-A10.2Gao, 8As and p- 

AL, Ga.. SAs layers have about twice the doping concentration expected. For the n-type 

bottom DBR which was Si doped, the polaron profiling results (not so accurate now 

since the etched depth needed to penetrate well into the stacks) shows that the doping 

concentrations are about as expected at between 1.5x1018 to 2x10'8 cm'3. 

By doubling the power absorption coefficients for the p-AlGa,. 2Gao. 8As and p- 
Alo. 5Gao. 5As layers in the simulation under condition set by case C, the recalculated 

value of output coupling efficiency r),,, P 
becomes about 70.2% for the strong guiding 

design. Assuming that the experimental value of q,,, determined from the broad area 

in-plane stripe lasers is also applicable to the VCSELs made from same wafer, the 

predicted external differential quantum efficiency (i. e. rl1tr , 0P) 
for the strong, medium 

and weak guiding devices becomes 57.7%, 57.8% and 58.0% respectively, which are 

still higher than the measured values for these three wafers. Recognising the 

possibility that the free carrier absorption losses might have been underestimated in 

section 3.3 due to the lack of information, it is found that the theoretical values of r1, X1 

only match closely the experimental values when all the absorption losses are scaled 

up by a factor of 2.4,2.0 and 1.7 correspondingly. Using these new absorption values 

in the analysis in section 3.3.2, the new predicted threshold current densities 

calculated assuming Jth = J, 
ýd/rl; n1 are now 1.67 kA/cm2,1.50 kA/cm2,1.41 kA/cm2 for 

the strong, medium and weak guiding layers respectively, reasonably close to their 

corresponding measured values. However, the other predicted values calculated 

simply by J, = J�d(t, ) + J,,, (, b) are slightly higher at 1.88 kA/cm2,1.72 kA/cm2 and 1.63 

kA/em2 respectively. 

The new values of absorption coefficients in the DBRs inferred from the 

experimental results of broad area devices discussed above, will be used later in 
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chapter 5 for numerical calculations of the modal reflectance of the DBRs and the 

expected threshold current densities as a function of aperture size. Using eqn (5.14) or 

eqn. (2.52) (assuming the cavity is absorption free) as well as the inferred internal 

quantum efficiency, the predicted external differential quantum efficiency of the 

15µm square devices are 41.1%, 44.7% and 48% for the strong, medium and weak 

guiding layers respectively. For circular apertured devices of equivalent area (i. e. 225 

µm2), the corresponding expected values of threshold current densities (calculated 

through solutions of rate equations) are 1.66 kA/cm2 
, 1.54 kA/cm2 and 1.46 kA/cm2. 

Since these values are quite close to the measured values, the assumed values of B= 

1010 cm's'' and t, r of 5ns in the simulations can thus be considered realistic in this 

typical injection current range for a VCSEL. 

3.5 Summary 

Based on the expected values of doping concentrations in the DBRs, the 

threshold current density and the output coupling efficiency of the three broad area 

VCSEL structures used in this work, namely the strong guiding (= 600A thick 

aperture), medium guiding (Aý 350A thick aperture) and weak guiding 200A thick 

aperture) designs, are predicted using the numerical methods for plane wave lasing 

properties described in chapter 2. However, it is later found that the actual absorption 

coefficients in the DBRs are higher than expected, as deduced from the preliminary 

experimental results obtained from broad area stripe lasers and oxidised VCSELs. By 

recalculating the theoretical values such that they match the experimental inferred 

values, new values of absorption coefficients in the stacks are inferred. These values 

are adopted for the calculation of the modal reflectance of various eigenmodes in 

chapter S. 
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Chapter 4 Scalar Variational Method for Oxide 

Apertured VCSELs 

4.1 Introduction 

In this chapter, the scalar variational method for calculating the resonant 
frequencies/wavelengths as well as the mode sizes of the eigenmodes guided by an 

oxide apertured VCSEL is discussed. It begins with the derivation of the general 

scalar variational formula for a resonator. Next, under the assumption of a Hermite- 

Gaussian transverse field variation, the scalar variational formulae for circular, square 

and rectangular oxide apertured resonators are derived. Then, the theoretical 

predictions on the eigenmode frequencies and mode sizes of the three VCSEL layers 

used in this work are presented. Finally, comparisons are made between the relevant 

theoretical and experimental results. 

4.2 Variational Methods for Mode Sizes and Resonant Wavelengths 

Variational methods [1-3] have been used for many years in various 

engineering disciplines, particularly in the microwave engineering field for 

determining characteristics quantities such as resonant frequency, impedance, etc. In 

contrast to other integration-formulae based approaches such as perturbation 

techniques, the variational procedure gives an approximation to the desired quantity 

itself rather than to changes in the quantity. When used to solve an electromagnetic 

field problem, the variatonal formula is relatively insensitive to variations in an 

assumed trial field about the correct field. Thus, the variational formula is said to be 

"stationary" about the correct solution [1-2]. If the desired quantity is real, the solution 

given by the variational formula will be either an upper or lower bound to the 

quantity, depending on the form of formula chosen. 
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4.2.1 Scalar Variational Formula for a Resonant Cavity 

In order to derive a scalar variational formula for a resonant cavity enclosing 

an inhomogeneous region of dielectric in the rectangular co-ordinate system, the 

scalar wave equation for electric field E, given by (2.13) in section 2.1, is first scalar 

multiplied by the E field. The resulting equation is volume integrated throughout the 

entire resonator volume V. Rearranging, the following expression is obtained 
a2 a2 

- Cco 

2Z 

fff n2E2 dxdydz = 
JJJE E+ aZE 

+E Jdxdydz (4.1) 
vv 

ay 

where the trial E field and the refractive index n are functions of position within the 

integrated volume, i. e. E(x, y, z) and n(x, y, z). To proceed further, the following scalar 
identity [1] are needed : 

Eä 
-E 

_ö EL (öE Z 
42 ý7 ei( ,0 i') _F, ) 

where i can be x, y or z. Then, equation (4.1) becomes 

- 
SO 

2 

Ill n2E2 dxdydz -1Jf 
(LE 2+ (LE 2+ (aEl 2dxdydz 

(4.3) 
C\ ax) 0y) \ ezl 

provided the integral 

j, I E 
C) di=0 (4.4) 

vanishes at the resonator boundary [1]. This is the case for all the geometries to be 

considered in the following sections. From (4.3), the scalar variational integral 

formula for the resonant frequency co of the resonator is then given by 

aE 2+ aE Z+ aE ]thdY 

2JJC) 
() C) 

2 

v (4.5) 
c2 fffn2E2 dxdydz 

v 

This expression will provide an upper bound for co if the trial electric field satisfies the 

necessary boundary conditions [4]. Hence, the best trial field is the one that minimises 

c&Z/c2. The proof of the stationary property of this scalar variational integral is detailed 

in Appendix C. 
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4.2.2 Scalar Variational Formulae for Circular Oxide Apertured VCSELs 

Figure 4.1 shows the cross-sectional schematic of the "passive-cavity" (i. e. no 

active medium in the cavity) oxide apertured resonator under consideration, together 

with the chosen co-ordinate system. In order to simplify the analysis, it is assumed 

that the resonator is terminated by infinitely long DBRs extending many wavelengths 
in the transverse (x, y) directions. This is a sufficiently good assumption for VCSELs 

utilising highly reflective DBRs that are considered here. The top and bottom DBRs 

are also assumed to be identical and made up by pairs of A1o_ZGao. 8As/Alo. $Gao. ZAs 
"plane" quarter-wave stacks (at free space wavelength %0), with their refractive indices 

and thickness denoted by n� n2 and L, ( = Xj4n, ), L2( = XJ4n2) respectively. (Note: 

although the bottom DBR of the real VCSEL structure is made up of two different 

paired combinations, most of the electromagnetic energy is contained within the first 

15 pairs which are of Alo. 2Gao. 8As/Alo. 8Gao. 2As, as can be seen from Fig. 3.8(a)) The 

oxide aperture of diameter 2a, has thickness do, 
r and refractive index n0 . It is placed 

within the first layer of the top DBR, at a distance 1 from the antinode of the standing 

wave formed at the cavity - top DBR interface. The "passive" AI0.3Gao. 7As cavity has a 

physical length of L, and refractive index ri, i. e. there is no gain medium inside the 

cavity. Hence, strictly speaking, the variational formulae to be derived in the 
following is for a "cold cavity" [6] resonator, a term used to emphasise the absence of 

optical gain within the cavity. 

It can be deduced from (2.18) to (2.21) that in the plane wave approximation, 
the scalar tangential electric field variations in the absorption free quarter-wave DBR 

stacks are expressed by 

2Eq(Z) = Eo - 
n2 

9-1 

cos(P2z) -j- 
n' 

q-i 

n sin(02Z) (4.6a) n, n2 n2 

in the qý'-pair stacks with refractive index n2, and 

nQn Q'Y 
'Eq(z) = Eo -? sin(ß, z) -j-n, -"' cos(ß, z) (4.6b) 

n2 nZ 

in the qt-pair stacks with refractive index n, where n, >n2, z is distance from the start 

of each layer and Eo is the field at entry to DBR. For large number pairs of stacks, the 

value of the normalised characteristic admittance Y. of the whole DBR given by 

n, (n2/n, )ZQ, is very small. Thus, under the assumption of an infinitely long DBR, the 

field variations in the stacks are solely given by the real terms in equations (4.6a) and 
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(4.6b). This means that for quarter-wave DBR stacks, the amplitudes of the field at 

the m' antinode interface is given by E0(n2/n, )m whereas the fields are zero at all the 

node positions, as defined schematically in Fig. 4.1(a). Fig 4.1(b) shows the schematic 

of the cross-sectional view of a circular oxide apertured device with some of the 

parameters defined in Fig. 4.1(a). 

Antinodes (Peak) y-- 

-- Antinodes of decaying fields Yx 
no,, z"""""- Nodes of decaying fields 

dox 

n 
-oo E- z 

n' n2 n' Z 

f- 2a 
L' L2 L' 

L2 

Infinitely long ? /4 top DBR 

=o 

nz n, i n2 n1 
z -* 00 

n c 
L2 L, LZ L, 

Lc (Cavity) 4 0.4 -0 

----------------------------- 
Infinitely long X/4 bottom DBR 

Figure 4.1(a) : Schematic illustration showing the important parameters for the 

dielectric apertured resonant cavity and the assumed co-ordinate 

system. Note that the legends on the top right comer of the figures 

indicate the positions of the antinodes and nodes that occur at the 

interfaces. 

Z=0-ý 

2a 

p-DBR 

cavity 

ldox 
LC 

1 
X 

y 

Z 

n-DBR 

Figure 4.1(b) : Schematic illustration of the cross-sectional view of a circular oxide 

apertured device with some of the parameters defined in Fig. 4.1(a). 
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The transverse variations for the trial fields used in the variational formulae, in 

the presence of an oxide aperture, are chosen to be of the Hermite-Gaussian form [5]. 

For circular apertured resonators, the trial fields for the first four lowest order circular 
Hermite-Gaussian modes (TEM,,, P) 

for m, p: 5 1, normalised to E0, are given by 

cos (Paz) in the cavity 

xZ +Zn Q-ý 
E,,, 

p = xmyp exp -Zy 
(_j: 

c052in the q' pair stacks with n2 

- 
nZ 

sin(ß, z) in the qt' pair stacks with n, 
n, 

(4.7) 

where z is distance from the start of each layer. The symbol w. P 
is usually referred to 

as the 1/e beam spot size or 1/e half mode width, and the mode numbers (m, p) 

represent the number of zeros or intensity nulls in the (x, y) directions respectively. 

The Guoy phase shift term and z-dependent change of beam size [6] are not included 

in (4.7) as these are negligible for the short cavity length under consideration. The 

longitudinal propagation constants are given by ß, = k0 within the cavity and 01 = 

Icon, or P2 = kan2 in the mirror stacks where ko (= 2n / 4) is plane wave number of the 

resonator, i. e. %a may be considered as the plane wave resonant wavelength (in free 

space) of the structure in Fig. 4.1 with n0 = n2. It should be noted that this type of 

transverse field distributions has been found to match closely the modal patterns of 

VCSELs observed experimentally in this work as well as by other researchers [7]. 

Moreover, they are the near exact solutions to the paraxial wave equation and they 

form an orthogonal set which is particularly convenient to integrate in closed form. 

Furthermore, their modal patterns are also quite similar to those of the linearly 

polarised LP,,,, modes used by other researchers in the modal simulation of gain 

(weakly) guided VCSELs [8] or the hybrid EH,, 
� 

/ HEu� and TEO,,, TM o,,, modes (i. e. 

nomenclature for step index fiber modes) for the simulation of air-post index guided 

VCSELs [9]. In these cases, the field variations are described by the Bessel and 

Hankel functions [5] while I and m denote the azimuthal and radial orders 

respectively. 
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Figure 4.2 : Intensity contour patterns and 2-D transverse field variations of the first 

four lowest order circular Hermite - Gaussian modes, together with the 

information on the dielectric aperture. 
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Under the scalar approximation assumed here, the modal solutions from (4.7) 

for TEM. modes linearly polarised in either the x or y direction are similar. The 2D 

transverse field variations and intensity contour patterns of these circular Hermite- 

Gaussian modes are illustrated in Figure 4.2. The TEMOO mode can be viewed as 

similar to the LPo1 or HE, modes, while TEM0, and TEM, a modes are similar to the 

LP� or HE21 mode, and TEM� is similar to the LP21 or linear combination of HE� and 

EH� modes [5]. Subsequently, by substituting the trial field distribution for a 

particular eigenmode from (4.7) into (4.5), the resonant frequency (and thus resonant 

wavelength) can be obtained through minimisation of the values obtained from (4.5). 

This can be done by searching for the mode size wp that results in the lowest values 

of w. This procedure will yield the resonant wavelength and mode size of that 

particular eigenmode for a given aperture size. 

Due to the difference in the propagation constants ß,, ß2 and ßc, the scalar 

variational integral given by (4.5) has to be evaluated separately for the cavity and 
DBR regions. The numerator of (4.5) is thus given by 

LE Z (LE) Z 8E 2 öE 2 CIE 
2 öE 2 

numerator =()++C 
19Z) 

dV +2()++ 
(aZ) 

dV 
La Oy ax 0-ýy cavity DBR 

(4.8) 

where the volume element dV = dxdydz. Beginning with the fundamental circular 
TEM00 mode for circular apertured VCSELs, the differential components of the 

numerator inside the cavity are given by 
22 22 2 

, X) 

W4 
exp 

w2 2Y 
cos2(ß. Z) (4.9) (LE c- 00 00 

Z22_2 

(LE =- exp -2 w2 

00 00 

2y 
CosZ(ßcz) (4.10) 

c 

z_z 

az/ = ß2 exp 
2X22 2y 

sin2(ßcz) (4.11) 
00 

By making use of the integral solutions (D. l) and (D. 3) of the Gaussian functions 

listed in Appendix D, the volume integral for the cavity region is found to be 
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Jl oo co 
f 

aE 2+ (LE ý 2+l(LE Z 
dxdydz 

axýay) 0 _ao-ao 

cavity 
i 

-[ 
a2w2 

woo 42 ýw'öo + ßý 2 wý (4.12) 
2c 00 

71 c (2+ßcw2) 

The integration within the DBR region can be deduced using the relevant expressions 
in eqn. (4.7). The volume integral originating from the x and y-derivatives of E is 

given by 

C aX)Z + ay 

Z 
dxdydz 

jf j aE aE 

0 -a0-0 DBR 

ao ao 4x2 1- 2x2 
-22 

L2 L, 
n2� 

22 

Jj2 exp Zy dxdy Jcos2(p2z) dz+ J? 
sin2(ßlz) dz ? 

-00-00 
woo woo 00 ni m-0 ni 

(-4 )(fwoo 1, ý01x n2 222- 
wem +- -ý422 n2 2 4n, n, n, 

? L%b0 23 nZ 
2 

= JRý('-')l 8nZ n, n, 
(4.13) 

where the terms inside the curly bracket result from the integration along the z-axis. 

The integration of the z-derivative of E results in 

l1fI2 
EE 2 

dxdydz 
0- ao--m DBR 

L2 L2 2m I ýexp - 2x2 
n 

w 
-2 Y2 dxdy J ß22 sin' (ßz z) dz +J n2 ßi C0S2 (ß 1 z) clz 

-Co-Co 00 001m01 

z -' 
i w0o 

Zn2 

+7 
C2 

I 

n1 nz 
1_ 

n2 

2 2X0 2, %o n, 

z 

n, 

7'woon2 2_ 7t'wöon1n2 
= 4X0 

1- n, - 4X0(n, -n2) 
(4.14) 

where again the terms originating from the integration along the z-axis are placed 

inside the curly bracket. Combining the final expressions in (4.12) to (4.14), the 

numerator is thus given by 
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2 
7C32 

numerator = 
7tL` (2 + (3Zw2) +2 Lý° 1+ n2 1_ 22 +w , n, n, 

4 °° 8n2 n, n, 4%°(n, -n2) 

Z` + 
%° 1+(n2/n, )3 

+ 
2n2n, n2 

= 
icLcw020 (2w_2+ ßJ 00 n2Lcwö° 1-(n2 /n, )2 Lc? o(n, -n2) 4 

(4.15) 

As in the case of the numerator, the denominator of (4.5) also has to be 

calculated independently for the cavity and DBR regions as expressed by 

denominator = 
fff n2E2 dV + fff n2E2 dV + fff n2E2 dV 

Cavity Top DBR Bottom DBR 

(4.16) 

where in this case the term due to the top DBR is different from that of bottom DBR 

because of the presence of the oxide aperture. Since the oxide aperture has a circular 

geometry, the area integral element dxdy is converted to 2nrdr and the radius r is 

equivalent to x2 + y2 . With the help of the integral solution (D. 2), the volume 

integration within the cavity thus yields 
L` 

-2r 2 ffln2E2dv = 271 J nc cos2(ßcz) dz jexp 
w2 

rdr 
cavity 00 00 (4.17) 

nCLC wý 
= 

nn_w_Lc 
= 2ý - 244 

where the z =0 position is as defined in Fig. 4.1(b). As for the integration within the 

top DBR where the oxide aperture is placed in the first layer, it can be obtained as 

Jn2E2 dV 
Top DBR 

= 2n fexp - 22 2 
rdr 

J 
n2 cos2 (ß 

2 z) dz + Jn; sin2 (ß, z) 
n2 2 

dz 
(E2 2m Li 

'0 

ö woo 0o nt m-o nt 

Iexp -l-d°/2 

- 2n - 22 
rdr j(n2 

-nox)cos2(ß2z) dz 
woo 

-l+d°xn a= 

2n -2 00 JFfl2X0 + 
nIX0 nz 

2- 
n2 

2- 
2n w 

ex pw 
2a2 

n2 n2 
(Fod°x ) 

8nn4p2 
(2 

- °xý` 2 
-- 

()J 

48,, o0 

7[w20°L,, n, n2Xo 
_ 

F°xdoa 22- 2a 

o0 

2 

L(n-n)exp 2 4 [4L(n1-n2) 
(4.18) 
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where the integral expression (D. 9) and solution (D. 2) have been employed. Also, in 

calculating the integral 

-/-dox/2 d 
f cos2(ßzz) dz = 2x 1+ 

-l+dOZ /2 

cos(2ß21)sin(p2dox ) 
ß2d0,, = Fox 

d2X 
(4.1 9), 

the longitudinal propagation constant within the oxide of thickness do,, is assumed to 

be (32. Note that F0X is an important "weighing" factor dependent on the thickness and 

position of the oxide aperture and is actually identical to the enhancement factor I'e., 

used in (2.45) for the QWs. On the other hand, the volume integration of the bottom 

DBR where there is no dielectric aperture is simply given by 

z 
n2E2 dV = 

nWOOLC n1nz2o fff 
Bottom DBR 4 

[4L(n1-n2) (4.20) 

Summing up the final expressions given by (4.17), (4.18) and (4.20), the denominator 

is then obtained as 

denominator = 
w00 L° 

n2 - 
(n2 

- n2 ) 
F°xd°x 

eXp - 
2a2 

+ 
n, n2A. o 

4 L° wý 2L°(n, -n2) 

(4.21) 

Combining the expressions for numerator and denominator from (4.15) and (4.21) 

respectively, the variational formula for the fundamental TEMP mode guided in a 

circular apertured VCSEL is given by 

Z w 00 

c2 

(32 + 2w- + 
21rZn, n2 + 

xo 1+(n2 /n, )' 
XoLc (n, -n2) n2Lcwý 

[1_(n2 
/n, )2 
z 

nz + 
n1n2o 

- 
(n2 

- n2) 
Foxd0X 

ex - 2a 
l/P2 e 2Lc (n, - n2) z ýa Lc w00 

(4.22) 

Note that by inspection eqn. (4.21), the so-called plane wave "effective cavity length" 

can be obtained as L+ n1n 
n°, 

whilst the "effective length of the DBR" is 
2 (1 2) n 

4_ simply given by n ,nn° 
n2 

Assuming n, = 3.46, n2 = 3.11, n, = 3.4 and X 
( 

i) c 

0.851im, the effective length of the DBR considered here is thus 0.57µm. This value is 

slightly lower than that given by eqn. (2.46) of 0.61µm, for an infinitely long DBR. 

For the next three higher order circular Hermite - Gaussian modes i. e. TEM01, 

TEM10 and TEM� modes, the azimuthal angular dependence of their transverse field 
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variations requires the conversion of integral element dxdy to rdrdO and (x, y) _(r 

sinO, r cosO ) while deriving the denominator. Then using a similar procedure to that 

for TEM00 mode described above as well as the relevant integral solutions/expressions 
listed in Appendix D, it can be shown that the variational formulae for both TEM., and 
TEM,, modes are identical in form and can be expressed by 

z+ 4w -2 + 
2ir2 n, n2 + 

210 1+(nz /n, )3 

X01 
_ 

Mio 
_ß 

my X0Lc(n, -nz) n2Lcvc, 1-(n2 /n, )z 

cz c2 zz 
nz + n, nz)o 

_ 
(nz 

- nz ) 
Foxdox 

l+ 
2a 

eXp - 2a 
2Lc (n, -n2) 2 ox Lc ý/mp W 

(4.23) 

where w, is either wo, or w10 accordingly. As for the TEM� mode, a similar 
derivation leads to the variational formula given by 

P2 + 6w;; + 
27t2n, n2 + 

3Xo 1+(n2 / n, )3 

wil 
_ 

ý'0I', (n, 
-n2) n2L wi, 1-(n2 /n, )Z 

c2 
nz + n, nz%o 

- 
(n22 

- n2 ) Foxdax 
1+ 

2a2 
+ 

2a4 
ex p 

2a2 
2Lc(n, _n2) 

no, 
Lc W>> w4 2 ap2 

(4.24) 

As a final check for the plane wave limit when d0 -* 0 and wmp -- oo, the resonant 

wavelength given by expressions (4.22) to (4.24) are seen to be X0 in all cases. 

4.2.3 Scalar Variational Formulae for Square and Rectangular Oxide 

Apertured VCSELs 

For square and rectangular apertured resonators, the transverse variation of the 

trial fields are chosen to be of elliptical Hermite-Gaussian (TEMP) form [5]. The 

complete expressions for the trial fields of the first four order modes (m, p <_ 1) in 

different regions of the resonator are thus given by 

cos (0, z) in the cavity 
m-1 

E�v = xmy° exp - 
ZZ 

- 
22 

- 
nZ 

cos(ß2z) in the mh pair stack with n2 
w x. mv w y. ý++a n, 

in 

- 
n2 

sin(31 z) in the m'h pair stack with n, 
n 

(4.25) 
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where wx, mp and wy,,,, are the mode sizes in x and y direction respectively. Together 

with the dimensions of the oxide aperture, the schematic modal patterns of these 

elliptical Hermite-Gaussian modes are illustrated in Figure 4.3. Note that the cross 

sectional schematic shown in Fig. 4.1 is still applicable in this case except that the 

aperture dimensions are 2a in the x-direction and 2b in the y-direction. 

boundary of 
rectangular 
oxide aperture 

b 

TEMP O O 

TENIo, 

x or <110> 

IEM, o 

00 
00 

TEM� 

Figure 4.3 : Intensity contour patterns of the first four lowest order elliptical Hermite 

- Gaussian modes (assumes wx > wy), together with the information on 

the dielectric aperture. The assignments of crystal axes are meant for 

discussion of experimental result to be presented later in section 4.3.2. 

Since the square apertured resonator is actually a special case of the 

rectangular apertured resonators simply by setting a=b, it is sufficient to work out the 

general variational formulae for resonators with rectangular apertures. As in the case 

of a circular apertured resonator, the numerator and denominator of the variational 

integral formula (4.5) have to be evaluated separately for the cavity and DBR regions. 
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Beginning with the fundamental elliptical TEM. mode with mode sizes w"00 and wem, 

the differential components of the numerator within the cavity are given by 

L2zi2 Ex E_ 4x 
exp - 22 

exp 
22 

cos2 (ßßz) (4.26) 
Wa 

z00 
W 

z00 
W 

yo0 

2222 
dE 

_ 
4y 

exp - 22 
exp 

2y 
cost (ßý z) (4.27) 

dY w, 0 
4( ý' X00 w xoo 

C dzJ 

Z= 
p2 exp 

ý2 2 
exp 

ý2 Z 
sin2 (ßßz) (4.28) E 

x00 y00 

Again, by making use of the integral solutions (D. 1) and (D. 3), the volume integral of 

the cavity region is reduced to 

JJJ 
[(dE)2 

dX+(E 
E 

+ 
(dx)z 

dxdydz 
0 -co-co cavity (4.29) 

71 Wxoow_ 
_1+1z 

YOO ,(zz ßc 
4w 

X00 W 
yoo 

For the DBR region, the volume integral product due to the x and y-derivatives of E is 

given by 

l!! C) z+ (dy) 2 dxdydz 
DBR 

sin2(ßz) dz nz zm 
=2Jj 

42z 
exp 

x' exp 

[WJ2 
z 

dxdy lcosz (ß2z) dz+ J nz1 2 

w 

(., 
-2 

/CnJ m-o( , . m.. 0 xoo xoo yoo 00 

3 
0[ 

2wß +2w l8n=J 
l+ln, 

J 
1 

(nJ 2 
wyoo 

wO 
(4.30), 

whereas the volume integration of the z-derivative results in 

J 1$ (dZ) 2 dxdydz 
o DBR 

L2 L21. ( 2m ao cc 

f jeXp 
- 

22 2- 22 2 
dxdy 

J 
ß2sin2 (ß2z) dz +$ 

n2 
p2 cost (ß1Z) 

!! 2 

w aoo 
w yx 00n, m=o ni II) 

7nvzoowyoo [_lr2nIn2 n3 wz00wy0o nine 
2 2%0(n, -n2) 4%. (n1 -n2) 

(4.31) 
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Then evaluating the numerator according to eqn. (4.8), using the final expressions 

from (4.29) to (4.31) gives 

(w-z +w-z zl + 
2n2n, nz 

7cL, wxýw L. Xo(n, -n2) 
numerator 4%ZZ l+(n2 /n 

+2n2Lc (w 
x00 ý"ý'ý'wo)-'+ 

1+2 /n, ýZ 

(4.32) 

For the evaluation of the denominator which requires separate area integration 

inside and outside the aperture, the quarter symmetry of the rectangular or square 

shape is exploited. Then, volume integration of the cavity region yields 
fLc co co ^x2 22 

ffi n2E2 dV =4J nc cos2(ßcz) dz fJ exp - 
GZ 2 JdxdY} 

Cavity I000W X00 
W 

5,00 

n_ L_ 11n 
=4222 JWxJt_\/_WyJoJ 

Within the top DBR, the volume integration is given by 

7L n2w. oow ooL 

4 

(4.33) 

f n2E2 dV 
Top DBR 

=4 
J jexp 

- 
2x2 2_ dxdy nCos2ýß2zý dz+ nsin2ýß, zý 

(2n 

_ 
t12ml 

n) w\/o 00 x00 y00 00ImI 

b222Z -l-d /2 

-4 
$ Jexp 

- 
22 

-_ dxdy +J jexp 
- 

22 
- 

22 
dxdy 

Iýnz 
- nax )cost (ß2z) dz 

o, 
w 

xoo 
w 

yoo b0w x00 
w 

yo0 _I+dox/2 

_ 
7tw 00ww0L° n1nzyo 

_ 
F°Xd°x (n2 n2) \Z- °x erf 

2a 
erf 

ýb 

4 4L° (n, - nZ ) L° w xý w ýa 

(4.34) 

where Fox is defined in (4.19) and the integral expression (D. 8) that involves the error 

function erf has been used. Since there is no aperture in the bottom DBR, the volume 

integration in this region gives 

n2E2 dV = xoo_ ___ 
nln2? 0 (4.35) YOOLc 

4 [4L(n1 
-n2) Bottom DBR 

Using the final expressions given by (4.33) to (4.35), the evaluation of denominator 

according to (4.16) thus gives 
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denominator 

1t Wx00W) O 
Lc 

nz nz _ n2 
) Foxdox 

1 
-elf 

ýa 

eif 

/b 

i- 
Tnln2a'U 40z 

UA J Lc W 
X00 

v7 ZLc (n, 
-n2) 

(4.36) 

Combining the expressions for numerator and denominator from (4.21) and (4.23), the 

variational formula for the elliptical TEM. mode in rectangular apertured resonator is 

thus given by 

2 7cZn n 1+(nz / 
1)3 

2 
(ßc2 +W +w' ý+1 

Lý(n'-n x00 YOO 
2o z) 

+ 
2n L 

(w + wem) (n2 / nt) 
ý 

1- 2 
= 

c2 2+n, nzXo 
- 

(nz2n2ox ) Foxd"' 
1-e 

is 
e 11b' n 2Lc (nI - n2) ' Lc 

1 

00 
rf 

w, 
rf 

w 

(4.37) 

Note that the variational expression for a square apertured resonator can be obtained 

by simply putting a=b. 

By working through the similar steps and exploiting fully the list of integral 

solutions/expressions of Appendix D, the variational formulae for the elliptical TEM01, 

TEM1O and TEM� modes guided by a rectangular apertured resonator are found to 

be expressed by :- 

for the elliptical TEMO, mode, 

z W of 
C2 

((32 +w o +3wYlo) + 
c X1 

ýo (w-2 + 3w'2 1 
[j+ (n2/ n, 

_ 2n2L, z10 ylo) 1-(n2 /n, )2 

n2 + nln2Xo 
_ 

(n2 
_n2 

ýF d 
ox ox 

c 2Lc(n` - n2) lz oX Lc 

2n2n, n2 
XOL, (n, -n2ý 

ý2a ýb 
- er er 

W xio 
W yto 

1+ 2ý b 
eXP - 

2b2 
er 

ýa 
%ý 2 / 

7,10 Wy10 w 10 

(4.3 8) 
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for the elliptical TEM, o mode, 
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(4.39) 

and finally for the elliptical TEM,, mode, 

c2 
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2Tt2n, n2 Ä, 
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-Z 2 

1+(n2 /n 
1)3 ýßc +3wx>> + 3w-2I ý+ 
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ýý ""Wyll 
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(4.40) 

4.3 Results and Comparisons 

In this section, simulation results calculated using the scalar variational model 

described above are presented first. Then, comparisons are made between the relevant 

experimental and theoretical results. Note that the theoretical values are calculated 

assuming refractive index value of 1.52 for the oxide, and no shrinkage in the oxide 

thickness from that of original AlAs after oxidation. The latter assumption is 

reasonable since a negligible 3% thickness shrinkage has been measured recently, for 

AlAs that was oxidised under the similar conditions adopted in this work [17]. 
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4.3.1 Simulation Results 

Using the scalar variational formulae discussed in preceding sections, the 

resonant wavelengths and the corresponding mode sizes for circular, square or 

rectangular oxide apertured VCSELs can be calculated numerically in a couple of 

seconds. While the calculations for square and rectangular apertured resonators 
involve searching for a minimum in o by varying the mode size in the x and y 
domains, those for circular devices are simpler and require only a one dimensional 

search. 
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Figure 4.4 : Variation of 1/e half mode width (main) and resonant wavelengths 
(inset) with aperture radius for the first four lowest order eigenmodes 

guided by circular apertured passive resonators with 600A thick oxide 

aperture. 

For the circular apertured resonators with 600A thick oxide (strong guiding 

case, assuming no shrinkage from the original AlAs thickness), the main illustration in 

Figure 4.4 shows that the mode radii of the four lowest order eigenmodes including 

the degenerate TEM91 and TEM, o modes, shrink as the aperture size becomes smaller. 

After the minimum mode radii are achieved, the mode sizes then expand rapidly with 

further reduction in oxide aperture size due to the increasing loss of optical 

confinement. Eventually, the oxide aperture ceases to provide any optical guiding and 
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no longer supports an eigenmode. The inset of Fig. 4.4 also shows that the resonant 

wavelengths of the eigenmodes blueshift while the modal wavelength separations 
between the eigenmodes increase with reduction in aperture size. These variations 

provide a convenient means of checking the accuracy of the theoretical models. 
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Figure 4.5 : Variation of mode radius of the fundamental TEM( mode with aperture 

radius for circular apertured passive resonator with strong (600A oxide), 

medium (350Ä oxide) or weak guiding (200Ä oxide) designs. The inset 

shows the corresponding modal wavelength separations between the 

TEMOO mode and the degenerate TEM0, / TEM, o modes. 

Similar trends as depicted in Fig. 4.4 also occur for resonators of medium and 

weak guiding designs although the corresponding mode radii are bigger and the 

blueshift in resonant wavelength is smaller for a given aperture size. These are shown 

in Figure 4.5 where the main illustration compares the variation of the TEMP mode 

1/e half mode width as a function of aperture radius, for oxide apertured resonators 

with strong, medium and weak guiding designs. Note that the minimum mode radius 

of the weakly guiding resonator is always larger, and the cut-off of the TEM0O modes 
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also occur at a bigger aperture radius (z. 0.7µm) when compared to those of medium 

(A- 0.44m) and strong guiding (;: tý 0.24m) designs. The inset of Fig. 4.5 also shows the 

variation of the resonant wavelength of the TEM00 mode with aperture radius, as well 

as the corresponding wavelength separations between the TEM00 mode and the 

degenerate TEMQ1 / TEM10 modes. Obviously, the resonators with thinner oxide 

aperture give smaller wavelength separations (x, 00 - X01) and become inherently single 

moded at a bigger aperture radius (a 1.55 µm) as compared to medium (a 0.90 

µm) and strong (a 0.50 µm) guiding designs. This is due to the modal cut-off of the 

degenerate TEM0, / TEM10 modes. Also, the blue shift of the resonant wavelength 

from the plane wave value is larger for the resonators with strong guiding design. 

Qualitatively, the observations made and conclusions drawn above for circular 

apertured resonators also apply to the square-shaped resonators. The only exception, 

as shown in Figure 4.6, is that although the TEM0, and TEM, o modes are still 

degenerate in resonant frequency/wavelength, anisotropy exist in their mode sizes i. e. 

wXo, # wyo, and wx10 # wy, o , but wx01 = wy, o and w., 10 = w,,,,. Thus, their transverse field 

variations are of elliptical Hermite-Gaussian form. However, for the TEM. and 

TEM� modes, their field variations remain circular Hermite-Gaussians. 
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half aperture size(square) for strong and weak guiding cases. 
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For a given aperture area, Figure 4.7 shows that the mode size of the 

fundamental TEM. mode is similar for both the square and circular apertured 

resonators, especially for areas below 30µm2 (i. e. 5.5µm square device or circular 

device with 3.1µm radius). In all cases, the TEMP mode sizes of the square apertured 

resonators are slightly lower than their circular counterparts, implying that the 

eigenmodes are slightly more confined in the former case. Note that this close 

matching also happens in the modal wavelength separation between the eigenmodes 

as indicated in the inset (as well as the variation of resonant wavelength with aperture 

area which is not shown here). 
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Figure 4.7 : Variation of 1/e half mode width of TEMOO mode as a function of 

aperture area for circular and square apertured resonators. The inset 

shows the corresponding modal wavelength separations between the 

TEMOO and degenerate TEMO, and TEM, o modes. 

Two major effects occur when the aspect ratio of the oxide aperture is 

higher/lower than unity, i. e. frequency splitting occurs between the TEMOI and TEM, o 

modes, and the transverse field variations of the eigenmodes become elliptical. For 

instance, Figure 4.8 illustrates the variation of eigenmode resonant wavelengths with 
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aspect ratio (2b/2a), for rectangular apertured resonators of strong guiding design and 

with the length 2a of the oxide aperture fixed at 4µm. Note that the resonant 

wavelengths of the TEM( and TEM, o modes which have no field/intensity null in the 

y-direction only vary slightly with change in aspect ratio, as compared to the other 

two modes. When the aspect ratio (2b/2a) is larger than unity, the resonant wavelength 

of TEMQ, mode approaches that of TEM00 mode. Conversely, when the aspect ratio is 

less than unity, it is then that the TEM, o mode is closer to the fundamental mode with 

little change in their wavelength separation as the aperture aspect ratio reduces. This 

results in a rapid increase in the "net" wavelength separation between TEMQ, and 

TEM, o modes as the aspect ratio deviates from unity. The inset of Fig 4.8 shows that 

this spectral splitting varies in a near parabolic manner with aspect ratio. From the 

experimental point of view, the degree of spectral splitting between TEM0, and TEM, o 

provides a useful means of checking the asymmetry in the aperture geometry and it is 

also found to be relatively insensitive to reasonable changes in the plane wave 

resonant wavelength. 
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Figure 4.9 shows that the eigenmodes become increasingly elliptical, with the 

1/e half mode width in the y-direction i. e. w, (,,, p), varying almost linearly with aspect 

ratio whilst those in the x-direction hardly change. Notice that the mode sizes of the 

TEMO mode in the x-direction is similar to that of the TEM01 mode in the x-direction, 

whilst in the y-direction its mode size is similar to that of TEM, o mode. As will be 

shown in chapter 5, the anisotropy in the transverse modal field variation shown here 

causes a difference in the modal reflectance of the eigenmodes with similar mode 

number but polarised in the orthogonal directions. 
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Figure 4.9 : Variation of mode sizes of the elliptical Hermite-Gaussian eigenmodes 

guided with aspect ratio of rectangular apertured resonators where the 

length 2a (refer to Fig. 4.3) of the oxide aperture fixed at 4µm. 

4.3.2 Experimental Results and Comparisons 

In order to investigate the accuracy of the scalar variational model presented 

above, devices were made from the three VCSEL layers whose designs were 

discussed in Chapter 3, using the fabrication procedures detailed in Appendix F. Two 

major problems were encountered. Firstly, considerable variations in plane resonant 

wavelength (measured by photo-reflectance measurement) exist across the three 

wafers due to the growth non-uniformity. It was found that the wafer regions where 

the plane resonant wavelength is between 861 - 866nm, the variation in wavelength is 
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less rapid for all the three VCSEL layers and thus most suitable for performance 

comparison. Also, the gain peak wavelength of the QWs is projected to be in the range 

of 855-860nm at a current density of about 1.5kA/cm2, as deduced from the lasing 

wavelengths of in-plane stripe lasers in section 3.4. This small few nannometers gain 

offset would thus ensure that the resonant wavelengths of the eigenmodes are not too 

far away from the gain peak. (This will be proven later in chapter 6 through the 

temperature dependence of the pulsed threshold current density). 

Secondly, as mentioned in the section on selective oxidation in Appendix F, 

it was found that the oxide apertures resulting from circular and square mesas were 

elliptical and rectangular in shape respectively with the longer side parallel to 

< 110 >. This geometric anisotropy in the oxide apertures is generally attributed to a 

difference in the lateral oxidation rate along the < 110 > and < 110 > (faster) crystal 

axes [10]. On the other hand, it was found in this work that by orientating the 

rectangular shaped VCSEL mesas parallel to the direction where oxidation rate was 

higher, near square shape devices with the aspect ratio in the range of 0.93 <_ (2b/2a) _< 
1.07 can be obtained. Consequently, comparisons between the theoretical predictions 

and experimental results are only available for square and rectangular devices and not 

the circular one, in this chapter as well as in chapter 6 where the threshold and modal 

behaviours are discussed. For convenience and in order to avoid confusion, the 

assignment of mode numbers particularly regarding TEM01 and TEM, o modes for the 

experimental results presented hereafter, assumes that the <1T0> direction is 

parallel to x-axis while the < 110 > direction is parallel to the y-axis of the co- 

ordinate system as indicated in Figure 4.3. 

The oxide aperture sizes were measured using modified infra-red microscope 

fitted with a 100x microscope objective with numerical aperture value of 0.95 

(described in more detail in Appendix F). During this measurement, the contrast of 

the'interface between the oxidised and unoxidised regions of an aperture is broadened 

by the resolving power of the microscope to a distance of 0.61 2/ NA [18] where 

Xo is the wavelength in free space and NA is the numerical aperture of the optical 

system. Based on the simulated reflectivity spectra for oxidised and unoxidised 

VCSEL structures (not shown), the image contrast between the oxidised and 

unoxidised regions of the oxide aperture is mainly due to light of wavelength around 

800nm (in free space). Hence, assuming NA = 0.95 and k0 = 0.8µm, this maximum 
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broadened distance is estimated to be -- 0.5µm. However, the random uncertainty in 

measured values should be better than this value since it is possible for an observer to 

estimate the "mean" transition interface between oxidised and unoxidised regions 

quite comfortably through the enlarged image. In this work, the random error in 

estimating this mean distance is estimated to be about 0.1µm, corresponding to 

uncertainty of ±0.2µm in full aperture size. This uncertainty is sufficiently small that 

it does not affect the qualitative observations and conclusions made in subsequent 

sections. 

All the spectral measurement carried out in this work were made using a 
0.75m SPEX spectrometer and nitrogen cooled Ge-detector. The optical set-up allows 

spectral measurement with resolution as high as 0.16A as deduced from the full- 

width-half-maximum (FWHM) of the emission lines when a slit width of 10µm is 

used. It was found that using such a narrow slit width poses no detection sensitivity 

problem at (not far) below, and above threshold, for devices of all sizes. In fact, far 

above threshold, a neutral density filter as high as ND3 had to be used to avoid 

saturating the detector. However, the below threshold spontaneous emissions peaks 
became too weak to be measurable when a Dichroic sheet polariser (Melles Griot) was 

used to separate out the peaks polarised in orthogonal directions. This is due to the 

fact that the polariser attenuates the signal output by about 5 to 6 times. For this 

reason, it was finally decided that all the spectral assessment carried out in this work 

should be obtained using a 30µm slit width which offers spectral resolution of about 
0.35A. This ensures that low intensity spontaneous emission at currents well below 

threshold (as low as 50µA) can be measured even with the available polariser. 
Spectral measurements under pulsed conditions (40ns, 50kHz) were also attempted, 
but unfortunately the emissions were too weak to be observed at well below threshold. 

The need to use a polariser in the spectral measurements is because of the spectral 

splitting between orthogonally polarised sets of eigenmodes. This is exemplified by 

Figure 4.10 which shows the below threshold CW emission spectra of a 3.8µm near- 

square strong guiding device measured at a current density of (0.5 x J,, ), where Jt 

4.9 kA/cm2. The actual dimension of this device is (3.9 x 3.7 )µm with longer side 

parallel to <1T0>i. e. the x- direction, and the resulting aspect ratio, 2b/2a, is thus 

0.95. 
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The spectra shown in Figure 4.10 demonstrates the importance of using 

polariser while performing spectral measurements on VCSELs if accurate spectral 

information is to be obtained. Otherwise, the double peaks of the near-degenerate 

TEM10 and TEM0, modes would not be discernible under normal measurement 

condition. In addition, as will be discussed in chapter 6, crucial information like the 

effective photon lifetime that can be deduced from the spectral linewidth of the 

eigenmodes would also be affected as a result of the over-estimation of the linewidth. 

The assignment of the order of eigenmodes for each resonant peak, shown in 

Fig. 4.10, is decided by comparing the sequence of resonant wavelengths with that 

shown in Fig. 4.8. However, it is also possible to confirm these assignments through 

the spectral resolved near field patterns; which can be observed by placing a viewing 

camera at the output slit of the spectrometer, at the respective resonant wavelength of 

interest. 

For this particular device, the spectral splittings between the orthogonally 

polarised modes of TEM00 and of TEM10 are both 1. OA, while those of TEMO, and 

TEM� modes are 0.7A and 0.4A respectively. The breaking of the frequency 

degeneracy between the orthogonally polarised eigenmodes of similar mode number 

is generally attributed to the birefringence effect [11] that causes slight differences in 

the refractive indices as seen by the fields that polarise in orthogonal directions. This 

birefringence can be induced by unintentional stress that incurs either during the 

fabrication process [11] or possibly due to conversion of AlAs to oxide [10]. On the 

other hand, the slight residual geometry asymmetry of this nearly square device also 

breaks the frequency degeneracy between the TEM0, and TEM10 modes, in accordance 

to the simulation results discussed earlier in section 4.3.1. At half the threshold current 

density, this spectral splitting was measured to be about 1.2A, very close to the 

predicted value of 1.1A for a device with aspect ratio 0.95. The measured wavelength 

separations between TEMOO and TEM10 modes, and between TEM10 and TEM� modes 

are 9.9A and 10.9A respectively. These values are also quite close to the respective 

predicted values of 11.4A and 12.2A. Note that the corresponding predicted values for 

a "perfectly" square 3.8µm devices are at 12.39A and 12.6A respectively. This 

particular device eventually lased under single mode condition, with the dominant 

TEMP mode linearly polarised in the direction parallel to the <110> crystal axis. 
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Figure 4.10 : Below threshold cw emission spectra from a 3.8µm near square device 

(strong guiding) measured under polarisation and non-polarisation 

resolved conditions. The injected current density was at (0.5 x Jt, ). 

As mentioned in section 4.2, the "cold cavity" resonant wavelengths and 

wavelength separation between the eigenmodes provide a useful and convenient way 

of comparing the theoretical and experimental results. Unfortunately, in reality the 

measured resonant wavelengths of oxide apertured VCSELs vary with injection 

current and thus complicate the comparison efforts. Figure 4.11 shows the variations 

of resonant/lasing wavelength of various eigenmodes polarised in the <110> direction 

with injected current. These variations are attributed to the combined effects of carrier 

injection into the gain region and device internal heating on the profile of the 

refractive index within the cavity. It is well known that injected free carriers result in a 

decrease of real refractive index ( lamer) [12], and thus results in the blue shift of 

resonant wavelengths illustrated in Fig. 4.11. For GaAs, it was estimated that the rate 

reduction of real refractive index n with injected free carrier density N is 8n/ON 

-10'20 cm3 [12]. 
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Figure 4.11 : Variation of resonant wavelengths with injected current density (CW) 

for the 3.8µm near square device of strong guiding design, polarised 

in the < 110 > direction. 

On the other hand, a temperature rise increases both the refractive index 

(An,,,, ) and the dimension (tl,, 
1er) of the semiconductor material due to thermal 

expansion. At 850nm, the refractive index of GaAs changes almost linearly with 

temperature as än/öT =4x 10-4 K1 [13], while the thermal expansion coefficient for 

Al,, Ga, 
_,, 

As is given by athef = (al/ff) / 1= (6.4-1.2x) x 10' K' [14]. Therefore, any 

change in the device temperature will result in the change of optical path length nl of 

the cavity and thus the resonant wavelengths. Taking into account both the carrier 

and thermal induced effects, the observed initial net blue-shift at below threshold in 

Fig 4.11 thus indicates that the carrier induced effect is stronger in this regime. The 

near parabolic manner in which the frequency blue shift reduces, reflects the non- 

linear Ja 11 and thus Ja (On,., 1e) relation. Once the threshold is reached, the carrier 

density in the QWs remains almost pinned in the centre region of aperture with 

increasing injected current and this eventually leads to a halt in the increase in blue 

shift of the resonant frequencies. Hence, above threshold, the thermal effect becomes 

dominant and results in the net red shift of resonant wavelengths seen in Fig. 4.11. In 
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this regime, the resonant wavelengths red shifts almost linearly with injected current 

density. Hence, assuming the thermally induced (dXm /dJ)the} can be described by a 

linear relation close to the threshold region, it is estimated through extrapolation that 

the maximum blue shift due to carrier induced effect alone is about IOA at threshold. 

Using the simple plane wave hard mirror formula nL = X, the value of en,., i, r needed 

to give a l0Ä blue shift is roughly estimated to be about -0.03, and the corresponding 
injected carrier density is 3x 10'$ cm' which is close to the typical value of threshold 

carrier density in a VCSEL (see Fig. 5.19). 

Due to the inherent heat-sinking capability of a VCSEL, thermal gradients 

exist within a VCSEL when it is operated under cw condition [13]. In the transverse 

direction, the local temperature tends to peak at the centre of device and decays 

radially. In the longitudinal direction, the cavity region is expected to be hotter than 

the DBRs [15]. The transverse temperature variation particularly affects the modal 

behaviours of VCSELs because it creates a thermally induced transverse variation in 

the refractive index profile. Besides the built-in index guiding afforded by the oxide, 

this leads to an extra thermally induced waveguiding effect that is usually referred to 

as thermal lensing [16]. This effect is exemplified by Figure 4.12 which shows the 

variation of the wavelength separations between the eigenmodes with the current 

density. The spectral splittings between the TEMP and TEMQ, modes, and that 

between TEM0, and TEM� modes increases by up to 17% and 11% respectively 

beyond threshold. This phenomenon is believed to be due to the continuing 

contraction in mode sizes as the thermal lensing effect becomes more severe with 

increasing difference between peak temperature at the aperture centre and the ambient. 

The lower rate of increase in spectral splitting in the latter case is likely to be because 

of the field of the TEM11 mode extending further out from the centre of the oxide 

aperture, thus experiencing smaller interaction with the thermal lens. It is also 

interesting to note that the spectral splitting between TEM0, and TEM, o changes little 

(mi 0.3tß), suggesting that the thermal lens and indeed the oxide aperture are quite 

symmetrical. Otherwise, the asymmetrical thermal lens would have caused asymmetry 

in the transverse refractive index profile, resulting in larger increased spectral splitting 

between TEMo, and TEM, o modes as well. 
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Figure 4.12 : Variation of wavelength separations between the eigenmodes with 

injected current density (cw) for the near-square 3.8µm device of 

strong guiding design 

Ideally, the experimental values that are used to compare with the theoretical 

predictions for "passive-cavity" resonator discussed in this chapter, should be those 

measured from the actual devices under the "cold cavity" condition i. e. when the 

modal gain of the eigenmode concerned is zero (more about this issue in chapter 5). 

However, as shown in Figures 4.11 and 4.12, it is almost impossible to pinpoint the 

current densities at which the cavity appears "cold" to each eigenmode. In the absence 

of a better alternative, it was finally decided that the comparison should be made 

between the wavelength separations measured at half the threshold current density 

with those predicted by theory. This decision is reasonable since both the resonance 

wavelengths and modal spectral splittings changed little (i. e. 0.4A and 0.2tß 

respectively) at below threshold as indicated in Figure 4.12. At such low current 

injection level, the thermal lensing effect is also minimum and can be neglected. For 

devices with three different oxide thickness namely the strong, medium and weak 

guiding designs, Figure 4.13 illustrates the variation of spectral splittings between the 

fundamental TEMOO mode and the nearest higher order mode i. e. TEM1o or TEMo1 

modes, with average square oxide aperture sizes (S) where S= 2J. The 
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asymmetry in the aperture shape of these devices are in the range of 0.93 <_ (2b/2a) <_ 

1.07. Due to the small spectra splittings involved, the values for devices bigger than 

11. tm are estimated from non-polarisation resolved spectrum measured by using a 

10µm spectrometer slit width. 
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Figure 4.13 : Variation of spectral splitting between the TEM. mode and the closest 
TEM1O or TEM0, modes with average aperture size. Values are 

evaluated at 0.5 x Jth( ) except that for the 1.0µm weak guiding devices 

which is taken at the onset of the higher order mode 

The experimental results shown in Fig 4.13 were obtained from the devices 

fabricated from the wafer region where the plane resonant wavelengths are between 

861 and 866nm. The theoretical curves were computed assuming perfect square 

apertured devices with plane resonant wavelength of 865nm. Theoretical calculations 

show that the small variation (; -- 5nm) in the plane resonant wavelengths of actual 

devices, causes negligible difference in the modal spectral splitting (<0.05A). The 

calculated values on spectral splitting seems to fit the experimental results quite well. 

Generally speaking the experimental values are always lower than predicted values. 

These differences are especially significant for the weak guiding devices smaller than 

4.5µm as well as the 1.9µm medium guiding device. The dimensions of these devices 

are very close to the regime where the higher modes expand rapidly. As shown in 

Fig. 4.13, the predicted minimum square aperture sizes before the cut-off of higher 
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order modes occurs are 1.0µm, 1.71m and 2.9µm for the strong, medium and weak 

guiding devices respectively. In this regime, besides the perturbation in transverse 

refractive index variation caused by the oxide aperture, the effect of carrier induced 

refractive index change which is not taken into account in the present model, becomes 

increasingly significant to the overall waveguiding strength as the aperture size 

reduces. In fact, for the 1.0µm weak guiding device in which even the TEM® mode 

should have been cut off (its theoretical limit is 1.2µm for weak guiding), its spectral 

splitting value does not follow the trend of previous values. For this particular device, 

the spectral splitting value is that taken at the onset of the higher order mode as it was 

not detectable in the below-threshold spontaneous emission. 

In order to investigate the blue shift of the eigenmode resonant wavelengths 
from the plane wave values, results obtained from devices taken from the same cell 

were plotted in the main illustrations of Figure 4.14(a), (b) and (c) respectively for 

strong, medium and weak guiding designs. In such a small chip area of about 1.8 x 0.5 

mm2, the variation of plane resonant wavelength due to growth non-uniformity is 

minimum and thus any significant change in resonant wavelength should be due to the 

effect of the oxide apertures. Based on the resonant wavelengths of the biggest devices 

measured (using 10µm slit width and no polariser), the plane resonant wavelengths 

are estimated to be about 8660A, 8648A and 8650A for strong, medium and weak 

guiding devices respectively. As in Fig. 4.13, the results shown in Figures 4.14 were 

measured at half the threshold current density (cw). In all cases, although some scatter 

of data does exist, the matching of experimental and theoretical results can be 

considered to be very good. Also shown in the insets of these figures are the resonant 

wavelengths measured under pulsed condition, but now at threshold. This is because 

the emission peaks were too weak to be observable at half the threshold under pulsed 

condition. In these cases, the experimental values appear to be slightly lower than the 

theoretical predictions. Considering the carrier and thermal induced effects discussed 

earlier, these results are expected since once the thermal effects were removed by 

pulsing, the enhanced carrier induced negative index change due to doubling the 

current would cause a larger blue shift in resonant wavelength. 

As mentioned earlier, the spectral splitting between the TEMOI and TEM1o 

modes provides a good indication of the asymmetry in the aperture shape. For the 

near-square devices whose asymmetry in aspect ratios are determined to be in the 
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range of 0.93 <_ (2b/2a) <_ 1.07 through infra-red microscopy, the measured values of 

these spectral splittings are plotted in Figure 4.15 as a function of the dimension of 

the shorter side of the oxide aperture. Together with these experimental results are the 

predicted splitting values represented by the line traces, for rectangular devices with 

an aspect ratio of 1.07. Clearly, the experimental values are either close to or below 

the theoretical limits predicted for all the strong, medium and weak guiding devices. 

This suggests that the asymmetry in aperture dimension of these devices are indeed 

well within the specified range. It is also obvious that besides the aspect ratios, the 

spectral splitting between the TEM0, and TEM, o modes is also dependent on the 

aperture sizes (shorter dimension) as well as the guiding strength i. e. thickness and 

position of oxide. 
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Figure 4.14(a) Variation of TEM00 mode resonant wavelength with average 

aperture size for near-square "strong guiding" devices. 
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Figure 4.14(b) Variation of TEM00 mode resonant wavelength with average 

aperture size for near-square "medium guiding" devices. 
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Figure 4.15 : Spectral splitting between the TEM0, and TEM, o modes as a function 

of the dimension of the shorter side of aperture. The line traces are the 

predicted splitting for devices with aperture aspect ratio of 1.07. 

As shown in Fig. 4.15, while the spectral splitting between the TEM0, and 

TEM, o mode for the near-square devices are usually less than 2. OA except for the 

relatively small strong/medium guiding devices (< 2.5µm); rectangular devices with 

aspect ratio of (2b/2a) > 1.1 or (2b/2a) < 0.9 can easily exceed 2.0 A especially in the 

cases of strong guiding devices. Two good examples of these devices are shown in 

Figures 4.16(a) and 4.16(b). In these figures, the polarisation and non-polarisation 

resolved spectra were measured at half the threshold for the (5.0 x 4.3)µm (aspect 

ratio = 0.86) and (2.6 x 3.4)µm (aspect ratio = 0.76) strong guiding devices 

respectively. The measured spectral splitting between the TEM, o and TEMO, modes 

are 2.5A and 7. OA respectively, as compared to the predicted values of 2.4A and 8.4A. 

Meanwhile, the spectral splitting between the TEM02 and TEM20 modes, that are now 

closer to the TEMOO mode than the TEM� mode (not shown), are 1. lÄ and 2. OA 

respectively. On the other hand, the birefringence splitting between orthogonally 

polarised TEMOO modes are relatively small at 0.5A and 0.3A respectively. 
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For aspect ratio in the range of 1.12 < (2b/2a) < 1.20, Figure 4.17 compares 

the predicted and experimental values of the spectral splitting between the TEMo1 and 

TEM, o modes for several strong guiding devices whose dimensions of the shorter side 

of the aperture are in the range of 2.5 µm <a<4.5 gm. Clearly, the experimental and 

theoretical values agree quite well. However, for larger values of aspect ratio the 

predicted splitting tend to be always larger than the measured values. For instance, the 

measured spectral splitting for (2.4 x 2.9)µm, (2.2 x 3.1)µm and (2.9 x 4.3)µm 

devices (aspect ratios are 1.21,1.31,1.48 respectively) were found to be 5.6A, 8.3A, 

and 7.1A in each case, but the predicted values are 7. OA, 12.8A and 9.6A respectively. 

This may be because the simulation does not take account of the dispersive nature of 

the refractive indices of the DBR constituents, which might limit the spectral splitting 

through its effect on the resonant wavelengths.. Besides that, as the dimension of the 

shorter length reduces, the rate of change in spectral splitting also becomes very 

sensitive to the aspect ratio. Thus, any possible measurement error in the dimensions 

of the aperture could also contribute to the discrepancies. 
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4.4 Summary 

This chapter describes how the scalar variational method can be used to 

determine the resonant wavelength and mode sizes of the eigenmodes that exist in 

oxide apertured "passive cavity" resonators, or equivalently in active devices under 

the "cold cavity" condition. Under the assumption of a Hermite-Gaussian transverse 

field variation, the scalar variational formulae for circular, square and rectangular 

oxide apertured resonators have been derived for the TEM(, TEM0� TEMIO and 
TEM� modes. It is found that : - 

" The blue shift in the resonant wavelength of a given eigenmode from that of the 

plane wave value, as well as the wavelength splittings between the eigenmodes, 
increases with reduction in aperture size or area. 

" Conversely, the mode size decreases as the aperture size becomes smaller until it 

reaches a minimum value, beyond which the mode expands rapidly and eventually 
becomes no longer guided in the apertured resonator. The loss of confinement of 
the higher order modes occurs at a larger aperture sizes than the lower order modes. 

" For a given aperture size or area, it is the strong guiding device that has the largest 

eigenmode wavelength splitting and blue shift in resonant wavelength. This is 

followed by the medium and weak guiding devices. However, the eigenmode sizes 

are smallest in the strong guiding device, and biggest in the weak guiding device. 

" Wavelength splitting between the TEMQ, and TEM, o modes occurs when the 

symmetry in the aperture shape is broken. It is always the mode with the field null 

along the longer side of a rectangular aperture, that has the longer resonant 

wavelength, i. e. TEM0, mode for b/a >1 and TEM, o mode for b/a <1. 

" For a given aspect ratio, the wavelength splitting between the TEM0, and TEMIO 

modes increases with the reduction the aperture area or effective aperture size. 
Also, for the same aspect ratio and aperture area, it is the strong guiding device that 

exhibits the largest splitting. This is followed by the medium and weak guiding 
devices. 

Due to the stationary nature of this method, as discussed in Appendix C, it is 

expected to be relatively insensitive to errors arising from the assumptions made to 

simplify form of trial fields. This is confirmed by the fact that the theoretical 

predictions on the eigenmode resonant wavelengths and wavelength separations match 
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closely the experimental results measured from the VCSEL devices with different 

aperture sizes and oxide thickness. 
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Chapter 5 Theoretical Analysis of Oxide 

Apertured VCSELs 

5.1 Introduction 

This chapter describes the numerical approaches adopted in this work for 

analysing the lasing characteristics of oxide apertured VCSELs. Firstly, the method 

for calculating the modal reflectance and transmittance of arbitrary Hermite-Gaussian 

eigenmodes is detailed. Then, using the values of mode sizes and resonant 

wavelengths obtained from the closed form variational expression discussed in 

Chapter 4, the oxide aperture size dependence of modal reflectance for the three 

VCSEL structures under consideration are predicted. This is followed by the 

derivation of the relationship between the eigenmode photon lifetime, cavity Q-factor 

and spontaneous emission linewidth. Finally, the light-current characteristics of the 

first two lowest order eigenmodes are also calculated through the self consistent 

solution of photon and carrier rate equations. 

The simulation results presented below were calculated assuming that the 

DBRs of the strong and medium VCSEL layers have the same absorption coefficients 

deduced experimentally and presented in chapter 3 for the weak guiding layer. This is 

necessary so that meaningful comparisons and deductions regarding the effect of 

using different oxide thickness can be made. The theoretical curves that take account 

of the different absorption levels in the DBRs among the three VCSEL structures will 

be presented later in chapter 6, when comparisons between experimental and 

theoretical results are made. 

5.2 Modal Reflectivity of Distributed Bragg Reflectors (DBRs' 

For an optical beams, the modal reflectance of a DBR is limited by the 

diffraction loss as a result of beam spreading during propagation. This diffraction loss 
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is dependent on the size, shape, mode number of the particular transverse mode 

concerned as well as its polarisation direction. In this section, the modal reflection 

properties of Hermite - Gaussian beams incident upon a DBR are studied, in 

accordance with the trial fields chosen for the scalar variational formulae discussed in 

chapter 4. From these simulation results, the possible implications on the threshold 

and polarisation properties of oxide apertured VCSELs are also discussed. 

5.2.1 Modal Reflections of Hermite - Gaussian Beams 

In order to calculate the modal reflection properties of Hermite - Gaussian 

beams, the spatial Fourier decomposition method which involves transforming the 

beam profile into the "spatial frequency" or the "k-vector space" domain has to be 

employed. The Fourier transform pair in two dimensional space is given by [1] 

F (kx, ky) =jf f(x, y) exp(jkxx)exp(jkyy) dxdy (5.1) 

f (x, y) 4ý2 1$ F(kx'ky)exp(jkxx)exp(jkyy) dkxdky (5.2) 
-0-� 

where f(x, y) is the transverse spatial function of the field, and F(k, 
A, 

lc) is the 

corresponding Fourier transform function in terms of the transverse phase constants 

(or spatial frequencies), J(x, y) is the spatial Fourier integral functions obtained through 

"inverse" Fourier transform of F(lc , ky, ). 

For the first two order 1-D Hermite - Gaussian functions in the form of 

_z fo (x) = exp 
r (5.3a) 
0 

f, (x) =x exp 22) (5.3b), 
r, 

it can be shown (see Appendix E) that the corresponding Fourier transforms in k- 

space are given by 

-k2r2 Fo (kx) = . ro exp xo4 (5.4a) 

kx - kxr; - jir; 
3 

F, (k 
x) =2 exp 4 

(5.4b) 

respectively. Note that the Fourier transform of a Hermite-Gaussian spatial function is 
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also expressed by a Hermite-Gaussian function in the k-space. Consequently, the 

expressions in equation (5.4) can be further "inverse" Fourier transformed to yield the 

Fourier spatial integral functions f involving both space distance and phase constants. 
They are expressed by 

zz Lo- .( 
fo(x) _ 

IexpL kro 
cos(kxx)dkx (5.5a) 

r3 °° - kzrz 
A (x) = 2ý 

jk 
x exp 4° sink x x) dk 

x 
(5.5b) 

0 

Note that the derivations leading to expressions (5.4) and (5.5) are detailed in 

Appendix E. 

By making use of the Fourier identities (5.4) to (5.5) as well as equations (5.1) 

and (5.2), the spatial Fourier transform pairs of the first four lowest order Hermite- 

Gaussian modes can be easily derived. For the sake of generalisation, the expressions 
for spatial Fourier transforms and spatial Fourier integral functions (i. e. inverse spatial 
Fourier transforms) of the elliptical Hermite-Gaussian modes are shown in Table 5.1 

and Table 5.2 respectively. The corresponding expressions for circular TEMmp modes 

can be obtained by simply allowing for wx = wy,. As expected, the expressions for the 

Fourier transforms listed in Table 5.1 implies that the 1/e "spread" of the transform 

functions changes in opposite trend to the mode sizes of the spatial functions, i. e. 
beams with narrower spot size are "larger" in the k-space but with lower scaled 

"amplitude". However, it is the Fourier integral functions tabulated in Table 5.2 that 

reveal the composition of a Hermite-Gaussian beam. 

These functions indicate that the Hermite Gaussian modes actually consist of 

an infinite sum of component waves with scaled amplitudes dependent on the modes 

sizes and transverse phase constant. These component waves have different transverse 
field variations of the form cos(kxx)cos(k,, y), cos(lc x)sin(ky), sin(kxx)cos(k,, y) and 

sin(kxx)sin(kyy) for the TEM&, TEM0� TEM, o and TEM11 modes respectively and are 

polarised in either x or y directions depending on the original polarisation of the 

TEM,,, p mode assumed. These waves are called Longitudinal Section Electric (LSE) 

waves [2 - 4] since the electric field is wholly in either the longitudinal x-z plane or 

longitudinal y-z plane, and they are characterised by having transverse variations of 

the form Cos(k 
x) 

cos(kyy) The field reflection and transmission coefficients for 
sin sin 
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these LSE waves propagating in the z-direction can be calculated in the similar 

manner for the plane waves as discussed in section 2.3. The derivations of the wave 

admittance for these LSE waves are detailed in Appendix A. 2 where the wave 

admittance is shown to be different for the x or y-polarised waves. 

Modes Spatial functions, fp(x, y) Fourier transforms in k-space, Fmp(kx, ky) 

TEMP x2 -yZ -kwoo - r w° 
wX00 

exp 2 p 
w 

lt exp 
J ( 

exp 4 

[ 

4 

TEM01 
- x2 - y2 -Jý wX0j ww1 kx kxWX " kyYo1 

Y exP 2 exp 
(-ý 

2 p o1 ex p4 p eX p 4 xoi 

TEMIO 
- xz - Yz - Jý wr1oý'ý'zio ky kxý'ý'x 

o 10 - krý'ý'Y 
ex x pz 

ý' xio 
exp 

10 2 
1 ex p p 

4 ex p 
4 

TEM 11 2z Zz n wyllwxllkxky 22 

- kxý'ý'xuý 
2W2 

Y11 -k xy eXp 
Vi'x� 

exp 
wy 1 

4 exp 4 

) 

exp 4 

Table 5.1 : Fourier transforms (in k-space) of the first four lowest order elliptical 
Hermite - Gaussian TEM., 

p modes. 

Modes Spatial Fourier Integral Functions, f,,, 
P(x, y) 

TE oo (a w wx w ''°o 
J 

fexp - iz kx4 
X00 

z 
exp - kz 

,, w, Oo cos(kx) cos(k,, y) dk dk 
00 4 

TE 3 eo co 
wxo1 wyol ff kr exp - kxý xoý 

exp 
kyw , 

1 
cos(kxx) sink, Y) xr 2 00 4 

TEMIo wxioý ylo ((kz 
exp - kxý xýo 

exp - kywyýo 
sin(kx) cos(kyy) dkxdkr 

27c 
0 4 

TEM11 wx>>w3 do go f Jkxky exp 
kXwx, I 

kywr<< 
exp sin(kxx) sin(kyy) dkxdkr 

4n 00 4 4 

Table 5.2 : Spatial Fourier integral functions of the first four lowest order elliptical 
Hermite- Gaussian TEMmp modes. 

91 



Chapter 5 Theoretical Analysis of Oxide Apertured VCSELs 

The spatial Fourier integral function at the reference interface for the reflected 

beam, f� p 
(x, y), originating from a given order incident Hermite-Gaussian mode is 

similar to those given in Table 5.2 except for the inclusion of an additional r. (LsE) 
(k, r, 

ky) or rE)(k,, ky) term in the integrand depending on whether the incident wave is 

x or y polarised. The reflected integral function f mP (x, y) , is thus different from the 

incident one fp(x, y), and may be considered to be made up of the reflected original 

mode with reduced amplitude, as well as modes of other orders. It can be written as 

f, (x, y) = r,,, p 
fmp (x, y) + functions of other modes (5.6) 

where r,,, P 
is the modal reflection coefficient. To extract r. P, 

it is necessary to calculate 

the overlap integral for the eigenmode concerned. For this purpose, each term in 

eqn. (5.6) is multiplied by f (x, y) and then integrated over the transverse x-y plane. 

This results in 

W 00 CO 00 
JJff (x, y) f, P (x, y) dxdy =J Jrmp f, (x, Y) f1(x, y) dxdy 

co co 
+Jf (functions of other modes) fm *p (x, y) dxdy 

(5.7) 

Then by making use of the orthogonality property of the Hermite-Gaussian function 

[1] which states that 

`° 0, if aýb f f3 (x) fb (x) dx = 
real constant, if a=b 

(5 g)' 

the modal reflection coefficient can be determined from eqn. (5.7) and eqn. (5.8) as 

02 90 t tfý (x, y) fP (x, y) dxdy 
(5.9) 

J jf (x, y) f1 (x, y) dxdy 

. mý 
where f (x, y) = f, (x, y) for the real incident Hermite-Gaussian functions discussed 

here. 

By making use of the integral identities in Appendix D, the denominator of 

(5.9) which involves integration of Hermite-Gaussian function can always be reduced 

to a simple expression. For instance, for the elliptical TEMOO mode polarised in a 
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given transverse direction, the denominator of (5.9) is given by nwx00wYOo /2 as 

deduced from solution (D. 1). As for the numerator, it can be simplified to : - 

numerator 

ff exp 
Z 

exp 
2 Icos(kx)cos(kyy) dxdy 

co oo 

(- 

waoowroo f f X00 -ý-ý 
wX00 wyoo 

dkxdk 
r 

loo- kxwxý - kyýý'yo 
risE (k 

x, 
k 

y) exp exp 

0000 22 wzn ýO 1 IFoo x, 
k 

y) resE x, 
k 

y) exp -k Xw2.. exp 
-k yý ýo 

Jdkdk 

00 
zi 00 do 

XOO w yoo JJ rLSE (kx, k 
y) exp exp 

-k Y2 yoo dkXd 
r =w2 

00 
(5.10) 

where r E(k., ky) is the reflection coefficient of the LSE wave polarised in the direction 

specified. Thus, the modal reflection coefficient for the TEM. mode, rr , 
is given by 

0a Z2ii 
roo = 

2wx owyoo IlrisE(kx, ky) exp -kX2 zý exp -kyd , oo dkxdkY (5.11) 
00 

The modal reflection coefficients for other higher order modes can be obtained 

through a similar procedure by making use of eqn. (5.4b) as well as other relevant 

solutions listed in Appendix D. The final expressions are shown in Table 5.3. Having 

computed the modal reflection coefficients, the modal power reflectance, R,,,,, can 

then be calculated through R. = rmpr p. Note that the expressions for the 

corresponding modal transmission coefficients tmp are similar to those listed in Table 

5.3 except for replacing the field reflection coefficient rLSE(lc, k,, ) with field 

transmission coefficient t E{kx, ky). The modal power transmittance is then simply 

given by the tt�pt;, p 
[Re(Y, )/Re(Y). ], in similar form to eqn. (2.34). 
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Modes Modal Reflection Coefficients, rnp 

TEMoo ýý 22z2 2w 
x®w yoo f frs, kk 

k"w 
x0° ex 

-k yw ý°0 dk dk 
L( x, y) exp P xy 

00 
2 2 

TEM0, 2w 
x01 w3 YO, 0000 

r ex e(ksk) 
2p JJ 

kxwx,, - exp 
k yw X01 ]dkxdk 

r l 00 
2 2 

TEMio 3 OD co 2wxioý'r1o frisE(kx, ky) kx exp - f 
22 kX2 

Xto JexP - 
2W2 kw 

yio dkXdkr 
7C 00 

TEMii 33 woo 2wxitw 
Y" J JrLSE(kxýky) k2k2 exp 

22 

- kX2 
XIS exp 

( 22 

-k 2 Y11 d 
,, 
d 

7C 00 

Table 5.3 : Modal reflection coefficients of the first four lowest order elliptical 
Hermite - Gaussian TEM. modes. 

5.2.2 Simulation Results I: Dependence of Diffraction Loss on Mode Size and 

Mode Number 

Using the approach described above, the modal reflectance of the Hermite- 

Gaussian modes from any DBR structure can be calculated numerically. For a LSE 

component wave having k-vectors (k,, ky), its reflection coefficient and transmission 

coefficient are readily obtained using the transfer matrix method discussed in chapter 

2, using the wave admittance and propagation constants of LSE waves. As an 

example, Figure 5.1 illustrates the 2-D variation of the y-polarised LSE wave 

reflectance at the designed 850nm central wavelength from the 28 pair top DBR (with 

600A AlAs) in k-vector space, while Fig 5.2 selectively shows only those with k,, =0 

(TM wave), ky =0 (TE wave), k= ky, k=0.5ky and k, 
ý = 2ky (Note: the variable of 

the x-axis is kx except for the TM waves). 
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Figure 5.1 : Variation of the y-polarised LSE wave reflectance in the k-vector space 

at the designed 850nm central wavelength from the 28 pair top DBR. 
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Figure 5.2 : y-polarised reflectance of the selected LSE waves. 

In all cases, the wave reflectance drops with increasing k, 
h or/and ky, until it 

reach a minimum, after which it increases rapidly to give unity reflectance as a result 

of total internal reflection. Note that the incident angle (given by sin'(k. Jk;, j where 

k; 
nc 

is the wave number of the incident medium) at which the reflectance of the TM 

waves drop to zero is commonly known as the Brewster angle. The curves for the 

cases of kx = 2k,, and k,, = 0.5ky indicates that the reflectance and thus the reflection 

coefficients of the LSE waves are not symmetrical along the k,, = k., plane. This is 
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perhaps better illustrated in Figure 5.3 which shows the difference in reflectance 
between the y-polarised LSE waves with k-vector co-ordinates of (l X, 

k., ) and (ky, k, ), 

i. e. R(1,, ky) - R(ky, kx) (e. g. R(5,2) - R(2,5) = 0.028187). As can be seen, this 

difference in reflectance is quite small when both k, 
A and is, are less than 3µm'. But 

beyond this range, the difference increases rapidly until reaching the maximum 

values, before decreasing to zero when the total internal reflections happen to both 

waves. 
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Figure 5.3 : Difference in reflectance between the y-polarised LSE waves with k- 

vector co-ordinates of (k, k,, ) and (k,,, k, ), i. e. R(k, k,, ) - R(k,,, k, J. 

Having calculated the reflection coefficients of LSE waves, the remaining 

numerical task for computing the modal reflectance then simply involves 2-D 

integration in the k-space of the expressions for modal reflection coefficients listed in 

Table 5.3. In this work, the uniform element sizes chosen (= Akx = 0.02µm') are 

sufficiently small and the required resolution imposed in terms of modal reflectance is 

better than 0.0005%. As an example, Figures 5.4(a) and 5.4(b) show the modal 

reflectivity spectra of the 28 pair top DBR for the first four order y-polarised Hermite- 

Gaussian modes with 1/e half mode widths of 1.0µm and 0.511m respectively. The 

spectra for the plane wave are also included for comparison. 
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Figure 5.4(a) : Modal reflectivity spectra of the four lowest order eigemnodes with 

l/e half mode width of 1.0µm, for the 28 pair top DBR. 
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Figure 5.4(b) : Modal reflectivity spectra of the four lowest order eigenmodes with 

1/e half mode width of 0.5µm, for the 28 pair top DBR. 

Clearly, the modal reflectance of the higher order modes are lower than those 

of lower order modes. In additional, its "bandwidth" of high reflectance region is also 

narrower. Comparing the values for a particular 1/e half mode width, those obtained 
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from the 0.5µm are always lower than that of 1.0µm especially in the higher order 

cases. This is attributed to the larger diffraction loss experienced by the eigenmodes 

with smaller mode sizes whereby the larger spreading in the k-space results in a lower 

modal reflection coefficient derived from the overlap integral given by (5.9). The 

modal reflectance of the y-polarised TEM, o mode is higher than the y-polarised 

TEM0, mode because of the different scaling factors in the respective modal reflection 

Fourier integrals given in Table 5.3 (i. e. kx for the former and ky for the latter), in 

addition to the non-symmetrical nature of LSE reflection coefficients along the k, 
ý = lc 

plane as exemplified by Fig. 5.3. This difference also increases for smaller mode size 

as the beam spreads wider in k-space. 

For the first four lowest order circular Hermite Gaussian modes, Figure 5.5(a) 

illustrates the dependence of y-polarised modal reflectance from the top DBR (RT(mp) 
, 

main) and bottom DBR (RB(fllp) , 
inset) used in this work, as a function of the 1/e half 

mode width. The corresponding modal transmittance (TT(nV)) and total optical loss 

from the top DBR (1-RT(,,., 
p)) are also shown in Fig. 5.5(b). In all cases, the modal 

reflectance decreases and transmittance increases rapidly when the mode sizes become 

smaller than 1.0µm. However, the reduction in the modal reflectance of the bottom 

DBR is less severe than the top DBR since it is designed to have near-unity plane 

wave reflectance. For the same reason, the transmittance through the bottom DBR is 

also much smaller than that of the top DBR. Therefore, for the VCSELs used in this 

work the diffraction losses suffered by the eigenmodes with small mode sizes are 

mainly due to that from the top DBR. It should also be noted that the difference in 

modal reflectance of the fundamental mode and other higher order modes increases 

rapidly with reduction in mode size. From the "single mode" operation point of view, 

this implies that the suppression of the higher order modes in a multi-moded oxide 

apertured VCSEL should be better when the oxide apertures are small. Conversely, as 

the mode sizes get larger these modal reflectances approach the plane wave value and 

reduce the difference in modal reflectance between different eigenmodes. Therefore, 

larger devices are more susceptible to the onset of higher order modes. It should also 

be noted that the absorption losses in the DBR do not affect the qualitative 

observations made above. Indeed, the same conclusions have also been drawn, based 

on the results obtained from absorption-free DBR [19]. 
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Figure 5.5(a) : y-polarised modal reflectance from the top DBR, RT(MP) (main), and 
bottom DBRs, RB(,,, 

P) 
(inset) for the first four lowest order circular 

TEM,,, p modes. 
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Figure 5.5(b) : y-polarised modal transmitance, TT(. ) and total optical loss from the 
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As an aside and also in order to illustrate the dependence of the modal 
diffraction loss on the refractive index contrast ratio of the DBR constituent stacks, 
Figure 5.6 also shows the change in modal reflectance with 1/e half mode width of an 

alternative high index contrast ratio Al O,, based top DBR which can be readily 

obtained through selective oxidation. This DBR has similar plane-wave reflectivity to 

the all-semiconductor counterpart described above, and the TEMP mode curve for the 

latter is also included in the figure for comparison. The layer structure of this 

particular oxide-DBR under consideration is composed of Air / (A. /14 AI0.2Gao. 8As / 

AlXOY) /3x( Al Oy / AlOlGao. BAs) / (3)J4 A1o. 2Gao. $As / AlAs) / cavity, where all the 

layers are of quarter wave thick unless stated otherwise. The 3X. 14 Alo. 2Gao. 8As layer is 

meant for ohmic contacting while the AlAs layer is for the formation of an oxide 

aperture. 
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Figure 5.6 : Modal reflectance for the Al O., based DBR which has similar plane 

wave reflectance as the all-semiconductor DBR. 

Obviously, the modal reflectance dependence on the l/e mode size is less 

serious for this type of high index contrast DBR than those made up by lower index 

contrast semiconductor pairs. In spite of the extra fabrication complexity involved, 

threshold current as low as 53µA [5] has been achieved in a 2µm (2a) square oxide 

apertured VCSELs using a high index contrast A1xOY contained bottom DBR and 
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ZeSe/MgF dielectric top DBR. Although suffering from lower diffraction loss, 

devices with a high index contrast DBR also have smaller difference in modal 

reflectance between the fundamental and higher order modes for a given mode size, 

when compared to those utilise DBRs with higher index contrast ratio. Therefore, 

single mode operation may be more difficult to achieve in these devices. 

Using the values of mode sizes and resonant wavelengths calculated earlier 

through the scalar variational formulae in chapter 4, the modal reflectivities of the 

oxide apertured VCSELs with strong, medium and weak guiding designs can be 

calculated. For the circular oxide apertured VCSELs of these three different designs, 

the predicted variation of the product of y-polarised modal reflectance from top and 
bottom DBRs (i. e. RT(w)RB(,,, p)) with aperture size, considering only mirror absorption 

and diffraction losses, are shown in Figures 5.7(a) to 5.7(c) respectively. As expected, 

the modal reflectance product of all the eigenmodes decreases with reduction in 

aperture size until the region where loss of optical confinement occurs is reached. In 

this region, the mode size expands rapidly and thus so does the modal reflectance 

product. In all cases, the fundamental TEM. mode always has the highest modal 

reflectance product for a given aperture size, followed by the TEM, o, TEMO, and 

TEM,, modes in descending order. As the aperture sizes (and thus the mode sizes) get 

larger, the modal reflectance products especially that of the TEM. mode approach the 

plane wave values. 
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Figure 5.7(a) : Modal reflectance product of the four lowest order eigenmodes as a 

function aperture radius for the "strong" guiding devices. 
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Figure 5.7(c) : Modal reflectance product of the four lowest order eigenmodes as a 
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For comparison purposes, the modal reflectance product of the fundamental 

TEM00 (main) and the TEM, o modes (inset) for the three VCSEL designs are also re- 

plotted on the same graphs shown in Figure 5.8. Clearly, the weak guiding devices are 

the least affected by the size dependent diffraction loss among the three type of 

devices. Comparing the modal reflectance between the TEMO and TEMIO modes, 

however, it is the strong guiding devices that provide the larger reflectance difference 

especially for a: 5 1.0µm where the modal reflectance product of the TEM, o mode are 

very low (< 0.98). Therefore, from the diffraction loss point of view, strong guiding 

102 



Chapter 5 Theoretical Analysis of Oxide Apertured VCSELs 

devices should provide better suppression of higher order modes. On the other hand, 

for the weak and medium guiding devices the higher modes are completely cut off for 

aperture radius smaller 1.6 and 0.9µm respectively. It should be noted that the results 

obtained by assuming no absorption in the DBRs (not shown here), also offer similar 

qualitative conclusions. 
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Figure 5.8 : Comparison of modal reflectance product of y-polarised TEMQO mode 
(main) and TEM, o mode (inset) as a function of aperture radius 

among the strong, medium and weak guiding devices. 

An alternative way of comparing the diffraction loss is to extract the so-called 

round-trip "excess optical loss" ( Ls ) when the active region in the cavity is 

transparent i. e. at zero gain [6,7]. This excess optical loss is aperture size dependent 

and is given by the difference between the 2-D total round trip losses experienced by 

an eigenmode (L., ) and the 1-D "broad area" round trip loss encountered by the plane 

wave in the oxide apertured optical resonator (Lp, 
Qne). 

Assuming negligible absorption 

loss in the cavity medium for the devices considered here, the round trip loss can be 

estimated as (1 - RT(, fl»RB(,, )) 
in a high-Q cavity. Thus, the excess optical loss of a 

particular eigenmode, LS(mp), is given by 
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Ls(ma) = L(na) - Larane 

= RT(mp)RB(mp) - RT(plane)RB(plane) 
(5.12) 

where RT(, m), RB(mp) are the (modal) reflectance of a given eigenmode from the top and 

bottom DBRs respectively, and R7(p, a�, .) 
RB(p, 

an, ) are the corresponding plane wave 

values. For the VCSELs used in this work, the predicted excess optical losses for the 

TEM. mode (main) and TEM, o mode (inset) are plotted in Figure 5.9. 
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Figure 5.9 . 
Excess optical loss of TEM. (main illustration) and TEM, o (inset) 

modes for the strong, medium and weak guiding devices. 

As expected, the excess optical losses are much lower for a given aperture 

radius in the weak guiding devices than other type of devices, for both the 

fundamental TEMOO and higher order TEM, o mode. Qualitatively, the conclusion made 

here that devices with thicker oxide aperture suffered from higher excess optical loss, 

agrees well with the theoretical work by other researchers [6,7]. In spite of such a 

distinct difference in the excess optical loss, however, one still can not make any early 

conclusion regarding the difference in threshold between devices of different guiding 

strengths or between different eigenmodes guided by a particular device. This is 

because the threshold gains and thus the threshold current densities are also dependent 

on the transverse confinement factor, as evident in egn. (2.42). Therefore, this 
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difference in threshold must be calculated numerically by solving self consistently the 

photon-carrier rate equations including the carrier diffusion effect. These issues shall 
be addressed later in section 5.4. 

Besides the threshold gain, the excess optical losses caused by the use of oxide 

apertures also have significant impacts on the output coupling efficiency through the 

top DBR (rIT(,,, 
p)), which is defined as the ratio of the transmitted power through the 

top DBR to the total optical losses experienced by optical field in the resonator. In a 

high finesse cavity with negligible cavity absorption loss, TIT is given by 

T(mp) 

TT(-P) 
1 (5.13) 

1- RT(mp) RB(mV) 

Using eqn. (5.13), the variation of the output coupling efficiencies of the TEMc (main 

illustration) and TEM10 (inset) modes with aperture radius are calculated and shown 
in Figure 5.10. 
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Figure 5.10 : Output coupling efficiencies through the top DBR of the TEMOO mode 
(main illustration) and the TEM10 mode (inset). 
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Clearly, due to the much lower excess optical losses experienced by the 

eigenmodes, the weak guiding devices are much more efficient in coupling out the 

light from the cavity. In fact, for aperture radius as small as 1.0µm, the drop in the 

coupling efficiency with respect to that of the plane wave value (or devices with large 

aperture radius) is merely 4.8% for the weak guiding device while those of medium 

and strong guiding devices are as high as 19.5% and 31.7% respectively. It should be 

noted that this output coupling efficiency directly affects the external quantum 

efficiencies as well as the wall-plug efficiencies of VCSELs (see eqn. (2.50) and eqn. 
(2.52)). Thus, it is expected that the weak guiding devices will yield higher power 

outputs and efficiencies than their medium and strong guiding counterparts. This 

statement is also true even when absorption-loss DBRs are assumed in the 

calculations (results not shown here). 

The external quantum efficiency of a top emitting oxide apertured VCSEL at 
just above threshold can be roughly estimated from 

11 w(top) ° im 11 T(00) _ tlint 
(1- R 

T1(0T(OO)0) 

R B(oo) 
(5.14) 

by assuming a constant internal quantum efficiency for devices of all sizes, and 

similar modal reflectance and transmittance to that of TEM00 mode for all the 

eigenmodes. In actual fact, the internal quantum efficiency is weakly dependent on the 

carrier diffusion and spatial hole burning effects [6]. The second assumption is 

reasonable for the devices operated single mode with large side mode suppression 

ratio, SMSR (ratio of peak intensity of dominant mode with respect to the "side" 

modes) and even in the case of multimode devices, the modal reflectance and 

transmittance of the higher order mode approach that of the fundamental mode. It 

should also be noted that the so-called "scattering loss" [6,7] due to perturbation of 
fields caused by the oxide aperture has been neglected in the optical loss analysis 
discussed so far. This issue is treated in more detail in chapter 6. Consequenly, the 

excess size dependent optical losses calculated above only take account of the 

diffraction loss, and are the expected minimum values. By the same reason, the values 

of external quantum efficiency given by eqn. (5.14) are the expected upper limits. 

In Fig 4.7 of section 4.3, it is shown that for a given total oxide aperture area 

(i. e. current injection area), the 1/e mode sizes and resonant wavelengths of the 

circular and square devices are very similar. Since the modal reflectance are 
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dependent on these two parameters, it is thus expected that circular and square devices 

of similar aperture area have similar excess optical losses. To illustrate this point, 
Figures 5.11 shows the change in output coupling efficiency of the TEMOO mode with 

aperture for the circular and square devices. Clearly, the efficiencies and thus excess 

optical losses are very similar for these devices of equivalent aperture area. 
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Figure 5.11 . 
Output coupling efficiencies of the TEMoo mode as a function of 

aperture area for square and circular devices. 

5.2.3 Simulation Results II : Effects of Asymmetry in Mode Shape on the 

Modal Reflectance in Orthogonal Polarisation Directions 

As discussed in section 4.3, the eigenmodes confined by a rectangular oxide 

apertured VCSELs have elliptical Hermite-Gaussian transverse field variations and 

spectral splittings also exists between the TEM0, and TEM, o modes. Due to the 

asymmetry in the 1/e mode sizes ((i. e. wx(,,, P) :;, - W()), different diffraction loss is 

experienced depending on whether the mode is polarised along the x or y direction. 

Therefore, the modal reflectance R, «m. ) and R1(1 ) where the first subscript gives the 

direction of polarisation, are different for a given elliptical Hermite-Gaussian mode. 

As an example, Figure 5.12 shows the 2-D variations of the difference in the modal 

reflectance of the fundamental TEMOO mode in the orthogonal polarisation directions, 

(R,, oo - R,, oo), 
from the 28 pair top DBR. These results are calculated in a similar 

manner to that outlined in section 5.2.2. 
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top DBR. 

3 
Wx00 = 0.4µm 

2 -- w 000.5µm 

^ -- Wx00 = 0.6µm 

ö1 1ý Wx00 0.7µm 
oý. 

Wxoo ° 0.8µm 

W- x 

-1 

-2 

0.4 0.8 1.2 1.6 2.0 
wyoo (µm) 

Figure 5.13 : Variation of difference in modal reflectance of the TEMP mode along 

the x and y polarisation directions for fixed wx00 but variable wem. (for 

the 28 pair top DBR) 

Clearly, this difference changes sign from when the mode size in one of the 

direction varies from being smaller to become bigger than the those in the other 

direction, or vice versa. It is therefore always the mode with its electric field polarised 

along the direction of the longer side of aperture that has the higher modal reflectance. 

This is perhaps more obvious in Figure 5.13 where the modal reflectance difference is 
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plotted as a function of w for a range of fixed wx®. As can be seen, the difference in 

modal reflectance increases with the ratio of the mode sizes. However, in order to 

obtain the maximum difference, it seems that the mode size in one of the direction, 

say w,,., has to be kept bigger than 0.8µm while minimising the mode size in the 

other direction, w,, 00. 
Although the analysis above indicates that it is possible to produce a modal 

reflectance difference as high as 2% between the orthogonal polarised eigenmodes, 

the mode width in one of the direction has to be made very small, i. e. <0.5µm. As 

discussed in chapter 4, the mode widths of the eigenmodes confined by the oxide 

apertured resonator are dependent on the thickness and position of the oxide aperture, 
i. e. the "guiding strength" provided. Therefore, from the viewpoint of the diffraction 

loss difference between the orthogonal polarisation directions, the strong guiding 
devices should provide better polarisation control among the three designs adopted in 

this work. As an example, for the strong guiding rectangular devices with the aperture 

size in the x-direction fixed at 2µm, Figure 5.14 shows the x-(smooth lines) and y- 

(dotted lines) polarised modal reflectance product (i. e. RT(,,, 
pAB(, �p) 

) of various 

eigenmodes as a function of aperture aspect ratio, 2b/2a. 
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Figure 5.14 : Variation of y-polarised and x-polarised modal reflectance product 

with oxide aperture size in the y-direction, 2b, for the case of 2a = 

2µm. 

109 



Chapter 5 Theoretical Analysis of Oxide Apertured VCSELs 

As expected, when the aspect ratio is larger than unity i. e. 2b>2a and thus the 

aperture is elongated in y-direction, the fundamental TEMOO mode (Note: as well as 

TEM� mode whose traces are not shown) suffers from lower diffraction losses in the 

y polarisation direction. Conversely, when the aspect ratio is less than unity, the 

TEM00 (ditto TEM11 mode) is more reflective in the x-direction. Between the TEM01 

and TEM10 modes, it is always the one with field/intensity null along the longer side 

of the aperture, that has higher modal reflectance, i. e. TEM01 mode for b/a >1 and 

TEM10 mode for b/a <1. Referring to Fig. 4.8 in chapter 4, it is also the mode that has 

longer resonant wavelength. However, for the TEM01 mode the y-polarised modal 

reflectance is always higher than that in the x-direction unless the aspect ratio is more 

than 2.1. On the other hand, for the TEM10 mode the y-polarised modal reflectance is 

always lower than that in the x-direction except for aspect ratios lower than 0.5. 

Consequently, when the aspect ratio is in the range of 1.0 5 (2b/2a) <_ 2.1, the 

eigenmodes with modal reflectance in the decreasing order are : y-TEM. > x-TEM. 

> x-TEM01 > y-TEM01 > y-TEM10 > x-TEM10 > y-TEM11 > x-TEM� modes for this 

particular example. Meanwhile, when the aspect ratio is in the range of 0.5: 5 (2b/2a) <_ 

1.0, the eigenmodes with modal reflectance in the decreasing order are : x-TEMP > y- 

TEMOO > y-TEM10 > x-TEM10 > x-TEM01 > y-TEMo, > x-TEM� > y-TEM� modes. In 

another words, the higher order mode with highest modal reflectivity (i. e. could be 

TEM0, or TEM10 mode) is always orthogonally polarised with respect to the the 

fundamental TEM0O if the aspect ratio falls in the range of 0.5: 5 (2b/2a) <_ 2.1. 

It is also obvious that the difference in modal reflectance product between the 

orthogonally polarised TEM. modes is not that significant. For instance, the net value 

of this reflectance difference increases only from 0.015% to 0.034% when the aspect 

ratio increases from 1.2 to 2.0, and increases from 0.013% to 0.23% when the aspect 

ratio decreases from 0.9 to 0.5. This is mainly because the mode width in the x- 

direction (wx00) when the corresponding dimension of the oxide aperture is fixed at 

2.0µm, stays almost constant at 0.88µm. Nevertheless, by comparison the weak 

guiding device of similar dimension hardly changes from 0.006% to 0.017% and 

0.0015% to 0.0058% for the similar aspect ratio range. Thus, strong guiding devices 

seems to provide a larger difference in the modal reflectance of the orthogonally 

polarised TEM0O modes. 
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5.3 Q-Factor. Photon Lifetime and Linewidth 

In this section, the expressions for Q-factor, photon lifetime and linewidth are 

derived. These relations are very useful in both theoretical modelling and 

experimental investigation of the performance of an optical resonator. 

5.3.1 Definitions 

The performance of a resonator is characterised by a quantity called the quality 

factor, Q. The theoretical definition of Q-factor at resonance is expressed by [8] 

27c time averaged energy stored in the system at resonance 
energy lost in one cycle of oscillation 

time averaged energy stored in the system at resonance (5.15) 
average power loss 

U 
= 

rave 

where wr is the resonant angular frequency and the average power loss rave is equal to 

the (decreasing) time rate of change in the stored energy U if the resonator is allowed 

to dissipate naturally, i. e. Pave dU/dt. Rearranging, this leads to the energy rate 

equation, written as 

dU or rU (5.16) dt Q 
The solution to (5.16) in the time domain is 

U (t) = U(0) exp\l - 
o'' tJ (5.17) 

where U(O) is the initial value of stored energy at t=0 and, for an optical resonator is 

equal to the initial number of photons Na(, )V (where V= cavity volume, Np = photon 

density) times photon energy hf. Thus, equation (5.17) can be recast into a more 

specific form to describe the change of photon density inside the optical resonator 

with time as 

NP(t) = NaQ) expl -ý't) = Nao) exp -t (5.18) 
Q tP 

where the constant TP expressed by 
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tip =Q (5.19) 

is the photon lifetime. This gives the decay time duration for the photon density (or 

stored photon energy) to decrease to 1/e (; -- 36.8%) of its initial value, Noy. 

The Q-factor or photon lifetime given by eqns. (5.15) and (5.19) respectively, 

can be used for predicting the performance of a laser cavity. Thus, it is useful to 

acquire an experimental method to measure them. The simplest and most direct 

approach would be through the spectrum of the emission from the optical resonator. 

From (5.17), and noting that the energy is proportional to EZ, the corresponding time 

dependence of the electric field, E(t) is (for t>0) 

t E (t) = E((, ) exp(jw, t) exp -2T (5.20) 

where E((, ) is the initial field amplitude. Taking the Fourier transform of (5.20), the 

transfer function of the resonator in the frequency domain is thus of the Lorentzian 

form given by 

H(co) =1 1+ (G) - (0r)2 (2Tp)2 (5.21), 

which is similar to that of a damped LCR resonant circuit. From (5.21), it can be 

easily deduced that the full-width half-maximum (FWHM) linewidth, &w1z, of the 

Lorentzian spectral frequency response is given by 

1 cot _p=Q A 
FWHM (5.22) 

Hence, the FWHM spectral linewidth of the light emission peak detected in the 

wavelength domain (AXF ) is related to the photon lifetime through 

A4WHM = 2nctip 
(5.23) 

As implied in the derivations above, the photon lifetime Tp is related to the 

decay rate of the photon energy inside the optical resonator, and the relations given by 

(5.16) and (5.20) hold for every kind of resonator. For a resonator which has an active 

gain region, the photon lifetime depends on the optical gain. From the relation 

between photon lifetime and Q-factor expressed by (5.19), a generalised definition of 

photon lifetime inside a laser cavity can be deduced from (5.15) as 
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time averaged stored energy in the system at resonance ýp "net" average power loss 
(5.24) 

U 
P. 

Ile 

where the word "net" emphasises the existence of optical gain inside the cavity, i. e. 
the net power loss is the difference between the passive power loss and the active 

power gain. The energy density in the resonator, We, is given in terms of the electric 
field E by [2] 

Wý _Ic EZ 
2 

(5.25), 

Thus, the total stored energy for a particular eigenmode UnV(i. e. numerator of (5.15) ) 

is given by 

UnTp = fffw. ( V) 
dV =2 fJJEEPk(mp)E dV 

vv (5.26) 

=2 soEPk(,,, p J$Jn2E2 dV 
V 

where Epk(. 
p) 

is the peak field amplitude of the optical standing wave and Env is the 

3-D field variation defined earlier in chapter 4. In accordance with the Hermite - 
Gaussian field variations assumed in this work, the general expression of EP for 

either circular or elliptical eigenmode (normalised with respect to the antinode peak 

amplitude in the cavity) is that given by (4.25). 

For each eigenmode, it is the overlapping of the counter propagating waves 

each associated with a time average power density (i. e. intensity) flow of PO(,,, P) that 

results in the formation of standing wave within the resonator. From (2.32), the 

power density flow is thus given by 

2=gn, 
yo E pkcmp> E2 (5.27) Po c nip) =2n. Yo 

E 
rkc ýE am L) 

tr(nip) 

where n. is the real refractive index of the cavity medium, Yo is the admittance of free 

space (Ae 1/120it) and EK� 
,) 

is the transverse field variations for the Hermite-Gaussian 

eigenmode (m, p 51) expressed by 

XZ 2 

E mp) = xmyP exp -2-Z (5.28) 
W 

xýmP) 
W 

YimP) 
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Note that as in section 4.2, the field perturbation due to the dielectric discontinuity 

between thin gain medium and cavity medium is neglected, thus allowing the use of n. 
for the position within the quantum wells where the standing wave peaks. In the 

presence of optical gain, the net average power loss of a given eigenmode from both 

highly reflecting reflectors can be deduced from the surface S integral given by 

Pavamp) - 
ci- 

) 
[i 

- RT(mp)RB(mp) exp(-2a( ))exp(+2G(mp))] dS 
S 

22 gncYO Epkcmp) [i 
- RT(mp)RB(mp) exp(-2a( ))exp(+2G( ))] 

4fEänip) dS 
S 

(5.29) 

where a(,. ) and G(,,,, » represent the total (one-pass) modal loss and modal gain 

experienced in the cavity respectively, RT(mp) and RB(mp) are the modal reflectance of 
the top and bottom reflectors. Combining eqns. (5.24), (5.27) and (5.29), the general 

expression for photon lifetime of particular eigenmode inside an optical resonator with 

gain medium is thus given by 

4ý n2E2 dV 
TP (mV) 

V 

c nc 
[1 

- RT(mp)RB(mp) expý- 2a,, 
P) exp(+2G,,, P) 

]J Eämp) dS 
s 

(5.30) 

5.3.2 "Cold Cavity" Photon Lifetime of Oxide Apertured Resonators 

In the absence of optical gain i. e. the gain medium is transparent, the "cold 

cavity" photon lifetime [1], Týmp), can be deduced from (5.30) to be 

4ý n2E2 dV 

ýp("V) 
c nc [1 

- RT(mp)RB(mp)exp(-2ap), E2 trZ(mp) dS 
S 

(5.31) 

Note that the cold cavity photon lifetime is given a new symbol ia. p) 
in order to 

differentiate it from the photon lifetime in the presence of gain i. e. tip(mp), which is 

more usually quoted as "effective" photon/cavity lifetime (1]. Under the plane wave 

picture, the cold cavity photon lifetime for a resonator formed by "hard" mirrors (i. e. 

no decaying field penetration into the mirrors) and with negligible cavity absorption 

loss is thus simply given by 
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zP (plane wave, hard mirrors) =c (12 
ne LTRB) 

(5.32) 

where f n2E2dV / E2 ) dS = n2LC / 2. However, in the case of oxide 
Vs 

apertured VCSELs where the assumed transverse field variation of the eigenmodes are 
in Hermite-Gaussian form as well as with significant field penetration into the DBRs, 

the surface and volume integral of (5.31) have to be evaluated accordingly. By making 

use of the integral solutions given by Appendix D, it can be shown that the surface 
integration term of (5.31) is given by 

2m+2p 
2 (i. ') _ (5.33) 

JEdS _-2 r'ý(MP) rr(mP) 
ý 

where for the sake of generalisation, the normalised field variations of an elliptical 

Hermite-Gaussian expressed by (4.25), is assumed. It is also easy to recognise that 

the numerator of the integral term fff n2E2 dV in (5.31) is actually identical to the 
v 

denominator of the scalar variational integral formula given by (4.5). Thus by 

recycling the expressions for denominators of scalar variational formulae derived 

previously in section 4.2.2 and 4.2.3 for circular, square and rectangular apertured 

resonators, together with the general expression given by (5.33), the expressions for 

cold cavity photon lifetimes of the circular and elliptical Hermite - Gaussian 

eigenmodes can be obtained. Assuming negligible cavity absorption loss, these 

expressions are given in Table 5.4 and Table 5.5 respectively. Note that the photon 

lifetimes for these Hermite-Gaussian modes can also be written in a similar form to 

(5.32) by replacing L, with Lfy(,,, P) which is the "effective cavity length" taking into 

account the field penetration into the DBRs. By inspection, L,,,,, P) 
is simply the 

product of L, and the cumulative terms inside the curly brackets of the expressions in 

Tables 5.4 and 5.5. 
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Mode Cold Cavity Photon Lifetime, rp(mp) 

2 nýLý 
n2 - n2 

X) FoXdoX 
Z 

- 2a n, nz% o 
TEMP c (1-RT(oo) RB(ý)) 

1- 
ný Lc 

+ eXp 
wý 

2 Z 2ncLý(n, -nz) 

ýn2 
- no,, ) P d.,, 2az - 2az 

2 ncLc 
1- 

z nc Lo 
1+ exp z WII 

TEMo1 c (1-RT(0l)Rscoi>) n, n2%0 
+ 

2n, L,, (nl -n2) 

(n2 
- nOx) Faxdox 2az - 2a2 

2 ncLc 
1- 

z nc Lc 
1+ ex zp w1n z v'io 

TEM, o c (1-RT(, o)RB(, o)) ntnzXo 
+ 

2n2L, (n, -n2) 

(n2 
- n2X) 1 d0X 2a2 2a4 2a2 

2 ncLr 
1- 

z nL 
+ 1+ 

a w11 ý' 
exp z w 

TEM,, c (1-RT(I, ) Rac, l>) n, o + ___ 2ncL, (n, -n2) 

Table 5.4 : "Cold cavity" photon lifetime of the circular Hermite-Gaussian 

eigenmodes guided by the circular oxide apertured resonator. 
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Mode Cold Cavity Photon Lifetime, tia, p) 
22 (nz 

- nox) Foxdo 2a Jb 

2 nc Lc 
x 1- 

n, 'z Lc 
1- erf 

wx00 
e 

woo 
TEM00 c (1- RT(oo)RB( 

)) nln2Xo 

2n2L. 
, 
(nl -n2) 

n2 - nox) Foxdox 2a ýb 

2 nc Lc 
1- 

z ný L, 
1- erf 

wxol 
e 

w 1 
TEMo1 c (1-RT(01)RB(01)) 2Jb -2b2 

ýa nln2Xo + eX 
ýý 

pz 
ý'" WY 01 wyo1 

+ Jerfl 
z wx01 2nLc(n1 

-nz) 

(n2-nox)F d ýb 
, 

2a 

2 ný L. 
ox ox 

z nc Lc 
1-erf 

wylo 
e 

ý'ý'x1o 
TEM1o c (1- RT(, o)RB(1o)) 2j a -2az 

fb n1n2X o + eXp 
y71 wx10 wxlo 

+ erf 
wylo 2ncLc(n1 -n2) 

(n2 
- nox) F d b 

.Va ox ax 1- z nc Lc 1- erf 
wll e 

,II 

-2a2 2/ a Jb 
_2b2' 2J b 

TE 
11 2 nc Lc eXp + 

wx11 wzx11 e + 
wy11 

exp 
[ 

ý2 
ý "' wy11 wy11 

c (1-RT(11)RB(I1)) 

YLa Bab 2a 2 2b2 

- __ 
er f eXp 

z wx11 7LWxl1W 
11 wx11 

- 2 wy11 

+ nln2Xo 
- Fn 
c2 
L, (n1 -n2) 

Table 5.5 : "Cold cavity" photon lifetime of the elliptical Hermite-Gaussian 

eigenmodes guided by the rectangular/square oxide apertured 

resonator. 

5.3.3 Simulation Results 

Figures 5.15(a) to 5.15(c) shows the variation of the eigenmode "cold cavity" 

photon lifetime, ,r,. p) 
(main illustrations) and spectral FWHM linewidth, A , 4W 

(insets) with oxide aperture radius for the strong, medium and weak guiding 

resonators respectively. Clearly, the decrease in cold cavity photon lifetime with 
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reduction in aperture radius is much more gradual in the case of weak guiding as 

compared to the strong guiding device, and these trends are reflected in the 

corresponding variations of the cold cavity linewidth as well. As expected, in all cases 

the fundamental TEM0Q mode always has the highest photon lifetime (or narrowest 

linewidth), followed by the TEM, o, TEM0, and TEM,, modes for these y-polarised 

eigenmodes. For comparison, the cold cavity photon lifetimes and linewidths for the 

TEM. mode (main) and TEM, o mode (inset) for the strong, medium and weak 

guiding devices are also re-plotted on the same graph in Figures 5.16 and 5.17 

respectively. Note that for big aperture size, strong guiding devices have the highest 

cold cavity photon lifetime, as a result of the slightly higher plane wave reflectance of 

top DBR over the medium and weak guiding devices (see section 3.3.1). However, 

since the strong and medium guiding devices suffer from larger size dependent 

diffraction losses, the weak guiding devices will have the highest photon lifetime and 

thus narrowest linewidth when aperture radius becomes smaller than 2.5µm. For the 

square devices of equivalent area, their values are also very close to those shown in 

Fig. 5.16 and Fig. 5.17 since, as demonstrated in Fig. 5.11, their modal reflectance are 

almost identical to those of the circular devices. 
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Figure 5.15(a) : Cold cavity photon lifetime (main) and FWHM linewidth (inset) as 

a function of aperture radius for strong guiding devices. 
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Figure 5.15(b) : Cold cavity photon lifetime (main) and FWHM linewidth (inset) as 

a function of aperture radius for medium guiding devices. 
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Figure 5.15(c) : Cold cavity photon lifetime (main) and FWHM linewidth (inset) as 

a function of aperture radius for weak guiding devices. 
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Figure 5.16: "Cold cavity" photon lifetime of TEMP mode (main) and TEM, o mode 

(inset) as a function of aperture radius. 
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5.4 Modelling of Steady State Light-Current Characteristic of Oxide 

Apertured VCSELs 

In this section, a simplified approach to the modelling of the steady state light 

- current characteristic of an oxide apertured VCSEL is presented. This involves 

solving the photon and carrier rate equations self consistently to fully describe the 

photon-carrier interaction. 

5.4.1 Photon and Carrier Rate Equations for VCSEL Resonator 

Considering the conservation of photon generation and loss, the rate equation 
for the total number of photons carried by a particular mode inside a laser resonator is 

expressed by [11] 

at 
fff NP dV = fff vgNp dV + fffpvBN dV -1 

fffNp dV (5.34) 
V Vqw Vqw TPV 

where NP is the photon density, N is the carrier density, V and Vqw are the volume of 

the resonator and the gain media (i. e. quantum wells) respectively. The first term on 
the right hand side of (5.31) represents the photon generation through stimulated 

emissions where v is the group velocity of the light in the medium and g is the gain 

provided by the gain media. The second term is due to the spontaneous emission 

where (3, is the spontaneous emission factor which accounts for the fraction of the 

spontaneous emission generated that is coupled into the resonant mode of interest, B 

is the bimolecular recombination coefficient and N is the carrier density. (Note : ß, 

can take a wide range of values and the effects of using different values of P. are 

discussed in section 5.4.4. ) The spontaneous emission can be viewed as the optical 

"noise" that is needed to initiate the lasing oscillation. The last term represents the 

combined losses of photons either through various absorption mechanisms within the 

resonator or light transmission through the reflectors, and as defined earlier tip is the 

cold cavity photon lifetime. Note that in (5.34), N. and N are all position dependent 

parameters i. e. 3-dimensional functions of (x, y, z) or (r, 4, z) co-ordinates whereas the 

local optical gain g is directly related to N through the logarithmetric g-N relation 

expressed by eqn. (3.5). 

In order to solve (5.34), firstly the photon density of a particular eigenmode 

(Np(, ) ) can be deduced from (5.25) as 
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=E 
E2 E2 

Np() "ppk(mp) (5.35) 
2hf 

where E,, is the normalised 3-D field variations given by (4.25), Epk(, ) is the peak 

amplitude of the electric field at an antinode inside the cavity and hf is the photon 

energy. Consequently, the total number of photon for a particular eigenmode inside 

the resonator is given by 

N dV = 
co Eipk(mp) 

n2E2 dV 
(fff nip 

V 
P(mp) 2 hJ (5.36) 

Again, it is easy to recognise that the familiar integral on the right hand side of (5.36) 

is identical to the denominator of the scalar variational integral formula expressed by 

eqn. (4.5). 

Next, the stimulated photon emissions due to nqw number quantum wells each 

of thickness dqw placed a distance I from the peak of standing wave can be evaluated 

as 

n2s v E2 nqw r; +dq. /2 
vg NP(ma) dV =` °2hpk(-p) J cos2 (ß., z) dzg Eäß) dS 

Vqw, 1/- dy, r/2 
22 

nccoyEpk(mp)re. 
hngw dqw 4g E2 dS 

4hf 

(5.37) 

where Etr(mp) is the generalised transverse field variation given by (5.28) and, Fepj, is the 

"average" gain enhancement factor due to the placement of all the QWs with respect 

to the peak of the standing wave, which can be obtained by 

1 "qw 
+ 

cos(2(3c1i) sin(ßcdgw) renk _ __ 
ýj 1 

(ý nyw i=t 
P dyw (5.38) 

Note that in (5.37), the refractive index of the cavity medium is assumed for the 

quantum wells since the field perturbations due to the dielectric discontinuity between 

thin QWs and the cavity medium are neglected. Photon generation due to spontaneous 

emission which is not field dependent, is simply given by 

fff (3PBN2 dV = ßvBngwdqw ff NZ dS 
Vqw 

(5.39) 

where the bimolecular recombination coefficient B is assumed to be independent of 

carrier density and the spontaneous emission factor ß5p is considered to be the same 
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for all the eigenmodes. It should be noted that in both expressions (5.37) and (5.39), 

uniform carrier density is assumed in the longitudinal z-direction within the closely 

placed thin QWs i. e. ON 10z =0. Combining eqns. (5.36), (5.37) and (5.39), the 

photon number rate equation given by (5.34) can thus be rewritten as 
z2i EoEvk(ma) a 

n'E2 dv _ 
n, covI'c, ýng», dgwEpk(mp) 

cg E2 dS 
2hf ät v 

°'P 4hf ýJ °ý""Pý 

+ (3 
spBngwdqw 

ffN2dS (5.40) 
2 

_ 

EDEPk(mp) 

n2E2 dV <fffnip 2hf z ämp) 
v 

In order to solve the photon rate equation expressed by (5.40), obviously the 

carrier distribution in the gain region must be known. Thus, a carrier number rate 

equation that considers the conservation of carrier in the gain medium is needed to 

complete the description of the photon-carrier interactions inside the laser resonator. 

Including the carrier diffusion effect, it is in the form of [11] 

fN dV =I+ fff D (V2N) 
-N- BN2 - vgNP(mp) dV 

qW 

at q 
Vqw T 

nr All modes 

(5.41) 

where I is the current injection, q is the charge constant, D is the ambipolar diffusion 

coefficients, Tnr is the non-radiative carrier lifetime. For gain medium whose thickness 

is much less than the diffusion length (in the order of gm), as is the case of the QWs 

used for a VCSEL, uniform longitudinal carrier distribution can be assumed. Hence, 

substituting for NN and g using equations (5.35) and (3.5) into (5.41), as well as taking 

into account of the positions of the QWs with respect to the antinode of the standing 

wave, the carrier density rate equation can be written as 

, ON 
_J +D(V2a N)-N-BNZ 

at q ngwdqw Znr 

_ 
11 r, 

n>, n, Y4hf 
pk(mp)goN In NN min E2 

(5.42) 
amp) 

All modes J 
tr 

where J is the injection current density, V is the "transverse" Laplacian operator, 

and it is assumed that the group velocity v- c/ne , and the expression for the gain has 

been taken from eqn. (3.5). 
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5.4.2 Steady State Solution of Photon and Carrier Rate Equations 

The steady state solutions of the rate equations (5.40) and (5.42) can be found 

by setting the time derivatives to zero i. e. when ö/ at = 0. Solving (5.40) for steady 

state peak field amplitude (and thus photon density), Epk(mp) is given by 

4hf ßýB nq, �dq,, 
4fN2dS 

i_ E 
Pk(mp) NN 

""" E2 dS 
i s° fýfn2EMP dV 

- ncBovI'�ý, ngwdqwgoN 
fq 

týrnp) 
P(mp) 

. Ivv1.11 
s tr 

(5.43) 

Meanwhile, solving eqn (5.42) for dc current results in the carrier continuity equation 

expressed by 

J+DVN= N+ 
BN2 + 

re., IneYoEpk(mp)90IV In 
N+Nm; 

n E2 tr a-P) q ngwd qw t or All modes 4 h. f Ntr 

(5.44) 

In order to obtain any solution that fully describes the effects of photon-carrier 
interactions, equation (5.43) and (5.44) have to be solved self-consistently taking into 

account the two dimensional variations of the fields and carrier density profile. 
However for this work, in the quest to ease the computational workload, only the 

lasing characteristics of circular apertured devices are modelled. Besides that, the 

influence of the higher order mode on the transverse carrier density profile through 

stimulated emission at below threshold is neglected since its photon density is 

negligibly small in this operating region. In this way, the numerical task of solving 

(5.43) and (5.44) is reduced to a one dimensional problem along the radial direction 

i. e. r-axis. Furthermore, only the first two "least lossy" circular Hermite-Gaussian 

modes guided in the circularly apertured VCSELs are considered. Assuming y- 

polarised modes, they are thus the TEM. and the TEM, o modes (since the TEM, o 

mode has a higher cold cavity photon lifetime than the TEM0, mode). 
With the above mentioned assumptions in place, the cross sectional integral of 

the carrier density in the numerator of (5.43) is reduced to 
2x co eo 

ff N2 dS =J JN2 (r, ý) rdr dý = 27r JN2 (r) rdr (5.45) 
S000 

where any azimuthal variation in the carrier density profile due to the presence of 

higher order modes is neglected. Also, the spontaneous emission rate of the higher 

order mode is assumed to be similar to that of the fundamental mode. For the volume 
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integral in the denominator of (5.43), which is identical to the denominator of the 

scalar variational formula in (4.5), the resulting final expressions for the TEM. mode 

can be written as 

00 n`L` 1- 
(n2 o F'aXdox 
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it w22 
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(5.46) 

and for the TEM, o mode as 
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where as defined earlier in section (4.4), Le, goo) and Le, «lO) are the "effective" cavity 
lengths for the TEMOO and TEM, o mode respectively. Similarly, as can be deduced 

from the general solution expressed by (5.33) for surface integration of the Hermite- 

Gaussian modes, the carrier density dependent surface integral in the denominator of 

(5.43) can be reduced to 
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for the TEMOO mode, and 
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(5.49) 
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for the TEM, o mode. Using equations (5.45) to (5.49), the expression for the peak 

field amplitude of the TEMOO mode is reduced to 
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(5.50) 
where the "effective" photon lifetime of the TEM. mode tiKOO) i. e. photon lifetime in 

the presence of gain, is given by 
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(5.51) 

As for TEMIO mode, its peak field amplitude is given by 
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where the effective photon lifetime of TEM, o mode (t ») is given by 
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(5.53) 

On the other hand, taking into account only the effect of the fundamental mode and 

allowing only the radial variation in the carrier density profile, the steady state 

solution of carrier rate equation of (5.44) can be reduced to 
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where now V is the "radial" Laplacian operator. 

(5.54) 

It is also possible to write a compact general expressions for the steady state 

solutions of the photon rate equation in terms of the photon density of a particular 

eigenmode, NP(,,, p). 
By inspecting eqn. (5.50), (5.52) and (5.34), it is given by 

Np(nv) = RSP(-P) Tanq)> (5.55) 
where R. ) is the average spontaneous emission rate per unit volume that is coupled 

into the eigenmode, and is expressed by 
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The expression for effective photon lifetime can also be simplified into 

ýP(mP) - 

[t'pmp) 

- VGA (5.57) 

where the modal gain G(. 
p) obtained by 

f ElmEnvg dV 

G= pin region (5.58), 

mpEmp 
dV 

v 

is a function of modal field distribution in the resonator as well as the local carrier 

distribution that affects the local optical gain in the active region. Obviously, besides 

the total cavity loss represented by cold cavity photon lifetime, the effective photon 

lifetime is also affected by the modal gain. 

As discussed in section 5.3, the light emission linewidth from an optical 

resonator is inversely proportional to the effective photon lifetime. Using eqn. (5.23) 

and egns. (5.55) to (5.58), the relation among the emission linewidth (FWHM), 

effective photon lifetime, cold cavity photon lifetime and modal gain can be expressed 

by 

127 



Chapter 5 Theoretical Analysis of Oxide Apertured VCSELs 
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where A, % (,,, P) 
is the "cold cavity" linewidth and eqn. (5.60) is equivalent to the 

famous Schawlow-Townes linewidth formula [1,9]. Therefore, as the modal gain 
increases with current injection, the emission linewidth reduces while the "effective" 

photon lifetime (tip) and the photon density/number grows. Eventually when the 

photon density grow very large at the lasing onset of the eigenmode, the emission 
linewidth collapses into a very narrow spectral line, which is one of the defining 

characteristics of lasers. However, eqn (5.60) which considers only the effect of 

spontaneous emission noise is only valid for the below-threshold amplified 

spontaneous emission linewidth. Above threshold, the coupling between the 

amplitude and phase fluctuations of the optical fields caused by carrier induced noise, 

broaden the laser linewidth such that it is larger that that predicted by egn. (5.60) 

[1,10,11]. Phenomenologically, the broadened laser linewidth is usually estimated by 

multiplying the "modified" Schawlow-Townes linewidth limit (i. e. V2 of that predicted 

by egn. (5.60) due to the stabilisation of field amplitude fluctuations at above threshold 

[1] ) by a factor of (l+a. ) where a, is commonly referred to as linewidth 

enhancement factor [10,11]. Therefore, from egn. (5.60), the expected laser linewidth 

in the frequency domain, Of, is given by 

Of. = 
ronv) Ric ) (1 +a2) (5.61) 

Finally, it should also be noted that under the steady state conditions, the threshold 

modal gain (G,, ) is actually lower than the total cavity loss (-rIP v)"' , 
i. e. the 

threshold condition (G.. p = (ca. )v)'') is only approached asymptotically. Otherwise, 

as can be deduced from eqn. (5.59) and eqn. (5.60), a zero laser linewidth and infinite 

photon density would be implied. Therefore, as the threshold current is approached 

and exceeded, the modal gain must saturate slightly below the threshold value. Hence, 
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the laser can be considered to be a very high gain, very narrow bandwidth 

regenerative amplifier of spontaneous emission noise. 

5.4.3 Computational Procedures 

In order to solve (5.54) numerically, the standard Finite Difference Method 

(FDM) [12] whereby uniform grids of equal annular width constructed along the 

radial direction is adopted. Hence, the carrier diffusion term in (5.54) can be solved as 
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(5.62) 

where s=1,2,3...... M ( s=0 at centre of device), (M+1) is the total number of grid 

points and Or is the dimension of the radial grid element. The boundary condition 

needed to be imposed are : 

(i) =0 at r=0, thus requires that Nl = N2 where Nl is the carrier density in first 

grid element extending from the centre of resonator to a distance fir. 

(ii) N=0 at r= ma where a is the radius of the oxide aperture, and in is any integer 

number which is sufficiently large such that any change in this number causes 

negligible difference to the final solutions. (i. e. NM =0 where M= (ma/Mr) ) 

Substituting eqn. (5.62) into eqn. (5.54), the steady state solution of carrier rate 

equation for the s-th grid point can thus be written as 
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(5.63) 

where J. is the injected current density that assumed to be uniform across the oxide 

aperture but zero elsewhere i. e. J, =J for s <_ (a/Ar), J. =0 for s> (a/&). Equation 
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(5.63) has to be applied at successive grid points repetitively until the carrier density 

at each element in present iteration does not differ significantly from that of the 

previous iteration i. e. stabilisation of carrier density profile achieved. In order to speed 

up the convergence of the carrier density profile, a method called "Successive Over- 

Relaxation" (SOR) [12] was employed. From eqn. (5.63), the carrier density for s-th 

grid point at the i-th iteration is thus given by 
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where the term due to stimulated emissions, IStimj is given by 
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The successive over- relaxation factor, SOR, can be chosen to be any value between 1 

and 2 whereby the higher value of SOR allows faster convergence. It should be noted 

that superscripts i associated with the carrier density N in (5.64) and (5.65) represents 

the corresponding values for the (i-1)-th or the i-th iteration rather their exponential 

power. 

Similarly, the solutions for peak field amplitudes can also be obtained using 

the finite difference method described above. For a particular carrier density level and 

profile, the peak field amplitude for TEMP mode can be deduced from (5.50) as 
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(5.67) 

As for the TEM, o mode, from (5.52) its peak field amplitude can be obtained by 
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where the effective photon lifetime of TEM, a mode (tip(,, )) is given by 
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As mentioned earlier in this section, the objective of this simulation is to 

calculate the optical power outputs through the peak electric field amplitudes 

associated with the TEM00 and TEM, o modes, as a function of the current density 

injection level into the gain media. From these light-current characteristics, the 

thresholds of both the fundamental and higher order modes can thus be determined. 

The variation of the effective photon lifetimes and thus the narrowing of the emission 

linewidths with current can also be predicted automatically in the course of 

calculation. At the beginning of the calculation for each injected current density value, 

an initial "guessed" input value of Epk(OO) is used to calculate the carrier density 

profile using eqn. (5.64) and (5.65) iterated to a steady state. Then, the output value of 

Ep, (OO) is obtained using the above calculated carrier density profile through eqns 

(5.66) and (5.67). This process is repeated until the output value agrees with the input 

and value within the resolution specified. When this happens, the final value of Epk(ý) 

the resulting carrier density profile are said to be the stable solutions of both the 

photon and carrier rate equation. Then, the peak field amplitude of the higher order 

mode Ep, (10) can be calculated easily using eqns. (5.68) and (5.69). Subsequently, the 

optical power output of the TEMOO and TEM, a modes transmitted through the top 

reflector (i. e. part of the passive cavity loss) can be deduced from (5.29) by setting the 

modal gain to zero, and then multiplied the whole expression by the output coupling 

ratio TT(t�p/(1-RT(nW)RB(m)) where the cavity absorption loss is neglected. They are thus 

given by 

oo)Trroo> 1T(O°) 16 00neY°EPk( (5.70) 
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and 
1ai 

PT(lo) = 64 lon, 1'oEpkcJo>TTO (5.71) 

respectively where TT(�, ) is the modal transmittance of the top DBR. 

It should be noted that the final results obtained are independent of the initial 

guess of E2 00). However, a good "educated" initial field assumption e. g. making use pk( 

of the near linear light-current relationship at above threshold, can save much 

computing time. On average, the calculation for a given current density takes about 4 

to 12 minutes depending on aperture size, on a Pentium 166MHz personal computer 

for grid element size of 0.05µm. The values (MKS unit) of the material and 
fundamental constants adopted in the calculations are listed in Table 5.6. The values 

of ambipolar diffusion coefficients are general taken to be between about 5cm2/s 

[13,14] and l 0cm2/s [15,16] for a GaAs based active region. In this work, the latter 

value of 10cm2/s is adopted. The measured experimental values (e. g. 0.0021, obtained 
by analysing L-I characteristics and emission spectra [17]) of spontaneous emission 
factors for oxide apertured VCSELs are generally found to be an order higher than 

their implanted counterparts, and a value of 0.001 is used in the simulation here. 

Material / Fundamental Constants Symbols Values Units (MISS) 

Bimolecular recombination coefficient B 1x 10.16 m3/s 

Ambipolar diffusion coefficient D 10'3 m2/s 

Spontaneous emission factor PV 10-3 - 
Non-radiative carrier lifetime TN 5x 10"9 s 

Transparency carrier density Ntr 2.36 x 1024 m3 

Gain coefficient (carrier density) 901V 1.37 x 105 m` 

Electron charge constant q 1.6 x 10't9 C 

Velocity of light in free space c 3x 108 m/s 

Permittivity constant so 8.854 x 10't2 F/m 

Admittance of free space YO (1207r)` K2 

Planck constant h 6.626 x 10-34 Js 

Table 5.6 : List of material and fundamental constants used in the simulation. 
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5.4.4 Simulation Results I: General Discussions 

Before proceeding on to comparing the predicted lasing performance of the 

VCSEL designs used in this work, it is useful to first analyse how the threshold and 

modal behaviour of a VCSEL are influenced by certain device parameters that affect 

the modal gains. For this purpose, the light-current characteristic of a generic VCSEL 

with an uniform current injection region of 2µm radius (i. e. assumed to be the size of 

aperture) was simulated with variation of only one parameter at each occasion, so that 

the effect of that particular parameter can be ascertained independently. Except for the 

cases where the effects of mode size are considered, identical 1/e half mode size (WM, ) 

of 1.5µm were assumed for both TEM00 and TEM, o modes. Their cold cavity photon 

lifetimes (z'�ý) were assumed to be identical at 3. Ops. Unless stated otherwise, the 

values of other constants needed for simulation are those given in Table 4.6. 

(A) Effects of Carrier Diffusion and Spatial Hole Burning 

As mentioned in section 4.5.2, the modal gain is affected by the distribution of 

the spatial distribution carriers in the laser active regions. Under the assumption of 

uniform transverse current density injection profile (valid since the QWs are very 

close to the oxide aperture i. e. 0.1µm) and uniform longitudinal carrier distribution 

in the quantum wells (i. e. 0N / äz = 0), at below threshold the transverse carrier 

concentration profile is mainly dependent on the value of the ambipolar diffusion 

coefficient D. Above lasing threshold, the enhanced interaction between the carriers 

and photons through stimulated emission modify the carrier density profile according 

to the intensity profile of the first lasing mode, and thus affect the subsequent lasing 

threshold of other higher order eigenmodes. In order to illustrate these points, Figures 

5.18(a) and 5.18(b) show the transverse carrier density profiles of the device with 2µm 

aperture radius at various current injection levels assuming diffusion coefficients of 

1Ocm2/s and 50cm2/s respectively. The former is a typical value for the ambipolar 

diffusion coefficient [15,16] and is adopted in this thesis, whilst the latter is within the 

possible range of values for electron diffusion coefficient [18]. 

As expected, the larger value of diffusion coefficient causes the carriers to 

spread out further from the current injection region at below threshold, and there is 

thus a smaller number of carriers within the aperture. This in turn results in a lower 

modal gain available or possibly higher modal absorption experienced, depending on 
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the current injection level. Consequently, the threshold current density of the TEM® 

mode Jth(®) is lower at 2.55 kA/cm2 for the case of D=10cm2/s than at 5.15 kA/cm1 for 

the case of D=50cm2/s . 
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Figure 5.18(a) : Radial carrier density profile in the 2µm radius device, assuming 

diffusion coefficient (D) of 10 cm2/s, and mode size (wmp) of 1.5µm. 
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Figure 5.18(b) : Radial carrier density profile in the 2µm radius device, assuming 

diffusion coefficient (D) of 50 cm2/s, and mode size (wem) of 1.5µm. 

After the onset of the fundamental TEM00 mode, the enhanced carrier-photon 

interaction causes the local carrier density at the centre of the gain region/QWs where 

the optical intensity is high to decrease. On the other hand, the carrier density at the 

edges of the gain region where the optical intensity of the TEM00 mode is weak, is not 

clamped but continues rising with the current injection. This phenomenon is the well- 

known spatial hole burning (SHB) effect [11,13]. As a result of this spatial hole 
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burning effect, the modal gain of the higher order TEM, o mode which has a high 

intensity near the edge of aperture, increases with current injection even after the turn 

on of the fundamental mode. It will eventually reach its own threshold and results in 

multimode lasing operation. Comparing the carrier density profile above Jth((), it is 

obvious that larger value of diffusion coefficient is good for alleviating the SHB effect 
by "washing out"/reducing the carrier peak that appears near the edge of the aperture. 
This thus results in better suppression of the onset of the higher order mode. The 

threshold current density of the TEM, o mode ( Jß, (10 ) for the case of D= 50cm2/s is 

11.90 kA/cm2 as compared to 5.25kA/cm2 in the case of D =10cm2/s. 
Despite the fact that identical cold/passive cavity photon lifetimes are assumed 

for both eigenmodes, the threshold of the higher order TEM, o mode is higher than that 

of the fundamental TEM0Q mode as shown by the results discussed above. This is 

simply because the fields of the higher order mode extends further out of the aperture 
into the region where the local carrier density available is much lower than that within 

the aperture region. As illustrated in Figure 5.19 where the dependence of local carrier 
density and local optical gain on injected current density is shown, these regions either 

offer little optical gain (e. g. at r=1.5a) or could even be absorptive (e. g. at r= 2a) as 

transparency is not reached yet. Consequently, the modal gain of the higher order 

mode for a given injected current is always lower than that of fundamental mode for 

the situations considered here, and thus leads to it having a higher threshold current 
density. Also note that at below threshold, while the local carrier densities increase 

almost linearly with injected current density, the corresponding local optical gains 

vary in a near parabolic manner as a direct consequence of the logarithmic gain-carrier 

relation. 
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Figure 5.19 : Local carrier density N(r) and local optical gain g(r, N), as a function 

of injected current density at various radial positions. 
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The simulated light-current (L-I) characteristic (excluding the thermal effects) 

where a diffusion coefficient of 10cm2/s is assumed for the 2µm radius device 

considered here, is also illustrated in Figure 5.20. The inset of this figure shows the 

corresponding variation of Side Mode Suppression Ratio (SMSR), which is define as 

the ratio of spectral peak intensity of the dominant mode to that of the side mode with 
highest peak value [11]. Here, that side mode is assumed to be the TEMIO mode, and 

the broadening of the TEM00 actual lasing linewidth above threshold is neglected. 
Note that since the photon-carrier interactions due to the higher order mode are 

neglected in the simulation (a reasonable assumption at below threshold since the 

photon density of the TEM, o mode is negligible when compared to that of the 

fundamental mode), solutions obtained after the onset of the TEM, o mode are not 

physically meaningful. Nevertheless, the threshold current densities of both 

eigenmodes can be determined easily by linearly extrapolating their respective L-I 

curves. It is also obvious that whilst the SMSR increases dramatically upon the lasing 

of the fundamental TEM00 mode, it also deteriorates rapidly just before the onset of 

the TEM1O mode. 

0.30 

0.25 
E 

CL 

nE 0.20 

CL 0.15 

CL 0.10 
0 

Co 
0 0.05 

0.00 
1000 2000 3000 4000 5000 6000 

Current density, J (A/cm2) 

40 

'-'30 

cr- 20 

10 

0 

2000 4000 6000 TEM00 

J (A/cm2) ......... TEM10 

Figure 5.20 : Simulated light-current characteristics of the 2µm radius device 

assuming diffusion coefficient (D) of 10 cm2/s and mode size (w, ) 

of 1.5µm. The inset shows the corresponding variation of SMSR. 
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In section 5.4.2, it was shown that the effective photon lifetime and thus the 

linewidth of amplified spontaneous emission can be calculated directly through the 

solution of the rate equations. For the 21im radius device with D= 10 cm2/s 

considered above, Figure 5.21 and Figure 5.22 show the variations of the effective 

photon lifetimes and emission linewidths respectively for both the TEMJ and TEM1o 

modes. Whilst the inset of Fig 5.21 details variations of photon lifetime in the vicinity 

of the threshold of the TEM. mode, the inset of Fig. 5.22 shows the variation of 
linewidth at well above threshold where the values for TEM, o mode are out of range. 
The black dots that appear in Fig. 5.21 (inset) and Fig. 5.22 (main illustration) mark 

the positions at where the respective eigemodes reach "transparency". As can be 

deduced from egn. (5.58), this happens when the modal gain G. 
P =0 and this 

produces, by definition the cold cavity values of the photon lifetime and linewidth. 
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Figure 5.21: Variation of effective photon lifetime with injected current density for 

the simulated 2µm radius device, assuming D= 10cm2/s and wMp = 

1.5µm. The black solid dots represent the cold cavity values. 
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Figure 5.22 : Variation of light emission linewidth with injected current density for 

the simulated 2µm radius device, assuming D= 10cm2/s and w,,, P = 

1.5µm. The black solid dots represent the cold cavity values. 

Beyond the transparency current densities, the effective photon lifetimes 

increase much more rapidly up to the threshold of the TEMOO mode. This is in 

accordance with discussions in section 5.4.3, that the lasing onset of each eigenmode 

is accompanied by the rapid increasing of its effective photon lifetime and therefore 

the rapid narrowing of the light emission linewidth. As reflected in the variation of the 

effective photon lifetime of the TEM. mode at above threshold, the threshold 

condition (Gt�p (tip� 
, )v)"') is only approached asymptotically due to the finite optical 

gain provided by the QWs. In addition, the Schawlow-Townes linewidth limit reduces 

with increasing current density and thus power output. Note that the non-linear 

manner the linewdith limit increases, clearly reflect the logarithmic gain-current 

relationship. As for the TEM, o mode, after the lasing of the TEMOO mode, its effective 

photon lifetime increases slower than before, and in this case does eventually reach 

its own threshold at higher current density. This is also reflected in the change of the 

reduction rate of its spontaneous emission linewidth. 

Unfortunately, since there is no distinctive feature in the variation of the 

photon lifetime or linewidth that is associated with the position of the cold cavity 

value, it is very difficult experimentally to identify these values with great confidence. 
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Hence, as will be discussed in chapter 6, no comparison of the eigenmode cold cavity 

photon lifetime among the strong, medium and weak guiding devices is made from 

the effective photon lifetime variations that are deduced from the measured FWHM 

spontaneous emission linewidths. Instead, comparisons are made at current densities 

of 1.0 kA/cm2 in the case of the TEM00 mode and at 1.0 x Jt, (00) for the TEM, o mode, in 

order to obtain some insights on the modal gains as well as the effects of excess 

optical losses on various devices of different sizes and different guiding designs. 

(B) Effects of Mode Size 

In order to clarify the effects of the mode size on the threshold and modal 

properties of VCSELs, the lasing characteristics for eigenmodes with 1/e half mode 

sizes of 1.0µm and 2.0µm were also calculated assuming D= 10cm2/s. As can be 

deduced from Fig. 4.5, for aperture radius of 2.0µm, the values of 1/e mode size of 

1.0,1.5 and 2.0µm under consideration here are very close to those of strong, medium 

and weak guiding devices respectively. Interestingly, the threshold current densities of 

the TEM0O and TEM,,, modes with 1.01im mode sizes are lower at 2.35 kA/cm2 and 

2.70 kA/cm2 respectively as compared to those with 1.5µm mode sizes calculated 

earlier (i. e. 2.60 kA/cm2 and 5.25 kA/cm2). However, the thresholds for the 

eigenmodes with 2.0µm mode sizes are the highest among the three cases at 

3. O5kA/cm2 and > 100 kA/cm2 respectively. At an injected current density of 1.0 

kA/cm2, the effective photon lifetime for the TEMOO and TEM10 modes are for 3.29ps 

and 3.07ps for mode sizes of 1.0µm, 2.98ps and 2.51ps for mode sizes of 1.5µm, and 

2.58ps and 1.95ps for modes of 2.0µm respectively. Since identical cold cavity 

photon lifetimes are assumed, these results thus indicate the eigenmodes with smaller 

mode sizes experiences larger modal gains or lower modal absorptions than those with 

bigger mode sizes. Between the TEM00 and TEM, 0 modes, the former also has larger 

modal gain (or lower modal absorption) in the cases considered here. After the lasing 

of the fundamental mode, another indication of how fast the higher order mode can 

achieve threshold, can be obtained through its effective photon lifetimes evaluated at 

Jt, (00). For mode sizes of 1.0µm, 1.5µm and 2.0µm, they are 28.1ps, 14.4ps and 7.1ps 

respectively. Obviously, the order of these values are in accordance with the order of 

current density at which the TEM10 achieve lasing for different mode sizes. 
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It is now obvious that as the field of an eigenmode penetrates radially further 

into the region of the active layer which is below transparency, it will experience 
lower modal gain for a given injected current and thus a larger threshold current 
density is needed for lasing. Since the field of a higher order mode always extends 
further away from the radial centre, the resultant increase in its threshold current is 

thus also higher as indicated by the results discussed above. As will be shown in 

chapter 6, these findings are helpful when comparing the threshold and modal 
behaviours of a VCSEL under cw and pulsed condition, especially in the case of weak 

guiding device. This is because as noted in chapter 4, under cw operation the thermal 

lensing effect caused by the temperature gradient within the device, which is not 

considered in the simulation discussed above, results in the contraction of mode size 

with increasing current injection. If the associated increase in diffraction loss is less 

significant, the increase in modal gain will thus lead to threshold reduction. This is 

expected to be more significant for the higher order mode. The same argument also 

applies when comparing the threshold and modal performance of devices with 
identical aperture size but different oxide aperture thickness. Both modal gain and 

excess optical losses which are dependent on the mode sizes, are equally important in 

deciding the relative merits or demerits of these devices. 

(C) Effects of Spontaneous Emission Factor 

The reported experimental values of spontaneous emission factor, PP, for 

VCSELs is generally in the order of 101 to 10-3, with a value of 0.002 having been 

measured recently for a 2µm square oxide apertured device [17]. In order to evaluate 

its effect on the eigenmode thresholds, the simulations were repeated for the device 

with mode sizes of 1.5µm using P. value of 0.01 or 0.0001 as well as assuming D= 

10 cm2/s. Within the range considered here, it is found that the thresholds of the 

eigenmodes are relatively insensitive to the value of ß.. The threshold current 

densities of TEMO and TEM, o modes are 2.45 kA/cm2 and 5.10 kA/cm2 respectively 

for ßP = 0.01, and 2.60 kA/cm2 and 5.30 kA/cm2 respectively for ß,, = 0.0001, as 

compared to the values of 2.55 kA/cm2 and 5.25 kA/cm2 calculated earlier for ßp = 

0.01. Therefore, any possible error in the calculated threshold current densities due to 

the uncertainties in the value of P. should be negligible. 
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5.4.5 Simulation Results II : Strong, Medium and Weak Guiding Oxide- 

Confined VCSELs 

Using the simulated values of cold cavity photon lifetime, mode sizes, 

resonant wavelengths, and modal transmittance obtained in the preceding sections for 

strong, medium and weak guiding devices, the threshold current densities were 

calculated by solving the rate equations. Besides the exclusion of thermal effects, the 

so-called optical scattering loss from the oxide aperture as well as carrier leakage are 

not taken into consideration in the model. In addition, the devices are also assumed to 

operate at the gain peak wavelength. Thus, the calculated values presented below are 

the predicted minimum threshold values. 

Figure 5.23 shows the variation of the threshold current densities of TEM. 

and TEM1O modes with aperture radius, for the strong, medium and weak guiding 

device. As expected, the thresholds of both eigenmodes increase with reduction in 

aperture size, mainly due to the decrease in cold cavity photon lifetime caused by the 

size dependent optical diffraction loss discussed earlier. Comparing the threshold 

values for the TEM0O mode among the three types of devices, it is the strong guiding 

devices that always have the lowest threshold current densities when the aperture 

radius is bigger than about 1.5µm, followed by the medium and weak guiding devices. 

Referring to Fig. 5.16, this is partly due to the values of TEMOO cold cavity photon 

lifetime that are in the opposite order, as well as the mode size effects that were 

discussed earlier in section 5.4.4(B) due to the smaller mode size of strong guiding 

devices (see Fig. 4.7). However, when aperture radius becomes smaller than 1.5µm, 

the thresholds of the strong guiding devices increases much more rapidly than other 

devices as a result of the much steeper drop in the cold cavity photon lifetime (see Fig. 

5.16) or modal reflectance (see Fig. 5.8). Consequently, in this region it is now the 

weak guiding devices that produce the lowest threshold current densities, followed by 

the medium and strong guiding devices. For the TEM, o mode, the weak guiding 

devices always give the highest threshold current densities even at large aperture 

sizes. As discussed earlier in section 5.4.4(B), this is mainly due to the effect of the 

larger mode size for a given aperture size. Between the strong and medium guiding 

devices, the former have slightly lower threshold current density until the aperture size 

is smaller than about 2.5µm, i. e. when the cold cavity lifetime begins to drop at much 

faster rate (see Fig. 5.16(a) ). 
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Figure 5.23: Variation of the threshold current densities of TEM® and TEM, o modes 

with aperture radius, for the strong, medium and weak guiding device. 

Besides the threshold current densities, it is also interesting to compare the 

maximum power output obtainable from the strong, medium and weak guiding 
devices before the lasing of the higher order TEM, a mode. The aperture size 
dependence of this maximum "single mode" power output, defined here as the power 

carried by the fundamental TEM00 mode at 95% of the threshold current density of the 

TEMIO mode, is shown in Figure 5.24. These results are obtained assuming the three 

type of devices having identical absorption coefficients in their DBRs. Clearly, due to 

the higher output coupling efficiencies as well as the higher turn on currents of the 

TEM1O mode, the weak guiding devices always offer higher maximum single mode 

power output for aperture sizes bigger than 4.0µm. Between the strong and medium 

guiding devices, larger maximum single mode power output can be obtained from the 

former when the aperture radius becomes smaller than 2.5 gm. As can be seen from 

Fig. 5.23, this is mainly because the threshold current density of the TEM, o mode of 

the strong guiding device becomes larger than that of the medium guiding device for 

aperture radius smaller than this value. 
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Figure 5.24 : Variation of maximum single mode power output as a function of 

aperture size for the strong, medium and weak guiding devices. 

The corresponding Schawlow-Townes linewidth limits (OfSchawlow-Towne) 

evaluated at the current densities where the maximum single mode powers are 

assessed, are also shown in Figure 5.25. As a result of the higher turn on current 

densities of the TEM10 mode, as well as the larger cold cavity lifetime or lower total 

optical loss, these linewidth limits are the lowest for the weak guiding devices. For 

aperture size smaller than about 3.0µm radius, it is also found that the weak guiding 

devices always have the narrowest linewidth limits for a given injected current 

density, followed by the medium and strong guiding devices. Assuming the same 

linewidth enhancement factor for these three types of devices, the results above thus 

implies that weak guiding single mode devices may be more suited for any 

communication systems utilising coherent transmission/detection scheme such as the 

Wavelength Division Multiplexing (WDM) system, where narrow spectral lasing 

linewidth is an important requirement. 
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Figure 5.25 : Aperture size dependence of the Schawlow-Townes linewidth limit 

evaluated at the 95% of the TEM,,, threshold current density. 

5.5 Summary 

This chapter begins by describing the numerical methods used for calculating 

the modal reflectance and transmittance of the Hermite-Gaussian eigenmodes by the 

DBRs. Firstly, this method involves decomposing the eigenmode concerned into an 

infinite number of Fourier components in k-space, by taking its two-dimensional 

spatial Fourier transform. Then for these Fourier components, which propagate 

through the Bragg stacks as longitudinal section electric (LSE) waves, their individual 

reflection and transmission coefficients are computed using the standard transfer 

matrix method, taking account of the differences in their wave admittances and 

propagation constants from that of a plane wave. Subsequently, the inverse Fourier 

transform is performed to obtain the total reflected field, and the modal overlap 

integral is carried out in order to calculate the modal reflection coefficients and modal 

reflectance. Using this numerical technique, it is found that - 

" The modal reflectance of various eigenmodes decreases with reduction in mode 

size as a result of diffraction loss. 

" For a given mode size, the fundamental mode has higher modal reflectance than the 

higher order modes. 
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" DBRs with higher refractive index contrast ratio experience lower diffraction loss, 

and also have smaller difference in modal reflectance between the fundamental 

TEM. mode and the higher order modes. 

" As a result of their smaller mode size for a given aperture size, the strong guiding 

devices have largest diffraction loss. It therefore follows that diffraction loss 

experienced by medium guiding devices are intermediate whilst that of weak 

guiding devices are the smallest. 

" For the rectangular devices whose eigenmodes have elliptical Hermite-Gaussian 

transverse field variations, the modal reflectance of the fundamental TEMOO mode 

polarised along the direction of the longer side of the aperture is found to be always 

higher than that polarised along the shorter side. 

" Between the TEM0, and TEM, o modes, it is always the one with field null along the 

longer side of the aperture and thus with longer resonant wavelength, that has 

higher modal reflectance, i. e. TEM0, mode for b/a >1 and TEM, o mode for b/a <1. 

" Within a certain range of aspect ratio, the higher order mode with the highest 

modal reflectance is found to be always orthogonally polarised with respect to the 

fundamental TEM. mode. 

The relationships between the Q-factor, emission linewidth and photon 

lifetime are derived. The distinction between the values obtained under cold cavity 

condition (i. e. when the gain media is transparent), and those under the active cavity 

environment (i. e. cavity with gain), is also clarified. The cold cavity photon lifetimes 

of the eigenmode are then calculated, taking account of the field penetration into the 

DBRs. As a consequence of diffraction loss, it is found that : - 

" The cold cavity photon lifetime decreases whilst the linewidth increases with 

reduction in aperture size 

" As in the case of modal reflectance, the values of photon lifetime and linewidth of 

the fundamental mode are always higher than those of the higher order modes. 

" Strong guiding devices suffer from steeper decline in the photon lifetime with 

reduction in aperture size. This is followed by the medium and weak guiding 

devices. 
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The steady state light-current characteristics of oxide-confined VCSELs of 

various circular aperture radii are also computed by solving numerically the photon 

and carrier rate equations that incorporate the effects of carrier diffusion. Besides light 

power output, threshold current densities, effective photon lifetimes, spontaneous 

emission linewidths as well as above threshold Schalow-Townes linewidth limit, can 

also be calculated. It is found that :- 

" Spatial hole burning effect promotes the lasing of higher order mode. 

" Assuming identical cold cavity photon lifetimes, devices with smaller mode sizes 
have lower threshold current densities than those with bigger mode sizes. The 

former also experiences higher modal gain or lower modal absorption for a given 

current density. 

" Considering only the effects of diffraction loss, weak guiding devices have the 

lowest TEM00 mode threshold current densities for aperture radii smaller than 

1.5µm. This is followed by the medium guiding and strong guiding devices in 

ascending order. For bigger aperture sizes, the strong guiding devices have lower 

thresholds than medium and weak guiding devices. 

" The threshold current densities of TEM, o mode for the weak guiding devices are 

always higher than that of the strong and medium guiding devices. The values for 

strong guiding devices only becomes larger than those of medium guiding device 

when the aperture size becomes smaller than 2.5µm 
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6.1 Introduction 

This chapter details the experimental results obtained from the strong, medium 

and weak guiding devices. Comparisons between the theoretical predictions and 

experimental results are also made whenever it is possible. It begins by discussing the 

lasing characteristics of the oxidised VCSELs with near-square shape oxide apertures. 

Detailed comparisons of the threshold and modal properties are made between the 

devices with different oxide thickness. The results on the polarisation and thermal 

characteristics of these devices are also presented. Effective photon lifetimes are also 

inferred from the spectral linewidths, and offer some insights into the modal gains and 

excess optical losses of these devices. Then, results obtained from devices with 

rectangular oxide apertures are presented. These include the modal and polarisation 

characteristics that are different from their near-square shaped counterparts. 

6.2 Lasing Characteristics of Near-Square Shaped Oxide Apertured VCSELs 

In this section, the threshold and modal properties of oxide apertured VCSELs 

are discussed based on the experimental results obtained from devices with near- 

square shaped apertures (i. e. 0.93 <_ (b/a) <_ 1.07 ). Devices with variable oxide aperture 

sizes were fabricated from the VCSEL layers of strong, medium and weak guiding 

designs, using the device fabrication procedures described in Appendix F. In order to 

minimise the effect of the relative spectral offset between the gain peak and resonant 

wavelength, the plane resonant wavelengths of these devices are estimated to be 

between 865-866 nm. (see section 4.3.2). 
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6.2.1 Dependence of Threshold Currents, Efficiencies and Power Output on 

Aperture Size and Oxide Thickness 

As discussed earlier in chapters 4 and 5, the diffraction loss in an oxidised 

VCSELs is sensitive to eigenmode size which in turn is determined by the 

longitudinal position and the thickness of the oxide (i. e. waveguiding strength), as 

well as the aperture size. This size dependent optical loss result also affects the 

threshold gain and thus the threshold current density. To confirm these predictions 

experimentally, the threshold properties of the strong, medium and weak guiding 

devices were assessed at room temperature. For this and other useful characterisation 

purposes to be discussed later, the light-current-voltage (L-I-V) characteristics of 

these devices were measured when operated cw and under pulsed condition (40ns 

pulse length at 50kHz repetition rate) to remove the heating effects. Figure 6.1 shows 

L-I-V curves that are typical of all devices under investigation. This particular device 

of strong guiding design, has an average square aperture size of 4.3µm (actual 

dimension is 4.4 x 4.2µm) and its cw and pulsed threshold current are 830µA and 

820µA respectively. 
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Figure 6.1 : Typical cw and pulsed L-I-V characteristics. This particular device of 

strong guiding design has an average aperture size of 4.3µm. 
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Evidently, while the pulsed L-I curve remains quite linear throughout the 

whole driving range, the cw L-I curve becomes increasingly non-linear after the 

thermal effects become significant at current injection larger than 3mA. This 

reduction in external quantum efficiency under cw operation is due to the thermal 

enhanced carrier leakage as well as the increasing spectral offset between the resonant 

wavelength and the QW gain peak. The device internal heating is mainly due to the 

electrical series resistance presented by the heterojunctions of non-optimised DBRs. 

Eventually, the thermal roll-over occurs at 8.1mA limiting the maximum optical 

power to 2.2 mW. The ohmic heating also results in lower biasing voltage, for a 

particular current injection level under cw operation, as a result of increased 

thermionic conduction through the hetero-barriers of the DBRs. 

Figures 6.2(a), (b) and (c) illustrate the variation of the cw and pulsed 

threshold current with average oxide aperture size, S (where S=2 ab ), for devices 

of strong, medium and weak guiding designs respectively. For devices with aperture 

sizes smaller than 6µm, the threshold current measured is associated with the onset of 

the fundamental TEM. mode. For devices with bigger aperture sizes, the TEMP, 

TEM0, and/or TEM10 modes, and possibly other higher order modes, lase almost 

simultaneously. Comparing the cw and pulsed thresholds, there are negligible 

differences in all cases except for devices smaller than 3µm. In the strong guiding 

case, the cw threshold current for the 2.4µm device is higher than the corresponding 

value measured under pulsed conditions. On the other hand, the cw thresholds of the 

2.4µm and 1.0µm devices of weak guiding design are in fact lower than the 

corresponding pulsed values. This behaviour is believed to be caused by thermally 

induced mode size shrinkage when the devices are driven under cw condition (see 

section 4.3.2). In the weak guiding case, it is most likely that the contraction in mode 

size results in a negligible increase in diffraction loss since the size dependent 

diffraction loss is quite insensitive to changes in the relatively large mode size of 

weak guiding devices (refer to Fig. 5.6 for modal reflectivity as a function of mode 

size). Instead, it markedly improves the overlap of the carrier - optical field 

distributions by pulling the optical field towards the device centre where carrier 

concentration is higher. This increases the net modal gain and thus reduces the 

threshold current. In the case of the strong guiding device which has a much smaller 

mode size, the increase in diffraction loss as a result of mode size contraction 
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probably outweighs any extra gain from the enhanced carrier-field overlap, and thus 

leads to an increased cw threshold. 
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Figure 6.2(a) : Variation of threshold current with aperture size for devices of 
"strong guiding" design. 
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Figure 6.2(b) : Variation of threshold current with aperture size for devices of 

"medium guiding" design. 
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Figure 6.2(c) : Variation of threshold current with aperture size for devices of 
"weak guiding" design. 

It is obvious from Fig. 6.2(a) to (c) that the decrease in threshold current does 

not scale with the reduction in current injection area determined by aperture size, and 
this eventually leads to an optimum aperture size where lowest threshold current is 

achieved. The lowest threshold currents achieved under pulsed and cw conditions are 

4001iA and 350µA respectively by the weak guiding device of 2.4µm aperture size. 

The very small 1µm device has much larger pulsed threshold current of 1.1mA but is 

reduced to 580µA when operated cw. For the strong guiding devices, the lowest 

pulsed threshold current achieved is 700µA (750µA cw) at aperture size of 3.8µm 

while devices smaller than 2.4µm do not lase under both pulsed and cw conditions. 

Meanwhile, in the medium guiding case the lowest pulsed threshold current of 450µA 

(4701iA cw) is obtained from the 2.0µm device and devices with smaller size do not 

achieve lasing. The values for the 2.0µm device of medium guiding design are almost 

similar under both conditions, suggesting that in this case the increase in diffraction 

loss on heating is almost compensated by a corresponding increase in modal gain, as a 

result of an improvement in carrier-field overlap. For comparison purposes, the 

dependence of the pulsed threshold current density on the oxide aperture size for the 

strong, medium and weak guiding devices, are plotted on the main illustration of 

Figure 6.3, together with the theoretical values that take into account the different 
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absorption levels in the DBR of these VCSELs deduced in section 3.4.2. Since the 

calculated values are actually for circular devices while the experimental results are 

obtained from near-square devices, the theoretical values are plotted as a function of 

equivalent aperture size where S=a. and a is the aperture radius. As mentioned 

in section 5.4, the theoretical values are the predicted minimum threshold values, and 

since thermal effects are excluded in the model, they should be compared with the 

experimental results obtained under pulsed conditions. Nevertheless, the 

corresponding cw experimental values are also shown in the inset of Fig. 6.3. 
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Figure 6.3 : Variation of threshold current density, Jt, (pulsed : main illustration, cw: 

inset) with average square aperture size, S. The theoretical curves are 

also included for comparison 

In all cases, the values of theoretical curves fall below the experimental values. 

However, the theoretical predictions do agree with the experimental results in 

predicting that the threshold current densities of the strong guiding devices are always 

the highest for a given aperture size. Between the medium and weak guiding devices, 
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the former has the higher measured threshold current densities when the aperture size 

becomes smaller than about 4µm. For bigger aperture size, their threshold values are 

almost identical. This is also predicted by the simulations, but is expected to be 

maintained until the aperture size becomes smaller than about 2µm. Based on the 

results discussed above, it is thus fair to conclude that the oxidised VCSEL design 

with thinner oxide aperture is best suited for achieving ultra low threshold current. 

This is due to the smaller size dependent excess optical loss experienced in the DBRs, 

which results in lower rate of increase in threshold current density with reduction in 

aperture. This conclusion and the experimental observations presented here are indeed 

in good qualitative agreement with those obtained by other researchers [1,2]. 

In addition to the threshold current, the differential quantum efficiency (flex 

which can determined easily from the L-I curve is also a sensitive function of the 

optical losses existing in each device through the dependence on the output (top) 

coupling efficiency, rl , as discussed earlier in section 5.2.2. Figure 6.4 illustrates 

how the differential quantum efficiency measured under the pulsed conditions varies 

with aperture size. The relevant theoretical results obtained through eqn. (5.14) using a 

value of rl; nt = 0.821 deduced in section 3.4.1, are also included for comparison. These 

theoretical curves predict the maximum attainable efficiency, and take account of the 

different absorption levels in the DBRs of the strong, medium and weak guiding 

devices. For the weak guiding devices which experience negligible diffraction loss, 

the theoretical predictions fit the experimental results quite well. However, the 

experimental values for the strong and medium guiding device are always below the 

predicted values. Nevertheless, both the theoretical and experimental results show that 

the rate of decrease in the efficiency with reduction in aperture size from that of the 

plane wave value estimated from the --15µm device, is the fastest in the strong 

guiding devices. For instance, while the efficiencies of weak guiding devices decrease 

gradually by just about 4.9% even down to an aperture size of 2.4µm, the reduction 

suffered by the strong guiding device of identical size is about 24.2%. As for the 

medium guiding devices whose reduction rate is in between those of the other two 

designs, the efficiency drops by about 13.2% at aperture size of 2.0µm. 

Comparatively, the corresponding theoretical values for these devices are 3.5% (weak, 

2.4µm), 13.7% (strong, 2.4µm) and 12.1% (medium, 2.0µm) respectively. Therefore, 

this is consistent with the predictions that strong guiding devices suffer from higher 
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size dependent excess optical losses than the medium and weak guiding devices. 

Although the devices measured here have slightly different absorption levels in their 

DBRs, the above statement is still valid, as it has already been vindicated by the 

simulation results in section 5.2.2 which assume similar DBR absorption levels as for 

these devices. 
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Figure 6.4 : Variation of pulsed external quantum efficiency with aperture size for 

the strong, medium and weak guiding devices. 

It is also interesting to note that the efficiency of 1 µm weak guiding device 

drops dramatically to 21% which does not follow the trend set by the bigger devices. 

This behaviour is most likely due to its large mode size/oxide aperture size ratio as a 

result of loss of optical confinement. The small carrier-field overlap results in the 

under-utilisation of the injected carriers, and thus leads to the poor efficiency 

performance. However, while the cw external quantum efficiencies measured at close 

to the threshold (results not shown here) of most devices are quite similar to those 

measured under pulsed condition, those of the lgm weak guiding device is about 

twice as high (i. e. from 21% to 43.6%) when operated cw. Such a marked 

improvement reflects the threshold current results obtained from the same device 

when operated cw, and is believed to be due to same reason, namely the improvement 

in carrier-field overlap which leads to increased modal gain. This leads to an increase 
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in the internal quantum efficiency both at and above threshold. This thermal induced 

effect also results in an increase of 2.1% and reduction of 1.7% in the efficiencies of 

the 2.4µm weak and strong guiding devices respectively. 

As mentioned in section 5.2, the theoretical efficiency values shown in Fig. 6.4 

were calculated by taking account of the size dependent diffraction loss only, but not 

the "scattering loss" [1] due to the oxide. Therefore, the discrepancies between the 

theoretical and experimental results shown in Fig. 6.4 may be due to this scattering 

loss. As an attempt to fit the experimental values using the existing model, the 

following empirical equation for output coupling efficiency through the top DBR, 

which includes the "scattering loss" is used (Note : the total optical loss can be 

inferred from eqn. (5-29)): 

transmitted optical power through top DBR 
ý'°ý"'Pý total optical power loss 

TTcmp> (6.1) 

1- RT( )Rß( ) exp 
(- 2 aöX( )) 

where aöx(�Wý is the "modal scattering loss" due to the oxide given by 

II Et 
-P) 

a' =aFd 
oxide edge --4 m (6.2) ox(mp) ox ox ox 

E2 dS , r(nip) 

In eqn. (6.2), aox is the "effective oxide loss" expressed in per unit length, whilst Fox 

and dox are the oxide weighing factor and thickness respectively (as defined in 

eq. (4.19) earlier), and E.,,, W) 
is the transverse field variation. 

Using equations (6.1) and (6.2) for the TEMOO mode, it is found that the 

experimental results are best fitted when cc,. =6x 105 cm' for strong guiding devices, 

ao, =1x 10' cm' for medium guiding devices and aox = 4000 cm' for weak guiding 

devices. These fitted values are shown in Fig. 6.5, together with the relevant 

experimental results obtained by assuming T1,, t = 0.821. The size dependent 

exponential factors exp(-2(xöX(0)) that represent the additional "attenuation" of light 

due to the scattering loss, are also shown in the inset of this figure. As in the case of 

diffraction loss, this "scattering loss" also increases with reduction in aperture size and 

is the largest for the strong guiding devices. Assuming that the higher order modes 

also experience the same amount of "effective oxide loss" cc.., as the TEMOO mode, 

from (5.31) the cold cavity photon lifetimes that take account of the scattering losses 
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can be calculated using 
fff n2E2 dV 

Tº 
4" (6.3) 

P(mp) c n, [1 
- RT(mp)RBcmp>exp(-2(xax(mp))] E2 dS 
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Figure 6.5 : Fitted and experimental values of output coupling efficiency for the 

strong, medium and weak guiding devices. The inset shows the size 

dependent exponential factors that represent the additional 

"attenuation" of light due to the modal "scattering loss". 

Using the new values of cold cavity photon lifetime, the theoretical threshold 

current densities of TEM. mode and TEM, o mode in circular apertured devices were 

recalculated. These values are shown in Figure 6.6, together with the experimental 

values. Compared to Fig 6.3, the theoretical results in Fig. 6.6 clearly give a better 

"qualitative" match to the experimental results. For instance, it correctly predicts the 

larger difference in threshold current density between the strong guiding and the other 

two types of devices. In addition, the difference between the medium and weak 

guiding devices also becomes significant at aperture size of about 4.0µm, as in the 

case of the experimental results. The remaining discrepancies between the 

experimental and theoretical results shown in Fig. 6.6 are believed to be mainly due to 

the carrier leakage effect that has not been considered in the model. 
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Figure 6.6 : Comparison between the calculated threshold current densities that 

take into account of "scattering loss" and the experimental results 

obtained under pulsed conditions. 

The measured external quantum efficiencies are best compared to the 

theoretical results obtained directly from the solutions of the "multi-mode" rate 

equations. However, this is more numerically intensive and can not be done here since 

only the first two order modes are considered in this work. Nevertheless, in Figure 

6.7, the measured "multimode" external quantum efficiencies are plotted alongside the 

predicted "single mode" external quantum efficiencies of the TEMOO mode, which 

takes into account the scattering losses. The arrows in this figure mark the 

experimental points from devices which manage to suppress the lasing of higher order 

modes within the "pulsed" driving range. The modal behaviours of these devices will 

discussed in more details in section 6.2.3 later. Clearly, the predicted "single mode" 

values are quite close to the measured external quantum efficiencies of the 2.4µm 

strong guiding and 2.0 medium guiding devices, which contain negligible 

contributions from the higher order modes. For devices that undergo multi-mode 

operation within the driving range, the "multi-mode" experimental values are higher 

than the "single-mode" theoretical values as expected. 
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predicted (single mode) external quantum efficiencies of TEMQ0 

mode obtained through solutions of rate equations. The arrows mark 
the experimental points from devices in which the lasing of higher 

order modes are suppressed within the driving range. 

The dependence of the external quantum efficiency on oxide aperture size and 

oxide thickness directly affects the maximum light power output and the wall-plug 

efficiency (i. e. the power conversion efficiency) of a particular device when driven 

under cw conditions. These are illustrated in Figures 6.8 and 6.9. The former shows 

the variation of the measured maximum power output taken at the brink of thermal 

roll-off and the latter the maximum wall-plug efficiency as a function of aperture size 

for the three different type of devices. The inset of Fig 6.9 also shows the wall-plug 

efficiency-current (rj. I) characteristic of the 4.3µm strong guiding device (whose L- 

I-V characteristic is illustrated in Fig. 6.1), which also typifies those of other devices. 

It is obvious from these figures that the weak guiding devices have the highest 

maximum powers and wall-plug efficiencies at all aperture sizes, with those of 

medium guiding devices falling between the other two type of devices. In short, if 

high multi-modal power and wall-plug efficiency devices are sought after, then a 

weak guiding design utilising thin oxide seems to be the best choice. 
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Figure 6.9 : Variation of maximum wall-plug efficiency with aperture size. The inset 

shows the ij,,, P I characteristic of the 4.3µm strong guiding device. 

In order to confirm that the trends shown in Fig. 6.8 and 6.9, are mainly due to 

the size dependence of the optical excess losses, the current densities at which the 
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thermal roll-off begins are also plotted as a function of aperture size in Figure 6.10. 

Clearly, these values are very similar for strong, medium and weak guiding devices of 

equal aperture size. This thus implies that for a given aperture size and injected 

current density, the internal temperature rise in the three different types of devices are 

also similar, i. e. they have similar thermal impedance. Therefore, the differences in 

power and efficiency among these devices of identical size, are mainly due to the 

differences in external quantum efficiency and thus excess optical losses. In addition, 

the results illustrated in Fig. 6.10 also implies that smaller devices have better intrinsic 

heat-sinking capabilities i. e. lower thermal impedance, than the bigger devices, in 

good agreement with theoretical predictions [3]. 
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Figure 6.10 : Current densities at which thermal roll-off occurs as a function of 

average aperture size, S. 

Finally, it should be noted that the small differences in the DBR absorption 

levels between the three different types of devices, only causes relatively small 

changes to their threshold values, since the effects of excess optical losses are more 

significant. Therefore, they do not affect the conclusion drawn above regarding the 

merits of using thinner oxide thickness for achieving lower threshold current. 

Likewise, in all cases they do not markedly affect the rate of reduction in the external 

quantum efficiency as the aperture size becomes smaller. Therefore, it is valid to 

conclude that weak guiding devices are preferable for achieving higher external 
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quantum efficiencies and thus higher light power output, especially for aperture sizes 

smaller than 10µm. 

6.2.2 Polarisation Characteristics 

Figures 6.11 to 6.13 illustrate the polarisation resolved light-current 

characteristics measured under both pulsed and cw conditions, for the strong guiding 

devices with average aperture sizes of 2.4µm (2.4 x 2.5µm), 3.8µm (3.7 x 3.9µm) and 

4.3µm (4.4 x 4.2µm) respectively. While the 2.4µm device sustains "single mode" 

operation under both pulsed and cw conditions throughout the driving range shown, 

multimode operation occurs in the 4.31im device under both pulsed and cw conditions, 

but only under cw condition in the 3.8µm device. The onset of the first higher order 

mode, a TEM0, mode in the 4.3µm device and a TEM, o mode in the 3.8µm device, are 
highlighted by the arrow markings in the figures for these devices. As will be 

discussed later in section 6.2.3, the lasing of the higher order mode can be confirmed 

through the spectral measurements. For the 4.3µm device, the cw "turn on" current of 

the first higher order mode at 4.5mA is slightly higher than the corresponding pulsed 

value of 4. lmA, most likely due to the higher thermal enhanced carrier leakage. At 

6mA, it is found that the TEM00, TEM0, and TEM, o modes lase in both polarisation 

directions. As for the 3.8µm device, no second higher order "lasing" mode or TEM00 

mode were found lasing in the <1T0> direction for the pulsed current range shown. 
These three devices of different aperture size also show different polarisation 

characteristics. While the 2.4µm device demonstrates stable polarisation along the 

<110> crystal axis, polarisation switching between the two polarisation states occurs 

when the 3.8µm and 4.3µm devices are operated under cw conditions. In addition, 

there is only one switching event between the two orthogonally polarised fundamental 

modes in the 3.8µm device, but two such polarisation flippings occur in the 4.3µm 

device, with the higher current one believed to be that corresponding to the higher 

order modes. However, before polarisation switching occurs in these devices, the 

lasing fundamental mode is polarised along the <110> crystal axis, as in the case of 

the 2.41im device. Interestingly, under pulsed conditions, all the three devices show 

stable polarisation characteristics predominantly along the <110> direction. This thus 

suggests that the polarisation switching phenomenon has its origin in some thermally 

induced effects. 
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Figure 6.13 : Polarisation resolved light - current characteristic of the 4.3µm square 
devices of strong guiding design. The arrows mark the onset of the 

first higher order mode : left (pulsed), right (cw). 

Several theories [4-7] had been put forward to explain the possible cause(s) of 

the polarisation switching phenomenon demonstrated here. Among the reasons 

proposed that cite thermal effects induced by device internal heating are those 

invoking the spectral shift of the gain peak relative to the resonant wavelengths of 

non-degenerate eigenmodes in orthogonal polarisation directions [4] and thermal 

lensing effects [5]. Both of these proposals are based on the assumption that the 

polarisation switching happens when the modal gain difference between the two 

orthogonal polarised eigenmodes changes sign. In both cases, spectral spliting 

between these two eigenmodes is certainly a pre-requisite. In the former case, it is 

assumed that the eigenmode closer to the gain peak always has higher modal gain and 

is thus more equipped to achieve lasing first. Hence, it is expected that in VCSELs 

where the gain peak is initially blue-shifted with respect to the eigenmode resonant 

wavelengths (such are the cases for the devices considered here), the lasing TEM. 

mode will be "switched" from the one which has shorter wavelength to the one with 

longer wavelength once the gain peak starts thermal red-shifting and sweeps across 

the resonant wavelengths. The thermal induced red shift of the gain peak wavelength 

is 5-6 times faster than that of the eigenmode resonant wavelengths with increasing 
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device temperature. The validity of this hypothesis has been confirmed by the 

occurrence of polarisation switching when the device is heated up intentionally [4]. 

This explanation is certainly plausible in the cases considered here since it is found 

that it is the fundamental mode with shorter wavelength that starts lasing first. On the 

other hand, the thermal lensing effect has also been proposed as the possible reason 

for causing the polarisation switching due to the change in modal gain difference, in 

VCSELs where the resonant wavelengths are blue shifted with respect to the gain 

peak [5]. In this work, polarisation switching under cw condition has also been 

observed in near-square devices with initial lasing wavelength of about 830nm, which 

is well blue-shifted with respect to the gain peak wavelength (results not shown). 

However, the fact that the small 2.4µm device shown here has stable 

polarisation suggests that the real situation may no be as simple as suggested. For this 

particular device, it is possible that the slight asymmetry in aperture shape creates 

sufficient difference in the modal reflectance of the orthogonally polarised 

eigenmodes to overcome the two thermal effects mentioned above, and thus results in 

sustained stable polarisation operation. However, this modal reflectance difference is 

not adequate in the bigger devices because, as discussed in section 5.2.3, this 

difference is also a function of mode size. Other alternative non-thermal mechanisms 

suggested include those invoking the difference in the population of the magnetic sub- 

levels of the conduction and heavy hole valence bands in the QW [6], and spatial hole 

burning effects [7]. While the implications of the former proposal are quite subtle, the 

spatial hole burning effect alone certainly is not sufficient to cause switching as 

evident in the pulsed traces shown in figures 6.6. However, when operated cw, 

thermal lensing and spatial hole burning effects tend to reinforce each other and may 

thus lead to polarisation switching. 

The polarisation behaviour of the medium and weak guiding devices are very 

similar to those shown above, although for unknown reasons, in certain cases 

polarisation switching only happens to the higher order mode but not the fundamental 

mode for devices with aperture size 3- 4µm. In addition, the strong, medium and 

weak guiding devices also share other similarities in their polarisation characteristics. 

For the devices (S <6 µm) that have single mode operation either throughout the 

whole driving range or for a limited current range only, almost all of them begin 

lasing in the polarisation direction parallel to the < 110 > crystal axis. Since it is well 
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known that VCSEL layers grown on mis-orientated substrate have intrinsic anisotropy 

in the QW gain [8], the preferential direction of polarisation demonstrated by most of 

these devices may be due to the fact that VCSEL layers used here were grown on 

(100) substrates that are slightly off axis at 3° towards (110) plane. It is of course, 

also possible that the unintentional mechanical stress/strain induced by the conversion 

of AlAs to AI1Oy or by fabrication processes such as etching or annealing, may 

introduce some extra anisotropy to the optical gain. In fact, anisotropic mechanical 

stress introduced intentionally by an elliptical etched substrate hole has been reported 

to result in reasonable polarisation control [9]. The only exception to the polarisation 

characteristic discussed above can only be found in some strong guiding rectangular 

devices of certain dimensions and aspect ratios, where the longer side of the apertures 

as well as the polarisation direction are perpendicular to the <I 10 > direction i. e. 

along the < 110 > direction. The polarisation characteristics of these rectangular 

devices will be discussed later in section 6.3.2. 

6.2.3 Modal Properties 

The modal behaviour of oxide apertured VCSELs are of great research interest 

since some of their potential applications specifically require either single mode 

operation (smaller far field divergence angle and larger coupling efficiency to optical 

components), such as in free space optical inter-connect systems; or multi-mode 

operation for use in short-distance communication systems utilising multi-mode 

optical fibres. Since most oxide apertured VCSELs are inherently multi-moded, multi- 

mode operation can be obtained readily from medium (>5pm) to large size devices. 

On the other hand, as pointed out in chapter 4, "pure" single mode devices can only be 

obtained from devices with very small aperture size where the cut-off of the first 

higher order mode has occurred. However, it was found in this work as well as by 

other researchers [1,10,11] that it is possible for certain inherently multi-moded 

devices to have the fundamental mode dominating over other modes throughout a 

certain driving range. In this work, a "complete" driving range is defined as the 

current range starting from threshold up to 30% above the thermal rollover under cw 

operation, since it is unusual for lasers to operate far beyond the thermal roll-off in 

most applications. From the system point of view, the suitability of a laser for single 

mode operation is usually decided by a figure called "Side Mode Suppression Ratio 
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(SMSR), which is given by the ratio of spectral peak intensity of the dominant mode 

to that of the side mode with highest peak value [12]. This figure is usually large so 

long as only the dominant mode achieves lasing while the other side modes remain 

below "threshold"; for instance, as shown in Fig. 5.20. Therefore, the current injection 

level at which the first higher order mode turns on is chosen as a figure of merit in this 

work for comparing the single mode performance of the three different type of 

devices. For comparison, the same batch of near-square shaped devices used in the 

investigation of the threshold properties discussed in section 6.2.1 were studied. 

In the process of identifying the onset of the higher order mode, the presence 

of an abrupt increase in intensity or a kink, in the polarisation resolved light-current 

characteristic as shown in preceding sections, proved a useful tool for a "first guess". 

It is found that for the near-square devices with aperture sizes of 4.3µm or smaller, the 

"first" higher order TEM,, or TEM, o mode always turns on in the orthogonal 

polarisation to the fundamental TEM mode. (However, it is still possible that the 

higher order modes lased in the same polarisation direction as the fundamental modes 

at higher current injection levels) This behaviour was confirmed through spectral 

measurements where it was found that the distinct features in the polarisation resolved 

L-I curves mentioned above coincide with the degradation in SMSR as well as 

narrowing in the emission linewidths as will be described in the following paragraphs. 

However, for bigger devices (>4.3µm), it is possible for the side modes to start lasing 

in the same polarisation direction as the fundamental mode, before settling in the 

orthogonal direction. Therefore, in such cases, the identification of the onset of the 

higher order modes have to rely on the deduction from the linewidth measurement as 

well as the corresponding trend in the SMSR. 

As an example, Figure 6.14 shows the measured cw lasing spectra of a 4.31im 

(4.4 x 4.2µm) near-square device of strong guiding design measured at various current 

injection levels. The polarisation resolved L-I characteristics of this device are those 

shown in Fig. 6.13 while its normal L-I-V curves are illustrated in Fig. 6.1 earlier. 

Due to signal saturation from the N2 cooled Ge-detector at injection currents well 

above threshold of the TEM. mode, calibrated neutral density filters of various 

attenuation ratios had to be used in order to attenuate those emission peaks of very 

high intensity. The legends inside these graphs indicate the factor by which the 

intensity was attenuated during the measurement of the spectrum concerned. 
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Figure 6.14 : Lasing spectra (cw) of the 4.3µm near-square device at various current 

injection levels. The threshold current of the TEMQ0 mode is 830µA, 

while that of TEM0�TEM, o modes are 4.5mA/5. OmA respectively. 

For the same device, the main illustration of Figure 6.15 also shows how the 

spontaneous emission linewidths (FWHM) of the eigenmodes polarised in the <110> 

direction varies with injected current. As discussed in section 5.3, these values can be 

extracted easily by curve-fitting the polarisation resolved spectra with Lorentzian 

lineshapes. As reasoned in section 4.3.2, the spectra were measured using a 30µm 

spectrometer slit width and sampling step size of 0.02A. Although the theoretical 

resolution of the spectrometer is 0.30A, the resolution of the whole measuring system 

is about 0.35A as deduced from the measured FWHM linewidth of the lasing peak. 

The current densities at which the emission linewidths of the eigenmode reach the 

system resolution are marked by the arrows shown in this figure. The results shown in 

Fig 6.15 are as expected, i. e. the linewidth of the emission peaks reduces rapidly with 

increasing current density. Eventually, when the TEM00 mode achieves its threshold, 

its linewidth is limited by the system resolution of 0.35A. This happens at the 

threshold current density of the TEM. mode determined from the L-I characteristic, 

which is 8304A (4.4 kA/cm2). After the lasing of the TEMP mode, the linewdiths of 

the TEM0, and TEM, o modes reduce more gradually than previously, until reaching 

their threshold. It is found that the TEM0, mode which has a shorter resonant 

wavelength turns on slightly before the TEMIo mode despite the fact that the shape of 
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the oxide aperture (4.4 x 4.2µm) which is slightly elongated along the 110), i. e. x- 

direction, should favour TEM1O modes in terms of diffraction loss. However, it is most 

likely that this difference in optical loss is negligible compared to the effect of relative 

gain offset which favours the TEM0, mode whose wavelength is closer to the gain 

peak. The current (density) at which the linewidth of the TEM0, mode approached that 

of system resolution is 4.5mA (24.3 kA/cm), coincided with its threshold value 

determined from the polarisation resolved L-I characteristic in Fig. 6.13. This is 

followed by the onset of the TEM, o mode, which lases at 5. OmA (27.0 kA/cm). 
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Figure 6.15 : Variation of FWHM spectral linewidth of the first three order 

eigenmodes polarised in the <110> direction with injected current 

density for the 4.3µm strong guiding device. The arrows mark the 

current densities at which the emission linewidths of the eigenmode 

reach the system resolution. The inset shows the corresponding 

change in the SMSR between the TEM® and TEM0, modes. 

As can be seen in the figure for 830µA in Fig 6.14(a), there are quite a number 

of eigenmodes resonant in this device, namely TEMP, TEM, a, TEMo� TEM,,, TEM20, 

TEM02, etc, with their resonant wavelengths in this descending order. However, since 

among the higher order modes it is the TEMQ, mode that achieved lasing first, the 
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monitoring of the deterioration in the SMSR was mainly focused on the intensity ratio 

between this particular higher order mode and the fundamental TEM. mode. 

Assuming the actual peak spectral intensity of the fundamental mode can be obtained 

by multiplying the filter attenuation factor by its measured peak value, the change in 

the intensity ratios between the TEMP mode and TEM0I mode, i. e. SMSR, with 

current injection is shown in the inset of Figure 6.8. Note the qualitative resemblance 

of the SMSR variation shown in this inset with that in the inset of Fig. 5.20, up to the 

onset of the higher order mode. The SMSR increases dramatically from the value at 

threshold, and then saturates at around 36dB for a current density range of about 

14kA/cm2 before deteriorating rapidly due to the lasing of the TEM0, mode at about 

24.3 kA/cm2 as determined previously. 
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Figure 6.16 : Lasing spectra (pulsed) of the 4.31im near-square device at various 

current injection levels. The threshold current of the TEM00 mode is 

830µA while that of TEMQ, /TEM10 mode is 4.1mA. 

Figure 6.16 illustrates how the lasing spectra of the same 4.3µm device 

evolves when measured under pulsed conditions. The polarisation resolved pulsed L-I 

characteristics suggests that the higher order mode should turn on at 4. OmA, and 

indeed an obvious peak of the TEM0, mode appears at 4.3mA. Despite of the use of 
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short electrical pulse (40ns, 50kHz) and large mark-space ratio (500), the residual 

heating at high current injection results in frequency chirping in the lasing spectrum, 

i. e. thermal induced broadening of the spectral linewidth. It should also be noted that 

increasing the mark-space ratio to 2500 does not seems to affect the turn on of the 

higher order mode, but helps to slightly reduce the residual chirping effect. 

Using the same approach as described above, the threshold current of the 

"first" higher order mode is determined for devices of various aperture sizes. These 

results for the strong, medium and weak guiding devices are illustrated in Figures 6.17 

to 6.19 respectively, together with data points indicating the current density at which 

thermal rollover happens during cw operation. It was found that in all cases the 

fundamental TEM00 mode and the higher order TEMO, and TEM, o modes turn on 

almost simultaneously for devices with aperture size larger than 6.2µm. For smaller 

devices, the difference in the threshold currents of the fundamental and higher order 

modes widens rapidly with reduction in aperture size. Due to the near-square shape of 

the oxide apertures, the onset currents for the TEMot and TEM, o modes are very close, 

and it is usually the one with the shorter resonant wavelength and thus closer to gain 

peak that turns on first. 
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Figure 6.17 : Variations of threshold current densities of the TEMO and TEM, j 

TEM0, modes with oxide aperture size for "strong guiding" devices. 
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Figure 6.19 : Variations of threshold current densities of the TEM0O and TEM, o/ 
TEMo1 modes with oxide aperture size for "weak guiding" devices. 

For the strong guiding devices, no higher order mode achieves lasing 

throughout the whole driving range (i. e. defined as up to 30% above the thermal roll- 
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over) under the cw condition when the aperture size is 3.8µm or smaller. Under pulsed 

conditions, however, only the 2.4µm device allows no onset of higher order modes in 

a similar driving range. Thus, it is likely that thermal induced effects such as carrier 

leakage, thermal lensing or change in spectral gain offset, which become quite 

significant at the high current density injection level are helping to suppress the higher 

modes under cw operations in the 3.8µm strong guiding device. However, the 

opposite trend was observed for the medium and weak guiding devices with aperture 

size smaller than 6µm, where the cw thresholds of the higher order modes are always 

lower than that measured under pulsed conditions. It is believed that in these cases, 

the modal gains of the TEM0, and/or TEM, o modes improve under the cw condition as 

a result of mode size contraction caused by thermal lensing effect. As pointed out in 

section 5.4.4(B), if the associated increase in diffraction loss is less significant, as is 

most likely to occur in the cases considered here, the increase in modal gain thus leads 

to reduction in the threshold of the first higher order mode. However, under pulsed 

conditions, no higher order mode achieves lasing within the whole driving range for 

weak guiding device of 2.4µm and medium guiding device of 2.0µm. 

The effects of thermal lensing on single mode operation are especially obvious 

in the 2.4µm and 2.6µm weak guiding devices as well as the 2.0µm medium guiding 
device, where the excitation of higher order modes occurs within the driving range 

under cw conditions but not under pulsed conditions. Referring to Fig. 4.13 in chapter 
4, ideally at these sizes all the higher order modes should have been cut off due to the 

loss of optical confinement by the oxide aperture. Hence, the higher order modes that 

appear under cw conditions are due to the combined index guiding from the oxide 

aperture and the thermal lens. This is of course, consistent with the distinctive change 

of trend in the measured resonant wavelength separations shown in Fig. 4.13 at these 

sizes. As for the 1 µm weak guiding device, the near field pattern of the "higher" order 

mode (not shown here) that lases even under pulsed conditions, does not centre on 

that of the fundamental mode and the oxide aperture. Thus, it is most likely that the 

excitation of this higher order mode is mainly due to the carrier induced index change 

and possibly some residual heating effect during the short-pulsed excitation in such a 

highly resistive ultra-small device. 

In order to compare the single mode performance of the devices with three 

different oxide thicknesses, the threshold current densities of the higher order modes 
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of these devices are plotted as a function of average aperture size (S) in Figure 6.20 

for those measured under cw conditions, and both Figures 6.21 and 6.22 for pulsed 

conditions. In Fig. 6.21, the theoretical predictions that take into account the difference 

in absorption levels of the DBRs between the three types of devices but excludes the 

"scattering losses" effects, are also included for comparison. In Fig. 6.22, however, 

the theoretical curves do take into account the scattering losses by using the same aoX 

values determined earlier in section 6.2.1 to correct for the cold cavity photon lifetime 

of TEM, o mode. 
Comparing the experimental results, the single mode performances of the 

strong and weak guiding devices are comparable under the pulsed conditions. Both 

types of device are superior to the medium guiding devices in suppressing the higher 

order modes, especially in those devices with aperture sizes in the range of 2.0 to 

4.0µm. On the other hand, under cw conditions it is now the weak and medium 

guiding devices that are comparable in their single mode performance. Both types of 
device are much more affected by the thermal. lensing effect than the strong guiding 
devices, where in these latter devices the higher order modes are suppressed within the 

driving range once the aperture size becomes 3.8µm or smaller. As shown in Fig. 

6.10, thermal heating effects in these three types of devices are very similar since the 

aperture size dependence of the current density at which thermal rollover happens is 

almost identical. Therefore, it is fair to conclude that strong guiding devices (2.0 to 

4.5µm) manage to suppress the lasing of higher order modes better than others under 

cw conditions. 
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Figure 6.20 : Variation of cw threshold current densities of the TEM, o or TEMO, 

modes with oxide aperture size for the strong, medium and weak 

guiding devices. (Experimental values only) 
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Figure 6.21 : Variations of pulsed threshold current densities of the TEM, o or TEMO, 

modes with oxide aperture size for the strong, medium and weak 

guiding devices. Theoretical predictions that exclude "scattering loss" 

effects are also included for comparison. 
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Figure 6.20 : Variations of pulsed threshold current densities of the TEM, o or TEM0, 

modes with oxide aperture size for the strong, medium and weak 

guiding devices. Theoretical predictions that include "scattering loss" 

effects are also included for comparison. 

As for theoretical results, the weak guiding devices are predicted to be the best 

in suppressing the onset of the first higher order mode, followed by the strong and 

medium guiding devices, if the effects of scattering loss are excluded (Fig. 6.21). As 

expected, all these predicted "minimum" threshold values are lower than the 

experimental values. When the scattering losses are taken into account as in Fig. 6.22, 

strong guiding devices are predicted to have the highest threshold of the first higher 

order mode for aperture size smaller than about 10.0µm. Between the medium and 

weak guiding device, the thresholds are almost identical until the aperture size 

becomes smaller than about 4.04m, when that of the latter increase much rapidly than 

that of the former. Quantitatively, the predicted values are always higher than the 

experimental values for the strong guiding devices. However, the predicted values for 

the medium and weak guiding devices are lower than the experimental values, until 

the aperture size becomes smaller than about 4.0µm. When this occurs, the 

experimental values are very close to the predicted values. 

Recall from section 6.2.1, where it is believed that the main reason for the 

predicted thresholds of the TEM00 mode in Fig. 6.6 being lower than experimental 
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values when the effects of scattering losses are considered, is the exclusion of carrier 

leakage. Since carrier leakage should be even more severe at the higher current 

density at which the first higher order mode lases, the results in Fig. 6.22 thus imply 

that the scattering losses for the higher order mode must have been over-estimated by 

the simple model introduced in section 6.2.1, especially in the case of strong guiding 
devices. Nevertheless, the results in Fig. 6.21 and Fig. 6.22 do confirm that scattering 

losses must be considered in the theoretical model in order to correctly predict the 

modal behaviour. Also, when the scattering losses are included, the total excess 

optical losses are sufficiently large such that the small differences in the DBR 

absorptance between these three different types of devices have no effect on the 

conclusions drawn above. 

For most optical applications, the amount of "single mode" light power 

available from the laser when operated cw is also a major concern. In this work, the 

maximum single mode light power is taken to be the light output at current injection 

95% the cw turn on threshold of the first higher order mode. For those strong guiding 
devices that manage to suppress the lasing of the higher order modes, the maximum 

total light power recorded at the verge of thermal rollover is assumed. Using these 

definitions, the maximum cw "single mode" light powers measured from devices of 

various aperture sizes are shown Figure 6.23. It should be noted that in reality, the 

values quoted in this figure also contain a small fraction of spontaneous light powers 

from the higher order modes. However, as can be deduced from Figure 6.24 which 

shows the corresponding SMSRs at which these values are measured, the 

contributions from the higher order modes should be negligible since all the SMSRs 

are larger than 20dB. Among these devices, the largest single mode power is offered 

by the 3.8µm strong guiding device at 1.88mW with SMSR of 36.5dß. This is closely 

followed by the smaller 2.4µm weak guiding device at 1.72mW with SMSR of 

40.7dB, despite the onset of higher order mode within the driving range. By 

comparison, the 2.4µm strong guiding device only manages much lower power of 

0.61mW while the SMSR stands at 41.5dB. 
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Figure 6.23 : Variation of maximum cw "single mode" light power with average 
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Figure 6.24 : Variation of cw "SMSR" with average aperture size. These values are 

recorded at which maximum single mode light powers are taken. 

Overall, it can be said that the strong guiding devices achieve higher single 

mode powers when the aperture sizes are in the region around 4.0 µm. In these 

regions, it seems the weak guiding devices also perform better than their medium 

guiding counterpart. When the aperture size drops to about 2 to 2.6µm, however, the 

weak and medium guiding devices offer higher single mode power in spite of the fact 
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the higher order mode does turn on at some stage within the driving range. As for the 

SMSRs, these values hover around 31dB to 36dB for the strong and weak guiding 

devices when the aperture size are between 3.0 to 4.3µm. In this aperture size region, 

the values from medium guiding devices are always slightly lower. However, when 

the aperture sizes are smaller than about 2.6µm, these intensity ratios increase to about 

40dB or higher in all cases. 
When compared with the strong guiding devices, it is obvious that the weak 

guiding devices manage to offer comparable single mode light power for aperture 

sizes of between 3.511m to 4.3µm but much higher power at smaller aperture sizes. 

This is mainly due to their higher differential quantum efficiencies as shown in Fig. 

6.5. As illustrated in Figure 6.25, which shows the variation of the wall-plug 

efficiencies at which maximum single powers are recorded, this thus results in the 

better utilisation of electrical input power. Clearly, for aperture sizes <411m, the weak 

guiding devices always yield highest "single mode wall-plug efficiency". 
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Figure 6.25 : Variation of "single mode" wall-plug efficiency with aperture size. 
These values are recorded at which maximum single mode light 

powers are taken. 

In order to estimate the maximum single mode powers that can be obtained if 

the thermal induced effects such as thermal lensing are to be removed, Figure 6.26 

plots the variations of the maximum pulsed single mode light power with aperture 

size. These values are obtained at current injection 95% the "pulsed" turn on threshold 
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of the first higher order mode except for those arrow-marked experimental points. For 

these devices that manage to suppress the onset of the higher order modes throughout 

the whole pulsed driving range, the deduced "pulsed powers" at the current density 

when thermal roll-over occurs are quoted. For comparisons, the predicted light powers 

of the fundamental TEM0O mode obtained at 0.95 x predicted threshold of the higher 

order TEM, o mode, are also included in this figure. The effects of scattering losses 

were considered during the calculations of these theoretical values. 
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Figure 6.26 : Variation of the maximum pulsed "single mode" light power with 

average aperture size. The arrow-marked experimental points are the 

deduced pulsed light power at the current density thermal roll-off 

occurs. The theoretical results that take into account of the effects of 

scattering losses, give the predicted maximum single mode light 

power produced by the TEMOO mode. 

Clearly, the predicted values are quite close to the experimental values for 

those non arrow-marked devices, especially for the strong and medium guiding 

devices. Comparing the experimental results in Fig. 6.23 and Fig. 6.26, in all cases 

when the aperture sizes are smaller than 4.0µm, the maximum single powers 

obtainable will be greatly improved if thermal induced effects can be minimised. 

These effects include thermal enhanced carrier leakage, increasing spectral offset 

between the resonant wavelength and the QW gain peak, reduction in peak gain, and 
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thermal lensing which the weak guiding devices are particularly susceptible to. At 

these aperture sizes (i. e. < 4.0µm), as indicated by both the experimental and 

theoretical results in Fig. 6.26, the maximum (pulsed) single power that can be 

obtained are the highest in the weak guiding devices 

6.2.4 Effective Photon Lifetimes 

Besides being useful in identifying the turn on current of the eigenmodes, the 

linewidth measurement also offer some insights into the modal gains and excess 

optical losses of a VCSEL. This is because the effective photon lifetime is directly 

related to the spontaneous emission linewidth as indicated by eqn. (5.23), as well as 

modal gain and optical losses as expressed in eqn. (5.58). Therefore, through the 

effective photon lifetime, the effectiveness of a particular eigenmode in acquiring 

optical gain for lasing can be monitored. Before this can be done, the actual linewidth 

of the emission peaks have to be deconvolved from the measured value obtained from 

the polarisation resolved spontaneous emission spectra. To simplify this 

deconvolution task, it is assumed that the frequency response of all the optical 

components involved in the measurement as well as the actual and resultant measured 

linewidths, have a Gaussian transfer function. Then, the actual linewidth can be 

approximated from 

A Vmmured = eVac l+ ea,; + eV2 + ............. (6.3) 

where 0A,.,,,, d is the measured linewidth, ýý aCý1eI is the actual linewidth, and &7 A%2, 

etc. are the linewidth broadening factors of the optical components that make up the 

measuring system. In this work, the combined total linewidth broadening factor 

(A),,, ) due to the optics such as microscope objective and polariser, and the 

spectrometer resolution limit is assumed to be the lasing linewidth measured at above 

threshold, which is about 0.35A. (The "theoretical" resolution limit of the 

spectrometer is 0.30A). Thus, the actual linewidth is extracted using 

V" l= evmeasured - evtotal (6.4) 

This assumption is reasonable since the actual lasing linewidth of VCSELs have been 

determined by other researchers using various techniques, such as a scanning Fabry- 

Perot etalon [13] to be extremely narrow, in the order of - 30MHz or - 0.001A. 

For the 4.3µm strong guiding device whose measured spontaneous emission 

linewidth characteristics are shown in Fig. 6.8, Figure 6.15(a) illustrates how the 
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effective photon lifetimes of the TEM0O, TEM0, and TEM,,, modes polarised in <110> 

direction vary with cw current injection. The dotted lines demarcate the current 

densities at which the TEMP, TEM0, and TEM, o mode turn on. The inset of Fig 6.27 

also enlarges the variation of photon lifetimes at sub-threshold region. Clearly, the 

effective photon lifetimes of the eigenmodes increase rapidly with increased current 

injection. However, it is the TEM. mode which has the lower optical loss and higher 

modal gain that achieves lasing first. After the lasing of this mode, the effective 

photon lifetimes and thus the modal gains of the higher order modes do not pin, but 

continue to increase at a slower rate than before. As discussed in section 5.4.4, this is 

due to the spatial hole burning by the TEM. mode, which is accentuated by the 

thermal lensing effect under the cw conditions. Eventually, this leads to the onset of 

the TEM%, mode which is followed closely by that of TEMIo mode. 
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Figure 6.27 : Variation of effective photon lifetimes with current density for the 

4.3µm strong guiding device. The dotted lines demarcate the 

threshold current densities for the TEMP, TEM0, and TEM1O modes 

respectively. 

The effective photon lifetime characteristic for the 3.8µm (3.9 x 3.711m) strong 

guiding device is shown in Fig 6.28. In this case, the onset of the higher order modes 
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is well suppressed even beyond the thermal rollover (, z-, 52.3 kA/cm2) although the 

effective photon lifetimes of TEM0, and TEM1a modes do increase gradually after the 

lasing of the TEM. mode. Nonetheless, these increases eventually taper off as the 

injected current density approaches the thermal rollover. According to the results from 

section 6.2.3, the turn on current density for the higher order mode under pulsed 
injection for the same device is about 51.2kA/cm2. However, as also suggested in that 

section, the increased diffraction loss as a result of mode size contraction due to 

thermal lensing and/or thermal induced carrier leakage that becomes increasingly 

severe at high current injection level, may have helped to suppress the onset of higher 

order modes under cw operation. Other possible reasons could be the reduced optical 

gain from the QWs due to thermal broadening of the gain spectrum, and/or the 

increased spectral offset from the gain peak due to thermal induced red shift in 

resonant wavelengths . 
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Figure 6.28 

3.8µm strong guiding device. The dotted lines demarcate the 

threshold current densities for the TEMOO mode. 

As mentioned in section 5.4.4, it is difficult to identify the cold cavity photon 

lifetime from the 'rp -J characteristics such as those shown in Fig. 6.27 and Fig. 6.28. 

Therefore, comparisons for the TEM. mode are made through the effective photon 

lifetimes deduced at a particular injected current density below threshold for all 

: Variation of effective photon lifetimes with current density for the 
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devices, which is chosen to be 1.0 kA/cm2 in this work. The measured values obtained 

at this current densities for the strong, medium and weak guiding devices are shown in 

Figure 6.29, where the theoretical results that take account of the effects of scattering 

losses are also included for comparison. In all cases, as predicted, the effective photon 
lifetime decreases with reduction in aperture size. However, due to the lower size 
dependent excess optical losses experienced, the effective photon lifetimes of the 

weak guiding devices are always the highest at all aperture sizes, mainly because they 

have the highest cold cavity photon lifetime. This is followed by the medium and 

strong guiding devices in descending order. As for the theoretical results, the 

predicted values are very close to the measured values for the strong guiding devices, 

but underestimate those of medium and weak guiding devices, especially for devices 

bigger than 4.0µm. Nevertheless, qualitatively the theoretical model does correctly 

predict the order of the values for the three different type of devices i. e. weak guiding 

the highest and strong guiding the lowest. 
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Figure 6.29 : Effective photon lifetimes of the TEM. mode at injected current 
densities of 1.0 kA/cm2. The effects of "scattering loss" have been 

taken into account of, in the theoretical results. 

In section 5.4.4(B), it has been shown that eigenmode with smaller mode size 

experiences higher modal gain or lower modal absorption for a given current density. 

However, the experimental results in Fig. 6.29 indicate that the strong guiding devices 

which have smaller mode sizes than the medium and weak guiding devices, always 
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have lower effective photon lifetime. Therefore, this implies that strong guiding 
devices suffer from higher size dependent excess optical loss (i. e. lower cold cavity 
lifetimes) than the other two type of devices. Similarly, these results also imply that 

the excess optical losses are the least in the weak guiding devices. 

Next, the effective photon lifetimes of the first higher order mode (i. e. TEM0, / 

TEM, o mode) determined at threshold current density of the TEM00 mode (Jd, (. )), are 

also illustrated in Figure 6.30 for the strong and medium guiding devices. The 

theoretical results that take account of the scattering loss using eq. (6.1) are also 
included for comparison. The results of weak guiding devices are not available 
because their much smaller spectral splitting between the TEM0, and TEM, o modes 

prevent any reasonable deduction of their linewidths. As in the case of the 

fundamental mode, the photon lifetimes decreases as the excess optical losses 

increases with reduction in aperture size. For both type of devices, the theoretical 

results also underestimate the effective photon lifetimes. 
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Figure 6.30 : Effective photon lifetimes of the TEM0, /TEM, o modes measured at 

threshold current density of TEMOO mode, Jth(00). 

Recall from section 6.2.3 (or Fig. 6.22) that the first higher order mode turns 

on at higher current density in the strong guiding devices. Since these devices have 

smaller mode sizes, they should thus have higher modal gain at Jt, (oQ) than the medium 

guiding devices. However, the results in Fig. 6.30 indicate that strong guiding devices 

have lower effective photon lifetimes at all aperture sizes. Hence, these results imply 
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that the higher order modes suffer from larger excess optical losses in strong guiding 

devices than in medium guiding devices. This thus make the strong guiding devices 

better in suppressing the onset of higher order mode after the lasing of fundamental 

mode. 

6.2.5 Thermal Characteristics 

In section 3.4.1, based on the experimental results obtained from broad area 

stripe lasers made from the VCSEL materials, the gain peak wavelength is estimated 

to be below 863nm, which is blue shifted with respect to the resonant wavelengths of 

the devices assessed in previous sections. In order to confirm this, the temperature 

dependence of the threshold current densities were investigated by warming up 

devices intentionally on a Peltier heater stage. Although both the resonant and gain 

peak wavelengths increase with temperature, the latter usually increases at a rate of 4- 

6 times faster than the former [14]. Hence, for a device with blue shifted gain peak at 

ambient and operated under pulsed conditions, a minimum in the threshold current 

density is thus expected when the variation in stage temperature causes the offset 

between the resonant and gain peak wavelengths to change sign. 
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Figure 6.31 : Temperature dependence of threshold current densities for the 2.4µm 

weak guiding device. 
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Figure 6.32 : Temperature dependence of threshold current densities for the 4.3µm 

strong guiding device. 

The devices investigated are the 2.4µm weak guiding and 4.3µm strong 

guiding devices, and the temperature dependence of threshold current densities under 

both cw and pulsed conditions of these devices are illustrated in Figure 6.31 and 
Figure 6.32 respectively. As expected, minimum values of the threshold current 

densities could be obtained from both devices when the stage temperature was varied. 

For both devices, the minimum pulsed threshold current density of the TEMQO mode 

was achieved when the stage temperatures was raised to between 10K and 15K above 

the ambient temperature of 293K, assuming the device internal temperature is 

equivalent to the ambient during pulsed operation. Within the temperature range 

shown, it is found that the TEM. lasing wavelength at pulsed threshold increases 

almost linearly with stage temperature at the rates of 0.77 A/K and 0.73 Ä/K for the 

2.4µm and 4.3µm devices respectively (figures not shown). On the other hand, as a 

result of bandgap shrinkage the gain peak wavelength increases at a much faster rate 

of about 3.0 A/K [14]. Based on the these values and the estimated minimum point of 

threshold, the gain peak wavelength is estimated to be around 861 to 862 nm at 

ambient, in good agreement with the deduction obtained earlier in section 3.4.1. These 

results thus confirm that the gain peak wavelength is indeed slightly blue shifted with 

respect to the resonant wavelengths of these devices at threshold, i. e. 8640A and 
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8653A respectively. This is consistent with the fact that the minima in thresholds are 

obtained at temperature slightly above ambient. 
On the other hand, the threshold behaviour of the TEM01 mode is different 

between the two devices. For the 4.3µm strong guiding device, the cw threshold 

current density of the TEM01 mode is always higher than that obtained under pulsed 

pulsed conditions at the temperature range shown. However, the opposite was true for 

the 2.41im weak guiding device, i. e. the TEM01 mode only lases under cw conditions 

within the driving range for the same temperatures. In section 6.2.3, the fact that the 

higher order mode achieves lasing at lower current density under cw conditions than 

under pulsed conditions for the weak guiding devices, is attributed to thermal lensing 

effects caused by the radial variations of the device internal temperature profile. The 

results for the 2.41im weak guiding device discussed above support this interpretation. 

They show that "uniform" (external) heating does not reduce the pulsed threshold 

current denisty of the TEMQ, mode, but the thermal lensing caused by the device 

radial temperature gradient under cw conditions, do result in a decrease in threshold. 

Hence, this is consistent with the proposition that thermal lensing reduces the cw 

threshold of TEM0, mode in the weak guiding devices. 

Thermal lensing also causes an increase in wavelength separation between the 

eigenmodes, as exemplified by Fig. 4.12. However, separate measurements (results 

not shown here) shows that the wavelength separations between that of the TEM0Q and 

the TEM0, modes measured at 0.5xJth(OO, 
ambient) actually reduces slightly with increasing 

stage temperature, e. g. by about 0.4A (2.4µm device) and 0.3A (4.3µm device) with 

respect to the ambient value when stage temperature is raised by about 30K. Thus, the 

increase in wavelength separation between eigenmodes observed during cw operation, 

must be due to the thermal lensing effect and not a simple uniform rise in temperature. 
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6.3 Lasing Characteristics of Rectangular Shaped Oxide Apertured VCSELs 

In this section, the influence of the oxide aperture anisotropy on the modal and 

polarisation properties of oxidised VCSELs will be discussed. The devices used in 

following discussions were fabricated from the wafer region close to those near- 

square shaped devices, and their planar resonant wavelengths are between 864 - 
865nm. 

6.3.1 Threshold and Modal Properties 

Using the experimental approaches discussed in the preceding sections, the 

threshold and modal properties of devices with rectangular apertures were also 

examined. These results are summarised in Tables 6.1 and 6.2 for several strong and 

weak guiding devices of different aspect ratios, where devices with similar average 

aperture size (S) are grouped together. The results obtained from the near-square 

shaped devices, which appear at the top of each sub-group, are also included for 

comparisons. For both type of devices, the thresholds (of the fundamental mode) of 

these rectangular devices can be higher or lower than those of near-square devices, 

depending on the resulting average aperture size S. It is found that devices with 

smaller S usually exhibit higher current density, as in the case of the (1.9 x 2.9)µm 

strong and weak guiding rectangular devices. However, it seems that if the length of 

longer side is bigger than 4.0µm and the length shorter side is bigger than 2.5µm, for 

instance the (2.9 x 4.8) µm strong guiding and (2.9 x 5.3) weak guiding devices, then 

the threshold of the rectangular devices could be lower than the near-square devices 

even if they have a smaller S. 

Regarding the single mode behaviour, as long as the lengths of both longer and 

shorter sides are kept smaller than about 3.5µm, the onsets of higher order modes can 

be suppressed throughout the whole driving range under both pulsed and cw 

operations, in the case of the strong guiding rectangular devices. However, when the 

length of longer side of these devices becomes bigger than 4.0µm, the higher order 

modes tend to lase at lower current densities than their near-square counterparts of 

similar S, even if the length of the shorter side is as small as 2.9µm. Subsequently, the 

maximum single mode power that can be obtained from these rectangular devices is 

also lower than that offered by the near square devices. For the weak guiding 
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rectangular devices, single mode operation can only be maintained under pulsed 

conditions, if both lengths are shorter than 3.011m. When the length of the longer side 

of these devices becomes bigger than 4.0µm, the threshold current density of the 

higher order modes become lower than their near-square counterpart of similar S. 

Despite being more susceptible to the thermal lensing effect that gives rise to the onset 

of the higher order modes under cw conditions, the maximum single mode powers 

that can be obtained from the weak guiding rectangular devices are still always higher 

than their strong guiding counterparts of similar aperture area. 

Average 

aperture 

size, 

S(gm) 

Aperture 

dimension 

2ax2b (µm) 

Aspect 

ratio 
(2b/2a) 

Pulsed 

Jti, (oO) 
(kA/cm2) 

CW 

Jt, (oo) 
(kA/cm2) 

Pulsed 

Jt(oI/Io) 

(kA/cm2) 

CW 

Jth(ot/Io) 

(kA/cm2) 

Max. 

"Single 

mode" 
Power 

(mW) 

2.4 2.4 x 2.5 1.04 13.5 18.2 -- -- 0.61 

2.6 2.4 x 2.9 1.21 11.5 12.3 -- -- 0.80 

2.6 2.2 x 3.1 1.41 10.3 11.0 -- -- 0.94 

2.3 1.9 x 2.9 1.53 18.1 19.1 -- -- 0.45 

3.0 3.4 x 2.6 0.76 8.7 9.0 -- -- 1.12 

3.8 3.7x3.9 1.05 4.9 5.2 51.2 -- 1.88 

3.7 3.4 x 4.0 1.18 6.4 6.2 29.4 36.8 1.22 

3.7 2.9 x 4.8 1.48 4.8 4.8 25.1 21.6 0.89 

4.0 3.8 x 4.3 1.13 3.7 3.7 12.9 12.9 0.64 

4.0 4.3x3.7 0.86 4.7 4.8 11.9 14.3 1.05 

4.3 4.4 x 4.2 0.95 4.4 4.5 21.6 24.3 1.49 

4.3 3.8 x 4.8 1.26 4.4 4.4 15.1 15.3 0.86 

4.4 4.8 x 4.1 0.85 4.1 3.8 9.2 10.7 0.89 

4.6 5.0 x 4.3 0.86 3.8 3.9 8.4 8.4 0.62 

Table 6.1 : Threshold current densities of the fundamental and higher order modes 

as well as the maximum cw "single mode" power for rectangular and 

near squared strong guiding devices. 
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Average 

aperture 

size, 

S(1m) 

Aperture 

dimension 

2ax2b (µm) 

Aspect 

ratio 

(2b/2a) 

Pulsed 

Jt, (oo) 
(kA/cm2) 

CW 

Jth(oo) 

(kA/cm2) 

Pulsed 

Jt, (oIno) 
(kAJcm2) 

CW 

Jth(ovno) 

(kA/cm2) 

Max. 

"Single 

mode" 

Power 

(mW) 

2.4 2.4 x 2.5 1.04 6.9 6.1 -- 78.1 1.72 

2.6 2.9 x 2.4 0.83 6.1 5.8 -- 44.5 1.48 

2.6 2.4 x 2.9 1.21 5.9 5.5 -- 47.4 1.60 

2.3 1.9 x 2.9 1.53 7.7 7.3 -- 44.9 1.41 

2.5 1.9 x 3.4 1.79 7.5 7.1 94.4 41.7 1.12 

4.0 3.9 x 4.1 1.05 3.1 3.1 22.0 14.7 1.23 

4.3 3.8 x 5.0 1.32 2.6 2.7 7.4 4.2 0.16 

3.9 2.9 x 5.3 1.83 3.0 3.6 13.0 6.5 0.24 

3.6 3.9 x 3.4 0.87 4.2 4.0 46.4 20.9 1.40 

Table 6.2 : Threshold current densities of the fundamental and higher order modes 

as well as the maximum cw "single mode" power for rectangular and 

near squared weak guiding devices. 

It was mentioned earlier in section 6.2.3 that for the near-square devices, 

between the TEMA, and TEM1o modes it is always the one closer to the gain peak (i. e. 

shorter resonant wavelength) that achieves lasing first, if ever. However, when the 

aspect ratio of the rectangular devices becomes larger than 1.15, it is the higher order 

TEMo, or TEM1o mode with the longer resonant wavelength i. e. the one with a field 

null along the longer side of the aperture, that turns on first when the device operation 

is multi-moded. This experimental observation is consistent with the theoretical 

results presented in section 5.2.3 on rectangular devices, which predicts that this 

particular higher order mode experiences lower diffraction loss than the one with 

shorter resonant wavelength (i. e. with a field null along the shorter side of the 

aperture). According to the values computed by using eqn (6.2), it also suffers from 

lower scattering loss. For these reasons, it has a larger effective photon lifetime for a 

given injected current density than the mode with shorter resonant wavelength. For an 

extreme case, the large modal reflectance difference between these two modes could 
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result in one of them eventually achieving lasing but not the other one. One of such 

devices is the (3.4 x 4.0)µm strong guiding device, where the onset of the TEM10 

mode of shorter resonant wavelength is suppressed whilst the TEMo1 mode does 

achieve lasing within the driving range. The effective photon lifetime characteristics 

of the TEM00 mode polarised in the (110) direction, and that of the TEM01 and TEM10 

modes polarised in the (1 T 0) direction, for this device are shown in Figure 6.33. In 

this figure, the dotted lines demarcate the threshold current densities of the TEMP 

mode (6.2 kA/cm2) and the TEM0, mode (36.8 kA/cm2) respectively, and the inset 

details the variation of the lifetimes below the TEM00 threshold. As can be seen, even 

well below the TEM. threshold, there is already a considerable difference in effective 

photon lifetime between the TEM01 and TEM10 modes. This difference continues to 

increase at a slower rate at above threshold, and eventually leads the lasing of the 

TEM,, mode whilst the TEM, o mode stays below threshold. 
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Figure 6.33 : Variation of effective photon lifetimes for the TEM00 mode polarised 

in the (110) or y direction, and that of the TEM0, and TEM, o modes 

polarised in the (1 T 0) or x direction, for the 3.4 x 4.0µm strong 

guiding rectangular devices. 
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6.3.2 Polarisation Properties 

The simulation results for rectangular device in section 5.2.3 also show that 

asymmetry in the mode shapes results in the difference in modal reflectance of the 

eigenmodes (of the same mode number) polarised in orthogonal directions. This thus 

gives rise to the possibility of controlling the polarisation of light output by using 

rectangular oxide apertures along the (110) and (1 T 0) directions. Experimental 

results show that these efforts do seem to help in reducing the possibility of 

polarisation switching in strong guiding devices with apertures elongated along the 

(110) direction, i. e. the preferential polarisation direction of the near squared devices. 

For instance, Figure 6.34, Figure 6.36 and Figure 6.36 illustrate the polarisation 

resolved L-I characteristics of the (2.9 x 4.8)µm, the (3.4 x 4.0)µm (whose effective 

photon lifetime characteristic is shown in Fig. 6.33) and the (2.2 x 3.1)µm strong 

guiding rectangular devices whose apertures are all elongated along the (110) 

direction. Clearly, the polarisation switching events that happen in the 3.8µm and 

4.31im near squared devices as shown in Fig. 6.6(a) and (b) earlier, do not appear in 

these devices and the fundamental TEM. mode lases in the same (110) direction. In 

particular, the (2.2 x 3.1)µm device has single mode and single polarisation operation 

throughout the whole driving range with maximum polarisation extinction ratio of 

19dB at about 3x Jffi(OO). However, in the (3.4 x 4.0)µm and the (2.9 x 4.8)µm devices, 

the first higher order TEM0, mode still lases in the orthogonal polarisation direction 

from that of the dominant TEM00 mode, i. e. along the (1 T 0) axis. In these devices, the 

TEM. mode does eventually lase in the (1 T 0) direction as well, but at higher current 

density after the onset of the first higher order mode. 

These three devices are located not far away from those near-squared devices 

on the same chip, and thus the gain peak wavelength (;:: ý 861nm to 862nm) are blue 

shifted with respect to their TEM00 lasing wavelengths of 8653A, 8651A and 8642A 

respectively. The difference in the spontaneous linewidths are quite small (<_ 0.03A ) 

between the orthogonally polarised TEM® modes as measured at half the threshold 

current density. However, the corresponding values for the TEM0, mode (from 0.04Ä 

to 0.07Ä) and the TEM, o mode (from 0.16A to as high as 0.3A), especially the latter 

are more significant. In fact, the deduced effective photon lifetimes of these 

eigenmodes do seem to agree with the implications of the modal reflectance predicted 
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in section 5.2.3, i. e. the eigenmode effective photon lifetimes in descending order are 

that of y-TEM. > x-TEM. > x-TEM0, > y-TEMOI > y-TEM, o > x-TEM, o modes, 

assuming that the y and x directions are along the (110) and (1 T 0) directions 

respectively. The elimination of polarisation switching shown in Figures 6.34 to 6.36 

also happens to medium and weak guiding devices but only if the length of the longer 

side is smaller than 3.5µm and the aspect ratio is bigger than 1.20. 
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Figure 6.34 : Polarisation characteristics of strong guiding rectangular devices with 

aperture size of (2.9 x 4.8)µm. 
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Figure 6.35 : Polarisation characteristics of strong guiding rectangular devices with 

aperture size of (3.4 x 4.0)µm 
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Figure 6.36: Polarisation characteristics of strong guiding rectangular devices with 

aperture size of (2.2 x 3.1)µm. 

Unfortunately, the controlling of the light polarised in the (1 O) direction is 

less successful in most of the rectangular devices elongated along the (110) direction 

even for the strong guiding devices. The fundamental mode still lases in the (110) 

direction with polarisation switching events occurring in certain cases and the onset of 

the first higher order mode is in the (110) direction. The exceptions to this statement 

seems to be only for those strong guiding devices having both aperture dimensions 

below 3.5µm. One of these devices is the (3.4 x 2.6)µm strong guiding device whose 

spectra at half the threshold is that shown in Figure 4.16(b) in chapter 4. This device 

operates single mode throughout the driving range and its polarisation resolved L-I 

characteristics are shown in Figure 6.37. The spontaneous emission linewidth 

measurements indicate that the (1 T 0) -polarised TEM00 mode indeed has slightly 

higher effective photon lifetimes than that in the (110) direction at below threshold. 

However, for reasons that are not obvious, though believed to be strain related, 

repeated cw measurements or intentional application of pressure on the contact pad of 

this device and other devices that show similar characteristic initially, are able to 

change the polarisation direction of the lasing TEMOO mode between the (110) and 

(1 TO) directions, and eventually to along the (110) direction. 
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Figure 6.37: Polarisation characteristics of strong guiding rectangular devices with 

aperture size of (2.6 x 3.4)µm. 

6.4 Summary 

Based on the experimental results obtained from the strong, medium and weak 

guiding devices, it is found that : - 

" Weak guiding devices are the best for achieving low threshold currents, high 

efficiencies and high multi-mode power performances. In these aspects, the lasing 

performances of medium guiding devices are found to be always in between those 

of the weak and strong guiding devices. 

" The lowest cw and pulsed threshold currents achieved are 350µA and 400µA 

respectively, obtained from a 2.4µm weak guiding device. Weak guiding devices as 

small as about 1.0µm also manage to achieve lasing with threshold currents of 

580µA and 1.1mA under cw and pulsed conditions respectively. 

" Thermal lensing effect is thought to help reduce the cw threshold values from that 

of pulsed values for small weak guiding devices (< 4.0µm). However, it seems to 

have the opposite effect for the strong guiding devices of 2.4µm or smaller. 

" Polarisation switching events occur in all the three types of devices except for 

those with aperture size of about 2.4µm or smaller, when they are operated under 
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cw conditions. Since the polarisation switching do not occur under pulsed 

conditions, thermal induced effects such as thermal lensing and a change in the 

sign of the offset between gain peak and resonant wavelengths that affect the modal 

gains, are thought to be the most likely causes. 

" Under pulsed conditions, the threshold current densities of the "first" higher order 

mode for the strong and weak guiding devices are comparable and higher than that 

of medium guiding devices, if the aperture sizes are smaller than 4.0µm. For these 

aperture sizes, no higher order mode can achieve lasing under cw conditions for the 

strong guiding devices. However, due to thermal lensing effects, the cw thresholds 

of the higher order modes tend to be lower than that measured under pulsed 

conditions in the cases of medium and weak guiding devices. 

" In terms of maximum cw single mode power, strong guiding devices offer the 

highest values, followed by weak and medium guiding devices, if the aperture sizes 

are between 3.0 and 4.0µm. However, when the aperture size becomes smaller than 

3.0µm, it is the weak guiding devices that have the highest maximum single mode 

power. Due to the much higher excess optical loss experienced, strong guiding 

device now offer the lowest light power. The maximum single mode power 

obtained are as high as 1.88 mW from a 3.81im strong guiding device and 1.72 mW 

from a smaller 2.4µm weak guiding device. 

" If thermal effects can be minimised, pulsed measurement as well as theoretical 

results imply that weak guiding devices will offer the highest maximum single 

mode power when the aperture sizes becomes smaller than 4.0µm. 

" For aperture sizes between 4.0 and 7.0µm, single mode operation can be sustained 

in the strong and medium devices but not the weak guiding devices, but only for a 

short current range from the threshold. Both the single mode power and SMSR 

performance obtained for these devices are also relatively poor. 

" The effective photon lifetimes of the TEM. and TEMo1/TEM1a modes for a given 

current density decrease with reduction in aperture sizes, mainly due to the 

associated increases in the size dependent optical excess losses. The fundamental 

mode also has a longer effective photon lifetime than the higher order mode, partly 

because the former experiences lower excess optical losses. However, for identical 

aperture sizes, strong guiding devices have the shortest photon lifetimes since they 
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suffered from the largest excess optical losses when compared to medium and 

weak guiding devices. 

" For devices with rectangular apertures, as long as the length of longer side is kept 

shorter than 3.5µm in the strong guiding case and 3.0µm in the weak guiding case, 

single mode operation can be maintained under pulsed conditions. 

" In these rectangular devices, between the TEM0, and TEM, o modes, it is always the 

one with longer resonant wavelength (i. e. field null along the longer side of 

aperture), that has longer effective photon lifetime for a given current density. It 

eventually reaches threshold first, if ever. This is in accordance with the theoretical 

predictions that this particular mode has lower diffraction loss as well as scattering 

loss than the other one. 

" For rectangular devices with the longer side of apertures orientated along the (110) 

direction, the dominant polarisation direction is also along the same direction. 

Polarisation switching also do not occur throughout the cw driving range for strong 

guiding devices, if the longer side is smaller than 5.0µm and the aspect ratio is 

more than 1.15. However, this is only the case for the weak guiding devices, if the 

longer side is smaller than 3.5µm and the aspect ratio is larger than 1.20. 

" For multi-mode rectangular devices, however, the first higher order mode still lases 

in the orthogonal (i T 0) direction. In fact, at half the threshold of the TEM. mode, 

the measured effective photon lifetimes of various eigenmodes in descending order 

are y-TEMP > x-TEMoo > x-TEM0, > y-TEM0, > y-TEM, o > x-TEM, a modes, 

assuming that the y and x directions are along the (110) and (1 T 0) directions 

respectively. This is in good qualitative agreement with the order of the predicted 

modal reflectance. 

" Unfortunately, polarisation control in the (I O direction proved unsuccessful in 

most of the rectangular devices with the longer side of the aperture orientated along 

the same direction. Even in the few strong guiding devices that achieved the 

desired polarisation pinning under pulsed conditions, repeated cw measurements or 

intentional application of pressure on the contact pad seemed to be able to destroy 

the control eventually. 
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Comparing the experimental results and theoretical predictions, it is found that 

the effects of "scattering loss" due to the oxide have to be considered, 

" In order to fit the measured pulsed external quantum efficiency a constant value of 

internal quantum efficiency is assumed for all aperture sizes. Values of the "single 

mode" external quantum efficiency obtained directly from the solutions of the rate 

equations, also match fairly well with the experimental values of the strong and 

medium guiding devices with aperture sizes of 2.4µm or smaller. 

" In order to achieve good qualitative agreement with the experimental results on the 

threshold current density of the TEMO mode, for the strong, medium and weak 

guiding devices. The remaining discrepancies are believed to be mainly due to 

carrier leakage effects. 

However, the simple model used to estimate the scattering losses seems to 

have over-estimated that for the higher order mode in the strong guiding devices, and 

for aperture sizes smaller than 4.0µm in the cases of medium and weak guiding 

devices. Nevertheless, the effects of "scattering loss" must be considered so that the 

theoretical predictions are in qualitative agreement with the experimental results, i. e. 

values for the three types of devices are in the correct order, especially for aperture 

sizes smaller than 4.0µm. Alternative models to calculate the scattering loss are thus 

needed. 
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Chapter 7 Conclusions 

7.1 Conclusions 

A detailed description of the design, fabrication, characterisation and 

theoretical modelling of oxide apertured (confined) GaAs/AlGaAs VCSELs has been 

presented. The performance comparisons of the three different VCSEL designs used 

in this work, namely strong, medium and weak guiding, have produced much valuable 

insight. To begin with, experimental and theoretical results from broad area devices 

(15µm) are used to estimate the absorption coefficients in the DBRs. Although the 

absorption levels of the DBRs of the three VCSEL layers turn out to be different due 

to unintentional variations in doping concentrations, these differences are sufficiently 

small that valid conclusions can still be drawn from the comparison of results 

obtained from these three layers. 

A scalar variational method is used to calculate the mode sizes and resonant 

wavelengths of the various eigenmodes guided by an oxide apertured VCSEL. This is 

done under the assumption of Hermite-Gaussian transverse field variations. As a 

result of the perturbation in transverse refractive index variation caused by the oxide 

aperture, the mode size of a given eigenmode is seen to reduce as the aperture size 

becomes smaller, until it reaches a minimum value beyond which the mode expands 

rapidly and eventually becomes no longer guided by the apertured resonator. The 

resonant wavelengths of the various eigenmodes are blue shifted from the plane wave 

value, and the blue shifts increase with reduction in the aperture size. Due to the larger 

index guiding strength provided by the thicker oxide, such strong guiding devices 

demonstrate the smallest mode sizes and biggest blue shifts in resonant wavelengths 

for a given aperture size. In addition, they also give the largest wavelength separations 

between the fundamental mode and the higher order modes. When the symmetry in 

the shape of oxide apertrue is broken, the degeneracy between the TEMO, and TEM, o 

modes is also lifted. The spectral splitting between these two modes increases with 

aspect ratio, and is also always the largest in the strong guiding devices. Comparisons 

between the experimental observations and the theoretical predictions of resonant 
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wavelengths and wavelength separations have produced close fits. Hence, these 

validate the use of the scalar variational method for oxide apertured VCSELs. 

The presence of an oxide aperture in a VCSEL also gives rise to excess optical 

losses, namely diffraction loss and oxide "scattering loss". Both losses increase with 

reduction in aperture size and are larger in devices with thicker oxide. In additions, the 

higher order modes experience larger excess optical losses than the fundamental 

mode. On the other hand, modal gains tend to increase with reduction in the 

eigenmode sizes, as a result of better overlap between the optical fields and the local 

optical gains. Therefore, both modal gains and excess optical losses must be 

considered when comparing the performance of devices with identical aperture sizes 

but different mode sizes or oxide thickness. 

Experimental observations show that the threshold current density (of the 

fundamental mode) increases at the fastest rate with reduction in aperture size in the 

strong guiding devices compared to the medium and the weak guiding devices. This is 

because the considerably higher excess optical losses caused by the use of the thickest 

oxide aperture in these strong guiding devices, more than offsets any advantage in 

terms of modal gain from their smaller mode sizes. It is also found that the oxide 

scattering loss has to be considered in order to obtain good qualitative agreement 

between the theoretical predictions and the experimental observations from pulsed 

measurements. The lowest threshold current obtained under cw conditions is 350µA, 

from a 2.4µm weak guiding devices. With more optimised doping schemes that will 

reduce the absorption in the DBRs, in principle threshold currents of about 100µA 

should be attainable, even if the present numbers of DBR pairs are maintained. 
When operated under pulsed conditions, single mode operation can be 

maintained throughout the whole driving range, in devices with aperture sizes of about 

2.4µm or smaller. The threshold current densities of the first higher order mode for the 

strong and weak guiding devices are comparable and higher than that of the medium 

guiding devices, if the aperture sizes are smaller than 4.0µm. As in the case of TEMOO 

threshold, if the scattering loss was considered, the theoretical predictions are in good 

qualitative agreement with the experimental observations from pulsed measurements. 

However, whilst the onset of higher order mode is suppressed under cw conditions in 

the strong guiding devices of these aperture sizes, thermal lensing effects help to 

reduce the cw thresholds of the higher order modes in the weak guiding and medium 
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guiding devices. This is mainly due to the fact that the built-in index guiding strengths 

of the latter two devices are smaller than their strong guiding counterpart, and become 

comparable to the thermally induced refractive index variation at high injected current 
density. Nevertheless, due to their higher external quantum efficiencies, the "single 

mode" powers that can be obtained from weak guiding devices are comparable or 
bigger than that of strong guiding devices. The two highest maximum single powers 

obtained in this work are 1.88 mW in a 3.8µm strong guiding device and 1.72 mW in 

a smaller 2.41im weak guiding device. 

Polarisation switching which is common in the near-square shaped devices, is 

suppressed throughout the cw driving range in strong guiding rectangular devices 

aligned along the (110) direction, if the longer side of the aperture is smaller than 

5.0µm and the aspect ratio is more than 1.15. This is attributed to the difference in 

modal reflectance between the orthogonally polarised eigenmodes. In fact, at half the 

threshold of the TEM00 mode, the measured effective photon lifetimes of eigenmodes 

of one of these devices in descending order are, y-TEMoo > x-TEMOO > x-TEM01 > y- 
TEMa, > y-TEM, o > x-TEMIO modes, assuming that the y and x directions are along 

the (110) and (1 TO) direction respectively. This is in good qualitative agreement with 

the order of the modal reflectance predicted. Unfortunately, the attempt to obtain 

similar polarisation control in the (110) direction is unsuccessful in the rectangular 

devices with the longer side of the aperture orientated along the same direction. 

7.2 Suggestions for Future Work 

The analysis carried in this work reveals that there is still room for 

improvement over the performance of present VCSEL structures. Below are several 

suggestions regarding the VCSEL designs : 

" The VCSEL structures used in this work are not optimised in terms of optical 

power output and power efficiencies. However, provided the doping concentrations 

and absorption coefficients in the DBRs can be known accurately, the number of 

mirror periods in the top and bottom DBRs for optimisation of the plane wave 

threshold gain/current and power efficiency (for big multi-moded devices), can be 

ascertained easily using the procedures described in section 3.3.2. 
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" The electrical conduction of DBRs can be improved to reduce the series resistance 

and thus thermal dissipation, which will eventually result in increased cw light 

power output. Established schemes such as compositional grading and modulation 

doping of the hetero junctions [1,2] will be very helpful in this aspect. In the latter 

approach, the reduction of absorption in DBRs by only doping the hetero-interfaces 

where the field amplitudes are low, will reduce the number of periods in the top 

DBR needed for achieving the desired threshold gain/current as well as light 

output. The reduced thermal dissipation will also help to minimise the thermal 

lensing effect, which has been shown in this work to be detrimental to single mode 

operation in VCSELs with small built-in index guiding strength. 

" It is also desirable to grade the QW-cladding regions using a grading scheme such 

as the GRINSCH structure [3] or the staircase structure [4] to provide more 

efficient carrier capture in the quantum wells. 

" The use of thicker oxide or DBRs with lower refractive index contrast ratios can 

also be employed for increasing the difference in modal reflectance between the 

fundamental mode and the higher order modes for a given aperture size. This will 

improve the single mode performance by suppression of the onset of the higher 

order modes, either throughout the whole driving range or only over a certain 

current range, and can be made to occur for even larger aperture size than is 

possible in present devices. In addition, the ensuing increased difference in modal 

reflectance between the orthogonally polarised TEMOO modes may also lead to 

better polarisation control. 

" For complete stable polarisation control, VCSELs grown on non (100) substrates 

such as those on a (311)B substrate [5] can be used. In these types of VCSELs, the 

intrinsic anisotropic optical gain is believed to help stabilising the polarisation [6]. 

Alternatively, VCSELs grown on (100) mis-orientated substrate towards (111)A 

can also provide large polarisation selectivity [7]. 

On the theoretical modelling front, the following will be attempted by the 

author in the near future : 

"A more exact approach for taking account of the oxide scattering losses needs to be 

devised, within the framework of the current model. This would require a more 

rigorous solution of the electromagnetic field perturbation due to the presence of 
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the oxide aperture. Although established numerically intensive schemes such as 

thebeam propagation method (BPM) [8,9] have been attempted for the calculation 

of the excess optical losses, verification of this model through full comparisons 

between the theoretical and experimental results on laser parameters such as 

threshold current density and single mode power, are still lacking. 

" In addition, any realistic VCSEL modelling ought to consider the thermal induced 

effects when the devices are operated under cw conditions. In particular, the 

thermal lensing effect caused by thermally induced transverse refractive index 

variations within the device and the thermally enhanced carrier leakage that affects 

the optical gain provided by the QWs, must be taken into account if the correct 

modal and threshold properties are to be predicted. Hence, detailed optical gain 

calculations and modelling of the device thermal profile will be important for 

improving the present theoretical model. 
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Appendix A: Electromagnetic Wave Admittance 

The Maxwell vector curl equations given by (2.1) and (2.2) can be separated 
into six scalar differential equation in the rectangular co-ordinate system . They are 

aEZ 
- 

MY 
-jO)J! H (A. 1) 

0-Y az 
aEx 

- 
aEZ 

_ - jci tHy (A. 2) 
& ax 

MY aEx 
-- jýN (A. 3) 

äx - ay, Z 

which originate from (2.1) and, 

ax ax Z- 
&" = jws E. (A. 4) 

e 

_H.. 
_ 

aHz 
= jwc Ey (A. 5) 

az ax 

ax ay 

which are obtained from (2.2). From these equations, a wave admittance Y, which is 

defined as the ratio of one of the components of magnetic field to an orthogonal 

component of electric field can be determined. Some examples used in this thesis are 

described below. 

A. 1 TEM plane waves. TE waves and TM waves 

Following the orientations of waves and co-ordinate system shown in Fig. 2.1 

and Fig. 2.2 of section 2.3, the wave admittance of TEM, TE or TM waves that are 

associated with power flow in the z-direction can be determined through the tangential 

field components polarised in the x and y directions. For the VCSEL, this admittance 

is sometimes called the longitudinal admittance since the power flow is normal to the 

reflectors. However, it is commonly known as the transverse wave admittance for in- 

plane stripe lasers or planar waveguides when it is used to calculate the transverse 

confinement in the y direction. 
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(a) TEM plane wave 

The tangential field components are E,, and Hy and from (2.17a), ß=k where 

k=w sµ . Using equation (A. 2) or (A. 4), the wave admittance is thus given by 

YTEM =y==NEM= 
YTEM Yo (A. 7) 

Ex µ µo 

where Yo (= so / µo .) 
is the TEM wave admittance in free space and has a 

approximate value of 1/120n and 
YTEM =N (A. 8) 

is the normalised TEM wave admittance with respect to this free space TEM wave 

admittance Yo. 

(b) TE wave 

The tangential field components are also E, and Hy but ß= k2 -ky as 

given by (2.17b). The wave admittance can be deduced from (A. 2) or (A. 4) as 
H 

YrE =y=R=Y. rE Yo (A. 9) 
Ex wµ 

where 

k2 
Y,. E =N 1- k2 (A. 10) 

is the normalised TE wave admittance. 

(c) TM wave 
The tangential field components are H, and Ey instead, but has similar value of 

as TE wave. The wave admittance can be obtained from (A. 1) or (A. 5) as 

TE E 
Tm Yo 

where 

(A. 11) 

y. I. M = 
Nk2 (A. 12) 

11- 
kz 

is the normalised TM wave admittance. 
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A. 2 Longitudinal Section Electric (LSE) Waves 

The 2-D spatial Fourier transform discussed in section 5.2 shows that the 

Hermite - Gaussian modes can actually be decomposed into an infinite sum of LSE 

waves. The transverse field variations of these LSE waves vary as cos(kxx)cos(kyy), 

cos(k., x)sin(k,, y), sin(kxx)cos(k,, y) and sin(1, x)sin(kyy) for the TEM., TEM0,, TEM, o 
and TEM� modes respectively. For linearly polarised TEMt�P modes propagating in 

the z-direction, these LSE waves are thus polarised in either x or y directions 

depending on the original polarisation of the TEMRP mode assumed and the 

longitudinal propagation constant ß is given by 

Vk2 
-k 2 -k 2 (A. 13) 

as deduced from (2.15) (Note: k=o sµ ). It is found that the wave admittance of 

the LSE waves for all the TEM,,, 
p modes polarised in same direction are identical. 

Thus, the following workings only show the derivations of the LSE wave admittance 
for the fundamental TEM00 mode. The reference for the co-ordinate system used in the 

derivations below are similar to that depicted in Fig. 4.1. 

A. 2.1 x-polarised LSE waves 

For the fundamental TEM0 mode polarised in the x-direction and propagating 

in the longitudinal z-direction, the transverse electric fields components of the LSE 

waves are 

EX = cos(k�x)cos(kyy)exp(jßz) (A. 14) 

and Ey = 0. Substituting (A. 14) into (A. 3), H. is thus given by 

HZ =k, cos(k,, x)sin(kyy)exp(jßz) (A. 15) 
coµ 

Then substituting (A. 14) and (A. 15) into (A. 4), Hy can be deduced as 

HY 
ýZSµ-kY JEx 

mµ 
(A. 16) 

From (A. 16), the +z longitudinal wave admittance for the LSE wave polarised in the 

x-direction is thus expressed by 
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H k2 - kZ (k2 
- k2 

YLSE, 
x= EX = Rßµ 

y= Yo 
Rko 

Y (A. 17) 

where (kho p) = NYo. The normalised LSE wave admittance is thus given by 

YLSx = 
Rk (k2 

-kY (A. 18) 

Subsequently, using(A. 5) and (A. 1) the other two field components HX and E. can be 

obtained by 

H,, = 
kk,, 

sin(kxx)sin(k, y)exp(jßz) (A. 19) 
ßwµ 

EZ =L 
Rx 

sin(kxx)cos(kyy)exp(jpz) (A. 20) 

A. 2.2 y-polarised LSE waves 

For the fundamental TEM0Q mode polarised in the y-direction and propagating 

in the longitudinal z-direction, the transverse electric fields components of the LSE 

waves are 

Ey = cos(kxx)cos(kyy)exp(jßz) (A. 21) 

and Ex = 0. Substituting (A. 22) into (A. 3), HZ is thus given by 

H= -jkX sin(kxx)cos(kyy)exp(jßz) (A. 22) 
wµ 

Then substituting (A. 22) and (A. 23) into (A. 5), HX can be deduced as 

Hx = 
kx -2Eµ 

ß 
Ey (A. 23) 

wµ 

From (A. 24), the +z longitudinal wave admittance for the LSE wave polarised in the 

y-direction is thus expressed by 

H. 
= 

k2 -k x 
(k2 

-k 2 

Ey - Rwµ = Yo 
Rko 

X) (A. 24) YLSE, y=- 

where the normalised LSE wave admittance is given by 

Yy= 
Pk 

(k2 
-k z) 

(A. 25) 
LSFý 

Subsequently, using(A. 5) and (A. 1) the other two field components HY and EZ can be 

obtained by 
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Hy 
kxky 

sin(kx)sin(kyy)exp(jßz) Rwµ 
(A. 26) 

EZ = 
jk 

1 cos(kxx)sin(kyy)exp(yßz) (A. 27) 

Finally, note that although the LSE wave admittance are similar for all the TEMn, 
p 

modes polarised in the same directions, the expressions for the individual field 

components differ for each case. 
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Appendix B: High Index Contrast DBRs 

Unlike other dielectric reflector stacks such as ZnSe/MgF or TiO2/SiO2 which 

have to be grown by plasma deposition, high index contrast ratio Al Ga, 
_As 

oxide/A1xGa, _xAs 
DBRs can be formed easily through a selective wet oxidation 

process. These types of oxide mirrors are especially valuable for VCSELs operating in 

the visible 650nm wavelength region and the telecommunication wavelength of 
1550nm where the lattice-matched semiconductor DBR materials available provide 

little index contrast ratio. Using such oxide DBRs, only 4 or 5 mirror periods are 

needed to achieve reflectance in excess of 99%. 

850nm Design 

Alo. 2Gaa. BAs 613 A 

AlAs 1510 A 

Alo. 2Gao. $As 613 A 

Substrate 

650nm Design 

X5 
Al0. SGao. SAs 465 A 

AlAs 1191 A 

Alo. 5Gao. 5As 3255 A 

AlAs 525 A 

Substrate 

X5 

Figure B. 1 : Designs of AlAs oxide DBRs for operation at wavelengths of 850nm 

and 650nm 

Figure B. 1 shows the DBR designs used to demonstrate the feasibility of 

making high contrast Al OY mirrors at wavelengths of 850nm and 650nm. It is 

assumed that the thickness of the oxidised AlAs layer shrinks by 12% after the 

oxidation process and the refractive index of Al., Oy is 1.55. In the 650nm case, the 

existence of the first mirror pair AIAs/Alo. 5Gao. 5As closest to substrate is not related to 

the feasibility study discussed here. Fig B. 2 and B. 3 compare the experimental 

reflectivity spectra of these mirrors before and after oxidation with those predicted by 

theoretical simulations. Note that the curves for after oxidation have been offset from 

those before oxidation for the sake of clarity. Clearly, these mirrors look promising as 

the "after oxidation" experimental curves closely match the theoretical predictions 

from the viewpoint of stop-band bandwidth. The relative reflectance measured (not 

213 



Appendix B 

explicitly shown in the figures due to offset) are also above 99% at the designed 

mirror central wavelength. 
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Figure B. 2 : Reflectivity spectra of the 850nm oxide DBR before and after oxidation. 
The curves for "after oxidation" have been offset from those "before 

oxidation" for the sake of clarity 
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Figure B. 3 : Reflectivity spectra of the 650nm oxide DBR before and after oxidation. 

The curves "for after oxidation" have been offset from those "before 

oxidation" for the sake of clarity 
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Appendix C: Stationary Property of Scalar Variational Formulae 

In chapter 4, the scalar variational integral formulae for a resonator is derived 

as 

J$1ftaE\2 
2 r1 2 

joy) z\E co Jaz 
(C. 1) 

c2 JJJn2E2 dxdydz 
v 

Suppose now E is incremented by a small arbitrary function A, and consequently the 

resonant frequency term changes to (co2+ S). Rearranging, eqn. (C. 1) thus becomes 

n2 (E+O)2dV 

[[a(EA)J2 ++ a(E + o) 2+ a(E +A) 2 
aXa & fff 

ax -Y 
(C. 2) 

Assuming that 0 and 8 are sufficiently small that only the first order terms need to be 

considered, eqn. (C. 2) can then be rewritten as 
(CO2 

+S) 
f 

Z n2 (E + 2E0) dV 
cv 
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(LE 2 aE\ Z ao aE ae aE ae aE (LE) ex 
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(C. 3) 

Expanding and rearranging, (C. 3) becomes 

(LE) 22r l2 wZ n2 EdV - 
4#+ aE 

+I I dV +C nZEdV 
vv 

öy \/v 

ae aE ae aE ae aE 
+ c2 f2n2Ee dV = e2 

ýy ýy + dxdydz 
vv 

Lax ex 

(C. 4) 

where it is easy to recognise that the sum of the terms inside the curly bracket is equal 

to zero as can be deduced from (C. 1). Hence, (C. 4) can be reduced to 
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To proceed further, an extra term 
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Again, it can be instantly recognised that the terms inside the curly bracket of (C. 6) is 

the wave equation and thus equal to zero. Grouping the differential terms in respective 

axis together, eqn. (C. 6) can then be simplified to 

sZ jff 
_L n2E dV = ax lA ax) 
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+D 
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(C. 7) 

Now, if 0 is zero on the boundary (i. e. the small perturbation in E-field also satisfies 

the boundary conditions, all the integral terms on the right hand side of (C. 7) become 

zero. This means that S is zero as well. In conclusion, there is no first order change in 

w2 for a small error A in the trial field. 
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Appendix D: Useful Integral Solutions for Gaussian Functions 

Besides being sufficiently realistic in describing the field variation of the 

transverse modes supported by the VCSELs, the main advantage for using trial fields 

with Hermite-Gausian transverse functions in the variational integral formulae 

discussed in Chapter 4 is that the resulting integrals are always in handy, tractable 

forms. The list below gives the solutions and expressions that are necessary for the 

derivation of variational formulae discussed in section 4.2. Equations (D. 1) to (D. 6) 

give the solutions for the infinite integration of these functions, while equations (D. 7) 

to (D. 12) offer the expression for integrals involving variables. Based on the solution 
for the lower order functions, the expressions for higher order functions listed below 

were obtained through integration by parts. 

I. Solutions for Infinite Integration 
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II Expressions for Integration involving Variable 
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Finally, note that the "seed" solution for all the integral solutions listed above is 

cc f exp(-t 2) dt = (D. 13) 

(Reference : e. g. "Mathematical Methods in the Physical Science, by M. L. Boas, [John 

Wiley & Sons, 1993] ) 
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Appendix E: Spatial Fourier Transform Pairs of Hermite- 
Gaussian Functions 

The general expressions for the one-dimensional Fourier transform pair in 

space are given by 

Go 
F(kx) =f f(x) exp(jk,, x) dx (E. 1) 

-10 

f (x) = 271 

Co 

t 
JF(k) exp(kxx) dx (E. 2) 

where x is the spatial distance and lc,, is corresponding phase constant. 

E. 1 Spatial Fourier Transform of 1-D Hermite-Gaussian Functions 

The spatial function of the fundamental order Gaussian function is expressed 

by 

-xZ 
fo (x) = exp 

r2 0 
(E. 3) 

Its Fourier transform can then be obtained by substituting (E. 3) into (E. 1), which leads 

to 

(kro2) Iexp[- (x+ jkr/2)i 
Fo (k )=2 jdx (E. 4) 

. 
ro 4 

Co 

Now, if -4 s=x+ jkXro /2 and thus dx =1 ds, eqn. (E. 4) becomes 

k2 r2 °° (_2s2') 
Fo (kx) _ exp -xo 

fexp 
2 

ds 
4ZZ ro (E. 5) 

_ Jro exp -karo 4 

where the integral solutions (D. 1) has been exploited. 

Next, the first order 1-D Hermite-Gaussian spatial function is given by 
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- x2 
f, (x) =x exp 

rZ ° (E. 6) 
ro d fo (x) 
2 dx 

Then, by making use of the fact that 

F( 
'0 "= 

jk. F0 (k 
x) (E. 7) 

, its spatial Fourier transform F1(k, ) can thus be deduced as 

r° 
exp -k ( (E. 8) Fi 

x) = -jk"2 
4 

E. 2 Spatial "Inverse" Fourier Transform of 1-D Hermite-Gaussian Functions 

Having obtained the spatial Fourier transforms in the spatial frequency domain 

(i. e. k-space), eqn. (E. 2) can then be used to obtain the spatial "inverse" Fourier 

transform of the corresponding functions in the Fourier integral forms and written in 

terms of both distance and spatial frequency. 

Beginning with the fundamental Gaussian function, the spatial Fourier 

integral functions f is obtained by substituting (E. 5) into (E. 2), 

ýro 1exp(') kx 
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fo( x) = 27r 4 exp(jkxx) dkx 

C°° 2Z 
(E. 9) 
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As for the first order Hermite-Gaussian function, the inverse Fourier transform of 

(E. 8) leads to 
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Appendix F: Device Fabrication 

Prior to the device fabrication process, the 2-inch MOCVD as-grown VCSEL 

wafer is usually first mapped to obtain the variation of the (plane) resonant 

wavelength using a standard photo-reflectance (PR) set-up. Room temperature and 

low temperature IOK photo-luminescene (PL) measurements are also carried out on a 

small piece of material to determine the PL peak wavelength and linewidth. The room 

temperature PL peak wavelengths of the three VCSEL layers used in this work are 

around 855nm, with a possible variation of ±6nm across the wafer [1]. The 10K PL 

linewidths are about 6 to 7 meV indicating reasonably good QW quality, as these 

values are comparable to previous successfully working VCSEL wafers [1]. After 

that, samples with typical sizes of about (9x9)mm are cleaved from the wafer region 

having a resonant wavelength close to the room temperature PL peak, and ready for 

device fabrication. 

The fabrication process begins with deposition of the p-type Au/Zn/Au (top) 

and n-type InGe/Au (bottom) ohmic-contacts through thermal evaporation of metals 

and standard lift-off process. After the alloying process, etched mesas of different 

sizes and shapes that are aligned properly with respect to the metal contacts, are 

obtained through reactive ion etching (RIE) or wet etching using photo-resist as the 

etch masks. The etching process is controlled carefully (using an in-situ optical 

monitoring system in the case of RIE, and proper etch rate calibration in the case of 

wet-etching) so that the etched depth is sufficient to expose the AlAs layer to be 

oxidised, but does not penetrate too deeply into the bottom DBR to avoid increasing 

the device series resistance unnecessarily. The emulsion masks used in this work were 

designed and made in-house. The patterns on the masks are transferred from those 

defined on rubylith through an optical step and repeat process. The sizes/diameters of 

the square/circular mesas are increased from 48µm to 60µm in 1µm steps. 

Rectangular and elliptical mesas with 1µm to 3µm differences between the longer and 

shorter sides are also available within the same cell. After the etching process that 

exposes the AIAs layer, care is taken not to the subject the sample to excess heating 

during the subsequent sample cleaning procedure (such as removing the resist mask 

and wax at the back of substrate, etc. ), prior to the selective wet oxidation process 
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itself. This is to avoid unintentional thermal oxidation in the uncontrolled 

environment, which has been found to give rise to oxide apertures with irregular edges 

after the subsequent wet oxidation process. 
Compared to the other methods for providing current constriction in lasers e. g. 

proton implantation, selective wet oxidation is a relative simple and cheap procedure 

pioneered by N. Holonyak and J. M. Dallesasse from University of Illinois in 1990 [2]. 

They discovered that by simply exposing a high Al-content semiconductor such as 

AlxGa1_,, As to water vapor transported in an inert gas within an elevated temperature 

(350°C - 500°C ) environment, a mechanically stable oxide with lower refractive index 

was formed [3]. While more sophisticated oxidation systems exist [4,5], Figure F. 1 

show the schematics of the comparatively simple oxidation apparatus used in this 

work. 

Dry 
NZcsý 

Entrance 
Flowmeter 

Furnace 

Wet N2 
... > 

samples 

Exit 
Flowmeter 

Valve 1 

bubler 

A N2(g) + 
H2O(vapour) 

; Valve 2 

H2O 
(95°C) 

Water 
vapor 
bypass 

Figure F. 1 : Schematics of oxidation setup used in this work. The hatched arrows 

show the flow of wet N. during oxidation 

The oxidation is carried out in a 2-in. diameter quartz tube with a single heat 

zone furnace maintained at a temperature ranging from 380°C to 420°C, in wet 

nitrogen ambient. The furnace is preheated for about an hour until it stabilises and 

reaches the desired pre-set temperature. During this period, the quartz tube is flushed 

with pre-filtered dry nitrogen gas (99% purity) regulated by flow meters at the 
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entrance and the exit to ensure no leakage of gases from the tube. The temperature 

inside the tube is monitored by a thermocouple directly attached to beneath the center 

of a 0.25 inch thick- (3x3)cm quartz sample holder with a quartz push rod. To begin 

the wet oxidation process, the dry N2 gas is diverted and bubbled through a 0.5-litre 

flask containing de-ionized water heated to 95±1°C by a heating mantle; thus acting as 

the carrier gas for the water vapor. The typical flow rate of the wet N2 gas (i. e. N2 + 

H20) used in this work is about 0.3 litre/min, although flow rate of as high as 0.70 

liter/min can be used. The stainless steel tube leading to the furnace quartz tube from 

the bubbler and the front part of the quartz tube are heated by heating tapes to more 

than 100 °C to prevent condensation from affecting the stability of the water vapour 

supply. The end of the tube is capped except for an exhaust line, and the unheated exit 

flow meter is by passed once oxidation begins. 

At the beginning of each oxidation run, the samples are left in the cool region 

of the tube (<100°C) while the tube is purged with the dry N. for about 15 minutes to 

get rid of any oxygen gas that might be present due to the sample loading process. 

Loaded with the samples to be oxidized, the quartz holder is then pushed into the 

vicinity of the furnace hot zone where the temperature is about 120°C (to avoid 

condensation on the sample) before the wet N2 is allowed to start flowing. The 

oxidation furnace is then allowed to equilibrate with the wet N2 gas for about 5 

minutes during which time the temperature of the holder rose by about 45 degrees 

before stabilizing (This indicates that the wet N2 is hotter than 120°C). Then the 

sample holder is pushed to the center (hottest part) of the hot zone and left to oxidize 

for the target period of time at the final temperature. At the end of the process, the 

sample holder is pulled out away from the hot zone immediately and the wet nitrogen 

supply is switched off. Dry nitrogen is then supplied at a maximum flow rate (0.70 

liter/min) to flush out any residual water vapor left in the tube while the sample is 

cooling down. The samples were then removed from the tube when the temperature of 

the holder drops below 100°C. Figure 4.2 shows the typical temperature characteristic 

of the sample holder detected by the thermocouple during the heating up and cooling 

down transition period for target oxidation temperature of 400'C and 380°C. It is 

assumed that the temperature characteristic of the samples residing directly above the 

thermocouple are well represented by that of Fig. 4.2. The count time for these 

oxidation processes were clocked at 380°C or 360°C (95% of the final temperature) 
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respectively at which the rising temperature gradient of the sample holder has 

flattened considerably. 
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Figure F. 2 : Typical temperature characteristics of the sample holder during the 

heating up and cooling down transition period for target oxidation of 

400 °C. 

It is well known that the selective wet lateral oxidation rate is affected by 

temperature, thickness and Al fraction in the oxidised A1xGa, 
_xAs 

layer [4-7], 

composition of embedding barrier layers [8), and to a certain extent doping type and 

concentration as well [9]. In this work, a simple test structure that is basically a 

single-pair DBR containing 600A AlAs is used for calibration purposes. The order of 

the structure is as follows : 100A GaAs/ 424A Alo. 2Gao. 8As /200A AI0. SGao. 5As / 600A 

AlAs / 200A Alo. 5Gao. SAs / 1000A GaAs / substrate. After the oxidation, the visible 

contrast between the oxidized and unoxidised region can be observed clearly for this 

particular structure that has a relatively thin absorbing GaAs cap and A13.2Gaa, 8As 
layer. This allows measurement of the lateral oxidation distance from the mesa edge 

as well as the aperture size directly using an optical microscope equipped with a 

calibrated eyepiece and a 100x microscope objective (numerical aperture, N. A. = 

0.95). However, for the full VCSEL structure which has thick top DBR that is highly 

absorbing in the visible wavelength, an optical high-pass (wavelength) filter of 715nm 

is needed to observe the aperture. It is used to block off the visible light from the 

broad-band light source so that the contrast in the infra-red wavelengths can be picked 
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up by a sensitive black and white CCD camera connected to a monitor screen. The 

lateral oxidation distance or oxide aperture size is then deduced with reference to 

calibrated distance found on commercial calibrated gratings. The measured 

dimensions were obtained from the image on the monitor screen or printed image (on 

video printer paper). 
After measuring the mesas of various sizes and shapes using both RIE and wet 

etching, the samples made from the test structure are loaded into the system for 

oxidation at temperature of 400°C. It is found that the oxide apertures resulting from 

square and circular mesas are always rectangular and elliptical in shapes respectively, 

with the longer side of the aperture parallel to the <110> crystal axis. For the square 

mesas that were oxidised for 15min, Figures F. 3 illustrate the typical variations of the 

oxidation distance in the two orthogonal directions, measured from the mesa edges. 

Clearly, the asymmetry in the aperture shapes are less serious for the mesas with 

larger aperture size. This kind of crystallographic dependence of oxidation rate has 

also been observed by other researchers [3], and is believed to be due to the difference 

in surface reactivity presented by the crystallographic planes. By using lower Al 

content AlxGa, 
_xAs 

(x <0.94) which was not available for this work as the oxide 

aperture, it is also claimed that this asymmetry in the aperture shape can be reduced 
[3]. Fortunately, it is found that by orientating the rectangular mesas along the 

direction with faster oxidation rate, the asymmetry in the aperture shape can also be 

reduced such that the ratio of the longer side to shorter side are improved to 1.07 or 
better. (Note that it was less successful to produce circular device by orientating the 

elliptical mesas along the direction with faster oxidation rate. ) As discussed in chapter 

4 and chapter 6, these nearly square devices are used for comparing the resonant 

frequencies, threshold and single mode performance of the strong, medium and weak 

guiding devices. The results in Fig. F. 3 also imply that the lateral oxidation rate is 

dependent on the starting mesa size. Because of this, the successive final apertures 

sizes obtained are not in 11im size steps, even in the case of devices with near-square 

apertures. 
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Figure F. 3 : Typical variation of oxidation distances in the orthogonal (110) and 

(1 T 0) directions as a function of the square mesa sizes, measured 

from a test structure sample. 

Figure F. 4 shows the variation of the oxidation distance along the (1 T o) 

direction obtained from test structure sample, as a function of oxidation period for 

mesa size of 50µm and 60µm. Note that the data points shown are the average of 

values taken over 3 or 4 runs. There is a run to run fluctuation of about ±1.5µm in the 

oxidation distance, leaving an uncertainty of ±31im in the final aperture size. The most 

likely and apparent cause is the fluctuation in the temperature of the oxidising sample, 

reflected in the fluctuation in the sample holder temperature (±2°C) that are 

sometimes observed during the course of oxidation. This fluctuation might in turn be 

due to the changes in the ambient temperature, flow rate of wet N2 or temperature of 

the heat zone itself. Obviously, if this selective oxidation process were to become 

commercially viable, the reproducibility of producing low threshold and single mode 

oxidised VCSELs with aperture size less than 4µm, has to be improved from what can 

be achieved by conventional systems like the one described above. By imposing more 

stringent temperature and gas flow control, it is claimed that the variation of the 

oxidation rate can be improved to just ±2% across a 3-inch wafer [4]. To define small 

features reliably, a novel low pressure steam furnace system with in-situ optical 

monitor system has also been demonstrated recently [5]. 
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Figure F. 4 . Lateral oxidation distance (along the (i TO) direction) of the test 

structure samples (600A AlAs), measured from 50µm and 60µm 

mesas as a function of time at the oxidation temperature of 400°C. 

It is also found that the lateral oxidation rate obtained from the working 
VCSEL structures are different from that of the test structure to varying extents. For 

instance, for an oxidation period of 15min, the average oxidation rate (deduced from 

the longer oxidised distance) of a 60µm square mesa of the strong guiding VCSELs 

(600A AlAs as well) is only slightly lower at about 1.35pm/min as compared to that 

of the test structure at 1.45µm/min. As for those VCSEL layers with 350A (medium 

guiding) and 200A (weak guiding) AlAs layers, however, the oxidation rates are more 

significantly lower at about 1.20 µm/min and 0.9 gm/min respectively. These results 

thus indicate that lateral oxidised distance for a given oxidation period is also 
dependent on the thickness of the AlAs. Similar observations have also been made by 

other researchers [6]. 
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